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ABSTRACT 

The .sessions of the Workshop on Beam Cooling and Related Topics, held in 
Montreux from 4-8 October 1993, are reported in these Proceedings. This 
meeting brought together international experts in the field of accelerator beam 
cooling. Its purpose was to discuss the status of the different cooling techniques 
currently in use (stochastic, electron, ionization, heavy-ion, and laser) and their 
actual performances, technological implications, and future prospects. Certain 
theoretical principles (muon cooling, cyclotron maser cooling) were discussed and 
are reported on in these Proceedings. Also of interest in this Workshop was the 
possibility of beam crystallization in accelerators using ultimate cooling. In the 
first part of these Proceedings, overview talks on the various cooling techniques, 
their implications, present performance, and future prospects are presented. More 
detailed reports on all the topics are then given in the form of oral presentations or 
poster sessions. Finally, the chairmen and/or convenors then present summary 
talks. 
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PREFACE 

The Workshop on Beam Cooling and Related Topics took place from 
4-8 October 1993 in Montreux, Switzerland. It was organized by the 
Antiproton Rings Group of the PS Division at CERN. About 80 participants 
from Western Europe, Russia, the USA and'Japan attended this meeting 
which was the continuation of a series of workshops on beam cooling 
(Karlsruhe 1984, Wertheim 1988, Legnaro 1990 and Tokyo 1990 which 
were mostly devoted to electron cooling). 

Following the recommendations of the International Programme 
Committee, emphasis was put on the wide spectrum of present and future 
cooling techniques for muons, protons and heavier ions. 

The Workshop was divided into three main parts. During the first day, 
invited overview talks were given. Intended for a large audience they were 
presented in a tutorial form with emphasis on the present highlights and 
future prospects. The three following days were devoted to more specialized 
talks and discussions. A poster session was organized during one afternoon. 
On the last day the convenors gave their summary talks. 

The present Proceedings contain all the papers presented at this 
Workshop, including the poster presentations and the session summaries 
written by the convenors. The wealth and the high quality of these papers 
underline the vigour of the field. 

The Workshop received financial support from Aubert et Duval 
Steelworks (France) and from the Société de Banque Suisse (Switzerland). 
Owing to the help of the International Science Foundation (I.S.F., 
Washington D.C.) and thanks to generous financial support from the 
Commission of the European Communities (C.E.C., Brussels) we were in 
a position to invite a number of European students and Russian physicists. 
We would like to thank all these organizations for their support. 

The efficient advice and help received from the members of the 
Organizing and Programme Committees is warmly acknowledged. 

We believe that this Workshop has helped to promote cooling 
techniques such as electron cooling and stochastic cooling which are now 
being widely used in a large number of laboratories, and especially those 
which are under development and study such as laser cooling of ions and 
ionization cooling of muons. 

Jacques Bosser 
Chairman of the Local Organizing Committee 
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INTRODUCTORY REMARKS 

Beam cooling is fascinating for two reasons. Firstly, it is one of the most advanced 
techniques for particle beam handling attracting our interest and curiosity as physicists 
and engineers; secondly, it has had and will have a significant impact on the advance of 
physics. 

It had a somewhat slow start as it took quite some time before it became 
operationally used. This can be seen from some milestones in its development: 
1966 Invention of Electron Cooling (Budker) 
1968 Invention of Stochastic Cooling (van der Meer) 
1974 Experimental proof of Electron Cooling (Budker et al.) 
1975 Experimental proof of Stochastic Cooling and subsequent operational use in the 

ISR (Schnell et al.) 
1977 Proposal for proton-antiproton collisions in the SPS (Rubbia et al.) 
1978 Experimental proof of three-dimensional cooling in ICE 
1981 Operational use of Stochastic Cooling in the CERN Antiproton Accumulator. 

Subsequently, the cooling techniques were applied and refined for antiproton 
cooling in FNAL with a strong contribution from LBL. 

In parallel, LEAR was built being the first low-energy storage ring to supply cooled 
hadron beams to particle physics experiments. Many other low-energy and medium-
energy cooling rings in Europe, Japan and in the US have been subsequently designed 
and constructed mainly for nuclear and atomic physics with cooled ion beams covering 
the range from protons up to Uranium. Thus, the field expanded rapidly after the slowish 
start. The latter is partially explained by the fact that the right technology was not at hand 
in the early 70's. 

Thanks to the cooling techniques, the experimenters now have at their disposal 
antiproton beams covering fifteen orders of magnitude in energy ranging from 1 meV to 
ITeV. 

The lowest energy antiprotons have been used to compare the inertial masses of 
antiproton and proton to 4 x 10 - 8 and 10 - 9 seems to be within reach; furthermore, the 
antiprotons from these rings are also required by the experiments comparing the 
gravitational acceleration of antiprotons and protons. The ultimate goal at low energy 
might be the production of antihydrogen, which would open the possibility for a whole 
series of most fundamental tests. 

At the high-energy side, beam cooling is indispensable to reach reasonable 
luminosities in the proton-antiproton colliders. This enabled the discovery of the 
intermediate bosons at CERN and provides the basis of the vigorous search for the top 
quark at FNAL. 

A wealth of valuable physics is now produced by the smaller ion rings but also the 
performance of larger ion storage rings as RHIC might profit from advanced cooling 
techniques. High-luminosity ion-ion collisions in LHC cannot be envisaged without fast 
accumulation by ion cooling in a small buffer ring. 

Laser cooling and crystalline beams may open completely new fields of application 
and research. 

It is obvious that all these important techniques need further refinement and a better 
understanding. The Workshop will be the ideal place for this allowing for exchange of 
information and a critical review of the present status. It will generate new ideas and help 
the community to define the best routes to new horizons. I wish you a successful week. 

K. Hiibner 
PS Division Leader 

CERN 
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ABSTRACT 
A discussion is presented of Liouville's theorem and its consequences for 
conservative dynamical systems. A formal proof of Liouville's theorem is 
given. The Boltzmann equation is derived, and the collisionless 
Boltzmann equation is shown to be rigorously true for a continuous 
medium. The Fokker-Planck equation is derived. Discussion is given as to 
when the various equations are applicable and, in particular, under what 
circumstances phase space cooling may occur. 

1. INTRODUCTION 

This workshop is devoted to cooling, so why start with a paper on Liouville's theorem [1], a 
theorem well-known to be "against cooling"? For very good reason, really, for it is only with a deep 
understanding of when one can not cool, that one can design—and properly analyze—cooling systems. 

Back in the "old days", starting in 1955, the MURA (Midwestern Universities Research Assoc.) 
physicists were well aware of the limits imposed by Liouville's theorem [2]. They tried, in fact, to 
produce damping with tapered foils (a scheme which works in principle, but is not practical) and 
slaunched cavities (wrong in principle). Most of this work—for good reason—was unpublished, 
although publication might have prevented others from wasting many hours [3]. 

Besides Liouville's theorem there are other invariants, enumerated systematically by Poincare, 
which any dynamical system must observe [4]. In this paper we shall only consider the first Poincare 
invariant, i.e., Liouville's theorem. This invariant concerns over-all preservation, of phase space 
volume and, therefore, is of relevance to the subject of cooling. 

Starting in 1958 attention at MURA turned to evaluating space charge, or collective, effects; 
first static effects and then dynamic effects [5,6]. It seemed proper to base this analysis upon the 
collisionless Boltzmann equation, or Vlasov equation, but it was rather unclear, in those old days, 
just when that equation was a valid approximation. The present authors made a study of that 
matter, but never published their work [7]. 

It seems appropriate to re-visit the subject and now—some 35 years later—to publish the work. 
At the same time, it seems useful to present—in one review paper—derivations of Liouville's 
theorem, the Vlasov equation, and the Fokker-Planck equation. It is hoped that this will provide 
useful background for a proper understanding of phase space damping, i.e., cooling. 

This work was supported in part by the Director, Office of Energy Research, Office of High Energy and Nuclear 
Physics, of the U.S. Department of Energy under contract no. DE-AC3-76SF00098. 
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2. LIOUVILLE'S THEOREM 

This dynamical theorem applies in a conservative Hamiltonian system such as a single particle 
in external magnetic and electric fields. In this case the phase density of many non-interacting 
systems (having slightly different initial conditions) is preserved as one follows the motion of the 
system. 

Thus, this theorem is applicable to a beam of particles when the interaction between particles is 
negligible and can be ignored, which is often true—but not always true—for high energy beams. 

Even within the restrictions of Liouville's theorem it is possible to arrange to interchange phase 
space (between, say, longitudinal and transverse degrees of freedom) or, equally interestingly, not 
even to exchange phase space, but to introduce correlations between the degrees of freedom, i.e., 
"push phase space around". A device that does just this, to distinct advantage for free-electron lasers, 
has recently been proposed [8]. 

A proof of Liouville's theorem can be found in many text books [9,10]. A simple way of looking 
at this theorem is to think of it as equivalent to the condition of incompressible flow in the phase 
space of a given system. Let the system be described by the N coordinates qa and the N conjugate 
nomenta pa, a=l,2,...,N. The phase space is just the 2N-dimensional space with coordinates q a and 
Pa, and the development in time of the state of the system is represented by the trajectory of a single 
point in phase space. Just as with fluid flow, there is a well-defined velocity field at each instant of 
time, which assigns to each point in phase space a definite velocity, with components q a and p a given 
as functions of the q's and p's by Hamilton's equations. For fluid flow in any number of dimensions 
the condition that volumes are preserved by the flow is equivalent to the vanishing of the divergence 
of the velocity field: 

V • v(x) = 0 . (1) 

For phase space the components of the velocity field are 

q a = va(q,p,t) = aH/9p a, (2) 

p a = Fa(q,p,t) = -8H/8qa , (3) 

The divergence condition (1) then becomes 

£a(ôva/aqa + aFa/3pa) = d2Wdpadqa - o 2H/3q a8p a = 0 , (4) 

which is automatically satisfied as a consequence of Hamilton's equations, and thus demonstrates the 
validity of Liouville's theorem. It is important to note that the Hamiltonian may depend explicitly on 
the time t. 

Often a dynamical system is represented by an ensemble of possible states, with a distribution 
function f giving the number n(Av) of particles systems in a small volume AV of phase space: 

n(Av) = f(q,p,t)AV . (5) 

If "the qj and pj are Hamiltonian variables, then AV is conserved, and since the number of particles is 
clearly invariant, we deduce that moving with the particles (or set of systems) the density function f 
is constant: 

It is interesting to write this out: 
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df _ df , £ ( df d qa . 3f dPcA _ 

From Hamilton's equations: 

df 
dt • ^ + « 5 i t e ^ ~ " 5 p ; « - 0 • ( 8 ) 

From this we can see that a stationary distribution — one for which df/3t=0 — must satisfy the 
relationship 

{f,H} = I a(3f/8q a 3H/3p a-3f/3p a dWdq^ = 0 . (9) 

The center expression here is the Poisson bracket of f with the Hamiltonian, and the vanishing of the 
Poisson bracket, for a function that doesn't depend explicitly on the time, is just the condition that 
the expression f(q,p) be a constant of the motion and therefore, normally, a function of the standard 
conserved quantities. For many systems the only such constant of the motion is the energy itself, in 
which case f must be equal to a function of the Hamiltonian function H: 

f=fIH(q,p)]. (10) 

This result, applied to interacting particles, for which it is not strictly true, but is a very good 
approximation, as we shall see in the next section, was first used in beam physics in 1958 [5]. It has 
been widely used since that time. 

3. LIOUVILLE'S THEOREM FOR A CONTINUOUS MEDIUM WITH CONSERVATIVE 
INTERACTIONS 

The MURA Report, which the authors wrote 35 years ago, still reads very well. This section 
simply consists of the old report [7], somewhat streamlined. The formal proof, of that report, is 
presented in Appendix A. 

The study of the motion of particles in an accelerator becomes a many-body problem when the 
interactions between particles are taken into account. It is thus important to investigate the 
possibility of establishing the validity—or approximate validity—of general dynamical theorems 
applicable to the n-body problem. Such a powerful theorem is the one proved here to be an extremely 
good approximate theorem for particles in an accelerator. 

Liouville's theorem asserts that in a 2fN dimensional space (f is the number of degrees of 
freedom of one particle), spanned by the coordinates and momenta of all particles (called y space), the 
density in phase space is a constant as one moves along with any state point. It is thus a statement 
about the density of points, each point representing a dynamical system. The systems constitute an 
ensemble and of course do not interact. 

The theorem proven here refers to a system of many interacting particles, and asserts that in 
the 2f-dimensional space spanned by the coordinates and momenta of a single system (called a u 
space), the density in phase is a constant as one moves along with any phase point. It is thus a 
statement about the behavior of interacting particles, and thus really quite different from Liouville's 
theorem. 

The validity of the theorem, as well as the limits of its validity, may readily be seen by the 
following intuitive argument: 

Consider first a system of many particles, N. Suppose these particles are subject to external 
forces derivable from a Hamiltonian (which may even be time-dependent), but there are no 
interactions between the particles. Clearly density in phase in n space is a constant of the motion as 
one follows the motion of a phase point. This follows then immediately from Liouville's Theorem in y 
space, since with no interactions between particles \i space for N particles is simply y space for a 
single particle. 
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Consider now a system of a great many particles N, with interactions between the particles. 
Imagine that the solution has been obtained so that we know the motion of all the particles as a 
function of time. Concentrate now on a "small" number of particles n, which initially are localized in \i 
space. We will define what "small" means shortly. Let all the other particles move along the 
trajectories appropriate to the solution of the AT-body problem. If the interactions among the n 
particles can be neglected compared to the interactions between the N-n particles and one of the n 
particles, then these particles are subject to "external forces" and by the first case the density in n 
space is a constant as one moves along with the sample group of n particles. This is clearly true for 
any sample, and hence the theorem is established. 

That is, the sample size must be small enough compared to N that the influence of the n sample 
particles on one of their number is negligible compared with the influence of the N-n remaining 
particles. At the same time, n must be large enough that fluctuations within the sample can be 
neglected. Both of these conditions can be met if N is sufficiently large, in which case the theorem is 
valid to a good approximation. In the argument given below, the limit of a continuous medium is 
taken so that fluctuation phenomena do not exist. For applications to particle accelerators where we 
consider a number of particles N - lO1^ this approximation is very valid, corresponding to neglect of 
particle-particle collisions which throw a particle out of the accelerator, but not neglecting long range 
electromagnetic interactions which are responsible for space—charge limits, plasma oscillations, 
beam-beam interactions and possible two-stream amplification mechanisms. 

Each particle of a system moves under the influence of the force fields due to all the other 
particles of the system, in addition to the externally imposed fields that act equally on all the 
particles. That particle, then, moves according to a perfectly good single-particle Hamiltonian, and 
you might think that Liouville's theorem would be exact for each particle. The reason this doesn't 
work is that the single-particle Hamiltonians are all different, and the velocity fields in u space 
determined by those Hamiltonians are different also. That is, the direction that the point moves in u 
space depends on which particle you are following, not on just the location in \i space, and this spoils 
the picture of incompressible flow that constitutes Liouville's theorem. 

What makes Liouville's theorem valid to a very good approximation in u space is that the 
individual single-particle Hamiltonians are so nearly similar, because the contribution of any one 
particle to the force fields is so small. In the continuum limit that contribution is truly negligible, 
and Liouville's theorem for u space becomes exactly valid. The proof is trivially equivalent to the 
proof given above for an entire system; the only approximation that needs to be made is that each 
particle moves in the same force field and is therefore described by the same time-dependent single-
particle Hamiltonian. 

The density p(r,p,t) of particles in u space is logically equivalent to the distribution function 
f(q,p,t) defined for an entire system by Eq. 5, and in the continuum limit it remains constant along 
particle trajectories in exactly the same way. In section 4 we shall see for the explicit case of 
relativistic particles interacting electromagnetically how this approximation yeilds the relativistic 
version of the Vlasov equation, or collisionless Boltzmann equation. In section 5 we shall discuss the 
additional collision term of the Fokker-Planck equation. 

4. THE VLASOV EQUATION 

For a single particle of mass m and charge e moving in an external field described by the 
potentials (A,<p) we have the well-known Hamiltonian [11] 

H = c[m 2c 2 + (p-eA)2]1/2+ecp , (11) 

with the momentum given in terms of the velocity v by: 

p = myv + eA , (12) 

and 

Y=[l+(p-eA) 2 /m 2 c 2 ] 1 / 2 . (13) 
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The collisionless Boltzmann equation is equivalent to Eq. 6, the statement that the phase-space 
density, now equal to p(r,v,t), the particle density in u space, is constant as one follows a particle 
trajectory, with p expressed now in terms of velocity rather than momentum: 

dp/dt = 3p/3t + Zvfip/dxi + Sv^p/av, = 0 . (14) 

It is necessary only to find the acceleration v in terms of the electromagnetic force F: 

F = e(E + vxB) (15) 

= d(myv)/dt (16) 

= nry(v + y 2wv/c 2) . (17) 

Solving for v yields 

v = (l/myXF-vvF/c2) , (18) 

and substituting this result into Eq. 14 then gives the desired result: 

3p/3t + Sv^p/ax, + ÇlfaryjFj^jk - Wc^p/Bvfc = 0. (19) 

In the non-relativistic limit 

i £ + v -V r P + £ v v P = 0 , (20) 

the well-known Vlasov, or collisionless Boltzmann, equation. 
Now the discussion of the last section allows us to extend this to many particles. In that case 

we must include collisions between particles which means we have on the RHS, -4r) , rather 
0 1 'collisions 

than zero. 
If, however, the particles only interact through the fields E and B then there are no collisions 

and we recover the Vlasov equation; but with E and B the total field (external field plus self-field) and 
p now the distribution function of interacting particles. Obviously Liouville's theorem is applicable. 

5. THE FOKKER-PLANCK EQUATION 

We would like to turn, now, to evaluation of the collision term -j-H on the RHS of the 
"^ 'collisions 

Boltzmann equation. Clearly, evaluation depends upon the nature of the forces between particles. For 
hard scattering, such as molecules in a gas undergo, Boltzmann, himself, addressed the subject. 

For Coulomb forces the scattering is primarily into very small angles (i.e., hardly any change in 
the direction of the particle). In this case we must consider the effect of multiple scattering, thus 
deriving the change in p from many, very small, collisions. The result is the Fokker-Planck equation, 
which has been employed widely in physics. In accelerator physics it has been employed, amongst 
other things, to study intra-beam scattering, the effect of noise on the applied radio frequency, and 
the turbulence in intense charge bunches [12]. 

Let W(v,Av) be the probability density for a particle changing its velocity from v to v+Av in time 
At, and suppose for this discussion that the only .changes in p are those due to collisions. Then 

p(r,v,t+At) = [ p(r,v-Av,t)W(v-Av,Av)d(Av) . (21) 
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Since 

2&) At = p(r,v,t+At)-p(r,v,t) , (22) 

we can Taylor expand and get 

By definition 

Defining 

p(r,v-Av(t)W(v-Av,Av) = p{r,v,t)W(v,Av) 
(23) 

vafpw) 4 ! v a 2 (pw) A A 

-?^r A v i + i g -3^ / A v i A v J + -

J*Wd(Av)=l . (24) 

(Av), At = [ W Av d (Av) , (25) 

(AVjAv^ At = I" W AVJ AVJ d (Av) , (26) 

we have the Fokker-Planck collision term 

dp\ — a .. . . _ . a2 
%L^---H^M+$^AV-^ • ( 2 7 ) 

The coefficients have been studied extensively in the literature. 

6. DISCUSSION 

Let us, first of all, review the theorems discussed in this note. Liouville's theorem applies to any 
Hamiltonian dynamical system, that is, a system describable by a Hamiltonian, which may be time-
dependent. Thus the theorem applies, for example, to a single particle subject to a conservative 
external force, and also to a collection of non-interacting particles, each subject to the same external 
conservative force. 

Does Liouville's theorem apply to highly nonlinear, stochastic motion of non-interact ing 
particles? Clearly it does, since each particle still constitutes a Hamiltonian system governed by the 
same single-particle Hamiltonian. How then can we reconcile the theorem with t he very non-
Liouvillean motion characterized by non-zero Liapunov exponents? From a fine-grained point of 
view, there is no change in phase space density; Liouville's theorem is quite valid. From a coarse
grained point of view, however, the density in phase space changes significantly. The filaments of 
constant density become ever finer and lots of "air" mixes in, so the coarse-grained density is ever 
decreasing. Notice that the coarse-grained density becomes more and more relevant because, given 
any degree of precision with which density is observed, one only has to wait sufficiently long and the 
coarse-grained density will become appropriate. Notice also tha t the coarse-grained density can only 
decrease, tha t is, t ha t only "heating", but not "cooling", can occur through this mechanism. 

The Vlasov equation, or collisionless Boltzmann equat ion as usually used , is only a 
nonrelativistic approximation. It is applicable to a collection of particles, each subject to the same 
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(possibly time-dependent) external forces described by a conservative Hamiltonian, where the strong 
collisional interactions between particles a re negligible and the particles interact with each other 
only through their mutual electromagnetic interactions. This interaction may be very significant; the 
collective behavior of plasmas, for example, which is very complicated indeed, is accurately described 
by the Vlasov equation. 

The Fokker-Planck equation is valid when the interacting particles undergo many collisions, 
eah one of which only deflects the particle slightly (multiple scattering). [Is this right? The derivation 
doesn't seem to be limited to small momentum-transfer collisions.] It is thus a natural extension of 
the Vlasov equation. The Fokker-Planck equation can be used to study, for example, the effect of 
intra-beam scattering. 

Secondly, let us now discuss under w h a t situations one can have "cooling", tha t is, damping of 
phase space. The simplest is to have a dissipative system, as, for example, a charged particle 
radiatively coupled to the electromagnetic field[13]. Actually, there are quantum fluctuations in 
this coupling, which are usually studied by means of the Fokker-Planck equation. 

A second example of a dissipative system is a beam of particles interacting with a foil[14]. This 
is called "ionization damping", and is very similar to radiation damping. It has been proposed for 
cooling a mu meson beam to make a muon collider. 

A third example is provided by interaction between the "hot" beam one wishes to cool and a 
"cold" beam of electrons[15]. In this case, "hot" and "cold" refer to transverse temperature. Electron 
cooling has been employed in high-energy physics, though its most important applications have been 
in nuclear physics. 

A ra ther different approach to "circumventing Liouville" is to develop a system which probes 
the distribution of particles in mu space and to improve that distribution by decreasing the emittance 
of the beam. Stochastic cooling is of this na tu re and, as we all know, has been very effectively used in 
high-energy physics[16]. 

Finally, let us comment on the transition from the Vlasov equation, where there is no damping 
of phase space, to a damping situation, such as is provided by radiation damping. Clearly, in the 
latter case, if we include all the modes of the electromagnetic field (photons, if we think quantum 
mechanically) with the particles, then the whole system is described by a Hamiltonian and Liouville's 
theorem applies. Thus , from this "big point of view" we only have transfer of phase volume among 
the various degrees of freedom and no damping of the total phase space. Nevertheless, there is 
damping of t he particle phase space, spanned by all the particle coordinates and momenta, and 
"undamping" of the region spanned by electromagnetic mode coordinates and momenta. 

If we have a group of particles coupled without radiative damping to one or more modes of the 
electromagnetic field, then the motion of the particles is described by the Vlasov equation and there 
is no damping in the particle phase space. In this situation of particles coupled dynamically to the 
electromagnetic field, one might think - erroneously - tha t Liouville's theorem refers only to the total 
phase space spanned by particle coordinates and momenta and field coordinates and momenta. 
Thus, especially in the case where the electromagnetic field is self-generated and growing in time (as 
in a free-electron laser), one might expect damping in the particle phase space and undamping in the 
electromagnetic field phase space, as described in the previous paragraph. The Vlasov equation 
shows, however, tha t this thinking is quite wrong. Provided the number of particles is large, as 
discussed in sec.3, each particle moves in the same well-determined electromagnetic field, described 
by a good single-particle Hamiltonian, and particle phase space is conserved. Notice tha t this is t rue 
whether or not the electromagnetic field is removed from the particle's surroundings (and, for 
example, used for some purpose); i.e., phase space is conserved whether or not the system is 
dissipative of energy. 

What, then, is needed to achieve a violation of Liouville's theorem? There are just two ways in 
which the mu-space Liouville's theorem is violated a t the microscopic level: through radiation 
damping, the dissipative self-force on the charged particles, and through the failure of the condition 
discussed above, that the contribution of any one particle to the electromagnetic field distribution can 
be neglected. The effects of radiation damping are well understood, and are not under discussion 
here, while the number of particles in a typical accelerator beam is so great tha t the lat ter condition 
is satisfied to an excellent degree. For this discussion, then, Liouville's theorem holds for mu space. 
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How, then, do we achieve the apparent violations of Liouville's theorem in various methods of 
beam cooling? As always, Liouville's theorem breaks down as soon as you work with a coarse-grained 
average density in phase space. The usual effect of this, due to the normal filamenting of volumes in 
phase space, is a reduction of phase space density, but the game we are playing is to reverse this 
normal effect by playing Maxwell's demon. We probe the distribution in mu space, determine which 
parts are occupied and which are not, and then adjust the electromagnetic fields so that the occupied 
parts move closer together and the unoccupied parts go elsewhere. The time-dependent fields that 
we introduce do not alter the fact that the same single-particle Hamiltonian governs the motion of 
every particle, and thus do not destroy the validity of Liouville's theorem at the microscopic level. 
The coarse-grained average density, though, increases in the occupied regions of phase space and 
decreases, necessarily, for the unoccupied regions. For occupied and unoccupied, of course, you can 
substitute more densely and less densely occupied. 

What, then, are the limitations on how far you can play this game? The question is simply how 
precisely you can probe mu space, and how precisely you can dissect and manipulate it; i.e., what is 
the spacial resolution of the probe. In some cases a measure of this precision is the wavelength of the 
electromagnetic signals involved in the process; in other cases, such as in stochastic cooling, it is 
more the "effective wavelength", since the dipole mode sensed by the pickup has a very long 
wavelength, but its amplitude is measured with very great precision. If the spacial resolution is 
greater than the inter-particle spacing, then no further cooling is possible. Others have argued that 
the spacial resolution should be compared with the final beam emittance. We believe that this 
question is unsettled, and note that 155 years after Liouville's work there are still interesting and 
unresolved aspects of his remarkable theorem. 
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APPENDIX A : Formal Proof of Liouville's Theorem for a Continuous Media 

Let X\ (i = 1, —, 2f,) be parameters labelling the particles of the medium (2f dimensional phase 
space; this is the fi space); dn = adXi...dA.2f = number of particles in 'volume' element dX; a = constant 
'density' with respect to X. 

Let na(X) = momentum density = ap x , Qa(^) = position of particle X. 
The Hamiltonian is 

H = <jjh[q(X),n(X))dA + a2 jjv[q(X),7t(X),q{X')n{X')}dXdX', (Al) 

where h and v do not depend explicitly on X, and the equations of motion are 

Let us introduce a condensed notation: 

& = & . s = \,...J 

= -ns , s = / + ! , . . . ,2 / . 
(A4) 

The equations of motion may be written 

i,(A)-5>,r^j-2,e« a—+<7zj-— dX' 
Ht J Ht 

(A5) 

where 

£s f+s = 1. S = \,...,f 
ef+StS = -l, s = l,...,f (A6) 
est = 0, otherwise. 
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Clearly e s t is antisymmetric. Now the density p(q,7t) in phase space is given by 

pdqdn= adX (A7) 

or 

pdl; = adX (A8) 

— = — x Jacobian 
P a 

= — x det 
a 

1 

%s 
dX; 

(A9) 

A, say. 

dX-
The inverse matrix to 3^s/^i is of course 3^i/3^ s , and the adjoint to 84s/3^i is A—-^ .Thus we 

have for t he rate of change of — along a trajectory (A. - constant): 

d_ 
dt 

V 
v^y 

O dt l ^ - = c o n s t a n t 

dXt ' - ^ « ? 2 ^ 

5 ^ J <9/<?A/ V "vsy 

(A10) 

but 

_ V d ÔH d2ts 
dtdXi ^dXi"sl 8Çt(X) 

= Z e « dky 

dtr 

dh[X) , , j j f r [ A , A ' h „ 
o - _ \ ,\ + a" J .L_ , . / dX 

J 2 \ 
dÇtdÇr J dÇt(X)dl;r(X) 

dÇt(X) J <?£(A) 

^ ^ L ^ M ; ] , ^ (All) 

,<924A] | 2 r a 2v[A,A'] 
<tt' 

V £ i f -^-Mtr and Af r̂ is symmetric, 
r t * 

so 
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d_ 
dt 

^ 

A/„ (A12) 
s,t,r 

= -£*L£stMts 

= 0 
i , / 

since e is antisymmetric and M is symmetric. So the density in /J. space does indeed remain constant 
along any trajectory. 
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THEORY, TECHNOLOGY, AND TECHNIQUE OF STOCHASTIC COOLING 

John Marriner 
Fermilab* , P.O. Box 500, Batavia, IL 60510 

ABSTRACT 
The theory and technological implementation of stochastic cooling is described. 
Theoretical and technological limitations are discussed. Data from existing 
stochastic cooling systems are shown to illustrate some useful techniques. 

1. THEORY 

1.1 Introduction 

The theory of stochastic cooling has been discussed by a number of authors [1,2,3,4,5,6,7]. I will try to 
describe the theory and to make the results seem plausible, but I will not give a detailed derivation of the results. 

A prototypical transverse stochastic cooling is shown in Fig. 1. The system senses the particle position at 
the pickup by measuring the difference in induced current between the two pickup electrodes. The electronic 
signal is amplified and applied to the kicker electrode when the particle passes between the electrodes. 
Transverse electric and magnetic fields in the kicker deflect the particle. The angular deflection at the kicker 
will decrease the amplitude of the betatron oscillations provided that it has the correct sign. 

1.2 Schottky Signals 

An understanding of Schotfky signals is central to the understanding of stochastic cooling. A particle 
passing a point in the ring with revolution frequency makes a current 

i(0 = e £ 5 Î + T- n 

71 
= efv l + 2]Tcos«<y0(r+ r) (1) 

The current consists of an infinite series of lines at multiples of the revolution frequency. If we consider a beam 
of particles with random values of x then the total current will be nearly zero because of the random phase 
factor in Eq. (1). The rms current is not zero and is known as the Schottky current. In a beam the revolution 
frequencies are similar but not identical for all particles. Thus, the Schottky currents organize themselves into 
bands around the average revolution frequency. The total power per Schottky band for a beam of N particles is 

Pt = 2tie-fl. 

The betatron motion of particle in the beam at the observation point is given by 

x(t)- Acos.(co0Qt + p). 

(2) 

(3) 

The dipole moment of the beam is the current times the displacement and can be written in terms of sine waves 
as 

d(t) = efnA £ cos(rt + 0a>o(r + r)+ ]Tcos(/i-0©o(r+ T) 
n+Q>0 . n-Q>0 (4) 

There are 2 Schottky sidebands per harmonic of the revolution frequency. Each band has a total power 
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P,=-Ni'A\f-. 
(5) 

Schottky signals are often observed with a pair of strip-line pickups. The beam current is observed when the top 
and bottom pickups are added. The dipole moment is obtained when the two pickups are subtracted. An 
example of the observation of the dipole signal is shown in Fig. 2. 

REF -60.0 dBm 2dB/d1v ATTEN 0 dB 

PARTICLE 
TRAJECTORY KICKER 

ELECTRODE 

ORBIT i=i=!i 
CENTER 3.000 093 GHz 
RESBW 10 kHz 

SPAN 500 kHz 
VBW 100 Hz 

Fig. 1. Schematic of a typical stochastic cooling 
system. The particle position is sensed at the 
pickup and a corresponding deflection is applied at 
the kicker. 

1.2 Action of the Feedback 

Fig. 2. The Schottky signal from the two betatron 
sidebands in the FNAL Debuncher ring is shown. 
The pickup is most sensitive to the dipole moment 
but has some direct sensitivity to the current which 
produces a small enhancement at harmonics of the 
revolution frequency as seen near the center of the 
trace. 

We consider the action of the feedback system in Fig. 1 on a coasting beam. A more schematic 
representation is shown in Fig. 3. The dipole moment will be the sum of the dipole moment dt(cû) in the 
absence of the feedback system and a dipole moment df(a>) induced by the excitation applied to the kicker. If 
this excitation is not too large, then die dipole moment will depend linearly on the deflection. 

clf(cû) = F(œ)G(ca). 

We further assume that the angular deflection depends linearly on the dipole moment of the beam: 

e{a) = G(co)[di(cû) + df((o)]. 

Using the circuit shown in Fig. 3, one can infer that 

(6) 

(7) 

8(co) = G(co)d,(co) 
\-F{co)G(a>) 

H(co)d:(co). (8) 

Fig. 3 and this formalism are intended to demonstrate that stochastic cooling is formally identical to purely 
electronic feedback circuits. Thus, one can apply the techniques used in dealing with these more commonplace 
feedback circuits directly to stochastic cooling systems. Network analyzers can be effectively employed to 
measure the denominator in Eq. (8). The denominator, in fact, is of considerably more importance than the 
numerator. Not only does it determine system stability according to the criterion of Nyquist [8], it also provides 
a measure of the cooling rate relative to the maximum rate that can be obtained. 

In order to understand the relationship between the denominator of Eq. (8) and the cooling effect, 
consider Fig. 4. A segment of a beam is shown in coordinate space. Suppose that a random clumping of 
particles gives the beam a net dipole moment near the center of the beam. The action of the stochastic cooling 
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system serves to reduce the dipole moment by displacing the centroid of the beam by making the "kink" shown 
in Fig. 4. This effect of the cooling system is known as "signal suppression." When signal suppression is 
present, the motion of the beam centroid produces a signal which is opposite in sign to the Schottky signal. If 
the cooling system is turned off, the Schottky signal will return to its former level. 

F(«) 
Beam Response 

df(co) 

F(«) 
Beam Response 

e(o) 

' 

df(co) 

e(o) e(o) 
Input 

^ ^ ^ A m p l i f i e r 
**^ Response 

Signal dj(«>) ^ ^ ^ A m p l i f i e r 
**^ Response 

Fig. 3. Equivalent circuit of the beam feedback. 
The input signal dj is modified by the addition of 
the feedback df. 

Fig. 4. A cartoon of the behavior of a fluctuation in 
the dipole moment of the beam under the influence 
of a stochastic cooling system. 

The kink in the beam reduces the amplitudes of the particles that constitute the clump of beam. These 
particles have slightly different revolution frequencies, so the clump will dissipate as time elapses. After the 
clump dissipates these particles will continue to have their reduced amplitudes - even if the cooling system is 
turned off. Note that some particles have their amplitudes increased in this process. However, the net effect is 
beam cooling since more particles are in the clump of beam than outside it. The length of time that it takes for 
fluctuations to disappear is defined to be M times the revolution period, where M is known as the mixing factor. 
Large values of M reduce the maximum cooling rate. The power of the cooling system to resolve two nearby 
fluctuations is approximately \IW, where Wis, the cooling system bandwidth. 

1.3 Betatron Cooling 

In order to quantitatively connect the signal suppression phenomenon and the cooling rate, consider the 
equations of motion. The emittance is a constant of motion in the absence of the cooling system. Under the 
action of the cooling system the change in amplitude of the Ph particle is: 

2 
(9) 

where /? is the beta function at the kicker, 0,.. is the angle of the i'h particle at the kicker, and A# is the angular 
deflection at the kicker. The deflection at the kicker depends linearly on the signals the various particles created 
at the pickup. Therefore one can write the deflection as a sum over particles 

AO = £A0,.. 
J=l (10) 

where part of the deflection due to the motion of the ith particle. We can use Eqs. (9) and (10) to compute the 
change in emittance as follows: 

1 ^ . , . , \ j8 v 

^ = ̂ XA(Ar) = 4£(2e,A*, + AA0r). N- 2N (11) 

In writing Eq. (11) it has been assumed that the particle motions are random, so that the i±j terms do not on the 
average contribute to Ae and the double sum collapses to a single sum. 

An evaluation of A8 and a more detailed account of some other significant points are given in reference 
7. The result is that the cooling rate is given by 
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+{M{(n + Q)co(il) + U{(n + Q)coi)i)}\H((n + Q)coai)\
2}, (12) 

where Q is the betatron tune, fik is the phase advance between pickup and kicker, coa is the angular revoluùon 
frequency, and tki is the transit time delay between pickup and kicker. The first term on the right hand side of 
Eq. (12) is the cooling term. The cooling rate is maximized when \ik = n / 2 and H(eo) is real and except for a 
phase factor txp(jcû{Yltik ) . The phase factor corresponds to a delay equal to the particle pickup to kicker delay. 

The mixing factor M is the ratio of the Schottky power density of particles with the same revolution 
frequency as the /''' particle to the average Schottky power. Since no particles have exactly the same revoluùon 
frequency as the /''' particle, the calculation of M must be understood as a limit. If the cooling is applied for a 
time T, the number of particles that have a revolution frequency that is indistinguishable from the i'h particle is 
proportional to 1/7. The growth in amplitude squared from the remaining particles, however, is proportional to 
V- Thus the net effect of the particles is a growth in amplitude squared that is linear with time. 

The factor U(co) is the ratio of thermal noise power to the average schottky power. It enters into the 
equations in exactly the same way as the schottky power. The only difference between the Schotfky noise and 
thermal noise is that the system designer has some control over the value of the thermal noise. In fact, in low 
density beams the major design challenge may be to achieve an acceptable signal to noise ratio. 

Since the cooling term in Eq. (12) is proportional to H(co) and the heating term is proportional to 
\H(œ)\~, there is a value of H that achieves the highest cooling rate. This value is known as the optimum gain. 
Gain values which exceed the optimum gain will result in a reduced cooling rate. 

Equation (12) is the exact expression for cooling in the frequency domain. The cooling of particles with 
different frequencies will vary because of the differences in the phase factors in the cooling term and die mixing 
factor M . The cooling system is usually phased for the center of the beam distribution - where M usually has a 
peak. The heating term decreases as the frequency departs from the center, but the phase error of the cooling 
term increases so the cooling rate doesn't vary too much. It is convential to estimate the cooling rate by using 
the cooling value at the peak value of M If H is at the optimum gain, the formula for the cooling rate becomes: 

\ de _ W 

e dt ~ N(M + Uy ( 1 3 ) 

where W = faax - / n i j n is the cooling system bandwidth and M and U are the peak values of M and U. 

1.4 Momentum Cooling 

Momentum cooling is similar to betatron cooling except that a technique is required to develop a signal 
that is proportional to the momentum of the particle. The simplest technique is to place a difference pickup in a 
region of non-zero dispersion. A pickup that measures the dipole moment of the particles in a region of 
dispersion will produce a Schottky voltage proportional to the momentum fluctuations in the beam. This voltage 
can be made to accelerate or decelerate the beam in a kicker and therefore cool the momentum spread. This 
cooling method is sometimes called the Palmer method. A second technique is to use a notch filter. The filter 
response changes sign depending on whether the particle revolution frequency is above or below the desired 
frequency. This method of cooling [9] is sometimes called the Thomdahl method. 

The two methods have disadvantages and advantages. The pickup placed in the region of dispersion will 
have poor signal to noise ratio (nominally 0) at the center of the pickup. The notch filter method avoids the low 
signal to noise ratio by filtering the noise as well as the signal, and the signal to noise ratio follows the particle 
density throughout the notch. The filter method can only be used if the revolution frequency versus momentum 
relationship is unique (non-overlapping Schottky bands). The filter introduces undesirable phase characteristics 
that reduce the cooling rate. Thus, the filter method is used in situations where the signal to noise ratio is 
critical; otherwise the pickup in dispersion is used. 
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Momentum cooling is conventionally described by a Fokker-Planck equation. The beam is described by 
a distribution N(E,t), which is the number of particles greater than energy E at time t. The density ¥ is 
given by 

dE (14) 

and the flux is given by 

o{E,t) = ^M>. 
dt (15) 

The flux is related lo the beam distribution by the Fokker-Planck equation 

v ' " ' dE (16) 

The term proportional to F = F(E) is the cooling term. F(E) is proportional to the cooling system gain G. The 
term D, is a heating term thai is proportional lo thermal noise in the system. The term proportional lo D2 is me 
Schottky heating term. The Schottky heating is proportional to ¥(E,t) the number of particles at that energy 
(or equivalenûy that revolution frequency). Both D, and D, are proportional to G2. The term D0 is used to 
describe external heating mechanisms such as intrabeam scattering that are independent of cooling system gain. 

One can describe momentum cooling in terms of moments similar to the equation describing momentum 
cooling. However, moments tend to be less useful because of the non-linear nature of Eq. (16): as the cooling 
proceeds the density increases and the Schottky heating term increases. Similarly, one can write a Fokker-
Planck equation to describe betatron cooling. However, most betatron cooling applications are fairly well 
described by gaussian distributions where the variation in the rms beam size completely describes the beam 
evolution. Momentum cooling, however, has been applied to antiproton momentum stacking, working with 
non-gaussian distributions. Eq. (16) can be solved analytically for a number of situations where 
$(£ , / ) = <D0 =constant. A solution for antiproton stacking is discussed by van der Meer [10]. 

1.5 Good and Bad Mixing 

Perhaps the most fundamental limitation in achieving effective cooling comes from limitations in the 
mixing. The fastest cooling is achieved if the Schottky signal is completely randomized between successive 
passes through the pickup. The randomization is complete in the limit that M = \. However, the Schottky 
signal should not change between pickup and kicker (M should be large). The randomization between 
successive passes through the pickup is sometimes called the "good mixing" and the randomization between 
pickup and kicker is sometimes called the "bad mixing". A reasonable rule of thumb is thai M=3 for an 
optimized betatron cooling system. 

Antiproton sources CERN AA and FNAL Accumulator were engineered to have a specific value of 
mixing but using special magnetic lattice design techniques. The lattice parameter r\ = 1 / y] - 1 / y2 specifies 
the spread in revolution periods. At a particular frequency in the cooling band the time spread in revolution 
frequencies leads to phase errors. As the frequency is increased, the phase error increases. Thus, attempts to 
upgrade the antiproton source cooling systems are constrained by the limitation imposed by the "bad mixing." 
At other accelerators it is a matter of luck if the lattice parameter 77 is appropriate for effective cooling at some 
frequency. 

Possible solutions to the mixing problem are special lattices that have no mixing between pickup and 
kicker and yet have large mixing between kicker and pickup. Such a lattice was considered at least briefly as a 
possible design for the CERN Antiproton Collector, but I do not know of any accelerator built on this principle. 
Another possibility is to design a special pickup placed in a region of dispersion to cancel the transit time 
differences of the particles in the beam. The basic idea is that both the transit time difference and the position at 
the pickup are proportional to the momentum offset. If the signal at the pickup can be made to have a time-delay 
that is proportional to the horizontal position of the particle, it may be possible to have the time delay difference 
in the pickup exactly compensate the pickup to kicker transit time difference. 
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2. TECHNOLOGY 

2.1 Bandwidth considerations 
Stochastic cooling systems have been built with bandwidths ranging from 100 MHz to 4 GHz. The 

highest frequency systems operate in the 4-8 GHz band. Systems typically are chosen to operate in a band 
where the upper frequency is twice the lower frequency (known as an octave bandwidth). It becomes extremely 
difficult for a variety of technological reasons to maintain uniform gain amplitude and phase over bands that 
exceed one octave. 

From a technological point of view it appears possible to extend present stochastic cooling technology to 
frequencies in the 10's of GHz. Aside from the good mixing/bad mixing problem mentioned above some of the 
technical difficulties in extending the frequency range of stochastic cooling systems are discussed below. 

2.2 Pickups and Kickers 

Pickups arc devices that convert the mechanical beam energy into electrical energy. Kickers perform 
work on the beam with the applied electrical energy. The same structure can act as either a pickup or a kicker. 
The reciprocity theorem states that any device that converts the mechanical energy of the beam into electrical 
energy can be used to convert electrical energy into mechanical energy with the same coupling. A more precise 
statement of this theorem and other theoretical and practical pickup considerations can be found in the article by 
Lambertson [11]. The major practical differences between pickup and kicker design is that pickups may be 
cooled to cryogenic temperatures to reduce the thermal noise level while kickers may be required to dissipate 
significant rf power. 

2.3 Stripline Pickup Response Model 

Although other types of pickups are possible [12,13]. the most common pickup is the strip-line type 
indicated in Figs. 5 and 6. These figures are also intended to suggest an electrical model of the beam current and 
stripline. The beam current is given by: 

i(z,t) = ihe j(kz-cot) 
(17) 

where v = a I k is the beam velocity. A current equal in magnitude but opposite in sign (the image current) 
flows on the walls of the beam chamber. A fraction/of the image current flows onto the strip line at one end 
and off at the other end. The pickup response can be modeled as a transmission line with the beam acting as a 
current source at the two ends. The solution of these equations shows that the output voltage is given by 

Vp=fZpihsmkt (18) 

Image Charge 

© > © ^ BeanKB^ 

Displacement 
Current __ 

Fig. 5. Schematic representation of a quarter-
wave strip-line electrode interacting with a high 
energy charged particle (side view). 
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Fig. 6. The electric field lines from a single 
particle in the vicinity of a pickup electrode. More 
field lines terminate on the upper plate because the 
particle is closer to it than to the lower plate (cross-
section). 
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The peak in the response occurs at k(=n/2. Thus the length is chosen to be a 1/4 wavelength long at 
the band center frequency. The fraction /of image current that is sensed by the pickup may be estimated by 
assuming that the pickup is infinitely long in z and solving the following wave equation for the scalar potential: 

c) dt2 (19) 

where p(x,y) is the beam density. Writing the potential as: 

* = e(*.yy"-""> i ( 2 0 ) 

the equation for the potential becomes 

v ? 0 - U - 2 - | ^ S = p(x,y) 
(21) 

For some simple geometries Eq. (21) can be solved analytically. If b is the transverse dimension of the beam 
chamber and kb « 1. the term in the [] is small and can be neglected. Under these conditions Eq. (21) reduces 
to the 2-dimensional Poisson 's equation, and it can be solved by any of a large arsenal of techniques. The image 
currents are obtained by integrating the normal component of the electric field over the surface of the pickup. 

2.4 Design Considerations 
Schottky signal beam currents are often small compared to the noise current from thermal fluctuations. 

Arrays of 100 or more pickups are commonly used to obtain an adequate signal to noise ratio. The output power 
of two pickups is conveniently combined by connecting them to transmission lines of the same characteristic 
impedance as the pickup. The two transmission lines can be joined together and they will transmit all their 
power to a transmission line of half the impedance (assuming that the transmission lines are of the proper length 
so that the signals arrive in phase where the lines are joined). The transmission line with half the characteristic 
impedance can be transformed to a higher impedance with a series of stepped 1/4 wavelength transmission lines 
(or a single tapered line) and the combination process can be cascaded several times. This technique is easily 
implemented for bandwidths of an octave or less using stripline or microstrip circuit board techniques. In fact, 
the need for extensive combiner boards has recently led to the construction of the pickups themselves by using 
standard printed circuit board techniques [14,15]. These techniques have substantially reduced the cost of 
building pickup and kicker arrays. 

Since the signal level tends to be low, it is important to maximize the signal seen by each individual 
pickup. Since the beam is an excellent current source, the signal is maximized by using a high impedance 
pickup. Typical pickup impedances are in the range 50-100 Q. In principle, one can obtain larger impedances 
by leaving the electrode dimensions fixed and increasing the wall dimensions indefinitely. However, the 
impedance only increases logarithmically for large wall dimensions. Furthermore, unless the frequency is very 
low, the electrode would not act much like a transmission line since its height would greatly exceed its length. 

The electrode sensitivity is also maximized by using wide electrodes to intercept a large fraction of the 
image currents (see Fig. 6). If the beam chamber is small or the energy is high, the electric field will be 
transverse and the currents at a given z will all be in phase. However, the energy from different parts of the 
electrode may be collected with slightly different transit times. The resulting phase errors are likely to be a 
limiting factor in the performance of large electrodes in the GHz region. 

2.5 Wave Guide Modes 
Another problem in the design of pickups is suggested by Eq. (21). The general solution of this equation 

is any solution of the inhomogeneous equation plus the general solution of the homogeneous equation. The 
solution of the homogeneous equation is the well-known infinite set of wave guide modes. The solution 
becomes mathematically unique if one applies boundary conditions at the two ends of cylinder. Physically, 
these wave guide modes arise from discontinuities in the beam chamber. The discontinuities are excited by the 
beam current and then radiate energy into the wave guide modes. 
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The presence of wave guide modes causes two problems. The wave guide modes propagate with 
velocities that depend on frequency and are different from the beam velocity. Thus, it tends to be difficult to use 
them for cooling over a significant bandwidth because of the large and unpredictable phase errors that are 
present with these modes. Even more annoying is the fact that these modes may show resonant behavior -
especially if the pickup chamber is not well matched in cross-section to the rest of the beam chamber. In this 
case, there may be a peak in the amplitude of the gain function G(CÛ) and a corresponding rapid change in phase 
of 180° or more. This situation inevitably leads to system instability at gains lower than the optimum cooling 
gain. 

There are two defenses against undesired microwave modes. The first comes naturally when many 
pickups are combined. The pickups are phased for the beam velocity. The microwave modes are rejected 
because their propagation velocities are different (typically slower). The second defense is to place microwave 
absorbers in Uie pickup. Possible absorbers include bulk and film resistors, lossy dielectrics, and lossy magnetic 
materials. 

2.6 Limitations to Pickup Sensitivity at High Frequencies 

The most fundamental limitation on building pickups that are sensitive to Schottky signals at very high 
frequency is the reduction in wall current intensity at high frequency. To illustrate the point, consider Eq. (21) 
for a beam in a circular pipe of radius b. The charge density p(x, y) is assumed to be uniform for radii less than 
a It is straight-forward to show that the radial electric field at the beam chamber wall is: 

E (,';)_ A ' f l / ' ( * ' f l ) JO"--»') 
£0k'bl,(k'b) , 2 2 ) 

where Po is the uniform charge density, Ai and /, are modified Bessel's functions, k' = k/ y, y = 
and £ 0 =8.85xl0 - 1 2 F/m. Equation (22) reduces to a 1/p dependence for it' -» 0. However, the electric field 
falls exponentially with asymptotically large k'. This asymptotic condition is avoided by either b -> 0 or 
y -» » . Thus the cutoff frequency is an important limitation for high frequencies, large apertures, and low 
energies. For example, I„{k'b) = 1.2 at it =0.6 cm"1, /;=5 cm, and y=3.7, which are approximately the 
parameters that correspond to Uie stochastic cooling systems at the CERN Antiproton Collector Ring. 

2.7 Amplifier and Resistor Noise Minimization 

In many cooling systems the signal to noise ratio is a significant concern. Maximizing the number and 
sensitivity of Uie pickups is crucial to obtain an adequate signal. Other techniques are available to reduce Uie 
thermal noise. The Uiermal noise comes from two sources which are comparable in magnitude: Uie back 
termination in the pickup and the preamplifier itself. The thermal noise voltage V„ = 2^kBTR from the 
resistance R at temperature f i s easy to characterize. Normally R is chosen to be the characteristic impedance of 
the system (50 Q). If one makes R smaller, then the system is mismatched and Uie noise power will be a 
function of frequency. The noise power in the frequency band of interest may be reduced by mis technique. A 
more universally applicable technique is to lower the resistor temperature. Resistors are cooled to cryogenic 
temperatures extensively at both the CERN and FNAL antiproton sources. The physics of low noise amplifiers 
is considerably more complicated - and certainly beyond my understanding. Fortunately, there is a large 
industry working on making low noise microwave amplifiers, so the problem of being clever is reduced to Uie 
more tractable problem of being adequately funded. 

2.8 Filters and Equalizers 

Filters are used extensively in stochastic cooling systems. One type of filter is intended to have a shape 
that repeats (more or less) each Schottky band. These filters are used, for example, to suppress noise or shift Uie 
phase of the cooling signal. A simple filter mat is used extensively at the FNAL antiproton source is shown in 
Fig. 7. The output transfer function is the sum of a prompt and a delayed signal: T(a>) = (1 - ejaT) 12, where r 
is the difference in length between the short and long legs.. This type of filter has transmission zeroes when 
cor = In and is sometimes referred to as a "notch filter." Oilier types of notch filters are possible: Uie stack tail 
filters at me AA utilize shunt transmission lines. However, all these filters require one or more elements that 
delay the signal by a multiple of r, where 1 / r = 4/,,, and /„ is Uie average revolution frequency. In order for 
the filter to work properly the delay elements must be accurately described by a pure delay, i.e., Uie attenuation 
and the group delay must be independent of frequency. Thus, the problem of building a periodic filter is 
essentially that of building an ideal transmission line. 
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A number of transmission line techniques can be used. The simplest technique uses coaxial cable as the 
delay element. The diameter of die cable must be large to avoid large attenuation. The skin and dielectric losses 
are inversely proportional to the radius. The skin loss increases with the square root of the frequency. The 
dielectric loss is more complicated but tends to increase with frequency also. However, the size of the coaxial 
cable is limited because of the need to avoid the lowest wave guide mode (TM 0i). While it is possible to 
calculate the cutoff frequency for the mode, the effect of non-propagating modes can be significant depending 
on the construction of the cable. Thus, the maximum usable frequency of a cable is best determined by 
measurements. The combination of increasing skin losses and being forced to smaller diameter cable can be 
very dramatic. For example, foam dielectric 7/8 inch heliax cable can be used up to a frequency of 5 GHz where 
it has a power transmission of 7% over a distance of 100 m, but a similar 3/8 inch cable has a power 
transmission of 0.001% at 11 GHz [16].-

Fortunately other techniques are available. One technique used at the FNAL antiproton source involves 
the use of super-conducting delay lines to avoid the skin losses [17]. Another technique involves amplitude 
modulation of a laser coupled to an optical fiber followed by demodulation using a photo diode at the far end of 
the fiber [18,19]. Very long (10's of u,sec) delays are possible with this technique. Bulk acoustic wave (BAW) 
devices have been more recently used to replace the super-conducting delay lines at FNAL to achieve lower 
operational costs [20]. Both the BAW and the optical modulation techniques suffer from large inefficiencies in 
converting energy from one form to another. 

Equalizers aie filters that have nearly constant gain over a single Schottky band. They aie used, for 
example, to attenuate low frequencies to compensate for the high frequency attenuation that occurs in cables and 
other devices. Equalizers are extensively used commercially, and they may be conveniently constructed of strip-
line or microstrip. A number of computer aided design programs can be used to accurately predict performance 
and to take most of the guess work out of equalizer design. Typically a stochastic cooling system will be built 
and the gain measured with an open-loop gain measurement (see below). Then an equalization filter will be 
constructed to flatten the gain and phase [21]. 

3. TECHNIQUES 

3.1. Open-loop gain measurements 

One of the most important diagnostic measurements made on a stochastic cooling system is a 
measurement of the open-loop gain. A typical experimental setup for this type of measurement is shown in Fig. 
8. The cooling system is opened at some point and a sine-wave excitation is applied to the portion of the system 
leading to the kicker. The signal is transmitted via the beam, detected by the pickup, and brought back to the 
point of excitation. The propagation delay along the signal path (T 1+T 4+T 3) is equal to the difference in cooling 
system delay and beam transit time (T 2 -T , -T 3 ) plus one revolution period. Since the revolution period 
contributes a 360° phase shift, the open-loop gain measurement measures directly and precisely the transit time 
difference between the electronic signal and the beam motion. 
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Delay Line 

Fig. 7. Schematic of a simple filter of the type used 
in the FNAL antiproton source. Fig. 8. Schematic of a typical setup for a cooling 

system open-loop gain measurement. 

The open-loop gain measures the quantity F(co)G(œ) in Eq. (8). An open-loop gain measurement is 
shown in Fig. 9. The structure of the curves is dominated by the beam response since G(ffl) is nearly constant 

22 



over the narrow frequency range in this measurement. There are four peaks in the amplitude corresponding to 
the four betatron sidebands inside the frequency interval that was measured. Each peak is accompanied by a 
rapid 180° change in phase. The phase at the peaks of the amplitude response is 180° when G(co) phased for 
cooling. The data in Fig. 9 indicate a phase at the peaks of the betatron sidebands of around 90°, so the phase of 
this system is not properly adjusted to achieve cooling. 

In order to get more information about G(ffl), it is useful to measure many Schottky bands. Normally, this 
measurement is accomplished by measuring a few points per Schottky band and measuring 100 or so Schottky 
bands throughout the frequency range of the cooling system. Such a measurement is shown in Fig. 10. The 
phases and amplitudes of the upper and lower sidebands are shown separately. It can be seen that the phases of 
these bands are slightly different. This difference occurs because the phase advance between pickup and kicker 
is not exactly an odd multiple of 90°. The amplitude curves give a good estimate of the phase and relative 
amplitude of G(co). Data like those in Fig. 10 are useful in designing equalizers that can be used to optimize the 
cooling rate. 
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Fig. 10 Open-loop measurement of the same 
system shown in Fig 9. One point is measured on 
every 40 t h betatron line. The average phase is 
about 180°, as required for cooling. 

Fig. 9. Open-loop gain of a 4 to 8 GHz betatron 
cooling system at the FNAL Accumulator ring. 
The revolution frequency is 629 kHz. The four 
peaks correspond to the four betatron peaks that lie 
in the 1-MHz interval. The phase changes rapidly 
by 180° in the vicinity of the amplitude peaks. 

3.2 Schottky signal suppression 

Since the cooling system works using the Schottky signal it is useful, if not essential, that one be able to 
monitor the Schottky signal at some point in the stochastic cooling system. With these observations one can 
measure the signal to noise ratio and the mixing factor. 

The phenomena of Schottky signal suppression (discussed above) is an especially useful diagnostic. A 
signal suppression amplitude of 6 dB indicates that the system is operating at the optimum gain. The 
measurement is made by observing the difference between the open-loop and closed-loop Schottky signal. A 
measurement showing about 6 dB of signal suppression is shown in Fig. 11. The closed-loop response in Fig. 
11 is lower than the open-loop noise floor. This phenomenon occurs because the beam response acts to cancel a 
portion of the electronic noise. Signal suppression measurements are particularly useful to check the operation 
of cooling systems where the cooling rate is very slow and difficult to measure directly. 

3.3. Cooling rate 

There are a large number of ways of directly measuring the cooling rate. One commonly used method is 
to observe the rate of change of the Schottky signal. In addition to providing the cooling signal, Schottky signals 
can be used to measure the momentum spread, tune, transverse beam size, and chromaticity of the beam[22]. 
An example of the measurement of the horizontal betatron amplitude cooling rate is shown in Fig. 13. The 
horizontal beam emittance is changed by approximately two orders of magnitude while the beam current and 
vertical beam emittance are nearly constant. One can avoid the signal suppression effect by observing a 
Schotlky band that is outside die bandwidth of the cooling system. 

It is also possible to measure the transverse size of the beam using a variety of other techniques including 
using flying wires or extracting the beam and measuring the beam shape with segmented ion or secondary 
emission chambers. Measurements of the profile of the circulating beam were made in the FNAL Debuncher 
ring by imaging the residual gas that is ionized by the beam. The profiles thus obtained are shown in Fig. 13. 
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One can determine the optimum system delay for the FNAL Debuncher transverse cooling systems to a few psec 
by minimizing the width of the beam profile on a secondary emission chamber. 

REF -60.0 dBm 2 dB/div ATTEN 0 ÛB I " T 

100 - -

ti 

t̂ 

CENTER 2.600 036 GHz SPAN 502 kHz 
RES BW 10 kHz VBWIOOHz 

Fig. 11. Spectrum analyzer traces showing the 
difference between the open-loop and closed-loop 
signals coming from the pickup. 

3.4. Instabilities 

Fig. 13 A spectrum analyzer is tuned to receive the 
power from a single Schottky band. 

Fig. 12. Beam profiles in the FNAL Debuncher 
ring. The profiles were obtained at 0.22-sec 
intervals. The earliest time is at the top of the plot; 
the latest, at the bottom. 

Fig. 14. A stability plot of a betatron cooling 
system. The plot is drawn for a betatron cooling 
system at the FNAL accumulator for the frequency 
range (n-0.5)f0 to (n+0.5)f0 .with n=5000 and 
f0=629 kHz. 

The presence of the denominator in the cooling equations suggest the possibility that 1 - F(CO)G(CÛ) might 
vanish, and the system could become unstable. A stability diagram of a betatron cooling system operating near 
the optimum gain with a pickup to kicker phase advance of 70° is shown in Fig. 14. The system is unstable if 
the stability curve encircles the value of+1 (on the real axis). The two loops on the plot correspond to the two 
Schottky sidebands. At the frequencies that correspond to the peaks of the betatron sidebands the function is 
approximately - 1 . Between the sidebands the gain is less than 0.2. Raising the gain of the system a factor of 10 
beyond the optimum gain will cause an instability. Of course, any one Schottky band can cause an instability. 
Variations in gain and phase from one Schottky band to another can erode the margin between the optimum gain 
and the unstable gain. 
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CONCLUSION 

The theory, technology, and techniques of stochastic cooling have been reviewed. Where possible I have 
tried to indicate the limitations of our current techniques and technology. 
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E L E C T R O N COOLING: STATUS A N D P E R S P E C T I V E S 
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A B S T R A C T 
The electron cooling method became now conventional instrument of 
accelerator technique. Storage rings with electron cooling - the so-
called coolers, permit generate very dense and high intensive beams 
of charged heavy particles - protons, antiprotons, ions. 9 such coolers 
- one for antiprotons and 8 for ions are operating effectively now in 
laboratories for high energy and nuclear physics. The review of the 
present understanding and of related problems is given in this report. 

1. INTRODUCTION 

The electron cooling method went through a long way of development, from the first 
Budker's idea [1], based on the model of two component electron - ion plasma, to very 
rich physics of a magnetized electron beam with "the flattened distribution" of electron 
velocities. It is a method of introduction of an effective "friction" in a particle beam that 
makes it possible to reduce the beam phase space volume (emittance) and, correspond
ingly, to compress the beam size and to decrease its particle momentum (energy) spread. 
As a result, an intensive, dense and "cold" particle beam can be generated. To produce 
such a friction, an "absorber" has to be brought into the beam. 

In principle, one can use the mechanism of ionization losses in any material transparent 
for fast particles. Unfortunately, nature does not present us with such a gift, and ionization 
("muon") cooling does not work for barions because of a short life t ime of the beam, 
limited by particle losses in strong interaction with absorber nucléons. 

Budker's idea had two remarkable points: 
1. to use "free" electrons, i.e. electron beam as an absorber; 
2. to equalize average velocities of heavy particles and electrons, what gives the max

imal value of the cross section of electromagnetic interaction. 
Later these points were supplemented with a fortunate proposal to use homogeneous 

(solenoidal) magnetic field to form and transport the cooling electron beam [2], what gives 
additional advantages in cooling efficiency. It was discovered and understood later - in 
experimental studies of electron cooling [3]. 

The electron cooling method was successfully tested and developed in experimental 
studies done in the 1970-th at Budker Institute of Nuclear Physics [3-5], CERN [6] and 
Fermilab [7]. It is used now in 9 coolers (see [8]). 

The development of the method is progressing in several directions that have a common 
goal of improving electron cooling efficiency and expanding the parameter area where the 
method can be applied. They are: 

- generation of electron beams with the maximally achievable intensity and the lowest 
electron temperature possible: the guns with adiabatic optics, adiabatic acceleration, 
photocathode guns; 
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- elaboration of electron cooling systems with the neutralized space charge of an 
electron beam; 

- extension of electron energy to the level in tens MeV; 
- development of high effective recuperators of electron beam energy. 
Today one can point out three main directions of the method application: 
- storing, forming and keeping circulating antiproton beams in high energy physics, 

during the interaction with an internal target or slow extraction; 
- the same for ions in nuclear atomic physics; 
- storing and preliminary forming of heavy particle beams for following acceleration 

in a cascade of machines up to TeV-th energies (SSC and LHC projects). 
The method can be used also for positron cooling, which permits to generate intensive 

flow of antihydrogen atoms[9]. The physics of cold intense beam of heavy particles -
"beam crystallization" [10,11] - is also very interesting subject of the research. Numerical 
examples are given through at the report for some parameters, typical for middle energy 
coolers. 

Unfortunately, the limited size of the report does not admit of any full review of the 
problem at all. Thereupon, one had to choose the mostly interesting, in author's opinion, 
points in the present status of electron cooling - some for a brief discussion, others - only 
to formulate. One can recommend a few review reports: [8,10-17]. 

2. THE PHYSICS OF ELECTRON COOLING 

2.1. The uniform Maxwellian plasma relaxation 

Two component plasma with a density n e , consisting of heavy particles (mass M, the 
charge Ze) and electrons (m, e) , each with uniform Maxwellian distribution and different 
initial temperatures T p , Te. Its relaxation process obeys Landau equation [18], which gives 
the instantaneous value of relaxation (cooling) time, or decrement 

ZMm (Tv T e \ 3 / 2 3Mm [ Ap\ A p > A e , 
Tplasma = r= " T7 ^ = 7= X \ U) 

SV2^qLc \M m J 8V2^qLc | A 3 A p < A e . 

q = neZ2e\ Tp = M A j , T e = mA^ , 

and the equilibrium condition: 

r p = r e , A p = y/m/M • A e , (2) 

Lc is Coulomb logarithm. The decrement does depend on particle velocity for high 
magnitude of the last one. This relaxation process is "a competition" of friction force and 
diffusion, which appear, when a heavy particle penetrates an electron cloud. 

2.2. The flattened distribution 

The peculiarity of an electron beam is (see Sec. 3) a sharply nonuniform velocity 
distribution, called "flattened" [3,10,17]: 

m

3 / 2 j rnv2 rnv2 

fpiat {v) d v = ^ / o r n 7̂ = ' exP { --^r- ~ ~7^F~ ( ' ̂ V-L dvLdvu, (3) (27r ) 3 / 2 T X v /2 ] | r { 2TL 27|| 

v\ = v

2

x + v

2

z , m < v\ >= mAl = T x > TII . 
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The flattened distribution has three different regions of particle velocities V: 

high ("H") V > A ± . 
low ("L") A,, < V < Ax . (4) 
superlow ("S") V < A N . 

The friction force and the diffusion power for the particle in the electron beam with the 
flattened distribution and in the absence of any focusing magnetic field somewhat differs 
from these for free electrons (see [14,17,19]). 

2.3. The magnetized electron beam 

In a longitudinal magnetic field B electron trajectories are spirals with a radius (the 
transversal Larmor radius) and a "step" 

pL = mv±c/eB, A|| = 2-jrmv^c/eB <C py , (5) 

and the peculiarity of the distribution plays a crucial role. The magnetization defines also 
electron beam temperature formation, decreases the beam angular spread and limits its 
space charge influence (see Sec. 3). 

F i g . l . The schematics of collision of the particle with a magnetized electron: P P ' - the 
particle trajectory, eie[(Ap > 0) and e2e'2(A/> < 0) - electron trajectories. 

In the case of infinitely strong magnetization (p±_ —» 0) the electron-particle interaction 
looks like the attraction ( Z > 0) of an amber bead strung on a knitting needle, by a 
moving charged object (Fig. 1). When "the bead" can not move absolutely, the particle 
scattering is elastic, without any energy loss and, consequently, no friction force appears 
in this case. A free displacement of "the bead" along "the needle" leads to some energy 
transfer from the particle to the bead, so a friction force appears. In terms of a force 
action and a momentum transfer it means that the impact parameter alters during the 
collision - it increases or decreases depending on the mutual disposition of the electron 
and the particle (see Fig.l). Therefore, the attraction force also alters during collision, 
and it is weaker or stronger after the electron displacement. The total result for the whole 
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electron ensemble is that the particle experiences the action of a decelerating (friction!) 
force. The calculations give (see [14,20,19]: 

P . - ^ . ^ . V , (6) 
mV6 V1 

2nqLc Wl p 
• Vi i , Lc — In 

max 

V - the vector of the particle velocity. 
One should point out important differences between the force (6) and that one for free 

electrons: F| | —» 0 when Vj_ —>• 0 and Fx changes its sign and becomes positive, when 
Vj_ < 2Vj|, that is cooling turns in heating. 

The Coulomb logarithm Lc deserves a special discussion. So far as the electron trans
verse motion is "frozen", the response of the electron cloud to electric field of the particle 
occurs only through a longitudinal displacement of electrons, therefore Debay shielding 
radius is equal to 

jj { V/ujpe ~ 0.05cm, V > A,,, 
RD = ^ - = \ (7) 

w " e [ A||/u; p e ~ 5 • 10- 4 cm, V < A,,, 

UM = < | V - A|| |> , 

u>pe - electron plasma frequency. On the other hand, Debay shielding needs some amount 
of electrons, therefore, it can not be less than 

RD> Re = (k/ne)1/3, k^Z . (8) 

This condition can be violated for the superlow particle velocity and Debay radius 
should be taken equal to Re . It is, certainly, a very rough estimation, and a more 
accurate analysis of collective effects at superlow velocities is an open question yet. 

Thus, the maximal impact parameter for a magnetized electron beam is the subject 
of a complicated choice: 

a ~ 1.5cm, 

min <i max {R[),Re} ~ 0.05 — 0.1cm, (9) 

UM • T ~ 0.5 - 6 • 10- 2 cm. 

Here a is beam radius, r - time of flight of the particle trough the cooling system. 
A finite magnetic field brings into existence three regions of impact parameter mag

nitudes (Fig.2), which are defined by the beam parameters - electron Larmor radius (5) 
and longitudinal velocity spread A|| and the particle velocity. 

Small impact parameters - the particle interacts with an electron without any 
influence of magnetic field, if the collision t ime is less than the period of Larmor (cyclotron) 
revolution of an electron - "the fast collisions" ("F"): 

Tcal ~ P/UM < ^ B 1 = m c / e B • (10) 
It defines the scale of small impact parameters: 

Pmin < P < PF-
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Pr. 
Ze2 

mU2 

Zê 
m 

v- V > An, 

A l\ V/<A„, 
(11) 

f / = < | V - A x | > , PF = UMI^B-

The friction force and diffusion are described here with formulae for flattened distri
bution [14] with Pmax = PF-

Intermediate impact parameters PF < P < < PL >• i n s u c n collisions the particle 
and the electron travel together during a few periods of a cyclotron revolution while the 
electron rotates "around" the particle, colliding with it N times: 

I < N < lE2L 
~ 2ir 

U>B < 
Ax (12) 

AJV, V > A„, 

U M \ A x / A | h V < A,,. 

The friction force and diffusion in these "adiabatic collisions" ("A") are amplified N 
times in comparison with a free electron beam [10,14,19]. 

At large impact parameters p± < p < pmax (see (5), (9)) the electron looks like a 
small "Larmor circle" and the collision has the same character as for strongly magnetized 
electrons (6). 

F i g . 2 . Three kinds of particle-electron collisions: fast (1), adiabatic (2) and magnetized 

(3)-

It can be distinctly seen from the discussion above, that the choice of the impact 
parameter magnitude depends primarily on particle velocity (for the given parameters of 
an electron beam). Hence the three regions of particle velocities (4) exist as before. At 
a high veloci ty the friction force has only two parts - the fast one and the magnetized 
one: no adiabatic collisions exist here, because A r < l , i f V > A x -

Low and superlow velocities of the particle admit the existence of all three regions 
of impact parameters, and the friction force contains here three parts - fast, adiabatic 
and magnetized ones. However, the magnetized collisions at superlow velocity demand 
some additional analysis, because A|| can not be neglected as before. The simplified 
estimation of a momentum, transferred to the particle in a collision with an electron, 
gives [19] 

(13) Ï? \T 2 T q T T 1 P m a x 

t ^ _ y —^ • LMS, LMS = In A?, < PL > 

which only slightly differs from the result of the exact calculation [14]. 
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Thus, the friction force in the magnetized electron beam is 

v3 [ %LFH + 
V2-2V2 

x II 
\'2 

LMH , "H"; 

m 
V2—2V2 

kfLL 4 . hAl _L _J: IL . LML "J'1 

A 3 r ÂTV ~ V2 V3 -, ^ 

LES. 4- L.AS -L LMS "Q"-

F„ = 
27TÇ 

m 

v?3 ( 2 L F / / + 3L 
v? 

• V„ • < 

' # " F / / +• oi^MH ' v2 ) -• 

Ï^FL , 2 ^ L , H . 3 Z - M j , // r/#. 

(14) 

2 L ^ g 4 . 2LA?. _L ^ L M i " Ç " 
* Â t ^ + AXW„ + Af ' ° • 

The Coulomb logarithms are gathered below by groups for each velocity region: 

High particle ve loc i ty 

LMH - ln[{pmaX)H I < P± >] ~ ln[(VuB) /tL>peA±] ~ 3; 

LFH = ln[pFH/ (pmzn)H] ~ M[mV 3 /wBZe 2 ] ~ 10 - MZ. 

Low particle ve loc i ty 

m { v > p e , ( ^ e )
+ 1 / 3 } mz7 

LML = ln[{pmax)L I < Pi >] = In 3 - r l : 

I A I , ^ ln[< Px. > IPFL] = ln[Aj ( A x -» Ay)] ~ 0 -> 4; 

L F L = / / i [p F L / ( p m i „ ) L ] = InlmV3 IZe2û)B] ~5-lnZ 

Superlow particle ve loc i ty 

LMs = ln[(pmax)s I < pL >] = ln[(f4ie)
 1 / 3 / < /9± >] ~ 2; 

1MS = M < Px > / P F S ] = /n[Aj./A||] ~ 4; 

LFS - ln[pFsj (Pmin)s\ — ln[mA\\A2

L/Ze2uB] ~ 5 - InZ. 

This Coulomb logarithm "Zoo" shows that the friction force is nonlinear very signifi
cantly, because the logarithms themselves alter during the cooling process. 

The Formulae (14) lead to one important conclusion: the friction force for a magnetized 
electron beam differs essentially from that for a nonmagnetized one: when a particle 
velocity diminishes under the cooling action, the force grows up as V 2 , and this growth 
does not stop at V ~ Ax, as for a nonmagnetized beam, but continues in the region of 
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Fig .3 . The dependence of the transversal friction force on particle velocity: l - the uni
form Maxwellian plasma, 2 - the flatened distribution at B = 0, 3 - the magnetized 
electron beam. 

a low velocity due to "adiabatic" and "magnetized" terms (Fig.3). The force reaches its 
maximum near V ~ An and then drops linearly with V at V < Ay. 

One can formulate at last the criterion of magnetization of an electron beam: 

< Px >< (Pmax)s ~ 3 n ; 1 / 3 , (15) 

or 
mAiC 

B> 
Zen, -1/3-

The diffusion is important only in the region of a superlow velocity, because it defines 
the equilibrium state namely here. The estimations similar to (13), give for its power 

_ _ M d < V2 > Airq 
Q _ __ . ^ . l M S 

2 dt MA11 
(16) 

It differs insignificantly with results of exact calculations [14]. The equalizing of the power 
of the friction force (13) and diffusion (16) gives equilibrium state in a magnetized electron 
beam: 

V 2 . « 
equt 

1 7 1 A (17) 

The law of particle velocity behavior one can find with (14), neglecting with angular 
dependence of the friction force and the term with LAi: 

Vl(l-t/T±f3, 

k [(viW, + ((^) 2 - (vi) e g u i) 

1/3 

"H"; 

"L": (18) 

-t/r± 

1/2 
, "S" 
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where characteristic times r± are 

<* = LML/LFL; 

' (Vlf/3(2LFH + LMH), "H"; 

T~X 
mM 

2-nq 
x < A 3

X / 3 L F L , "L"; 

" 5 " . 

(19; 

These r x can be treated as cooling time only in "H" and " S " cases. For "L" region it is 
some characteristic parameter, and time duration necessary to cool the particle from V£ 
to AII is equal to 

(TCOOI] WL"' n 
{Vif + aA3

L mM 
{Vl)\ "L" . (20) 

A|j -f Û A ^ 6irqLML 

This result demonstrates the effect of "The fast electron cooling", when rcooi depends on 
particle velocity even at V < Aj_. 

For a longitudinal component the law of Vj|(t) is the same as (18) for the "H" and "S" 
regions, but with different characteristic time (see (23)). For the "L" region the law is 
very intricate: 

V,?-VH l M 
(21) t(Vl{) = r0 \ ^L. l-K.Arctg 

A x 1 + W » V ( K A - L ) 2 K A ± 

r 0 = mMAl/47rqLFL, K = yJZLMLl2LFL ~ 1. 

For typical parameters K ~ 1, therefore the cooling time for a particle with a low initial 
velocity is about 

ML~ MS' <22) 

Then 

(V°Y /3(2LFH + 2LMH), "H"; 

rnM 
T|| % X < 

27TÇ v;, , ° ) 3 / 9 L M L , 

, A , , / L M S , 

'L"\ 

"S". 

[23] 

The comparison of (20) and (23) shows, that for low velocities the longitudinal cooling 
time is about 3 times shorter than the transversal one. 

The question of practical interest is the cooling time for a particle with high initial 
velocity. As could be seen from (19), (23), it slightly differs from the case of a non-
magnetized electron beam (1). Besides, what is much more significant: the influence of 
magnetization on cooling time in the region of low velocities is also very modest. It 's 
not very surprising, because, notwithstanding a very fast increase of friction force (and 
instant increment!) with V decreasing, the full cooling t ime is defined mostly by large 
magnitudes of the initial particle velocity V ~ A x -

Nevertheless, instant value of friction force plays crucial role when equilibrium state is 
concerned. It is very important, particularly, in consideration of particle beam interaction 
with internal target. 
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3. T H E F I N E EFFECTS IN ELECTRON COOLING 

3.1 . T h e addit ional friction force for a negatively charged particle 

In a collision with the low impact parameters a negatively charged particle reflects 
magnetized electrons, while a positively charged one attracts them. The addition to the 
friction force for a negatively charged ion is equal to [19] 

AF„ = -neV - 2mV • np2

min « - = - * x { (24) 
V2/A* l / < A n ; 

and the maximal friction force is nearly 2 times more powerful for negatively charged 
particle (see [19], Fig.7). 

3.2. T h e addit ional diffusion for a positively charged particle[19] 

The junction of electron and particle beams in a cooling device is a very fast process 
in the particle rest frame: an electron displaces in the junction section for one period of 
Larmor revolution in the direction transversal to the particle trajectory by the distance, 
which is much larger of < p± >. Hence, the particle and the electron meet together 
"instantly". Then, the positively charged particle attracts the electron, which travels 
close enough to the particle, oscillating along the magnetic field and slowly rotating around 
the particle trajectory due to the drift in a transversal electric field of the particle and 
a longitudinal magnetic field of the cooler. The particle-electron interaction gives the 
additional diffusion power [19]: 

T0 - period of particle revolution in the storage ring, r - time of flight through cooling 
section. As result, 

/ i / 2 4 2 \ 1/6 
m , „, „ 1 / r.c T UJ x 

y V * )equi ~ . ( l + « ) , « = - = ^ = . ^ -0.2-Z-1'3. (26) 

3.3. The Coulomb logari thm and multi-charged ions 

It became "a tradition" in electron cooling numerical estimations to put the Coulomb 
logarithm in any formula of order 10-15. However, a more attentive analysis shows that 
one should be careful with such estimations. The influence of the Coulomb logarithm is 
the only possible way of explanation of the results, obtained recently in experiments at 
TSR [21,22]. It was found, that longitudinal friction force and its decrement decrease with 
ion charge Z. These results do not contradict the dependence of the Coulomb logarithm 
LFL on ion charge in formulae (14). Our analysis shows, that TSR experiment results 
stricly follow the law (Fig.4) 

An = A i - A 2 - / n Z , h=(%-x\AIZ2. (27) 
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Fig .4 . The dependence of longitudinal decrement of ion transverse velocity for different 
Z, obtained from the analysis of TSR-experiment [21]. 

4. T H E COOLING E L E C T R O N B E A M 

4 .1 . T h e electrostatic acceleration and the flattened dis t r ibut ion 

The distribution (3) has a kinematical origin in a low intensity beam. Because distri
bution function is the solution of the collisionless Vlasov equation with full energy as the 
function argument, one can write (in Laboratory frame after acceleration): 

/(un) = A • e £ c / T \ ec « p 0 • (p - p0)hrn , (28) 

Po = < V >— Pimc , 

p, po _ electron momenta in Lab. frame, e c - electron kinetic energy at the cathode, Tc 

- cathode temperature. The transformation of (28) from the Lab. frame to the electron 
one and normalization by unit leads to 

/(v„) = ^ • c - ' W « (29) 

OO 

T\\ = m f u | | • /("II) • dv\\ = 2 T C 7 / ? V m c 2 -> T2Jeo , e0 < mc2 . (30) 

This distribution function is not an equilibrium one. Electron gas comes to thermoequi-
librium after some relaxation time, that is very short ( see Sec. 4.3). 

Electron transverse momentum does not change during the acceleration, if optical 
aberrations of the gun can be neglected. Hence 

Tx ~ Tc . (31) 

N° 1 2 3 4 5 6 N° 7 8 9 
V x , 10 5 cm/s 6 7 8 6 7 8 V||, 10 7 cm/5 2.4 3.4 4.8 
ne • 10 8 cm.- 3 0.72 3.42 - - - -
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4.2. The electron density fluctuations and longitudinal t e m p e r a t u r e 

The result (29),(30) is correct for an electron beam of very low density, when the 
Coulomb interaction between electrons is negligible. The beams used in electron cool
ing are fairly dense and this interaction plays an important role. Because of a random 
character of distances between electrons, the local electric field in a beam is not equal to 
zero and such a field accelerates or decelerates electrons, i.e. transfers to them additional 
kinetic energy (temperature) [10,19]: 

AT~e2/le ~ 1 0 - 4 e V , le = n e ~ 1 / 3 ~ 1.5 • l (T 3 cm - (32) 

the average distance between electrons in the beam (all parameters are taken in the 
particle rest frame). The result of a strict analysis differs by the numerical coefficient of 
order of unit. 

4 .3 . Electron relaxation. "Fas t" and "slow" acceleration 

The relaxation of the distribution function (29) occurs due to electron-electron colli
sions and, in principle, is the same process of the Coulomb interaction, as the electron 
cooling. If the electron beam is magnetized, one can use for the estimation of the re
laxation time formulae (23), the case "S", if to put m = M. Then for the longitudinal 
relaxation one has [24,19] 

( T l l )-e ~ ~0 T I T " ~ 2 • i r 9 * e c • ( 3 3 ) 

This relaxation works very fast and the electron beam comes from the gun into the 
cooling section (a distance of about 0.5 m) very well "maxwellized". The relaxation does 
not influence in a conventional electron gun because of a high acceleration rate. Therefore 
electrons do not redistribute their additional energy (32) and come to the gun exit, where 
after relaxation time electron energy becomes equal to 

r„ ~ 2 + e 2

n y 3 « e V 3 • (34) 

One can write the criterion of slow acceleration, when relaxation "intermixes" electrons 
and maxwellizes electron velocity distribution in the gun: 

l . ^ < m m { ( T | i ) e - ^ v } . (35) 

In this case the instant value of the electron longitudinal temperature follows the law (30), 
and 

1 dT\\ 1 de v . . 
11| at e at 5 

where E is accelerating electric field in the gun. Then, the criterion has the form 

£ < 2 . l y V ^/mso/e2 . (37) 

The electric field of the Pierce's gun is about 3 times higher, the Pierce gun is too "fast" 
and forms the electron beam with a temperature, which follows the law (34), with the 
flattened distribution, generally speaking. 
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Numerical estimations show, that the effect of density fluctuations defines the longitu
dinal temperature of the electron beam. A special design of the gun is required to reach a 
lower temperature limit (30). Such a gun consists of two parts: a Pierce gun with "fast" 
acceleration and section of slow ("adiabatic") acceleration. One can show, that for given 
Tj| the maximal beam current generated with such a gun does not exceed 

and the current corresponding Tmin — T^/eo does not depend on energy £o : 

m c 3 / a \ 3/4 / T \ 9/4 
/ ( r m , - w ) = — • - • f ^ r ) « 4 0 m A x a ^ 4 at Tc = 0.1 eV . (39) 

e \re / \ m c / 

To generate the beam with Tmtn the gun at e 0 = 30keV has to have about 5 mm 
"the Pierce gap" and 0.7 m long slow section. First experimental achievements [23] look 
promising. 

The conservation of flattened distribution during beam transportation is limited with 
electron-electron collisions, which lead to the so called transversal - longitudinal relax
ation. It equalizes the longitudinal temperature to the transversal one. A longitudi
nal magnetic field suppresses essentially the transversal - longitudinal relaxation, if [24] 
PL < U-

4.4. The magnetized intense electron beam in a drift chamber 

The space charge of an intense electron beam, travelling in a longitudinal magnetic 
field, creates two effects: electron drift in the plane, transversal to the beam axis and 
electron energy variation across the beam. Both are essential for electron cooling process. 
Therefore the neutralization of the space charge is a problem of great practical interest 
[25]. 
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D-69029 Heidelberg, Germany 

ABSTRACT 
An introduction is given into the basic concepts of laser cooling with 
special regard to stored ion beams. As an example recent experimental 
results obtained with 7.3 MeV 9 B e + ions at the Heidelberg Test Storage 
Ring are discussed. 

1. INTRODUCTION 

The resonant interaction with laser light offers unique possibilities for the phase-space 
cooling of ensembles of atoms and ions [1]. Since the first proposals for laser cooling in '75 [2] 
and the first successful experiments on trapped ions in '78 [3] and on neutral atoms in the early 
'80s [4] enormous progress has been made in the development of various cooling methods [1]. 
Now, by standard laser cooling techniques very slow and cold atomic beams are produced from 
thermal beams, and atoms can even be captured directly from a room-temperature gas into laser 
traps, where they can easily be cooled down to temperatures in the range of several 10 (JK. For 
ions in traps laser cooling has served as a unique tool for a variety of fascinating experiments 
like, e.g., ultrahigh-resolution laser spectroscopy and the recent observations of phase transitions 
of ion ensembles to ordered structures [5-7]. 

A very young field for laser cooling is the phase-space compression of high-velocity ion 
beams in storage rings, where longitudinal cooling times and limit temperatures can be reached 
which are several orders of magnitude lower as compared to electron cooling. In the regime 
of the extremely low temperatures attainable with laser cooling, the kinetic energy in the rest 
frame of the ion beam can be considerably smaller than the potential energy between the ions 
due to their Coulomb repulsion and ordering effects may result in a liquid or solid behavior 
of the ion beam or even in crystallization [8]. Such an ultracold Coulomb plasma will exhibit 
a considerably different behavior with quite interesting properties as compared to a hot ion 
beam or to neutralized plasmas [9]. Moreover, ultracold fast ion beams may be used to improve 
precision measurements such as, e.g., the test of special relativity presently in progress at the 
TSR [10] or Ramsey-type experiments [11]. 

The first successful laser-cooling experiments on stored ion beams were performed in '89 
at the Test Storage Ring (TSR) in Heidelberg on a 13.3 MeV 7Li+ beam [12] and in '90 at the 
ASTRID ring in Aarhus on a 100 keV 7 L i + beam [17]. More recent results obtained on 7 L i + 

beams at ASTRID are reported in [14], and [15] gives a detailed description of laser cooling at 
the TSR with experimental results on a 7.3 MeV 9 B e + beam. The most recent results on the 
cooling of 2 4 M g + at ASTRID and 9 B e + at the TSR can be found in other contributions to these 
proceedings [16-18]. 

2. BASICS OF LASER COOLING 

The mechanical forces exerted by laser light on resonantly excited atoms or ions can 
be understood by the photon momentum transfer connected with the elementary processes 
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absorption, spontaneous emission and stimulated emission. If an ion with initial momentum po 
absorbs a laser photon of momentum hk its new momentum will be po + hk. If the excited ion 
then emits a photon of momentum hk' the corresponding recoil will result in an ionic momentum 
Po + hk — hk' (see Fig.l). Let us now assume that a single laser beam, which we idealize as a 
plane traveling wave with wave vector k and frequency w = 2irv = kc, interacts with an optical 
transition of the ions with frequency « 0 = 2TTI>O. AS a very important condition, we furthermore 
assume that the driven transition is closed so that the excited state is only allowed to decay back 
into the same ground state and no optical pumping to other levels can occur. The interaction will 
then result in a principally unlimited number of cycles of photon absorption and emission. In an 
average over many cycles of absorption and spontaneous1 reemission the momentum change per 
cycle is just the absorbed momentum hk because the recoil momentum in spontaneous emission 
averages to zero {(hk') = 0). The rate at which these cycles take place is given by the product 
of the excitation probability pe and the spontaneous decay rate T (inverse lifetime) of the upper 
state. Therefore the average force resulting from the repeated scattering of photons is 

F,p = hk x T x P e . (1) 

This force is often called spontaneous force, scattering force, or radiation-pressure force. The 
excitation probability pe displays the well-known Lorentzian lineshape 

r e (2A/r) 2 + 1 + 5 w 

as a function of the frequency detuning 

A = (1 - U||/c)7u>-u>o (3) 

seen by the moving ion; v\\ = v • k/k is the longitudinal ion velocity, S is the optical saturation 
parameter denned as the ratio between laser intensity J and saturation intensity Isat of the 
transition, and 7 = 1/\A - v2/c2 is the relativistic factor. As the crucial point for laser cooling, 
the Doppler effect in Eq.(2) makes the laser force extremely sensitive to the ion velocity (see 
Fig.l). 

For simplicity in the following, we now assume that the ion beam propagates collinearly 
with the laser beam (un = v) and we treat the ion motion in a nonrelativistic way. The relativistic 
factor 7 is only considered as far as the laser frequencies are concerned. 

The spontaneous force of a single laser beam copropagating or counterpropagating with 
the ion beam can accelerate or decelerate the ions in a narrow velocity interval fulfilling the 
Doppler condition within the optical linewidth, but the force is no cooling force on its own. 
For cooling a stable point must exist, i.e. at a certain velocity v* the total force must vanish 
( F(v*) = 0 ) and must display a negative slope ( dF/dv\v-v» < 0 ). In this case, the motion of 
ions in the vicinity of the stable point is damped toward v*. Let us now discuss two schemes of 
interest for stored ion beams which provide a real cooling force with such a stable point. 

(i) The first scheme uses two laser beams and was applied in the experiments reported in 
Refs. [12, 17]. As illustrated in Fig.2(a), the first laser beam copropagates with the ion beam 
and accelerates ions of velocity «1 and the second one is counterpropagating and decelerates 
ions of velocity V2 > v\ with the resonant velocities v\ and vi being determined by the laser 
frequencies u)\ and u>2 via the Doppler condition Eq.(3) with A = 0. If v-i — v\ corresponds to a 
few optical linewidths, the combined action of the two laser fields creates a dispersion-like total 

1 In a single traveling laser wave cycles of absorption and stimulated emission do not lead to a net force since an 
identical photon is placed back into the laser beam as absorbed before so that the emission recoil exactly cancels 
the absorbed momentum. 
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v o 
F i g u r e 1: The spontaneous laser force F,p(v) as a function of longitudinal ion velocity, reflecting the 
Lorentzian-shaped optical excitation probability. The resonant velocity u 0 is determined by the laser 
frequency via the Doppler condition (Eq.(3) with A = 0). 

force2, which is similar to the electron cooling force and has a stable cooling point in its center 
(see Fig.2(a)). Usually the initial ion velocity distribution is much wider than this narrow laser 
force. Therefore the cooling in this scheme is usually started with a large V2 — v\, including 
all ions between v\ and «2. Then V2 — t>i is steadily reduced by scanning one or both laser 
frequencies in order to compress the ion ensemble into a narrow velocity interval. After this a 
continuous and efficient cooling of all collected ions can be achieved with a small value of t>2 — v\. 

(ii) The second cooling scheme employs a single laser beam counter- or copropagating with 
the ion beam in combination with a counteracting nonresonant auxiliary force (see Fig.2(b)). In 
a storage ring such an auxiliary force can quite easily be realized with an induction accelerator 
[20] and also with the electron cooler [21]. The cooling process takes place in the following way: 
First the auxiliary force accelerates or decelerates the whole ion distribution toward resonance 
with the laser beams. The motion of the ions coming close to resonance is damped toward the 
stable point. In this way all ions are successively collected at the cooling point. This scheme has 
the obvious advantage that only a single fixed-frequency laser beam is required for cooling, since 
the nonresonant auxiliary force can push all ions toward the stable point. A drawback ot this 
scheme, however, is the existence of an unstable region, where the auxiliary force accelerates the 
ions away from the narrow, resonant laser force (see also Miesner et al. in these proceedings). 

The final longitudinal temperature T» reached in the laser cooling process can be under
stood as an equilibrium of cooling and heating. With D denoting the total longitudinal heating 
rate (in K/s) and A being the laser cooling rate (in s _ 1 ) the longitudinal equilibrium temperature 
(in K) is simply given by the fundamental relation 

T|. = ? , (4) 
which was already derived by Einstein for the Brownian motion. 

The laser cooling rate A is directly related to the friction coefficient 
stable point by 

m dv 

-dF/dv\v=v* at the 

(5) 

2 For low laser intensities the total force can be understood simply as a sum of the two individual contributions. 
This is still a reasonable approximation for optical saturation parameters of 5 » 1. For high intensities, however, 
the situation can be very complicated because of a stimulated redistribution of photons among the two light fields 
[19]. 
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Figure 2: Illustration of the cooling forces obtained in the two discussed schemes, (a) In a pair of 
counterpropagating laser beams a dispersion-like cooling force (solid curve) can be created for an appro
priate choice of the laser frequencies. The dashed curves show the individual contributions to the total 
force by each of the two lasers, (b) A single laser beam can lead to a cooling force in the presence of a 
counteracting auxiliary force. The big dot in each scheme marks the stable cooling point. 

where m denotes the ion mass. 
The heating caused by the laser itself as a consequence of fluctuations in the absorption 

processes and the randomness of the spontaneous emission recoils is well approximated (see [15]) 
by the corresponding r a t e 3 

7 
Dt0 

h2k2T 
X p e (6) 10 ksm 

where fcjg is Boltzmann's constant and pe is the excitation probability of Eq.(2). 
The limit temperature Tjjgpp of laser cooling by means of the spontaneous force, which is 

often referred to as Doppler l imit 4 , is 

•1-Dopp — 2 0 * ^ (7) 

This temperature is reached in the absence of other heating processes for low optical saturation 
( 5 < 1) and for k(v2 - Vi) = T in the first cooling scheme or k\v* - v0\ = T/2 in the second 
scheme discussed above. 

In storage rings, bo th the laser cooling rate A and the laser-induced heating rate Diaaer 

are reduced by the fact that laser beam and ion beam are merged only within a fraction T)L 
(typically 10%) of the ring circumference. If, on one hand, the velocity change of the ions in 
a single passage through the laser field is small compared with the velocity T/k corresponding 
to the natural linewidth of the optical transition and if, on the other hand, the time for a such 
a single passage is long enough ( > T _ 1 ) for reaching stationary optical excitation conditions, 
then the above formulae are also valid for the ring-averaged quantities 

(A) = VLA 

{Dlaser) — VL A a « 

(8) 

(9) 
(10) 

JEq.(6) is valid for arbitrary intensities in the second cooling scheme discussed above, but as a consequence of 
stimulated heating processes [19] only for low intensities in the first scheme. 

4 In literature the definition Toopp = ftr/(2Jks) is widely used for reasons discussed in [15]. Our definition gives 
the true cooling limit, being a factor of 7/10 lower. 

42 



Stored ion beams are heated by intrabeam scattering (IBS) processes (heating rate DIBS), 
which are often much stronger than the laser heating. Therefore the equilibrium temperature is 
given by 

m DIBS + {Diaser) .-.. -. 
Tll = ^ (11) 

This means that one can in general not expect to reach the Doppler limit when laser cooling a 
stored ion beam, except for very dilute beams. When cooling a relatively dense beam, the laser 
heating can usually be completely neglected compared to the IBS heating. 

3. CANDIDATES FOR LASER COOLING 

The number of ion species, for which an efficient laser cooling is possible, is limited by the 
stringent requirement of a closed strong optical transition accessible to present-day continuous-
wave laser sources. Suitable electric dipole (El) transitions from the ground state are found 
in light ions of low charge states as B e + and Mg + . In addition, the metastable triplet-state 
fractions of beams of heliumlike ions such as L i + and B e 2 + are good candidates for laser cooling 
via strong El transitions. The main properties of the ion species that have been successfully 
laser-cooled at the TSR and at ASTRID are listed in the following table: 

6 , 7 L i + 9Be+ 2 4 M g + 

lower state 2 S 3 5 I ( J F = 2 , | ) 

2 p 3 P 2 ( F ' = 3,f) 
2 s 2 S 1 / 2 3 s 2 S 1 / 2 

upper state 
2 S 3 5 I ( J F = 2 , | ) 

2 p 3 P 2 ( F ' = 3,f) 2p 2 P 3 /2 3p2i>3/2 
lifetime lower state ~ 50 s ground state ground state 
lifetime upper state 43 ns 8.2 ns 3.5 ns 
natural linewidth (fwhm) 3.7 MHz 19.4 MHz 45.5 MHz 
wavelength (rest frame) 548 nm 313nm 280 nm 
saturation intensity W 2.9mW/cm 2 83mW/cm 2 270mW/cm 2 

maximum force M 8.8 meV/m 81 meV/m 210 meV/m 
maximum cooling rate W 5.7 X 1 0 4 s - 1 1.4 x 1 0 B s _ 1 6 . 4 x l 0 4 s - 1 

cooling limit TD^ 62 fiK 330/xK 770 nK 

'*' calculated under the assumption of a pure two-level system 
(+> ring-averaged values assuming r\L — 0.1 

In heavy, highly charged ions, laser cooling via magnetic dipole (Ml) transitions may also 
be feasible. In highly charged boronlike or carbonlike ions (e.g., S 1 1 + , C l 1 2 + , A r 1 3 + , K 1 4 + or 
K 1 3 + , C a 1 4 + , S c 1 5 + , T i 1 6 +) , Ml transitions in the fine structure of the ground state are accessible 
to cw lasers at optical wavelengths. Furthermore, Ml transitions between hypernne levels of 
very heavy, highly charged ions such as B i 8 2 + may be considered. Possible ways to overcome 
the low cooling rates provided by the spontaneous light force for long lifetimes of these Ml 
transitions are offered by new laser forces utilizing the stimulated emission of photons [22, 23]. 
Further perspectives for laser cooling might exist in high-energy storage rings [24], where the 
highly relativistic Doppler effect could shift x-ray transitions in the electron shell of partially 
stripped ions or even nuclear transitions of bare ions into the optical spectral region. 
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Figure 3: Schematic view of the Test Storage Ring (TSR) at the Max-Planck-Institut fur Kernphysik 
in Heidelberg (D, dipole bending magnets; Q, quadrupole singlets; BPM, beam profile monitor; PM, 
photomultiplier). The circumference of the TSR is 55.4 m. 

4. LASER COOLING OF 9 Be+ AT THE TSR 

As an example for the laser cooling of stored ion beams, we now discuss some basic 
aspects of the experiments performed at the TSR on 7.3 MeV 9Be+ ions. Here we focus on new 
measurements of the laser cooling force and on the lowest longitudinal beam temperature we 
have observed. Other important new developments at the TSR, concerning intrabeam scattering 
losses in the cooling process and the first observation of an indirect transverse cooling of a 
longitudinally cooled ion beam, are described by Miesner et al. in these proceedings. 

The ions are accelerated by a tandem accelerator facility and typically 3 X 10 7 ions are 
injected into the ring. In Fig.3 the main components of the TSR are shown. In the first 
section following the injection the electron cooler (ECOOL) is located. By electron cooling 
right after the injection we reduce the transverse temperature of the ion beam from an initial 
temperature of Tj_ « 10 6 K down to T± « 5000 K. Correspondingly the ion beam diameter, 
which can be measured by the TSR beam profile monitor, decreases from 2 cm (after injection) 
to approximately 1 mm (after electron cooling). The typical time for electron cooling is 7 s, 
about half the typical storage lifetime. Usually the ECOOL is switched off before the laser 
cooling begins. 

The laser-cooling experiments on 9 B e + are carried out in the TSR experimental section 
with the use of a laser beam that is copropagating with the ion beam. The maximum overlap 
of a 5 m (TJL « 0.09) is roughly determined by the length of the field-free region between 
the quadrupole magnets. The lasers used in 9 B e + experiments are fixed-frequency, high-power 
argon-ion lasers at a wavelength of 300.3 nm, where they give a typical power of 100 mW in a 
single longitudinal mode. The velocity is chosen to 4.16% of the speed of light, so that the ions 
see the resonant wavelength of 313 nm in their rest frame. The ground state of the ions shows 
a hyperfine splitting of 1.30 GHz in the laboratory frame. Therefore it is of crucial importance 
to avoid the effect of optical pumping. As the most efficient way to do this [15] we use two-
argon ion lasers, the beams of which are combined to provide a two-frequency laser-field with a 
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Figure 4: The ring-averaged laser force measured as a function of the ion velocity v relative to the 
resonant velocity vo for three different laser intensities. The solid lines are corresponding theoretical 
curves assuming an overlap length of 4 m {T)L — 0.075). 

frequency separation of 1.30 GHz. As a very important point for obtaining the optimum cooling 
effect, the two argon-ion lasers are frequency-stabilized to better than 1 MHz. The long-term 
stability is ensured by locking the first laser to a commercially available, frequency-stable HeNe-
laser via a double-resonant cavity. The second argon-ion laser is locked at the correct frequency 
difference of 1.30 GHz to the first one by making use of the beat signal, which is detected by a 
fast photodiode. 

The cooling is performed in the second scheme discussed in Sec.2 (see Fig.2(b)), and the 
necessary auxiliary force is provided by an induction accelerator (INDAC) [20] in a well defined 
way. 

For diagnostics the fluorescence light emitted by the ions perpendicular to the beam at 
the rest frame wavelength 313 nm is detected by a photomultiplier tube. By a high-quality 
interference filter this light can efficiently be discriminated against direct stray light from the 
laser beams. As an important tool for diagnostics, a drift tube of about 65 cm length is used, 
which can be biased by a variable voltage in order to locally change the velocity of the ions in the 
detection region. A simple scan of the bias voltage corresponds to a frequency scan seen by the 
ions in the tube and thus allows to scan the ion velocity distribution; for the 7.3 MeV 9 Be + beam 
a voltage of 100 V corresponds to a velocity change of 86m/s [15]. 

Systematic measurements of the laser cooling force are performed in the following way: 
For various values of the INDAC force, diagnostic scans are made by ramping the bias voltage of 
the drift tube and observing the fluorescence light intensity. The voltage where the fluorescence 
maximum occurs corresponds to the velocity difference between the stable cooling point v* and 
the resonant velocity vo (see Fig.2(b)). This allows to measure the relative position v* — VQ of the 
stable point as a function of the auxiliary force Faux. Since at the stable point the auxiliary force 
exactly cancels the laser force, this measurement directly yields Fsp(v* — VQ). Corresponding 
experimental results obtained for three different laser intensities are shown in Fig.4. These curves 
are in good agreement with the expected Lorentzian lineshapes if a length of 4 m is assumed for 
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Figure 5: A diagnostics scan showing the fluorescence intensity as a function of the bias voltage of 
the drift tube for the high cooling rate (A) = 3x 1 0 4 s - 1 . The two theoretical curves are fitted to the 
data under the assumption of Tjj = OK and 5mK and correspond to a lower and upper limit for the 
longitudinal beam temperature. 

the overlap of the ion beam with the laser beam. Furthermore, these measurements allow us to 
derive the laser cooling rate (A) for a given intensity and INDAC force according to Eq.(5). 

Let us now consider a diagnostics scan which we have recorded close to the highest cooling 
rate we can achieve ((A) = 3 X 1 0 _ 3 5 - 1 for 5 = 0.8 and Faux - -6.3 meV/m). In Fig.5 the 
intensity of the fluorescence light emitted by the ~ 1.5 X 10 6 laser-cooled ions as a function 
of the relative velocity v — v0 shows a resonance, which is only slightly wider than one would 
expect for the homogeneous, saturation-broadened optical linewidth alone, i.e. for an arbitrary 
narrow velocity distribution with zero temperature. In this situation, where the narrow Gaussian 
velocity distribution is convoluted with the wider Lorentzian excitation profile, temperature 
measurements as we have reported in previous work [15] for much lower cooling rates are very 
difficult. From the measurement displayed in Fig.5 we can only derive an upper limit, which is 
T|| < 5mK. 

The longitudinal heating rate DIBS resulting from intrabeam scattering can be measured 
independently of the cooling process. This is made by switching off the laser cooling and 
observing the following increase of the longitudinal velocity spread by laser diagnostics. Under 
the same conditions as for Fig.5 we measured DJBS = 100 K/s. The equilibrium condition Eq.(4) 
together with the cooling rate (A) = 3 X 10 4 s _ 1 predicts a longitudinal temperature of 3 mK, 
which agrees with the upper limit T\\ < 5mK from our experiment. 

5. CONCLUSION A N D OUTLOOK 

Since the first successful experiments performed only a few years ago, great progress has been 
made in the laser cooling of stored ion beams: With respect to the longitudinal degree of freedom, 
we are now close to the cooling limit given by the maximum laser cooling rate and the heating 
caused by intrabeam scattering. For the conditions reached in our experiments on 9 B e + ions, 
the thermal energy of an ion is at least a factor of 20 lower than the nearest-neighbor Coulomb 
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energy. This means that we are already in a parameter range where ordering effects may lead 
to a longitudinal behavior of the ion beam that is more like a liquid or a solid rather than like 
a gas. In our present experiments, however, the hot transverse degrees of freedom do not allow 
the formation of any three-dimensional crystalline structure. 

Further progress in the laser cooling of stored ion beams is promised by various possible 
improvements. A substantial further reduction of the longitudinal beam temperature can be 
expected with more elaborate laser cooling mechanisms [1], which can lead to temperatures far 
below the Doppler-limit. With respect to the transverse beam temperature first experimental 
results at the TSR and at ASTRH) [18, 16] have already shown that the heat exchange be
tween the longitudinal and the transverse degrees of freedom that is connected with intrabeam 
scattering can lead to a significant transverse cooling in a longitudinally laser-cooled ion beam. 
Corresponding computer simulations based on an intrabeam scattering code [25] agree with 
these observations and indicate the feasibility of order-of-magnitude reductions of the trans
verse temperature. Our experiments in the near future will explore this promising possibility 
for the cooling of ion beams to extremly low temperatures in all degrees of freedom. 

We gratefully acknowledge support by the Bundesministerium fur Forschung und Technologie 
under contract No. 06HD525I. 
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MUON COOLING AND APPLICATIONS 

David V. Neuffer 
CEBAF, 12000 Jefferson Avenue, Newport News, VA 23606, USA 

Abstract 

The challenges in obtaining high-intensity muon bunches are described and discussed. In a 
reference scenario, a high-intensity pulsed proton accelerator produces large numbers of secondary 
7t's in a nuclear target, which produce muons by decay. (Other sources are also considered.) The 
muons are collected and cooled (by "ionization cooling") to form high-intensity bunches. The 
principles of the application of ionization cooling to obtain high-phase space density muon beams 
are described, and its limitations (u-decay, multiple scattering, fluctuations) are discussed. 
Constraints on cooling scenarios are discussed, and methods of bunch combination and 
compression are described. Possible applications include muon-collider scenarios such as a 100-
GeV Higgs-discovery machine and future multi-TeV high-luminosity lepton colliders. Significant 
challenges remain in obtaining the intensities and cooling needed for high-luminosity scenarios. 

Introduction 

Leptonic (e+-e~) colliders have had the valuable property of producing simple, single-particle interactions 
with little background, and this property is essential in the exploration of new particle states. However, extension 
of e+-e" colliders to ultrahigh energies is constrained in energy, luminosity, and resolution by radiative effects, and 
these limitations imply a need for a "new paradigm" in accelerators, as was discussed at the Port Jefferson workshop 
(1992).1 These limiting radiative effects scale inversely as the fourth power of the lepton mass. Therefore, 
extension to much higher energies is possible by colliding heavier leptons, such as muons. Muons also have a much 
greater direct coupling into the mass-generating "Higgs-sector", the next frontier in particle physics. 

The challenges associated with developing a u+-u" collider were discussed at the Port Jefferson workshop 
and in subsequent mini-workshops at Napa and Los Alamos. 2 , 3 ' 4 A "Higgs-factory" collider5 (u+-u~ at energy E « 
100GeV, luminosity L » 103 0 cm"V) and an ultrahigh-energy lepton collider ( E > 1 TeV, L > 10") were identified 
as important goals. Sample parameter sets with these goals are displayed in Table 1, and a u+-u~ facility is outlined 
in Figure 1. These collider goals would require u-beam bunches with much greater intensities and phase-space 
densities than previously attempted. Substantial achievements in u+-u~ production, collection, and bunch combination 
and compression with beam cooling will be required to meet these goals. 

In the present paper we explore aspects of this collider challenge, with an emphasis on the beam cooling 
problem. We first describe u-production, noting that a large u-acceptance will probably imply a large initial phase 
space, and estimate its size. We describe the possibilities in phase-space compression obtainable by "muon cooling", 
and emphasize in particular the technique called "ionization cooling". 6 ' 7 - 8 The physics of ionization cooling and 
its limitations are discussed. Other beam-cooling options are also discussed (i. e., stochastic cooling, stopped u's). 
Incorporation of beam cooling into collider scenarios with u-production, and bunch combination and compression 
methods is discussed, and topics requiring further development toward achievement of collider parameters are 
indicated. (Improved u-production and cooling techniques may, of course, have other applications than the u+-u~ 
collider, such as u-p colliders, and improved u-beams for deep-inelastic scattering, g-2, uSR, and neutrino 
experiments, and possibly even advance progress toward u-catalyzed fusion.) 

Muon Production 

Several options for u+-u" production have been proposed in the workshops. Following p-source experience, 
we consider as a base-line reference a high-energy hadronic (HEH) source as described in refs. (8, 9), and displayed 
in Fig. 2. A high-energy (10—100 GeV), high-intensity, hadron beam is transported onto a high-density target. The 
hadronic interactions produce large numbers of GeV-scale n's and the 7t's are confined in a transport channel where 
they decay to produce u's. 

The Tt-production parameters can be estimated using measured and calculated p-X interaction spectra.10'11 
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Hadron accelerator 
(KAON) 

H Cooling system 

-*e 
V 

High gradient linac 
(or other accelerator) 

Figure 1. Overview of a u*—u" collider, showing a hadronic accelerator, which produces Tt's on a target, followed 
by a Tt-decay channel (n -> u v) and u-cooling system, followed by a u-accelerating linac (or recirculating linac or 
rapid-cycling synchrotron), feeding into a high-energy storage ring for u*—u~ collisions. 

Table 1: Parameter lists for High-Energy and Higgs-Factory f»+-M" Colliders 

Parameter Symbol Hizh-Eneizv Hiees Factory 

Energy per beam E„ 2 TeV 100 GeV 
Luminosity L=f0n^ibNll

2/4rtCT2 5x10" cm'V' 4x 10 2 9 cm-'s"1 

HEH-Source Parameters 
Proton energy E p 40 GeV 40 GeV 
Protons/pulse N p 2*10 1 4 10' 4 

Pulse rate f0 30 Hz 10 Hz 
\i production efficiency u/p 2x10° lO-5 

Collider Parameters 
Number of u + /u ' per bunch N ^ 2x10" 2.5x10'° 
Number of bunches n B 2 4 
Storage turns n. 1200 1000 
u-beam emittance e, 0.5x10"* m-rad 10' 7 m-rad 
Interaction focus p 0 0.1 cm 0.5 cm 
Beam size at interaction a = (e,p0)'' 2.2 urn 22 um 

Collector 
lens(es) 

FODO decay channel 

Target =5 

FODO decay channel 

\ / Target =5 

FODO decay channel 

^^v^^^Bv. s 

> ( « 5> u v ) 

jcJ j OOO 

Proton beam — ^ Pions > ( « 5> u v ) > Muons 

Figure 2. Schematic view of u-production from 7t-decay, with Tt's produced from hadrons. A high-energy hadronic 
beam is focussed onto a target, a collector lens(es) collects the resulting it's into a strong-focussing "FODO" channel, 
where «-decay produces u's for collider use. 
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The single-interaction spectra show a slow rise in ît-production with primary p energy E p (a oc InfE,,) for E p > 
lOOGeV), and a broad optimum for n collection at E„» 0.1Ep. The transverse momentum is limited to the pion-
mass scale; P, < -0.3 GeV/c. In the decay channel, 7i-decay (71—»u + v) produces u's within a uniform energy 
distribution (between 0.57 and 1.0 E„) and a maximum transverse momentum of 0.03 GeV/c. Calculated estimates 
indicate that an HEH source, with momentum acceptances < 10% and transverse acceptances reasonably matched 
to 7t-production and decay, can produce > 1 * 10"3 u/p for the collider, even after including many inefficiency factors 
(target efficiency, acceptances, decay losses, etc.).9'8 Some improvements are possible, but obtaining much more 
than ~10'2 u/p seems difficult. 

The HEH source produces medium energy u's (1—10 GeV) within a broad energy spread given by the 
production and decay channel acceptances (-̂ fc5%). The transverse emittance e,is set by the beam size and P, 
acceptance from the production target, as well as the phase-space dilution in 7t-decay. The dominant term is likely 
to be the projected production emittance, which is given by: 

Njms -j PY , 

where s ^ , is the normalized rms emittance, 1T is the target length, P/P is the acceptance angle, and Py = p/m,c, 
the usual kinetic factor. At typical parameters (1T=5 cm, a single-interaction length W target, P = 3 GeV/c, P,=0.3 
GeV/c), EN^,,,» 5 x 10'3 m-rad and, in general, £>,_„„» 10"2 -10"3 m-rad may be expected from an HEH source. 

Particle production can be magnified from the above single-interaction case by sending the beam instead 
into an extended target, where multiple interactions of primary and secondaries would occur, forming a "hadronic 
cascade",8 from which the optics would extract relatively-low energy 7t's and u's. Total production could be 
increased, but the initial phase-space area of the beam would also be magnified, and more cooling would be needed. 
(Similar multiplication could also occur in an extended electroproduction source.) In all cases, u-production at 
collider intensities will require extremely large beam powers on the production targets (> ~10 MW in the baseline 
HEH scenario of table 1). Multitarget arrays and beam sweeping can reduce target loads. Silvestrov has proposed 
the use of liquid metal jet technology in targets and lenses to handle the required power levels.12 

Other possible source scenarios were proposed at the workshops. Lower-energy sources, using a "7t-factory " 
(~GeV/nucleon p or d beams) to produce non-relativistic (or stopped) u's are possible. A 7t-factory source can 
produce large numbers of u's with low energy and momentum spread, which may require little or no further cooling. 
The difficulty is in extracting sufficient u's in small-phase-space bunches suitable for a u*-u~ collider. Further study 
is needed. Another possible u-source can be obtained by colliding multi-GeV e" beams into a hadronic target, 
producing muons from u+-u~ pair creation. Barletta and Sessler13 have developed a collider based on 
electroproduction of muons from a 50 GeV electron beam, identifying innovations needed to upgrade the scenario 
to desired performance. These (and other) possibilities have not been explored to the level that an optimal and 
satisfactory approach is identified; further development and invention is desired. 

Muon Cooling - Ionization Cooling 

In almost all proposed production schemes, the muons are produced within a much larger phase-space 
volume than that desired for high-luminosity collisions (see table 1); this volume must be reduced by beam-cooling 
and compression. Much of the needed compression is obtained from adiabatic damping; acceleration from GeV-
scale u collection to TeV-scale collisions reduces phase-space by ~10 9 (103 per dimension). Additional phase-space 
reduction may be obtained by "ionization cooling" of muons ("u-cooling"), in which beam transverse and 
longitudinal energy losses in passing through a material medium are followed by coherent reacceleration, resulting 
in beam phase-space cooling. 6 , 7- 8 This is conceptually similar to radiation damping, in which energy losses in 
synchrotron radiation followed by rf acceleration results in beam-cooling. (Ionization cooling is not practical for 
protons and electrons because of nuclear scattering (p's) and bremstrahlung (e's) effects, which do not limit u's, and 
other methods of obtaining high-density p- and e-beams exist.) 

The basic mechanism of transverse u-cooling is shown graphically in figure 3. Muons passing through a 
material medium lose energy (and momentum) through ionization interactions. The losses are parallel to the particle 
motion, and therefore include transverse and longitudinal momentum losses. The beam positions and divergences 
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(x, x") are unchanged by the coherent energy loss; therefore the unnormalized emittance is unchanged. (The 
normalized emittance is reduced by the reduction in beam momentum.) Reacceleration of the beam (in rf cavities) 
restores only longitudinal momentum. The combined process of ionization energy loss plus rf reacceleration reduces 
transverse momentum and hence reduces transverse emittance. The emittance change in a cycle with an energy loss 
of AE = dE p/dz Az and regain can be written as: 

E -AE dE A? 

m 

where zL is the (unnormalized) transverse emittance, dE^dz is the absorber energy loss per transport length z. 
However, the random process of multiple scattering in the material medium increases the emittance; the 

increase in transverse emittance is As 2 « p*<Gnn,2>/2, where P" is the betatron function in the absorber and Qm is 
the mean accumulated multiple scattering angle in the absorber. The cooling and heating effects can be combined 
in a differential-equation for transverse cooling: 

de x 

~dz~ 

(dE/dz) 
+p_*fe. 2> 

2 dz 
(3) 

(The differential-equation form of eq. (3) assumes the cooling system is formed from small alternating absorber 
and reaccelerator sections; similar difference equations would be correct if individual sections are long. Also 
relativistic kinematics is assumed.) 

Note that dE^/dz = fA dEM/ds, where fA is the fraction of the transport length occupied by the absorber, 
which has an energy absorption coefficient dE /ds, given by the Bethe-Bloch formula: 1 4 

dE u 47tN 0e 4z 

ds m c 2 p 2 A 
In 

2m ec 2py 
I 

(4) 

where N 0 is Avogadro's number, Z and A the atomic number and weight of the material medium, and I is the mean 
ionization energy (I « 10Z eV). (p\ y) are the muon kinetic parameters. The energy loss function for muons, 
dEM/ds, is rapidly decreasing with energy for EM < 0.3 GeV, where the beam is non-relativistic, but is slightly 
increasing for EM > 0.3 GeV. The multiple scattering can be estimated from: 

dz 
fA 0.014 (5) 

where L R is the material radiation length and EM is in GeV.15 Table 2 lists some candidate absorber properties. 
If the parameters remain constant, equations 3 and 5 may be combined to find a minimum cooled 

(unnormalized) emittance of 

(0.014)2 p* 
2EM L ^ / d s ) 

(6) 

(All energies are in GeV.) or, when normalized: 

e N =eJ3y (0.014) 2 P* 
' 2mMc 2 L R (dE„/ds) 

(7) 

Some properties of the cooling process can be deduced from equations 2—7. The cooling term of Eq. 4 
results in exponentially decreasing emittances with a scale length of L ^ = EM/(dEM/dz), which implies than an e-
folding in cooling requires absorption and reacceleration by AE,^ = EM, as in radiation cooling. To cool before decay 
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SKETCH OF TRANSVERSE 'IONIZATION COOLING" PRINCIPLE 

- A Z — > 

Energy loss J J As 
is opposite to motion: 

J. momentum decreases. 

accelerator! 

Energy restored 
is purely longitudinal. 

Transverse 
eminance is 

reduced. 

Figure 3. Schematic view of transverse "ionization cooling." Energy loss in an absorber occurs parallel to the 
motion; therefore transverse momentum is lost with the longitudinal energy loss. Energy gain is longitudinal only; 
the net result is a decrease in transverse phase-space area. 

Width: 5(x) = 5 n + 52 x 

AE Orbit: x = i«+ t l f Acceleration: 
Independent of energy 

• dE <• ^ dE n dS AE 
Energy loss: = j - 6 0 + j - T7 ~T ds 

Figure 4. Enhancement of energy cooling by using a wedge absorber placed in a non-zero dispersion region. The 
thickness of the absorber depends on transverse position (§(x) = 5 0 + (dô/dx) x ), and the position at the absorber 
depends on the energy (x = r| (AE/E) + x^), producing an enhanced energy dependence of energy loss, decreasing 
energy spread. Energy recovery in the accelerator is independent of energy. (Transverse cooling decreases with 
enhanced energy cooling.) 

Table 2: Properties of Some Absorber Materials 

Material A 2 Density dE/ds<min) L, (rad. length) Ly dE/dzfmin) 
gm/cm MeWcm cm MeV 

Li 7 3 0.53 0.70 155 110 
Be 9 4 1.85 2.61 35.3 92 
C 12 6 2.27 3.57 18.8 67 
Al 27 13 2.7 3.8 8.9 34. 
Cu 63.5 29 9.0 12.0 1.43 17.2 
W 184 74 19.3 21.1 0.35 7.4 
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it is necessary to have L ^ « L j ^ , where Làxwf= 660(3y m. « 6250 E^GeV) m. To minimize the heating term, 
it is desirable to obtain small p" (strong focusing) at the absorber and to use materials with large LRdEM/ds. LRdEM/ds 
is largest for light elements (0.1 GeV for Li, Be but -0.01 GeV for W, Pb), indicating a desirability of light 
absorbers. (However, heavier absorbers have larger dE/ds, and therefore shorter cooling lengths.) With current 
technology (see below), focussing systems obtaining |3* < 1cm are possible. With |3" » 1 cm, and LftdE /̂ds » 0.1 
GeV, a normalized emittance of ^ = 10"2|3" « 10"* m-rad is obtained as a reasonable goal for transverse cooling. 

Longitudinal (Energy) Cooling 

Longitudinal (energy-spread) cooling is also possible, if the energy loss increases with increasing energy. 
In passing through an absorber, the energy spread AEM is reduced by the coherent energy loss following the equation: 

A E M - ^ M , ' 

c(dE /dz) 
Ï Az AE „ 

SE "-0 

(8) 

The derivative 5(dEM/dz)/cE(1 is steeply negative (heating) for nonrelativistic muons (E^ < 0.3 GeV), but is weakly 
positive (cooling) for larger energies, with a maximum of-0.2 m"1 at 0.6 GeV. This cooling term can be compared 
with the similar emittance cooling term by considering their ratio R ^ = d^dEJdzydE^ / (dEJdz)^. This ratio 
R ^ is roughly constant for EM > 0.6 GeV, with a material-dependent value of ~0.15 (0.125 for Li, 0.175 for U). This 
indicates the energy cooling is naturally weaker than the emittance cooling. This natural cooling is probably 
insufficient to obtain the large energy-cooling factors needed in some scenarios. 

However, this natural dependence can be enhanced by placing a wedge-shaped absorber at a "non-zero 
dispersion" region where position is energy-dependent (x = r| AE/E + Xp), and the absorber is arranged so that 
higher-energy beam passes through thicker absorber sections (see Fig. 4). The enhanced cooling derivative is: 

dE 
a — E 

dz SE.. 
M fyatà 

dE 

ds 
5E.. 

dE 

+f. 
dEMd§ r) _ dz (9) 

ds dx E S 
|1 O 

coot,E 

where r\ is the dispersion at the absorber, 8 0 and d5/dx = 5' are the thickness and tilt of the absorber. A cooling 
parameter EaxitE has been introduced for comparison of enhanced cooling rates with emittance cooling rates; it is 
the total energy of absorption and reacceleration needed to obtain 1/e cooling. 

The statistical fluctuations in the number and energy of muon-atom interactions will heat the beam and limit 
the longitudinal cooling. The energy loss AE = dE/dz Az occurs in a number of collisions N ^ = AE/ SE„ where 
SE] is the mean energy exchange (SE, « f, I ~ f, 10Z eV, where f, is a multiplifying factor depending on energy 
absorption statistics.) The energy spread is expected to increase as ^N^u 8E,, following : 

d((AE)2)^dN, 

dz 

dE 
_ ^ 8 E , 2 * —1 5E, 
dz ' dz ' 

(10) 

Combining cooling and heating effects, an equation for energy cooling is: 

d ( ( A E ) 2 ) _ ? 

dz 
acdE/dz) 

5E 

» dE 
tCAE^—SOE, 

dz 
(ID 

where the derivative with energy combines natural energy dependence with dispersion-enhanced dependence. 
Note that using a wedge absorber to increase energy cooling will reduce transverse cooling, through phase-

space mixing.7 In passing through an absorber the total particle position x,(x, = r\ AE/E + Xp) remains constant. 
Changing AE changes xp, following: 
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AE->AE(0) -& o +ô 'x t ) 
d s (12) 

xB-*xB(0) + ^ [ ô 0 + S ' ( r , ^ * x B ) ] 
E d s ' 0 ~ ' E 

The thickness variation with position changes the rms beam size (A<x p

2> » 25'ri/E dE/ds<xp

2>), which, after 
averaging over betatron phases, changes the emittance cooling term, following: 

de nS'dE , , , . 
A _ : = 21£—_£ e (13) 

dz E6 0 dz x 

This heating term is exactly the opposite of the energy cooling enhancement term. The sum of the cooling rates 
however is an invariant (as in radiation cooling) : 

- J - + _ J _ + _ L _ - Constant = — (14) 
E E E E 

cool^t cool.y cooI^E M 

With some cooling enhancement, and including the heating terms (eq. 11), it appears possible to cool 1 
GeV u-beams to AE/E £ 10"3. Synchrotron oscillations and/or rf compression can then rotate the reduced energy 
spread to obtain reduced bunch lengths needed in some scenarios. 

Cooling Constraints and Scenarios 

Implementation of ionization cooling requires high-acceptance beam transport containing both material-
absorber and acceleration sections. This can be implemented in storage-ring, linac and/or recirculating-linac 
configurations. The critical constraint is that cooling must becompleted within a fraction of the muqn lifetime (2.2 
* lO^y s), which is a path length of LM= 660Py m or 300B (T) turns in a storage ring, where B is the mean 
bending field. Also, since cooling by e'1 requires EM energy loss and recovery, and many e-foldings are needed for 
effective cooling, we require that the energy loss and recovery rate in the transport be much greater than (E /̂Lj,) = 
0.15 MeV/m, independent of energy. This independence implies that there is no sharp optimum in choice of cooling 
energy, except the beam must be relativistic for energy cooling (EM > 0.3 GeV), and that higher cooling energies 
require longer cooling distances. We can choose EM = 1 GeV as a reference case. 

Obtaining AE/A1 » 0.15 MeV/m is easy to obtain within absorbers and acceleration cavities. The 
dominant space constraints come from other transport requirements, such as space for bending magnets and beam 
focussing. Transverse cooling requires strong focusing of the beam to small P* at the absorber, which implies a 
need for strong and possibly long focusing elements. The depth of focus condition implies that each absorber 
section must also be shorter than ~{J*, unless the absorber is an active, strong-focussing element, and this may imply 
a transport with relatively long matching sections between short absorbers. We discuss three possible approaches 
to the focusing lattice problem: 

1 - Magnetic quadrupole focusing: Conventional or superconducting quadrupoles can be arranged to obtain 
low-p* at absorbers, using optics similar to those used for collider low-p" interaction points. Figure 5A shows an 
example absorber-transport cell, which has a five-quad OFDFDFO layout. In an example which is suitable for u-
cooling, this layout can be used to obtain P* as small as 1cm in a cell with lm half-length. (Other example cell 
parameters include: £„,„« 75m (at p*= 1cm), quad strength B'/Bp = 15 m'2 or 50 T/m for 1 GeV/c u's.) However 
the cell magnifies the u-transport scale from the absorber length (-cm) to the cell length (~m), reducing the effective 
energy loss rate from 2.6 MeV/cm to 2.6 MeV/m (for Be). This is acceptable, but much further dilution (in stronger-
focusing) would probably not be acceptable. 

2 - Metal-lens absorbers: The depth of focus constraint on the absorber lengths can be avoided by using 
an actively focusing absorber such as a high-current conductor, similar to the Li lenses used in p-sources,16 and these 
conductors are naturally strong-focusing devices, (see figure 5B) A conductor focuses radially (both x and y) and 
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can maintain the beam at small P* indefinitely, provided the focusing is greater than the beam divergence, or: 

£=2^>_L as) 
Bp 2*a0 p- 2 

where I, a 0 are the absorber current and radius, u 0 = 47txlO"7(MKS), Bp is the magnetic rigidity (3.3 T-m for 1 
GeV/c), and B' is the field gradient. For example, P"= 2cm can be maintained at 1 GeV/c with B' =8000T/m (16T 
at a0= 2mm), parameters similar to those of existing Li lenses. A Be lens (higher conductivity and melting point) 
and/or a liquid-metal lens could achieve even smaller p". Conducting lens-absorbers will probably be part of any 
practical cooling scheme, because of the natural match to the concurrent requirements of energy absorption and 
strong focusing. 

3 - Plasma lens focusing: Because of multiple scattering, metal-lenses must be placed only at small p", 
and that limits performance. Very-strong high-current radial focusing can also be obtained with plasma lenses, and 
their relatively-low density limits multiple scattering effects. The focusing strength K in a plasma lens is given by: 

K - _ - ?n <16> 
Bp Y p 

where rM is the classical muon radius, and n,, is the plasma (or beam) density for an underdense (or overdense) 
plasma lens. At projected densities of n,, » 1022"23 m"3, K » 10"m"2 (at y = 10), which is orders of magnitude 
stronger than metal-lens or magnetic focusing. Barletta'7 has suggested incorporating plasma lenses between 
absorbers in a cooling channel (see Fig. 5C). Smaller p* ( < 1 mm) within shorter distances should be possible. 

Further research on these focusing methods and detailed scenario development is needed before optimum 
solutions incorporating these and/or other methods can be obtained. 

Other u-Cooling Methods 

Ionization cooling of relativistic muons may not be the only or best method of u-cooling. Other possibilties 
were discussed at the workshops, and these include: 

1. Stopped u-beams: A low-energy source can produce large numbers of stopped 7t's, which decay 
producing 30 MeV/c u's (4MeV), which can lose more energy in the absorber, forming a slow-u beam (keV), which 
may be extractable for acceleration. Nagamine18 has suggested using a "surface-muon" source, in which muons are 
stopped and trapped near the surface (in muonium (u^or muonic atoms (du~)), from which they can be emitted 
(thermally or laser-ionized) for acceleration. The major inefficiency is in obtaining stopping close enough to the 
surface to permit emission. The resulting beam is very cold, but current techniques obtain only < 10"7 u/p. 

2. Stochastic (i-cooling has been discussed by Ruggiero." The limitation is that the cooling rate must be 
less than W/N^c where W is the bandwidth and N^ c is the number of muons in the cooling system, and this cooling 
rate must be much greater than the decay rate. With W » 10 GHz with present technology, N^ e must be relatively 
small. The muons could be split up into many small bunchlets (with N^ c « 103-104) for cooling. However, either 
the bunchlets must then be combined or a many-bunchlet (highly-cooled) u-collider scenario must be used. Cooling 
power requirements also appear formidable. 

Bunch Combination and Compression Techniques 

The scenarios of Table 1 envision colliding a few u-collider bunches, but these bunches were produced from 
HEH proton bunches extracted from a rapid cycling synchrotron (RCS), which would hold ~100—200 bunches/turn. 
A major problem in longitudinal space is in combining the RCS bunches to the few u-collider bunches. Phase-space 
manipulations with cooling will be needed. Bunch combination procedures could include: 

1. Proton-bunch Overlap: Before extraction from the RCS, the proton bunches can be compressed with a 
lower harmonic (or sideband) rf system to provide spatially overlapping bunches (with different momenta) onto the 
7t-production target. Since target spot sizes need not be very small and 7i-production is not very energy-dependent, 
a broad primary energy spread can be accepted at the target, with no degradation of 7t-production. Combination by 
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a factor of ~10 should be obtainable. (A separate extraction-energy proton compressor ring for the rf bunch 
manipulations may be desired.) 

2. Non-Liouvillian "Decay-stacking"20: Bunch-combination without phase-space dilution can occur during 
7t-decay, by "decay-stacking" into a u-storage ring, as shown in figure 6. In this process a train of 7i-bunches from 
a hadronic target is injected into a decay channel, which is also a zero-dispersion straight-section of a u-storage ring. 
The n-bunch spacing is matched to the storage ring period (or a low harmonic) and successive 7i-bunch arrivals are 
timed to overlap an accumulating u-bunch. n decays that produce u's within the ring momentum acceptance add 
to the u-bunch. At reasonable parameters, u's from 10—30 7i-bunches can be accumulated in a single bunch, 
without large u-decay losses. (The storage ring can also be used for cooling the accumulated u's.) 

3. Beam Cooling with Bunch Combination: Transverse or energy cooling of u-bunches can compress 
beams to a degree where bunches can be stacked together, using conventional Liouvillian bunch-combination optics. 
The stacked bunch can then be further cooled to a phase-space volume <, the previous cooled single-bunch size. 
The process can continue through several stacking and cooling steps. 

Some combination of these three (plus other to-be-developed) methods can be used to reduce the number 
of u bunches to a few enhanced-intensity bunches. (The first two procedures are complementary: proton bunch 
stacking combines nearby bunches while decay stacking more naturally combines widely spaced bunches.) 
Ionization cooling can then be used for further compression, in bunch-length or energy-spread, for collider use. 

Concluding Comments 

We have outlined some useful concepts toward obtaining cooled muon beams at high-intensities. 
Substantially more design, invention, optimization and development work is needed to obtain a practical collider 
scenario. More experimental development is also needed on u-production and cooling. The observation of >107 

parasitic stored u's in the p-debuncher21 can be extended to an optimization experiment. A wedge-absorber 
experiment to reduce u momentum spread could be attempted as a first step toward cooling. A low-energy e-
cooling demonstration is a possibility. Improvement and development of these concepts will continue during the 
present Beam Cooling Workshop. 

I thank D. Cline, A. Ruggiero, J. D. Bjorken, S. Glashow, H. A. Thiessen, P. Channell, R. Palmer and R. 
Noble (and any others I forgot) for important conversations contributing to the ideas expressed in this paper. This 
work was suppported by US DOE contract #DE-AC05-84ER40150. 
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Figure 5 A) A transport cell for ionization cooling, with five quadrupoles/cell (FDFDF) focusing the beam to small 
B" (small beam size) at the absorbers; the cooling system would contain many cells. B) Use of a metal lens/absorber 
to contain the beam at small B" for extended distances. C) Two transport cells with radially focusing plasma lenses 
to obtain small B* at absorbers in a compact structure. 
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Figure 6. Schematic view of "decay-stacking" into a storage ring. A train of p-bunches produces 7t-bunches, which 
are injected into a storage ring for multi-turn stacking. The initial spacing is matched to a ring harmonic (h=2 in 
the figure), so that following Ji-bunches overlap accumulated us from previous bunches. Tt-decays in the straight 
section which produce u's within the ring acceptance add to the accumulation. (Note that the short but finite n 
lifetime is nearly optimally matched to make this scheme practical.) 
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MEDIUM AND HIGH ENERGY ELECTRON COOLING 

Tim Ellison 
IUCF - 2401 Milo Sampson Ln., Bloomington IN 47405 

ABSTRACT 

Electron cooling in the medium and high energy regimes may be an overlooked technology. 
Medium energy electron cooling system provide economically-justifiable improvements in the 
performance of many existing and proposed rings; high energy electron cooling could be of benefit 
to high energy heavy ions colliders, such as RHIC. This paper reviews the projected performance 
of electron coolers in the medium and high energy regimes. The status of the development of the 
technology needed for medium energy electron cooling is briefly discussed. A number of possible 
applications of medium energy electron cooling systems for use in existing and proposed rings are 
summarized, and a design of a system for RHIC is used to illustrate electron cooling in the high 
energy regime. 

1. INTRODUCTION 

I begin with my classification scheme for low, medium or intermediate, and high energy electron cooling 
systems. All systems built to date would be classified as low energy systems. These systems are characterized 
by the use of a conventional Cockcro ft-Walton (C—W) power supply to bias the cathode with respect to the 
cooling region, and by a continuous longitudinal (solenoidal) magnetic field to confine (focus) the electron beam. 
With the exception of increased electron beam energies, the movement to non-resonant-focussing electron guns, 
and the possible future use of adiabatic electron beam expansion to obtain lower electron beam temperatures, 
this technology is almost indistinguishable from the original Novosibirsk design[l] — a great tribute to its 
designers. 

Compact commercial C—W voltage generators are limited to about 0.6 — 1 MV, about a factor of 2 — 3 
times higher than the IUCF, CELSIUS, and GSI electron systems; this is the principal technical limitation in 
the low energy regime. In the medium energy regime Pelletron electrostatic accelerators, having an operating 
range of about 2 — 20 MV, would replace the C—W generators. In this regime the continuous longitudinal 
magnetic field is no longer necessary for focussing, though such a scheme cannot be entirely ruled out. The 
beam focussing requirements in the medium energy regime are discussed in more detail in section 3.2. 

In the high energy regime, the single-pass recirculating electron technology, which would provide > 99% 
beam energy recovery and > 99.99% current recovery in the medium energy regime, no longer works; instead 
the electrons must be stored in a ring (the power requirement alone — a few amperes times hundreds of MeV -
- rules out the possibility of a linac). One might ask whether the medium energy regime even exists — could 
not one go immediately from the low energy technology directly to storage ring technology? The answer is no: 
as will be discussed in later sections, the performance of a Pelletron-based medium energy cooler would be far 
superior to that of a storage ring due to the electron storage ring space charge tune shift and radiation damping 
time limitations. 

In section 2 an expression for the cooling time is presented; later in sections 3 and 4 the relativistic 
scaling of this expression is explored for the medium and high energy regimes making assumptions concerning 
the technical limitations which would apply. In section 3 the status of the technological development necessary 
for the medium energy regime is summarized. This regime is illustrated with a number of applications for 
existing and proposed rings. Section 4 discusses electron cooling in the high energy regime; the possibility of 
using electron cooling in RHIC to counteract intrabeam scattering (IBS) in heavy fully-ionized ion beams is 
explored. 

59 



2. COOLING RATES 

For all regimes I will use the following relation to estimate the transverse emittance damping time, 
T = ej/(dej/dt): 

x = 
A Py2 M rb 

Z2 4T)A m I T 

V kT 
mc2 

3/2 

7 pj kT p 
mc 

\ kT 

\ # 2 1 
8 

+ J N TC 

(1) 

where A and Ze are the ion atomic number and charge, respectively; /S and y are the usual relativistic parameters 
and (3j is the beta function, or the ratio of the ion beam size to its divergence, in the cooling region; 77 is length 
of the cooling region, Lc, divided by the ion storage ring circumference, C; A is the coulomb logarithm « 10; 
M and m are the proton and electron mass, respectively, and c is the speed of light; re is the classical electron 
radius and rb is the electron beam radius; T is the electron beam temperature and k is the Boltzmann constant; 
Ie is the electron current; ej will always be the rms normalized beam transverse emittance, and the subscripts 
/ and e will refer to the ion and electron beams, respectively; finally, Ap/p is the ion beam relative rms 
momentum spread. This analytical relation provides a reasonably good fit to a numerical calculation[2] of the 
cooling time using the simple nonmagnetized model for cooling. The model assumes a flattened electron velocity 
distribution, and accounts for both synchrotron and betatron oscillations*; r is strictly an exponential damping 
time only in the regime where the addend (8/TT) 1 / 2 dominates the last factor in Eq. (1). 

The relativistic scaling is, well, relative! Two different sets of assumptions can lead to very different 
scaling relations, for example, 7 « fiy2 o r r « /34-y6- Both relations assume that Ig and TT remain constant with 
energy. The first relationship results from the additional assumption of constant temperature beams (i.e., a 
constant normalized emittance and transverse beam size); the second assumes a constant non-normalized 
emittance and constant beta functions. Below we investigate these scaling laws for both the medium and high 
energy regimes. We shall also see that the relativistic scaling is not continuous when crossing from one regime 
to another, and that even within a single regime the scaling law is a function of the beam energy and intensity. 

3. The Medium Energy Regime 

3.1 Relativistic Scaling in the Medium Energy Regime 

We assume that the electron gun design is independent of the beam energy and that the electron beam 
can be adiabatically accelerated. Consequently, Ie, rc (the cathode radius), and kTc (the cathode temperature) 
are independent of the beam energy. We also assume that 17 remains constant. In the regime $j <̂  6e (i.e. 
0-yej IPI < kT/mc 2 ) , where Bl and $e are the ion and electron beam angular divergences, we find T « py2 

assuming that we keep rb constant; one factor of 7 results from time dilation, and a factor of fry results from 
the reduction in the rest frame electron density for constant current. In this regime the cooling time depends 
strongly on the electron beam temperature ( « T3/2 = Tc

3/2rc

3/rb

3) and can always be decreased by increasing 
the electron beam radius (adiabatic expansion): 

a 2 T-3/2 c 
x « pr* 37 — (*, «».: (2) 

In the regime where 6j > 6e, however, the cooling time also depends strongly upon the manner in which 
the ion beam emittance and the cooling region beta functions are scaled. In this regime we assume that the 

"Note that when considering the betatron and synchrotron motion the transverse cooling time increases as the 
cube of rest frame transverse velocity, but only as the three halves power of the rest frame longitudinal velocity. 

bOne actually finds that, due to focussing constraints, the electron beam current needs to be reduced « (fiy) 
for electron energies less than about 2 MeV in a variable energy machine. 
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electron beam size scales in proportion to the ion beam size, rb

2 <x @j ej Iffy. This set of assumptions yields: 

5/2 

T « ^ ^ _L_ , [ e ^ e t ) . (3) 

Thus for constant ej and fij , r « (j y ; such would be the case for cooling in a variable-energy machine 
assuming that the ion beam were adiabatically accelerated. Alternately if we increase /3j oc /J-y, thus keeping 
the ion beam size and consequently temperature constant, we would again have r <x fiy2; such might be the case 
if comparing the performance of a cooling system in different rings within a chain of accelerators where the 
beam is adiabatically accelerated, since it is reasonable to assume that /37 oc Lc « q (C oc /3j). 

If instead we kept the non-normalized beam emittance constant, we would have r ce @4y /@j ; such might 
be the case if investigating the cooling of a variable energy antiproton beam emerging from a target and injected 
into a ring with a fixed lattice and aperture, though it is difficult to imagine a large range of @y in this situation. 

3.2 Focussing Requirements in the Medium Energy Regime 

The simplest electron focussing channel in the cooling region is a series of very weak solenoids[3] with 
focal length fsol spaced by the distance Lsoj. From here on we assume the radius of the uniform electron 
distribution is V 2 times the rms radius of the normal ion distribution, and ee < e 7 before cooling. The magnetic 
confinement system maintains the space charge (rather than emittance) dominated beam divergence to a value 
less than the incoherent divergence due to the beam temperature. This condition then determines both fsoi and 

Lsol: 

/->4 - ̂ - f ^ w f ' r (4) 

\/2 fsol re h 
where X-bar is the electron beam plasma wavelength divided by 2ir (i.e., /3c/w , where w is the plasma 
frequency). Note that Lsol is independent of /3j . 

If the electron beam radius (or divergence) is not properly matched to this focussing channel, it will 
oscillate around the equilibrium size at the plasma frequency. The effective temperature due to this mismatch 
is then merely m(Arbw * ) 2 /4; typically X > Lc, and Arb can be ~ 0. \rb before the effective temperature 
becomes significant. Consequently, 3 or 4 profile monitors can be used to resolve the "sine" and "cosine" like 
amplitudes to provide feedback for correcting any mismatch. 

Neglecting obvious limits to size of @j , such as magnet apertures, /?7 is limited by the precision of the 
beam position monitors used for the relative alignment of the electron and ion beams. Assuming the position 
electrodes are located inside the solenoids and have an rms resolution è, the angular misalignment can be limited 
to 2è/Lsoi thus limiting /?j as: 

3 „ 3 3j< p*r 

ec 

'.'., 

J 
ÎL (5) 
Ô 2 

A three dimensional particle tracking study has shown that the electron beam, with a uniform spatial 
distribution and Gaussian angular distribution, develops small tails and a slight amount of hollowness in this 
transport system; the emittance growth, however, is negligible. Since a solenoid is a second order focussing 
element, the focal length for ions is (AM/Zrrij2, times greater than for the electrons. The ion beam tune shift and 
betatron plane coupling is consequently negligible. The ion beam space charge can, however, adversely affect 
the less rigid electron beam and provisions must be made to prevent space charge neutralization of the electron 
beam. Since the electrons on the outer radius of the electron beam are given an angular kick which is the same 
as the beam angular spread due to the cathode temperature, the solenoid aberrations are unimportant. 
Quadrupole triplets could be used in place of solenoids[4]; these ion optical elements, however, require more 
insertion space and have a larger effect upon the ion beam. 

Low energy electron cooling systems use a continuous solenoidal field to confine the electron beam. The 
electrostatic repulsion causes the electron beam radius to expand fractionally by an amount Arb, given by: 
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where rc is the cathode radius, Q the beam angular rotation frequency due to the (E X B)/B2 drift where E is 
the radial electric field due to the electron space charge and B is the solenoidal field strength; uc is the cyclotron 
frequency, ne the electron density, and the superscript * refers to the value in the moving frame. The energy 
gained by particles due to this expansion, EArb, is transformed into beam rotation such that the resulting Lorentz 
focussing force exactly cancels the defocussing space charge force. This effective transverse temperature, 
increasing with the square of the distance from the beam axis, scales <x l/y for a constant electron beam current 
density. It has been suggested[5] that this same technique could be used in the medium energy regime. It does 
not seem feasible to inject the beam into this solenoidal confinement field after being accelerated in a field free 
region since the acquired beam temperature would be « {u>jb /c)m^l%, a value equal to the cathode temperature 
for a 4 mm radius beam only if the confinement field is less than 5 Gauss! This puts one in the regime where 
o>c

 œ up', the focussing would not be strong enough, and such a beam may be quite susceptible to instabilities. 
Consequently it would be necessary to have the solenoidal confinement field surround the entire cooling system, 
including the inside of the Pelletron accelerator. Although very weak fields are needed to confine the electron 
beam at high energies ( « 0 . 1 T/7), fields of about 0.1 T may still be necessary in the gun and collector regions, 
since in the medium energy regime small beams are required and adiabatic expansion is probably not an option. 
Although such a Pelletron may be constructedfô], such a system would be inelegant, consume a large amount 
of power, and be difficult to service. There is the additional problem of adiabatic transport which I have not 
considered. 

3.3. Status of Technology 

The Luis Elias and Gerry Ramian, U. of California-Santa Barbara (UCSB), first proposed and 
demonstrated Pelletron-based pulsed electron recirculation in the early 1980's using a 3 MV Pelletron at the 
National Electrostatics Corporation (NEC). In 1984, a 6 MV version began operation as a FEL driver in Santa 
Barbara[7]. The UCSB system reports extremely good reliability, operating for over 1 year without opening 
the Pelletron for servicing[8]. A U. of Wisconsin, FNAL and NEC collaboration proposed using this technology 

Table I. Pelletron-based electron recirculation systems. 

System Energy 
(MeV) 

Current 
(A) 

DC 
Pulsed 

Collection 
Efficiency (%) 

Year 

UCSB 

NEC 

2.5 
3 
6 

2 

1.25 
1.25 

1-3 

0.12 

Pulsed 
Pulsed 
Pulsed 

DC 

99.4 
97 
99.7 

99.99 

1983 
1985 
1993 

1989 

CREOL 

IUCF/NEC Test System 

0.9 
1.7 

2 

0.20 
0.20 

1-2 

DC/Pulsed 
DC/Pulsed 

DC 

99.9 
99.9 

> 99.995 

(1994) 

(1994) 

for electron cooling[9], and using the prototype UCSB system at NEC, measured the emittance of a 2.5 and 
3 MeV electron beam to be, within errors, equal to the emittance at the cathode. The UCSB group reports 
similar adiabatic acceleration[7][ 10]. The U. of Wisconsin collaboration later demonstrated DC recirculation 
of a 0.12 A electron beam[l 1]. As can be seen in the next section, such a beam is suitable for cooling medium 
energy heavy ion beams, such as in the proposed KEK PS-Collider or low energy beams in RHIC. Elias, now 
at CREOL, is building a 1.7 MV machine which will operate with DC beams, and produce kW's of laser power 
with 10—30% wall power efficiency[12][13]. More recently, an IUCF collaboration has been retro-fitting the 
NEC Pelletron to demonstrate DC recirculation of multi-ampere electron beams[14]; this project is on hold due 
to a lack of funding. 
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3.4 Examples of Medium Energy Electron Cooling Systems 

Table I summarizes 5 possible applications of intermediate energy electron cooling. In most cases these 
systems are not optimized, but rather designed to fit into existing lattices. 

The system for CoSy[15], a ring being commissioned at KFA-Jûlich, would fit into 1 of the 4 straight 
sections currently reserved for stochastic cooling. The electron system would cool beams approximately 10 
times faster to much smaller equilibrium emittances than could the stochastic system. It is necessary to reduce 

Table H. Proposed intermediate energy electron cooling systems. 

Parameter Symbol CoSy KEK-PS Petra II MEB-1 MEB-2 Units 

Ring Properties 
Circumference C 0.1835 0.283 2.3 3.96 3.96 km 
Cooling region length Lc 

4 3.5 50 25 40 m 
Fraction (LJQ V 2.2 x 10"2 1.2 x io- 2 2.2 x 10"2 6.3 x 10"3 1 x 10' 2 

Cool region beta funct. $1 8 10 40 50 x; 20 y 100 m 

Ion Beam Properties 
Ion species H + H + 1 9 7 Au 79 + H + H + 

Momentum/nucleon P 3.2 5; 8 8.4 13 GeV/c 
Norm rms emittance «/ 2.5 2 4 0.70 x fim 
Rms mom. sprd. Ap/p 1 x 10"3 4 x 10"4 5 x 10"4 2 x 10"4 

Peak ion current I, peak 
Aésc 

Z x 1.6 1,000 800 mA 
Lasslet tune shift 

I, peak 
Aésc 8;3X 1 0 - 4 0.03 0.07 

Beam-beam tune shift ±Qb-h 
1 x 10"5 8.6 x 10"4 

Electron Cooling System Parameters 
Electron current h 2 2 2 2 2 A 
Electron kinetic energy u 1.3 2.2; : 3.8 4.1 6 6 MeV 
Cathode radius rc 3.2 3.2 3.2 3.2 3.2 mm 
Electron beam radius rb 3.2 3.2 4.2 3.2 4.5 mm 
Electron temperature Te 0.12 0.12 0.07 0.12 0.06 ëV/k 
Solenoid focal length fsol 5 none 28.4 19 91 m 
Solenoid spacing Lsol 1 none 2.5 6 2 m 
Emittance damp, time T s 

initial 6 0.4; 1.2 35 100 30 
for cold beams 0.5 0.05; 0.13 5 35 20 

Approximate cost 1 2 4 6.5 6.5 M$ 

1e ~ ( ^ T ) 2 a& m e P r o t o n beam momentum is reduced from its rigidity limit of 3.3 GeV/c due to fixedL s oi, T, 
however, remains almost constant. 

Cooling would be extremely fast in the proposed KEK-PS[16] heavy ion collider due to the A/Z2 scaling 
of the cooling time and relatively low beam energy. This system would counteract intrabeam scattering 
consequently increasing the luminosity by a factor of « 10. 

The emittance of proton beams in HERA is limited by space charge effects in the first synchrotron, 
DESY HI. In the following ring, PETRA II, AQSC « 0.03; consequently the emittance could be reduced by 
« X 10 in about 1/3 the ring ramp time, 108 s. 

Cooling in the SSC MEB has been investigated in great detail[17]. MEB-I is a design which leaves the 
ring lattice entirely unmodified; MEB-II re-arranges the ordering of a few elements in the long straight insertion 
to increase (3j and Lc. 

A medium energy system should also be considered for cooling heavy ion beams in RHIC with energy 
less than ~ 40 MeV/n. The cooling time would be similar to those projected for the PS-Collider, 
7(0.01 to 0.1 s). Such a system could counteract emittance growth due to IBS and could potentially provide 
order of magnitude increases in the machine luminosity. Such a system would also nicely complement the high 
energy electron cooling system discussed in the following section. 
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4. THE HIGH ENERGY REGIME 

High energy electron cooling was proposed as early as 1978[18][19][20]. Ruggiero [17] presented a 
scenario for cooling high energy protons at FNAL and CERN which is very similar to what I present below for 
cooling heavy ions at RHIC. I first discuss the relativistic scaling in the high energy regime, then consider 
cooling heavy ions at RHIC. 

4.1 Relativistic Scaling in the High Energy Regime 

I will use a different set of assumptions for scaling r in the high energy regime, beginning with a first 
order optimization by assuming that the electron and proton beams have the same emittance and size (i.e., 
rb = @Iel W"ï> a n ^ ^T = @ym<?tj Ifij )• T h e electron b e a m current is no longer cons tan t , as in the low and 
med ium energy regimes , bu t is instead l imited by its space charge tune shift, AQSC , g i v e n by : 

A C ? S C = — 1 — ^ 1 ^ (7) 
4n(fiyf ee ec 

where C is the electron ring circumference. Assuming a fairly compact electron ring, such that 
Ce » 3LC = 3ijC, and substituting Eq. (7) into Eq. (1), we obtain the following expression for the cooling time: 

ais A _ L ^ (_r V2 M 
Z2 AQsçAyP) m 

3 \V2 

{^) 
Ç (8) 

Since at high energies we expect C « f3y, and @j « ( J8T) 1 / 2 or y@, we thus have T <x & y ef" or 
r « yej , an almost linear dependence with energy. Note that there is no longer any rj dependence since 
AQSC is fixed: any increase in Lc must be offset by a decrease in Ie. Using some reasonable values for large 
rings (C » 2007 m, and (3j « 0.5 (@y)1/2 m) we can rewrite Eq. (8) as: 

r = 
Z2AQSC 

Pr5 

1 Ttum 

V* 

<9> 

The AQSC l imitat ion in the h igh energy reg ime makes clear the need for the Pe l le t ron solut ion in the 
m e d i u m energy reg ime. One can easily envis ion a 2 A electron beam wi th a 1 x / t m emi t t ance 0 in ei ther the low 
or medium energy regime. If we set ij to 0.1, and again assume C « 20^7 m, AQSC for this beam would be 
» 6O/1S7! Consequently we can see that the high energy scenario cannot compete with the medium energy 
scenario for any energy within the range of the Pelletron. In the low and medium energy regimes the electron 
beam current density is limited by the current density at the cathode; in the high energy regime, the electron 
current density is limited by the space charge tune shift in the electron ring. One consequently sees that 
relativistic scaring relations, in general, can be used only within a the range of a single technical regime. The 
electron beams in low and medium energy electron cooling are space charge dominated beams —. the transverse 
phase space diagrams for these beams are typically "lines", not the familiar ellipses; the focussing is necessary 
to correct the space charge defocussing force, not the negligible emittance defocussing force. Such beams cannot 
be stored in rings which are typically limited to AQSC < 0.1. 

4.2 Example of High Energy Electron Cooling — the RHIC Scenario 

For a high energy application we investigate cooling fully-stripped 100 GeV/n 1 9 7 A u 7 9 + beams in RHIC. 
Although the nominal la rms normalized emittance, e7 , is 1.6 717ml, the AGS is capable of providing smaller 
emittance beams. This larger value was apparently chosen during the RHIC design[21] to minimize the 
emittance growth due to intrabeam scattering (IBS). Using Eq. (9) with 7 = 100, A = 197, Z = 79, 

"The rms normalized emittance of an electron beam is (r^kTJbmc2)11^ 7rm, though I hesitate characterizing 
the emittance of an electron beam with a uniform spacial and normal angular distribution (or the emittance of an 
aberrated beam) in this manner. 
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Table HI. RHIC electron cooling system parameters; those shown in parenthesis are variable. 

PARAMETER SYMBOL VALUE UNITS 

Electron Ring Parameters 
Cooling Length Lc 

40 m 
Electron ring circumference ce 

133 = fc m 
Fraction of RHIC used for cooling r,=LJC 0.01 
CJC f 2/57 
Electron beam tune shift AQsc 0.05 
Electron beam emittance ee (1.6) 7Tf*m 

Beta functions in cooling region Pe 162 m 
Electron beam temperature T (1.3) eV/k 
Electron beam rms radius Tb (1 x 10~ 3) m 
Electron beam current h (1.26) A 
Synchrotron radiation power Ps 190 W 
Synchrotron radiation damping time TSR 0.3 s 

RHIC Parameters 
Circumference C 3800 m 
Beta functions in cooling region h 100 m 

Ion Beam Parameters 
Atomic number A 197 
Atomic charge Z 79 
Ion current h 57 mA 
Emittance er (1) itfiva 

Momentum spread Ap/p (1 x 10"3) 

AQSC = 0.05, and et = 1 7Tjtim, we get a first order estimate for the cooling time of only 200 s — an extremely 
short period of time in light of the projected storage time of 36,000 s! 

4.3 Electron Damping Limitation 

Such a cooling system sounds too good to be true, and indeed, there is a complication. We have not 
considered the heating of the electron beam by the proton beam, a concern which is not relevant for single-pass 
electron recirculators in the low or medium energy regimes, nor for cooling low intensity ion beams in the high 
energy regime. If energy is to be conserved, there is a straightforward relationship between the ion and electron 
beam intensities, masses, emittances, and damping times, i.e.: 

a AM I, [C J){e,f>, ef) 

where T^J is the synchrotron radiation damping time, approximately twice the time needed for a particle to 
radiate away all its energy: 

T « _L_ bm °A (ii) 
** 2 * y * re c 

where R^g^ is the bending magnet radius of curvature. 
If the condition given by Eq. (10) does not hold true for the conditions assumed, then another approach 

must be used to calculate the cooling rates. Such is the case in this RHIC example: a rSR of 0.01 s is necessary 
to cool a 0.057 A, 1 9 7 A u 7 9 beam with a similar emittance 1 A electron beam for CJC = 0.01 and /?7 = @e, 
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whereas even a relatively small Rbend of 0.25 m (B = 0.68 T) yields a TSR of 5 s. We now consider a ring in 
which a third of its circumference consists of 1 T wigglers, and another third the cooling section; this would 
yield TSR = 0.3 s; since RHIC will operate with 57 bunches, we s e t / = CJC = 2/57. Note that the total 
synchrotron radiation power is only 150 W/A. 

In this regime, the electron beam emittance is determined by ion beam heating, and the electron beam 
space charge tune shift limit determines the electron beam current and hence the ion beam cooling rate. We 
begin with a simpler relation for the ion beam emittance damping time: 

= 3 
2 \ l 

A pWy5'2 M <V 
77A m ffîiK 

2 I. 
(12) 

This relation is valid in the regime where ee > ej for a spherical, rather than flattened, electron velocity 
distribution (thus only the last addend in Eq. (1), which we have increase by a factor[22] of 3TT/4, has been 
kept). We have further assumed that the ion and electron beams have the same radius (though independent 
emittances), and have increased the value of rb by V 2 to account for the Gaussian, rather than uniform, electron 
spatial distribution. Using Eqs. (10) and (12), we can solve for e : 

2 

3N 
2 »7 Z A v« V5 

71 / £ 3 / 2 y 5 / 2 e 

{ÂJir] (13) 

The value for ee obtained using Eq. (13) can then be used in the relation for the electron beam tune shift, 
AQSC [Eq. . (7)], to determine Ie; Eqs. (10) or (12) can then be used to solve for T : 

\3/5 

4it 

9rt 
8 M 

VS 

IJA 

*pTSR M C 

AQXYW)115 m c 

(14) 

Using the values from Table HI for the parameters in Eq. (14), we find the RHIC cooling time to be 

"RHIC = 1,100 s "s* 
0.057 A 0.5 s J 

(15) 

The parameters for this system are summarized in Table HI. The value of parameters which vary are 
shown in parenthesis; their nominal values for e 7 = 1 x/tm are listed. The 1,100 s cooling time could 
conceivably be reduced by about another factor of 2 by using super-ferric wiggler magnets. (The focal length 
of the wiggler magnets, assuming they bend by 90°, is twice their bend radius; thus the beam is quite small; 
the wiggler strength could be varied to synchronize the electron and RHIC revolution frequencies). 

The synchrotron radiation damping limit is another reason why the storage ring technology cannot 
compete with the Pelletron technology in the medium energy regime. One should be wary of using 
Eqs. (14) or (15) to scale to higher energies: assuming C oc y and noting TSR « l/y, one might expect 
T « I/7 ; however, at higher energies, with faster synchrotron radiation damping, the electron beam emittance 
will no longer be determined by ion beam heating and our assumption that ee > tj is no longer valid. At very 
high energies, the equilibrium electron beam emittance would be determined by quantum fluctuations and would 
scale as (CJR^iy 1QX )

3 where Qx is the horizontal tune in the electron ring. 

4.4 Radiative Recombination 

Another concern is the ion radiative recombination lifetime, T^, given by[23]: 

..2 

"KR XL 
nEn 2:r 2 2 

r, n c 
a \2kTmc* 

1.12 + 0 . 5 h -
kT) 

(16) 

where a is the fine structure constant, E = Z 2 X 13.6 eV, and where we have assumed a spherical electron 
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velocity distribution. Using the values from Table HI, we obtain T^ « 42 ks, somewhat larger than the 
anticipated beam storage time. This does not appear to be a serious problem: the cooling system could be used 
intermittently; this could also provide a method for slow beam extraction for external target experiments. 
Alternatively this problem could be completely eliminated by cooling with positrons. 

4.5 Discussion of High Energy Electron Cooling in RHIC 

The basic theory of electron cooling has been thoroughly tested, and is not in doubt; the technology 
needed to build such a high energy electron cooler for RHIC has also been demonstrated. Such a system, which 
would cost approximately 20 M$ (100 k$/m) would have many obvious benefits: 

—The luminosity of RHIC is a direct measurement of the potential physics research which can be 
accomplished. An electron cooling system could potentially increase the luminosity of beam in RHIC by over 
an order of magnitude by reducing the beam emittance. An electron cooling system thus appears to be 
economically viable in light of the capital (600 M$) and operating costs of RHIC. 

—The reduced beam momentum spread would lead to a shorter diamond region, and reduce the storage 
rf power requirements by over an order of magnitude. 

—The reduced beam size would increase the available machine aperture, ease the closed orbit error 
tolerances, improve the ease of operation, and possibly decrease the commissioning time. 

—Most importantly, this system would be a great insurance policy: any shortcomings in the machine or 
the injector complex which would lead to a large beam emittance or energy spread could be compensated by 
cooling. 

Such a system should be seriously considered. 

5. SUMMARY AND CONCLUSIONS 

Medium and high energy electron cooling may be overlooked technologies which should be re-examined. 
In the late 1970's it was investigated as a tool for accumulating antiprotons; however, due to the large cooling 
times associated with these large emittance beams, it was not a suitable tool. Nor was it a suitable tool for 
cooling the large emittance ion beams in accelerators. In recent years, as colliding beam experiments have 
pushed the requirements for low emittance beams, electron freezing may be a more appropriate tool. Today the 
beam emittance in many proton machines is limited by the space charge tune shift at low energies. However, 
since the tune shift varies as C/G87)2 for a constant normalized emittance, the beam qualities can be improved 
through the use of medium energy electron cooling part way through the chain of accelerators. This could 
reduce the required apperture for all the following machines. The luminosity of heavy ion colliders is limited 
by IBS, which can be effectively counteracted by both medium and high energy electron cooling. 
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P H Y S I C S O F C O O L E D B E A M S 
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GSI D a r m s t a d t , Postfach 110552, D-64220 D a r m s t a d t , Germany 

Abstrac t 

Various aspects of diagnostics and its interpretation for coasting and bunched 
beams cooled by electrons are presented. Schottky spectra and their modification 
by impedances are central subjects in this discussion. We show that the noise 
generated by numerical simulation is closely related to the noise due to the graininess 
of a real beam, which helps interpreting coasting and in particular bunched beam 
spectra. Noise spectral analysis is used for determining the phase space density 
and the vicinity to instability. For bunched beams at higher currents some not yet 
understood instability phenomena are described by means of streakcamera images. 

1. I N T R O D U C T I O N 

For low phase space density beams the momentum spread can be obtained directly from 
the frequency span of the Schottky spectrum. This is not possible for cooled high phase space 
density beams, where the observed spectrum can be modified by collective effects and also by 
the friction force as was made evident in the first electron cooling experiments [1, 2}. It is thus 
necessary to use theoretical tools in order to obtain the desired information from measurements. 
In this context a close comparison between experiment and computer simulation is necessary. 
We confine the studies presented here to phenomena in the longitudinal phase space, where 
space charge effects can be significant. In transverse direction there is a limitation set by the 
maximum tune shift, which is determined by nonlinear resonances. Experimental observations 
are made at the GSI electron cooling storage ring ESR [3]. 

2. I N T E R P R E T A T I O N OF S C H O T T K Y S P E C T R A 

2.1 Exper imenta l ly Obta ined Spectra 

The origin of the Schottky spectrum is the noise from the statistical distribution of par
ticles. This gives rise to current fluctuations, which induce a voltage on a pick-up. Schottky 
spectra for a N e 1 0 + beam at 250 MeV/u are shown in Fig. 1, where we compare the spectrum 
with electron cooler current nearly zero and increased in steps up to 0.5 A [4]. The Schottky 
power is proportional to the square of the current fluctuations, which is proportional to the mo
mentum distribution function only in the low phase space density case [5], where particles are 
completely uncorrelated in phase around the machine. With cooling there are collective effects 
(waves), which correlate particle phases. This leads to peaks at the frequencies of the collective 
motion. 

2.2 Analy t i ca l Support and Interpretat ion 

For high phase space densities the beam responds collectively on the field excited by the 
statistical fluctuations of the uncorrelated particles ("source field"). This results in a total 
electric field, which is obtained as usual by dividing the source electric field by the dielectric 
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Fig . 1: Schottky spectra for increasing cooler current to maximum of 0.5 A. 

function e (see also Ref. [6]). Using Vlasov's equation (see Ref. [1, 2, 7, 8]) one thus obtains the 
modified expression for the Schottky power spectrum for harmonic n according to 

P(n,p) 
q2e2NV0(n/n) 

7T n 

with the plasma dielectric function given by 

e(0 , n) = 1 - iZ\\ 
nql 

P2yAmc2 /e 
D{U,n) 

(1) 

(2) 

Z|| is the coupling impedance, n = I / 7 2 - l/ff (transition energy ft > > 1), and D a dispersion 
integral involving the distribution function of frequencies: 

D 
d^o/du 

J n - dw = P F 
î i w nu n (3) 

For the low-intensity limit E « 1 , Equ. 1 yields directly the distribution function. For high phase 
space density e can be close to zero for frequencies, which correspond to longitudinal "plasma 
waves". They are excited by the noise and can propagate in beam direction or opposite to it (fast 
and slow waves). This is responsible for the sharp peaks in the spectrum at these frequencies. 
The peaks would be infinite, if Landau damping were absent. At the band center the power is 
suppressed strongly, which is due to the shielding of the noise by the collective motion. This 
phenomenon is analogous to the well-known Debye shielding of a test particle in a plasma. 

If the coupling impedance were known at sufficient accuracy, the distribution function 
could be determined in an iterative way: assuming a first guess for $0 one can calculate e. 
Inserting this approximate e into Equ. 1 and using the measured P one obtains a new Wo, with 
which one can repeat the iteration. With unknown impedance the method still works if a second 
independent measurement exists, which is the beam transfer function method (see below), hence 
both impedance and distribution function can be determined consistently (see Ref. [8, 6]). 
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With only Schottky spectra and an uncertainty in the impedance - noting that the space 
charge impedance depends logarithmically on the beam size - it is thus not straightforward to 
obtain the correct Ap/p. A comparison with analytically derived spectra by calculating e can 
be useful to determine Ap/p in an approximate way [9, 6]. 

2.3 Simulat ion No i s e 

The above outlined interpretation of collectively distorted noise spectra on the basis of 
analytical calculations of a dielectric function can be strongly supported by calculating "real 
noise" by means of computer simulation. As we shall see below this is of particular interest for 
bunched beams. In simulation working with discrete particles one has natural fluctuations in 
the line density, which are analogous to the fluctuations in real beams. In Fig. 2 we show such 
an instantaneous line density for a coasting beam simulated by the "particle-in-cell" program 
SCOP-RZ. "Particle-in-cell" refers to the technique of calculating the self-interaction of the beam 
by creating each time-step a density function on a grid in r,z and solving Poisson's equation for 
an infinitely conducting pipe. This procedure takes care of what is usually described by the space 
charge impedance. In Fig. 2 we also show a projection of the beam into the x,z plane (different 
scales in x and z!). By Fourier analyzing the line density we can also include the measured 
machine impedances and thus obtain a full description of the electromagnetic interaction of the 
beam. 

The simulation Schottky noise is obtained by recording the line density over a large number 
of revolutions and carrying out a Fourier transformation. Smooth spectra (high "confidence 
level") can be obtained only by carrying out an averaging over a number (typically several ten) 
of independent spectra, which is the same procedure as in the experiment. 

In Fig. 3 we show spectra for large (uncooled) and 10 times smaller (cooled) momentum 
spread with no external machine impedance (i.e. only space charge active), and with a resistive 
component. The uncooled case corresponds to Ap/p = 10~ 3 for a 20 mA N e 1 0 + beam at 250 
MeV/u. The momentum distribution is Gaussian in all cases and remains unchanged during the 
simulation. The different noise spectra are related to longitudinal correlations between particles 
due to the collective interaction. The latter is absent for large momentum spread due to Landau 
damping. 

Simulation noise is particularly valuable to study directly the effect of extra contributions 
to the coupling impedance, which can be turned on and off separately, while the momentum 
distribution is well-known as input. This is also shown in Fig. 3 for an additional real part of 
the coupling impedance Z\\/n of 50 fi, which could be due to a low impedance rf cavity. The left 
peak corresponding to the slow wave is strongly enhanced, whereas the right peak is reduced. 
A further enhancement of the resistive impedance (at constant Ap/p) would lead to a growing 
left peak. 

rtv41/'w'«r*'i,tVJ -"M|1 / V •4,JM-""-V4MJIVJ!U..- I^-AV j~*vr t ' 

-50 -25 0 25 50 
z/ m 

i '••' • " : ; " - r ;• 

-50 -25 25 50 
z /m 

F i g . 2: Fluctuations of line density (left) and scatter plot (right) of coasting beam simulation. 
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F i g . 3 : Simulation Schottky noise for large (left), 10 times smaller 
(center) and additional resistive impedance (right; different 
vertical scale). 

3 . S T A B I L I T Y A N D I N S T A B I L I T Y 

3.1 Transit ion t o Instabi l i ty 

The limit of instability in Fig. 3 would be characterized by an infinitely large left peak of 
the Schottky noise. This happens at a sufficiently large resistive part of the coupling impedance 
depending on the inductive part. For a more detailed discussion of stability one introduces the 
beam transfer function (BTF) , which is the inverse response function [11]: 

- = — + Zn 
r\\ rll,o 

with (using Equ. 3) 

rll.o 
eZnl 

02yAm,pc2 
D 

(4) 

(5) 

A measured B T F diagram for an electron cooled beam is shown in Fig. 4 [10]. According to Eq. 
4 the effect of the impedance is a shift of the origin, which must lie in the interior of the curve to 
ensure stability. Due to the equilibrium with the cooling mechanism (Coulomb scattering) the 
momentum distribution is very close to a Gaussian. The tails of the Gaussian lead to a largely 
extended stable area in the direction of inductive impedance (space charge). This is beneficial 
for energies far below the transition energy. There the space charge impedance (inductive) is 
large, which has the effect of shifting the coherent frequencies into the tails of the distribution 
function. 

We note that the worst case in the sense of stability is a parabolic distribution, for which 
the boundary of stability is described by a small circle in the BTF diagram. The small size of 
this area is due to the absence of Landau damping in the tails. This circle is described by the 
"Keil-Schnell criterion": 

.Ap 2 Z\\ 
Jfwhmf Z e P n-

(6) 

According to Fig. 4 the allowed impedance (or in an equivalent sense beam current, following 
Equ. 6) is much larger for a Gaussian distribution as long as it is mainly in the inductive 
direction. 
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Fig . 4 : Measured stability diagram (BTF measurement) for cooled 
beam, with Keil-Schnell circle indicated; arrow corresponding 
to cooled case of Fig. 3 (center), dashed arrow to unstable case 
of Fig. 5. 

For the simulation example of Fig. 3, I/Ith has been as large as 7 (arrow in Fig. 4) 
without loss of stability. Measurements in various cooler rings have shown that I /Ith can indeed 
exceed 5 due to such Gaussian-like momentum distributions [13, 14, 12]. 

Obviously an additional resistive component of 1 kfi (i.e. comparable with the space 
charge impedance) in the simulation example of Fig. 3 would shift the origin far beyond the 
boundary of stability. To show the onset of instability we have simulated such a case in Fig. 
5. Such a resistive impedance could stem, for instance, from a ferrite loaded rf cavity tuned at 
resonance with the beam. 

It is noted that the coasting beam develops a self-biinching effect, which leads to a trapping 
of particles in the longitudinal self-field. The instability saturates at a broadened momentum 
distribution, which is almost a factor 3 broader than the initial distribution. Due to the quadratic 
dependence of the threshold current on the momentum spread (Equ. 6) it is clear that this 
broadening leads to a final distribution, where I/Ith ~ 1- We thus confirm that 11 Ith > > 1 is 
only possible for small resistive compared with inductive impedance. 

A different behaviour of the longitudinal microwave instability for a resistive impedance 
much smaller than the space charge impedance, but with I/Ith as large as 50 was studied by 
simulation in connection with heavy ion fusion storage rings [15]. In this case the instability was 
found to develop extended "stabilizing tails", which would suppress further growth and leave 
the small initial momentum spread for most of the beam unchanged. 

3.2 Role of Intrabeam Scat ter ing 

The question can be raised what the maximum I/Ith is m a given cooler ring. Why are 
we not approaching the limit of stability, which would be accompanied by a large growth of 
the "slow wave" peak in the Schottky spectra as indicated by the simulation experiment of Fig. 
3? It must be assumed that intrabeam scattering (IBS) plays a crucial role in this context. A 
possible consequence of IBS could be that the beam is longitudinally colder only if it is made 
transversely hotter. 

In the lack of systematic measurements such a statement can be supported by calculations 
of IBS equilibria, which we have carried out for the ESR lattice. In Fig. 6 we plot Ap/p) as a 
function of the horizontal emittance under the asumption of a constant longitudinal cooling rate. 
The curve shows theoretical equilibria starting from an experimentally observed equilibrium at 
Ap/p = 4.1 • 10~ 5 and ek = 0.08 • 1 0 - 6 m-rad for A u 7 9 + at 250 MeV/u and N = 2.7 • 10 6 . It 
is recognized that considerably smaller momentum spreads can be expected if the transverse 
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Fig . 5 : Simulation of longitudinal microwave instability for C?+ at 250 
MeV/u, Ap/p = 3 - 1 0 - 5 , 1=30 mA and lkQ resistive impedance 
at fundamental harmonic. 

emittances are blown up. This can be achieved by an extra transverse heating source (rf noise) 
or by spoiling the transverse cooling optimization. We can understand this result by noting that 
the transfer of heat from the transverse to the longitudinal degree of freedom happens at a rate, 
which is the slower the larger the velocity mismatch is between both degrees of freedom. 

3.3 Influence of Coo l ing Force 

It is necessary to examine whether the observed Schottky noise is only a consequence of 
the ion beam properties and the impedance, or whether it is also influenced by the cooling 
friction force. This is conceivable if one notices that the stability behaviour depends on the 
Landau damping provided by the tails of the momentum distribution. Electron cooling is also a 
damping mechanism with a rate given by the cooling rate vcoo\. The friction force can be ignored, 
if the ratio of cooling rate to phase mixing rate (given by the spread of angular frequency) is 
small. This criterion can be approximately written as (for a more detailed model and further 
references see Ref. [8]) 

~ « 1 (7) 
now 

It is noted that the influence of the friction force is largest for small n. By comparing spectra 
for small and large n it should be possible to identify such an influence, if the cooling rate is 
large enough; no experimental evidence seems to exist yet for such an observation. 
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F i g . 6: Calculated IBS equilibria in the vicinity of experimental data. 

4. B U N C H E D BEAMS 

4 .1 Effect of Space C h a r g e 

We are interested in an appropriate measure for the phase space density of cooled bunches. 
The analogue of noise suppression in the center of the Schottky band for coasting beams is the 
reduction of the applied rf potential well due to space charge ("potential well flattening"), which 
results in an effective potential reduced by a factor a: 

Veff = VT}/a (8) 

We can compare this expression with Equ. 1 for a coasting beam locally equivalent to the 
bunched beam center. This comparison suggests that a is equivalent to the dielectric function e, 
which describes the Schottky current (oc (power) 1 / 2 ) suppression in the band center. Provided 
that in both cases space charge is the dominant contribution to the impedance one thus has -
ignoring a geometry factor of order unity depending on the bunch shape - : 

a « 1 + I/IthAc. « e f c.c. (9) 

with the understanding that / { j , ^ . , e j , c are for coasting beams equivalent to the bunched 
beam center, a is thus an an appropriate measure for the longitudinal phase space density. 
a > > 1 would indicate strongly space charge dominated bunches, which have been observed for 
cooled proton bunches [16]. 

The potential well flattening leads to a bunch lengthening effect and a reduction in syn
chrotron frequency «o- In harmonic approximation one immediately has the following relation: 

u'ff = a - i / 2 

From an experimental point of view an accurate measurement of a is desirable. We suggest 
that the most reliable way is to directly measure weff and wo-

4.2 F r e q u e n c y S p e c t r a 

As an example we have measured in the ESR bunched beam spectra of a N e 1 0 + beam of 
250 MeV/u and 3x l0 8 particles at an rf voltage of 100 V (Fig. 7). 

Such measurements have been successful only for sufficiently stable operation of the elec
tron cooler and relatively low intensity. The spectrum contains as a central line a multiple of the 
revolution frequency and a large number of sidebands. Some of the sidebands are at multiples 
of 50 Hz; we assume they are due to the power supply of the cooler or rf. To obtain a more 
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solid ground for a physical interpretation we have calculated the simulation noise for a bunched 
beam, which allows a direct comparison with the experimental observation and helps interpret
ing them. Simulation results are shown in Fig. 8 for zero space charge and finite space charge 
of comparable strength as in the above experiment. The band width has been increased to re
duce computer time. For zero space charge one obtains simply the multiples of the synchrotron 
frequency. 

For finite space charge each sideband is split into several lines for coherent and incoherent 
(low-level signals) frequencies. The coherent frequencies refer to dipole (bunch center, m = l ) , 
quadrupole (bunch length, m=2) and sextupole (shape unsymmetry, m=3) oscillations. The 
height of these lines reflects the amplitude of excitation of a particular mode. The notion of 
multipole oscillations in this context is applied to the shape of the distribution in longitudinal 
phase space. The dipole oscillation is unaffected by space charge since the bunch center oscillates 
carrying along its own space charge. The relevant frequency is thus the zero space charge 
synchrotron frequency w0 (230 Hz in Fig. 7). We note that for each observed line there are 
also higher harmonics, which are just multiples. This explains the increasing number of lines at 
higher sidebands. The incoherent frequency peaks of single particles are much less pronounced 

I0 ,01 i c . o ; 10.03 
Frequf lm [MHz] 

0.02 10 03 
Frequeni IMH i ] 

F i g . 8: Simulation noise for bunched beam without (left) and with 
moderate space charge (right). 
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F i g . 9: Streakcamera pictures of 0.6 mA (left) and 1.9 mA (right, 
unstable) bunches of New+ at 250 Me V/u, with time running 
downwards. 

due to the random summation of signals from individual particles. This incoherent synchrotron 
frequency weff (185 Hz in Fig. 7) is thus a direct measure of the effective potential. 

From these frequencies we calculate with Equ. 10, a — 1.55, which indicates that 35% of 
the applied rf voltage is compensated by space charge. We assume that intrabeam scattering 
heating of the momentum distribution is the main reason why the observed a was not any larger. 

4.3 B u n c h e s at Higher Intens i t ies 

Experiments in the ESR with bunches at larger intensities have so far not lead to suffi
ciently stationary conditions to measure Schottky spectra. For total currents exceeding typically 
1 mA (i.e. 10% of the maximum stable stored coasting beam currents for Ne, C beams) it was 
found that bunches were not in a stable equilibrium with the electron cooling. Periodically (in 
intervals of the order of a second) a phase of cooling to short bunch length was followed by a 
disintegration of the bunch profile. In Fig. 9 we show streakcamera pictures of a low intensity 
stable bunch and a snapshot during the unstable phase at three times higher intensity, both at 
an rf voltage of 1 kV. Each picture is for a single bunch extracted from the ring and hitting 
a plastic scintillator (NE102) with ns time resolution. The camera records the light through a 
horizontal slit centered on the spot. At subsequent times the light is deflected (vertically down
wards in Fig. 9) which yields a longitudinal - horizontal cut through the bunch in real space. 
The overall time resolution is 1-2 ns. 

1 11 
The horizontal size of the image gives the instantaneous horizontal beam size (oc eh' ) 

as a function of position along the bunch. Shown are equi-intensity contours of the scintillator 
light, which are converted alternatively into black and white. In the low-intensity picture the 
unsymmetry of the image is due to a scintillator afterglow. For the three times higher intensity it 
is seen that the bunch has suffered an unstable behaviour both in longitudinal and in horizontal 
direction. In this case peak intensity is in the center and in the half-moon shaped area at the 
head of the bunch. This instability phenomena might be connected with a de-tuning between 
cooler energy and rf frequency, which requires careful study in the future. 

Acknowledgment : The authors are indebted to B. Franzke and the ESR-group for their 
support in the measurements. 
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A B S T R A C T 
A new principle "coherent microwave cooling" (CMC) of charged par
ticle beams is described. Particles are forced, by a magnetic field over 
some length of their trajectory, to move in a helical path and inter
act with an rf field. The validity of the principle has been examined 
experimentally. The experimental results provided some inspiring in
dications of the "cooling" in the transverse energy-time phase space of 
the electrons. Electrons initially in the range 8 — 12 keV, were all found 
to accumulate at one discrete energy, 23keV. Phase bunching, a fea
ture of the cyclotron maser, was observed indirectly in the gyration of 
the accumulated electrons of 23keV energy. The agreement between 
the prediction and the experimental results implies that in principle any 
kind of charged particle beam can be cooled in a single pass through the 
CMC sections regardless of its energy. 

1 INTRODUCTION 

The invention of beam cooling has opened up new ways of reducing drastically the phase 
space of circulating particles [1-6]. In electron cooling the ion beam is merged with a parallel 
beam of mono-energetic electrons in a cooling section. The thermal energies of the ions seen 
in the rest frame of the electrons, are transferred to the electron beam as a low temperature 
reservoir through heat conduction. However for the case of ion beams of higher energy, the 
cooling times are much longer because of the 7 2 dependence of the relativistic time dilation 
effect in the interacting two body system where 7 = (1 - / ? 2 ) - 1 / 2 is the relativistic energy factor 
[1]. 

In stochastic cooling, some pick-up systems are installed in a particle storage ring to 
measure the average positions of circulating particles. Corresponding kicker systems are placed 
downstream from the pick-up systems to correct any beam excursion at the pick-up systems [3]. 
In this cooling scheme, especially shaped space and time characteristics of the electric pulses are 
essential in the kicker systems to yield non-linear effects such as the cooling of particle beam. 
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This cooling scheme is, in the physical sense, analogous to the action of sheepdog against flocks 
and thus it is easy to understand that the cooling time is lengthening in proportion to the 
number of particles in the pulses. 

The radiation cooling due to the synchrotron radiation is at present the best mastered 
scheme for the cooling of the longitudinal phase space of electrons and of protons of extremely 
high energies but at the sacrifice of heating in their transverse phase space [2]. Other cooling 
schemes such as laser cooling [5] and cooling by inelastic scattering [6] are applicable to only 
partially ionized ions. 

Now, it would be of particular importance to note that most cooling schemes of transverse 
phase space so far developed are based on the mechanism of spontaneous transfer of the ther
mal movement of a particle beam to a low temperature reservoir through heat conduction or 
radiation but none has been developed based on the stimulated cooling mechanism. From this 
viewpoint, the most crucial low temperature reservoir would be the coherent microwave field. 
The newly presented principle coherent microwave cooling (CMC) dramatically enhances the 
thermal transfer mechanism by the stimulated coherent emission or absorption of photons and 
removes drawbacks of present cooling schemes such as the slow cooling speed and the limitations 
on the energy and the intensity of particle beams to be cooled [7]. Of particular interest is that 
CMC is in principle applicable to any kind of charged particles with arbitrary energy resulting in 
an rapid cooling'm the transverse energy-time phase space. CMC may be understood as & forced 
radiation cooling which is a typical non-Liouvillean phenomenon [7]. This talk outlines the basic 
concept of CMC [7,8] and presents the first experimental results which provide some indications 
of CMC supporting the prediction of cooling'm the transverse phase space of electrons [8,9]. 

2 MECHANISM OF CYCLOTRON MASER 
- OSCILLATOR A P P R O A C H 

The mechanism of CMC has been discussed so far [7,8] on the basis of the quantum 
mechanical oscillator approach. In this talk, I would like to present the CMC principle again 
in the simple quantum mechanical approach for the simplicity of the discussions. However, it 
would be of significance to understand the mechanism also as a classical physics phenomena in 
the scheme of dynamics of gyrating particles. For this purpose, a simple approach has been 
developed based on classical particle dynamics (Appendix). Of special interest is that both 
approaches lead to identical results! 

The CMC can be applied to particles circulating in a storage ring as shown in Fig. 1. In 
the CMC sections a stimulating rf field is sent antiparallel or parallel to a particle beam in the 
presence of a solenoidal magnetic field B0. A fraction of the longitudinal energy of particles with 
rest mass mo and charge e is changed into transverse energy by introducing the particles in the 
CMC sections at an angle of inclination to the longitudinal axis of the solenoidal magnetic field 
BQ yielding a gyration of the particles with the cyclotron frequency u>* = eBo/m0. Quantities 
with an asterisk refer to the particle system with no longitudinal velocity and MKSA units are 
used throughout this talk. In the presence of an rf field of angular frequency u£ , electric field 
amplitude E^ and energy flow density defined by the absolute value of the Poynting vector 
I*(UT{) O I" which electric field vectors are perpendicular to the axis of the solenoid, the gyrating 
particles are governed by the Lorentz force F^ — ec(3±Bo generated by the magnetic field Bo 
and an electric force F* = eE^ cos(u^t*) in the particle rest frame where their longitudinal 
momentum is zero on average. Here, c and c(3± denote the speed of light and the gyration 
speed, respectively. 

The particles gyrating in the solenodial magnetic field may be described as harmonic oscil
lators with Landau level spacings, hu* in the particle rest frame. In the presence of the rf field, 
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Figure 1: A basic configuartion of a facility for coherent microwave 
cooling. C: rf cavity for stimulating emission or absorption of photons; 
D: small deflection magnet; L: solenoidal magnet; RF: accelerating rf 
system. Elements without abbreviation are lattice magnets and r and 5 
are the transverse and longitudinal coordinates, respectively. 

the gyrating particles, described by harmonic dipole oscillators, undergo radiative transitions 
leading to a change of their transverse energy 7j_moc2 with time, 

where 

F(x0) = (1 + xi) 2 \ - l (2) 

l 0 = 2 r K - W r f ) . (3) 

Here, 7J_ = (1 - / ? _ L ) - 1 / / 2 a n d r p(= e2/4-KSom0c2) denote the relativistic energy factor and the 
classical radius of particles, respectively, and r* is the damping time of the oscillator — hereafter 
called phase debunching time. The subscription J_ and u denote the transverse and longitudinal 
directions, respectively. It is seen that Eq. (1) is a well-known formula of a damping dipole 
oscillator, which can also be derived classically [10]. The function F(x0) defined by Eq. (2) is the 
harmonic oscillator response function of Lorenzian shape, which corresponds to the normalized 
energy gain of gyrating particles. 

As a matter of fact, the gyro-frequency of the particles is u>*/l± instead of u>* due to 
the relativistic mass effect on the gyration. The gyrating particles should thus be described 
as unharmonic oscillators with non-equal Landau level spacings fru>*/~f1, resulting in a shift of 
resonance frequency. Thus the variable x0 in Eq. (2) has to be replaced by x, 

x = 2r* [(wc*/7i) - ^rf] (4) 
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However, this replacement of variable is not enough to describe the unharmonic oscillators. The 
response function F(x) associated with an unharmonic oscillator generally consists of the dipole 
term (1 + a ; 2 ) - 1 and an additional quadrupole term which is proportional to (z — io) a n d the 
derivative of the dipole term having the form (x — x 0 )d( l 4- x 2 ) - 1 /dx [8]. We have thus, 

1 + xi (1 + xzy 

a = x0-x = 2u>c*r*(l - •y-1) = 2a; cr(l - 7 J 1 ) • (6) 

It should be noted that an opposite sign of a in Eq. (5) would result in F{x) -*• F(XQ) losing 
unharmonicity. The first term of F(x) in Eq. (5) describes incoherent absorptive transitions of 
dipole oscillator with a relativistically shifted resonance frequency w*/7Î w hi le the second a-
dependent term is concerned with the transitions of quadrupole oscillator of the same resonance 
frequency. The correction of the gyro-frequency is essentially due to the relativistic mass effect 
on the gyration, which causes the replacement of mo in Eq. (1) by ~f±.mo and hence we have, 

^ = i ( ^SL) 2 T-F (x) = ^ w n . i • m 
dt' 2 \j±m0cj -y]_m0c 

The transition rates, Eqs. (5-7), are identical with those derived in the Appendix on the 
basis of classical dynamical approach, in which a damped dipole oscillator term corresponds to 
the gyration speed c/3± dependent frictional term whereas an unharmonic quadrupole oscillator 
term corresponds to the gyro-frequency w*/"fi. dependent frictional term. As seen in Eq. (5), 
the unharmonic oscillation due to the relativistic effect on the gyro-frequency causes a drastic 
rate in the change of energy proportional to ( r*) 3 because both a and x are proportional to 
T*. On the contrary, the rate of damped dipole oscillation varies only linearly with the phase 
debunching time r*, which has no coherency of gyration due to the lack of phase bunching effect 
as explained in the classical dynamical approach (Appendix). 

As seen in Fig. 2, the unharmonic quadrupole transition rate is remarkably enhanced with 
increase of a — hereafter called coherency factor. In fact, this mechanism is explained as an effect 
of the stimulated radiation caused by the coherent gyration, i.e. the bunched particle gyration 
with respect to the rf field as described below. The unharmonic oscillation may be understood 
as a super damped oscillation which is a consequence of a large flow of energy from the system 
of gyrating particles and the rf field to the outside, and vice versa. This phenomenon has been 
known as the cyclotron maser mechanism and utilized extensively in cyclotron maser amplifiers 
and/or oscillators to extract radiation of high power from gyrating electrons [11]. 

To understand the phase bunching mechanism, consider the case where particles of the 
same transverse energy 7^ are initially randomly distributed in phase and are gyrating at the 
same frequency as the rf field. Some of the particles will gain energy and hence increase their 
mass. The phase of these particles will slip behind the rf wave since their gyro-frequency 
decreases. The particles which are initially in the opposite phase and lose energy will similarly 
advance in phase. After a certain number of gyrations depending on the initial conditions, 
most particles gyrate at similar phases. After some time, the phase debunching time r*, the 
bunching action is interrupted for example when particles enter the space without rf field. This 
consideration can be generalized to the case where the particles have initially different transverse 
energies. More detailed explanations on the phase bunching mechanism are developed in the 
classical dynamical approach presented in the Appendix. 

84 



8 - -

6 -

4 -

F(x) 2 -

0 -

- 2 - • • 

A -

-6 --

-6 

Figure 2: The response function F(x) gives the normalized energy gain 
of a gyrating charged particle. As seen in the response function F(x) for 
a » 1, the particles with the high energy, i.e. x < 0 or 71 > o/*/u£, emit 
coherently radiation while the particles with the low energy, i.e. x > 0 
or 7x < w*/u£ absorb coherently radiation through the stimulation of 
the rf field resulting in the CMC. 

3 CMC IN T H E TRANSVERSE ENERGY-TIME 
PHASE SPACE 

Since the derivation so far is based on quantum mechanics, the behaviour of the phases 
of the particles can not be treated explicitly. Classically, the trapping of a DC beam can, 
however, be discussed by means of the synchrotron phase space. When the phase angles <f>(t*) 
of the gyrating particles are distributed uniformly with respect to the rf field and when the 
mismatching frequency Q* = (u>*/j±) — u£ is smaller than the region of stability of synchrotron 
phase space, a significant portion of the particles will be trapped. For this case, the range of 
phase angles will be reduced by an amount which depends on the so called maser instability 
[12]. 

We have shown that stimulated coherent transitions are caused by the effect of the rela-
tivistic mass increase on the gyro-frequency leading to a bunching of the phases of the gyrating 
particles. Whenever the coherency condition, 

a > 1 , (8) 

is satisfied, the unharmonic oscillator term in Eq. (5) becomes predominant. The unharmonic 
oscillator term predicts the coherent absorptions for x > 0, i.e. {^>lh\) > a£f, which is inter
preted as that the coherently gyrating particles absorb the rf power to increase their mass so 
as to yield the resonance u*/^ = u^. While the coherent emissions are favored to yield the 
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resonance in the case x < 0. This feature is seen in the F(x) curves with a > 1 in Fig. 2. 
This finding indicates the possibility of CMC, since the particles with the higher transverse 
energy i.e. 7^ > w*/u£ undergo coherent emissions while the particles with the lower energy 
i.e. j± < oj^/Urf undergo coherent absorptions under the stimulation of the rf field. 

Though the principle of CMC is based on the cyclotron maser mechanism, the kernel of 
the CMC problem is that how control the dynamics of gyrating particles but not to extract 
extensively radiations from the particles on the contrary to the cyclotron maser developments 
devoted so far. On the basis of this viewpoint, the following basic conditions are introduced for 
CMC. 

1) At the CMC section, the solenoidal magnetic field is so uniform that its fractional non-
uniformity is negligibly small compared to 2U>CT over the field space. 

2) The rf cavity is uniformly long so that the unharmonicity of the rf field due to the edge 
effect can be neglected. 

3) The power of stimulating rf field fed to the cavity is much stronger than that radiated or 
absorbed by the gyrating particles and thus its disturbance or heating can be completely 
disregarded. 

Under these conditions, the CMC mechanism in the transverse energy can be investigated 
through a simple analytical treatment based on the transition rate formulae Eqs. (5) and (7). 

In an experimental situation, the phase debunching time r* is not necessarily constant 
and determined generally by the gyration state of particles which is influenced by the intrabeam 
scattering, the irregularities of electromagnetic fields and so on. However, in the case of single 
pass cooling, the phase debunching time r* is basically the flight time t* in the rf field. Eqs. (4) 
and (6) are, as a consequence, replaced by the following equations: 

a = 2 W ; f ( l - 7 l 1 ) , ( 9 ) 

x=2t*[(u*J1±)-^} . (10) 

The basic discussions of CMC are developed here mostly along the treatments in the 
previous CMC papers [7,8] which provide a very simple estimate of CMC speed. The rate 
formula, can be approximated as 

Si = 4"fW2„ , (11) 
at* 7_£TOOC 

under the coherency condition, a ^> 1, and further the initial transverse energy distribution 
limited between the emission and the absorption maxima i.e. - 3 - 1 / 2 < x < 3 - 1 / 2 neglecting 
the second and higher order terms of x. The cooling time TJ_ for the transverse energy is now 
defined in the laboratory frame by the logarithmic decrement as, 

_ t 
T ± = ln[(A 7 x)o/A 7 ±] ' 

where (A7j_)moc2 and (A7_i_)omoc2 are the half width of transverse energy spread at the half 
maximum and its initial value, respectively. The value of TJ_ is obtained by specifying the tuning 
conditions which are required for CMC. In the region, - 3 - 1 / 2 < x < 3 - 1 / 2 , the mean value of 
the distribution shall be such that the gyro-frequency of particles of mean transverse energy 7x-
TUQC2 is in coincidence with the rf frequency and the energy spread such that the corresponding 
i-values of the particles are kept in the range between the peak values of F(x) in Eq. (5). We 
have thus u*/jj_ = u£, i.e. 

Wc/7j. = ( l - j8 | |Af)Wr/ , (13) 
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recalling w* = wc7u and u £ = Wrf(l - P\\0rf)l\\- Here, c/3rf denotes the propagation velocity of 
the rf field along the particle travelling axis. Also we have 

A 7 x / 7 ± ~ 7 ± / 2 u ; c t . (14) 

Eq. (14) provides an estimate of coolable energy range. Around the resonance x = 0, x may be 
approximated as 

x ~ -(2w c t /7j .)(A7±/7x) • ( 1 5 ) 

Using Eqs. (11), (14) and (15), the transition rate formula is now rewritten in the laboratory 
frame as, 

ArA A - 4 7 r V ( " r f ) f^d\3 (1 - Ai/3rf)(7i ~ i) 
7i 

and we obtain, 

l ( A 7 i ) = - W M (**L)* ( l -A l /3 r f ) (7x -D _ ( 1 6 ) 

A 7 J . = (A7i.) 0exp — , -̂ — , _2 

ceB0 V 7-L / 71 

The cooling time T± defined in Eq. (12) becomes, 

7rr-p/(u; r f) (2uc\
z (1 - flflrfXTx - 1 ) , 4 

r (17) 

rj. „
 c e*° N f-Ï^V , a j l _ -. (18) 
7rr pJ(w r f) V 2 c W (1 - /J,/3rf)(7x - 1) 

It may be of particular importance to note that the cooling time T± is not affected by the 
relativistic time dilation, that is, independent of the longitudinal velocity of particles, except for 
the Doppler shift factor (1 — /?(|/?rf). However, this factor will shorten the cooling time when the 
backward travelling rf wave is used, which may be the natural choice in high energy particle 
accelerators and storage rings since the frequency in the laboratory frame becomes lower and 
high power levels may more easily be achieved. 

4 CMC IN THE LONGITUDINAL ENERGY 

As seen in Fig. 1, a fraction of the longitudinal energy is changed to the transverse energy 
by introducing the particles in the CMC section at a small angle 6 to the longitudinal axis of the 
section (s-axis in Fig. 1). Further, particle orbits of equimomentum are adjusted to be nearly 
parallel. Then the particles gyrate keeping a mean value of 7 ± , where 

7x = 7x = 7 - 7n + 1 ~ 1 + (1/2 7 | |) [(0/5|,7)2 + (Px/m 0 c) 2 ] , (19) 

with 7 2 = 1 + /3 2 7 2 , 7 2 = 1 + /? 27 2- Here p± denotes the intrinsic transverse momentum of the 
particles, that is, the transverse momentum outside the CMC section. The mean width of ~f± is 
given by 

A7x = \D' + (0/2)(l + 7 , r
2 ) ] 0A 7 |, + (l /27n)(px/m 0 c) 2 , (20) 

recalling that A8 = D'A(f3^)/(3ff and P^fA(^^f) = 7||A7||. Here D' is the derivative of 
momentum dispersion of the ring or accelerator lattice at the entrance of the section. The 
positive sign of D' is defined along the deflection of ange 9. The peak value and the width of 
the transverse energy distribution can therefore be controlled practically by tuning the lattice 
elements. 

In the practical cases 7J_ > A7_L, the substantial part of f± is transformed from 7N 

implying that the first term of Af^ in A7J_ is much larger than the second term of p± in 
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Eq. (20). The change in the transverse energy, d7j_/di, therefore reflects to the change in 
the longitudinal energy, d7u/di, resulting in the cooling or heating in the longitudinal energy. 
Besides this an additional change in the longitudinal energy is resulted from the momentum 
conservation between the particle and the rf field along the longitudinal axis of the rf cavity, 

^ = Af. (2D 
d7 

The momentum conservation, Eq. (21) leads to 

d7» Ai&f d 7 x 
àt (7||/7)-/3,|/3rf at 

(22) 

recalling again /3^A(f3n*>/) - 7||A7n and A7 = A7B + A7J.. Summing the change in Eq. (22) 
and d7j_/dt as a function of fn in Eq. (19), we obtain 

d7n _ (Tu/7) àf± 

d* (7||/7) - A|/5rf dt 
(23) 

If we replace the above à7±/dt by the right-hand side of Eq. (11) in the laboratory frame and 
use Eq. (20) taking out the A^u independent term, we have the associated cooling time for the 
longitudinal phase space, 

( 7 | / 7 ) - f t f t f T ± ( 2 4 ) 

û / o v i 1 „ , -2\ a-, /-, 
0 ' + (0/2)(l + 7 i r ) p 7 n / 7 

It is seen in Eq. (24) that the cooling in the transverse energy results in also the cooling in the 
longitudinal energy i.e. T^ > 0 whenever 

|D ' |< |0/2|(1 + 7 | 7
2 ) or D'0>0. (25) 

5 PHASE LOCKING OF GYRATION 

As seen in the previous sections, CMC depends critically on the phase debunching time r 
which affects the CMC speed and determines together with uc and 7J . , the coherency condition 
a > 1. High energy particles pass through a single CMC section of length LQ in a short time 
r = £O//?II C which limits the number of gyrations and hence the coherent emission or absorption 
as compared to that of cyclotron maser devices such as a gyrotron in which electrons usually 
gyrate some 10 times. As an example, 2GeV electrons traverse a CMC section of LQ = 6.0 m 
and B0 — 3 T in a time r — 20 ns with a gyro-frequency uc/2r = 1.3 X 10 8 and the value of 
2U>CT = 5. This gives a < 2 for 71 < 1.4 and hence the coherency condition a > 1 is not fulfilled. 
For ion beams, the situation is evidently worse and a = 0. 

However, since a circulating particle passes the CMC section many times, the effective 
length over which CMC may act is much greater than L0. Furthermore subdivided multiple 
CMC sections, in which gyration angles of the particles are very small, would be greatly useful 
in the practical cases in order to make the electrode gap of rf cavities very narrow. It is 
therefore essential to keep the bunched phases of gyrations unchanged in order to have an 
additive coherent emission or absorption of radiations during multiple traversais of the particles 
through the multiple CMC sections. The phase of the gyration can be controlled within a certain 
range, if the stimulating rf field is synchronized with the phase of the accelerating rf field which 
determines the synchrotron phase stability of the circulating particles. The condition of phase 
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locking of gyration will therefore be introduced and this concept is especially essential to the 
cooling of ion and high energy electron beams. 

The condition of phase locking is derived by considering the change of the angle (f>o of the 
gyration during one particle revolution in the synchrotron or ring: 

*<> = IT— I w * ( r ' 5 ) d s = a "' p / B*(r, s)às . (26) 

Here, u>*(r, s) is the angular frequency of the gyration due to the longitudinal component of the 
magnetic field Bs(r, s). The integrals are the closed line integral along the reference particle 
orbit. If <f>o = 2ri7r (n = 0,1,2, . . . ) is independent of orbits, the particle would recirculate in 
the ring without any change of gyration phase. The relativistic phase bunching due to 7J_ could 
therefore act in a repetitive fashion and yield the coherent emission or absorption of radiations 
in the CMC sections thereby affecting remarkably the transverse kinetic energy. 

If the phase angle shifts by an amount A<f>o per turn, the number of phase bunched recir
culations is limited within -K / A(f>Q resulting in an effective length for CMC of about -XLQI A<J>Q. 
This determines the phase debunching time r = TTLO/P\\CA4>Q and hence I±/2UCT as 

J±- „ / 3 l l7 | |7x A 

2UCT 2B0Lo <f> Bs(r, s)ds 
0||7||7x 

2*bo { ^ / Bs{r>s)ds A brsd + /A5s( r' s )ds (27) 

The first of the two terms in the large parentheses can be made to vanish independently of 7y 
and 7_L under the condition of phase locking: 

f Bs(r,s)ds = 0. (28) 

This can be achieved by introducing CMC sections consisting of a pair of solenoidal magnets 
with antisymmetric configuration and corresponding rf cavities as shown in Fig. 1. The second 
term in Eq. (27) takes into account variations in the fields and consists of those of solenoidal 
magnets 

ABs(r, s)ds = -~B.(0, s)r2 + . . . , (29) 
/ • 4ds 

and of lattice magnets, 

1 d 2 

/ ABs(r,s)ds = Br(0,s)r + ^ # r ( 0 , s ) r 3 +... . (30) 

However, these field integrals vanish for any symmetric equilibrium orbit. Hence any beam 
dynamical effects cannot cause the accumulation of these field integrals for a ring of symmet
ric lattice. This means that a ring of symmetric lattice does not break the phase bunching 
mechanism under the condition of phase locking. 

Phase debunching may occur due to transverse impulses received by the particles in the 
fringing fields of solenoidal and lattice magnets. However, the impulses received at the entry 
and the exit of a magnet are oppositely directed and hence the perturbation is of second order. 
Moreover, the duration of one pass is small compared with the time period of the stimulating rf 
field 2x/wrf and this fact will reduce the perturbation further. 

The particles may exchange longitudinal and transverse energies during their passage 
through a rippled magnetic field of averaged value Bav defined by the relation cB a v /mo = 
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27r/î||7||c/Zp, Lp being the periodicity of the field [13]. This nonadiabatic process has a resonance 
feature like a depolarizing resonance in the acceleration of spin-polarized particles and hence, if 
necessary, a correction can be applied to the accelerator working point. 

There are many other phase debunching mechanisms such as beam dynamical effects 
caused by interactions between the beam particles and lattice elements including vacuum cham
bers of ring, intrabeam scattering, frequency band widths of the stimulating and synchrotron 
accelerating rf fields, phase mismatching between multiple CMC rf cavities and so on. Some of 
them may be useful to adjust the value of coolable energy range, A7J./7X given in Eq. (14). 
Detailed investigations on these matters are left for further studies and developments. 

6 EXPERIMENTAL TEST OF CMC 

The most crucial problems to be tested experimentally are: does CMC work under the 
CMC conditions on the resonance, Eq. (13), can particles be cooled in the energy range according 
to Eq. (14) and can the extraordinarily rapid cooling be realized as predicted by Eq. (18). These 
problems have, in fact, so far never been investigated. On the other hand the maser mechanism 
has been utilized to extract radiation of high power from gyrating electrons. Since CMC is, in 
principle, applicable to any kind of charged particles with arbitrary energy, experimental tests 
using low energy electrons will provide indications of CMC, from which one may deduce features 
of CMC applied to high energy electron and ion beams. 

In Fig. 3 is shown the experimental arrangement employed to test CMC. An electron beam 
of about 1 /xA and 10 keV is accelerated by a thermionic electron gun with an active domain of 
about 0.5 mm in diameter. The gun is located outside a solenoidal magnetic field. The electrons 
pass through dual sets of electrostatic horizontal and vertical deflectors towards an orifice of 
40 mm in diameter in a 15 mm thick iron end plate attached to the cylindrical iron yoke at the 
entrance of the solenoidal coil 500 mm long and 200 mm in inner diameter. The dual deflector 
system is arranged so as to adjust the position and direction of the electron beam at the fringing 
region of the magnetic field. This serves to transform adiabatically any desired fraction of the 
total kinetic energy into transverse kinetic energy with respect to the solenoid axis. Computer 
calculations of magnetic field distribution and electron trajectories also verified that this way of 
generating a helical motion worked with full efficiency up to the maximum beam energy but at 
the sacrifice in the very broad longitudinal energy, i.e. energy associated with the longitudinal 
momentum. After passing through the orifice, the gyrating electrons drift along the magnetic 
field and pass through an rf cavity with rectangular cross section located at the center of the 
solenoidal coil. Though three series of experiments are carried out through at different cavity 
modes, here described are typical results obtained using a cavity which is 100 mm wide, 50 mm 
high and 200 mm long and resonant at 2.09 GHz in the TE102 mode with the quality factor 
Q = 8000. The rf power fed to the cavity, adjustable between 0.1 //W and 400 mW, is monitored 
by means of a spectrum analyzer connected to the cavity. Over the cavity space the magnetic 
field is axially homogeneous within ± 1 0 - 4 . The gyrating electrons are collected at a conductive 
ZnS screen of 25.3 mm in diameter, which is placed just behind an rf gird ring attached to the 
end window of the rf cavity. The ZnS screen can be electrostatically biased to measure the 
longitudinal drift energy of the electrons. Following the cavity, a video camera equipped with 
a read out system is set to measure the intensity of the ring shaped trace on the ZnS screen. 
Evidence as to the effectiveness with which the fringing region of the magnetic field and the dual 
deflector system function is also provided by comparing the value of accelerating voltage and 
the transverse kinetic energies of electrons obtained from the Larmor radius of the rings. The 
entire apparatus consisting of steel, copper and aluminum is evacuated by a turbo-molecular 
pump to about 6 X 1 0 - 5 Pa without any treatment such as baking out for desorption of gasses. 
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Figure 3: Expérimental arrangement. G: electron gun; D: dual deflector 
system; E: end plate of magnet; C: rf cavity; F: conducting ZnS screen; 
Y: magnet yoke; S: solenoidal coil; V: vacuum enclosure; M: monitoring 
system. 

Electrons pass through the rf cavity of axial length LQ — 0.20 m only once, which mostly 
determines the maximum permissible phase debunching time £o/ c Al a n ( ^ n e n c e a a s > 

a < ( 2 u ; c X o / c / 3 | ( ) ( l - 7 l 1 ) . (31) 

The phase debunching time was estimated for the collision of electrons with the residual gas 
and also for effects of the non-uniformities of the rf field and solenoidal magnetic field. It was 
found to be longer as much as two orders of magnitudes than the transit time of electrons in 
the cavity and thus neglected in Eq. (31). In the cavity, the rf field of the TE102 mode consists 
of two travelling waves of /3rf = ±0.72 propagating along the axis. The interaction of electrons 
with the rf field will thus be characterized by two different values of u^ and hence x due to the 
Doppler effect. The resulting two response functions F(x) will have to be taken into account 
for analyzing the present experimental data based on electrons with extremely low longitudinal 
drift energy less than 100 eV. This consideration is, of course, unnecessary in the practical cases 
of high energy particles, since they interact with only one of the forward- or backward-travelling 
waves. In the present experiment using a short rf cavity, it is essential to reduce the drift energy 
of the electrons to realize a sufficient phase debunching time and hence a sufficiently large value 
of coherency factor a for fully developing the CMC effect. Further, the low drift energy exludes 
strictly the possibility of the transfer of the longitudinal energy to the transverse energy. 

To find the resonance, the magnetic field was swept around the value Bo = 0.075 T which 
corresponds to the non-relativistic cyclotron resonance, u^ — uc. A very strong rf power loss 
was found at 0;^ = u>c regardless electron sources such as the electron gun and the ionization 
vacuum gauge. Most likely the rf power loss is caused by stray electrons emitted from the walls 
of the apparatus generating an avalanche driven by the rf field, so called multifactoring effect. 
Any CMC effect close to the resonance at o>rf = uc is therefore difficult to observe. The difficulty 
of resolving the CMC effect due to the absorption of stray electrons is related to the particular 
condition of present small scale experiment with low energy electron beam and a small drift 
velocity resulting in two overlapping response functions mentioned above. For instance, the 
response function F(x) for 10 keV electrons is partially located in the region where the rf power 
is absorbed by the stray electrons resulting in an insufficient rf power for the CMC effect to 
take place in the coherent emission mode, x < 0. Throughout the present experiments, only the 
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CMC condition of coherent absorption mode, 

— f — = (1-/V?rf)^rf , (32) 
(7-LJmax 

was therefore carefully investigated, ( 7 j . ) m a x denoting the maximum value of 7J_- In fact, it was 
found that the coherent absorption mode was much more clearly observed than the coherent 
emission mode due to less interference with the stray electron resonances. 

7 OBSERVATION OF CMC - COMPRESSION 
OF ENERGY SPREAD 

In spite of the problems outlined in the previous section, we have obtained some first 
inspiring indications of cooling of the transverse energy-time phase space. 

In the experiments, the transverse kinetic energy ranged from below lOkeV to beyond 
20keV while the longitudinal drift energy was set at 50 — 300 eV. It is thus possible to deduce 
the transverse kinetic energy distribution precisely by measuring the broadening of the Larmor 
radii of gyrating electrons depicted on the ZnS screen assuming that the centers of gyration are 
remained fixed. The latter point was verified experimentally as explained below. 

As a demonstration of CMC, the Larmor radii arising from heating and absorptive cooling of 
electrons are compared in Fig. 4 at a fixed rf power of 100 mV for the cases of initial transverse ki
netic energies of 8, 10 and 12 keV. The cyclotron frequency uc/2ir = 2.16 GHz(B 0 = 0.772 T) was 
fixed so that electrons of (7_i_)max = 1-04 were resonant with the rf frequency u>rf/27r = 2.09 GHz. 
The longitudinal drift energy was adjusted to be in the range 50 — 300 eV independently of the 
initial transverse kinetic energy values. Because of this large spread of longitudinal drift energy, 
the electrons were expected to consist of groups, such as those of a ~ 1 and a >> 1 depending on 
their drift velocity /3nc (see Eq. (31)). The main feature of the pictures with rf on in Fig. 4, in 
which circular patterns are found, is the formation of discrete circles enclosing the broad band 
of circles. 

For the electrons of a ~ 1, only incoherent transitions are expected from discussions in 
Section 2 (see also Appendix), which are verified by the inner broad band of circles as seen in 
the pictures of rf on in Fig. 4. The broad band is generated by the rf field and expands with 
the increase of initial transverse kinetic energy. The mean radius is almost same as the initial 
Larmor radius with rf off. It is thus a crucial problem whether the formation of the broad band 
of circles is an effect of the possible oscillation of the centers of gyration or a result from axially 
symmetric broadening of the Larmor radius due to heating. In order to settle the problem, an 
experiment was performed. A copper baffle was inserted perpendicular to the transverse plane 
outside the cavity exit aperture. The baffle served to cut out a part of the gyrating electrons. 
The electrons were shifted by means of the deflector system, laterally towards the copper baffle. 
If the broad circles were formed by electrons gyrating about different centers, the successive 
cutting of the outer periphery would have resulted in visible effects also at the inner periphery. 
By cutting away so much of the broad circle that the remaining width was less than the width 
of the circle observed without the rf field applied, it was confirmed that the oscillations of 
centers caused by the rf field were negligible. The rf field thus accelerated or decelerated the 
electrons transversely without any marked change of the center of curvature. The feature should 
be associated with the broad band of circles, where the phases of gyration are homogeneously 
distributed with respect to the rf field. 

The sharp outer circle in Fig. 4 corresponds to a transverse kinetic energy of 23 keV and 
its radius is independent of the initial transverse kinetic energy. This energy coincides with the 
transverse energy at the resonance, x = 0, for a longitudinal drift energy around 50 eV. If the 

92 



RF OFF RFON 

iJ&K.-~sJ.% 'J.V>-' 

-S^rV 

Figure 4: Comparison of the Larmor radii arising from heating and 
absorptive cooling of electrons. The patterns depicted on the ZnS screen 
for rf on and rf off'at WC/2TT = 2.16 GHz and wrf/27r = 2.09 GHz for the 
initial transverse kinetic energies: (a) 8keV, (b) lOkeV, (c) 12keV. The 
sharp outer circles correspond to the electron energy of 23 keV, which 
were observed without accompanied by the broad band of inner circles 
when the longitudinal drift energy spread was reduced. 
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pictures for the three cases in Fig. 4 are superimposed, under the assumption that electrons 
were strictly governed by the rf field only, it can be visualized how three initial sets of electrons, 
8, 10 and 12keV will reach a final energy 23keV. Hence, an energy spread of 4keV has been 
eliminated as far as these electrons concerned. The above assumption is reasonable for electrons 
undergoing coherent emission or absorption of radiation since any spontaneous or incoherent 
effects such as intrabeam scattering effect can be neglected. From the reduction of the energy 
spread, A 7 J _ / ( A 7 J _ ) 0 < 0.1, the cooling time T± was estimated to be T± < Z 0 / / V l n 10 * 20ns 
using the transit time of electrons in the cavity Lo/fi^c = 50 ns. The value is consistent with the 
value T± = 10 ns predicted from Eq. (18) using the values B0 = 0.077 T, 7(w r f) = 2 x 10 4 Wm~"2, 
7_i_ = 1.04, /3|| = 0.014 and fa = -0.72. The value of /(wrf) was obtained from the volume 
1 0 _ 3 m 3 and Q = 8000 of the cavity at a power of 100 mW. 

The simultaneous appearance of broad inner band of circles and sharp outer circle is due 
to the extremely large fractional spread of longitudinal drift energy. In fact, the broad circle 
and the sharp circle were separately observed in the other experiments by reducing the spread 
of longitudinal energy. This indicates that the cooling and heating of electrons are controllable. 
It is however very curious that the electrons with a broad band of longitudinal energies split 
clearly into two groups, one of heating and one of cooling. 

Once electrons with a > 1 gain their transverse kinetic energy through the coherent 
absorption of rf energy, the coherency factor a increases drastically with time together with the 
gain of the transverse kinetic energy. The increase of a is further intensified by the decrease 
of drift velocity (3^c due to the recoil effect in the coherent absorption of backward travelling 
rf wave energy. The amount of the recoil energy, ATj = (3^faAT± is of the same order as the 
longitudinal energy T1,,. For instance, A r N = 70 eV for a gain of transverse energy AT± = 5keV. 
For these electrons the effective value of the coherency factor was estimated to be a > 15. Then 
the electrons reach the resonance point x — 0 instantly. On the contrary, for electrons with higher 
drift energy, T$ > 100 eV and hence a = 1, their transverse kinetic energy is almost unchanged 
due to their incoherent interaction with the rf field losing a chance of coherent absorption of 
stimulating rf energy. 

8 OBSERVATION OF CMC - COMPRESSION 
OF PHASE ANGLE SPREAD 

The CMC principle so far discussed has been based on the mechanism of bunching of 
phases of gyrating particles with respect to the applied rf field caused by the relativistic effects. 
However, in the experiments, the indication of phase bunching was obtained only indirectly 
through the drastic energy gain associated with the outer circles in Fig. 4. In fact, there was 
no way of explaining the energy gain and the sharpness of the outer circles other than assuming 
that the electrons are in resonance at a defined phase with the rf field. However, the arc or spot 
pattern was not observed on the ZnS screen. This was again caused by the very broad spectrum 
of longitudinal energies. Further, this rounding off effect on the patterns was enhanced by 
the recoil effect due to the radiation absorbed coherently by the electrons as described in the 
previous section. 

The indication of phase bunching in CMC was provided by another experiment in which 
the sharp outer circle was not necessarily concentric with the broad band of inner circles. When 
the initial center of gyration was shifted away from the central axis of rf cavity, the center of 
the sharp circle shifted towards the central axis of cavity, where the strength of rf field was 
maximum, while the broad band of inner circle was always concentric with the initially shifted 
center of gyration. This effect can not be explained unless the electrons forming the sharp 
circle are assumed to have a certain degree of phase correlation with respect to the rf field, 
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Figure 5: Indication of phase bunching for the cooled electrons of sharp 
circle. When the initial center of circle is shifted away from the central 
axis of the rf cavity, the sharp outer circle with rf on picture shifts back 
towards the central axis where the strength of the rf field is maximum. 
The broad band of inner circle is symmetric with the initial center of 
rf off circle. The shift tends to be larger for the further away from the 
central axis of the rf cavity. The electron beam is prepared with a high 
transverse to longitudinal kinetic energy ratio. The total energy 9 keV, 
cathode current 0.5 /xA, rf field of 2.091GHz and 200 mW, cyclotron 
frequency 2.165 GHz. (The pictures are displayed without inversion.) 

since electrons with phase matched gyration of absorption mode are always pulled towards the 
maximum field area. In Fig. 5, the magnetic field is directed out of the paper and the electrons 
gyrate in the counter clockwise direction. The axis of the solenoid as well as the central axis of 
the cavity crosses the ZnS screen slightly to the left of the top of the rf off circle. The electric 
field vector of the rf field is in the vertical direction. When the rf field is on, the broad band 
of circles is always concentric with the initial rf off circle. The sharp circle is however laterally 
shifted as seen in Fig. 5. The shift tends to be larger for the further away from the central axis 
of cavity. 

9 SUMMARY 

A new principle for the cooling of charged particle beams has been presented. The formal
ism for this coherent microwave cooling (CMC) was derived in a quantum mechanical oscillator 
approach and in a classical dynamical approach (Appendix). Both approaches lead to the same 
results. It was shown that both the energy cooling and the phase bunching of particles are 
caused by the relativistic effects on the particle gyro-frequency resulting in the compression in 
the energy-time phase space of gyrating particles. 
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The new principle has been tested experimentally. The experimental results provided some 
inspiring indications of the cooling of the transverse energy-time phase space of electrons. Dra
matically rapid cooling, < 20 ns as predicted, was observed for the transverse energy. Electrons 
initially in the range 8 - 12keV, were all found to accumulate at one discrete energy, 23keV. 
A phase bunching effect was observed indirectly in the gyration of the accumulated electrons of 
23 keV energy. 

The agreement between the prediction and the experimental results implies that in princi
ple any kind of charged particle beams can be cooled in a single pass through the CMC sections 
regardless of their energy. 
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A P P E N D I X 
M E C H A N I S M O F C Y C L O T R O N M A S E R 
- PARTICLE D Y N A M I C A L A P P R O A C H 

We start from the equation of motion and rewrite it in the instantaneous transverse energy 
transition rate for a particle as, 

d7J. _ e0±E% 
df mQc 

cos<f>(t*) , with 
<f>(t*) = Çl't" + fa , 

{ n* = K/7x)-fc& 
(33) 

4>(t*), 4>Q and fl* being the phase, the initial phase and the mismatching frequency of particle 
gyration, respectively, with respect to the rf field. 

If the energy of the system of gyrating particles and the rf field were conserved, the speed 
f3±c and the frequency u*/~f± are constant on average. Eq. (33) gives only the fluctuation in 
the transition rate occurring during the course of a single period of gyration and thus the state 
of gyration is stable. That is to say, nothing happens in the energy-time phase space of gyrat
ing particles yielding a typical Liouvillean system. However, according to the electromagnetic 
theory, gyrating charged particles generally emit radiation associated with their acceleration or 
deceleration resulting in the loss of energy of the system. Such radiation loss introduces kind 
of frictional forces, such as the speed dependent — and the gyro-frequency dependent — forces 
yielding a non-Liouvillean system of unharmonic gyration. These frictional forces cause the 
radiation loss of the system in proportion to d/3± and d(u>*/-/±) as, 

d j j 
dt* = d at' 

fall 
l

 + \dt* 
(34) 
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with 

*(&),-*kï (£)'(£)• (36) 

where both d/3± and d(u*/j_i) are functions of t* through Eq. (33) and hence, 

àp± = f^d 7 x = -J-g-fedt* = e-^-^œs(n*t* + Mdt*, (37) 
07± /?±7I at* m0cfl 

d (£) = -L (£) d 7 x = - 4 ^ d t - = - ^ ^ £ coscnv + w • (38) 
V7±/ c»7-L \ 7 x / 71 d * ™(>c 71 

Here, the factor d-y±/dt* in Eqs. (37) and (38) has been replaced by the right-hand side of 
Eq. (33). Substituting Eqs. (37) and (38) into Eqs. (35) and (36), respectively, we obtain 

à{iF)r-A^-c)^co<m^d^ ( 3 9 ) 

d (§0,=\ S ) 2 <*+ ŵ - ̂  sin(2frr)dr • (40) 

The energy loss in Eqs. (39) and (40) is the sum of energy of radiation induced by the rf field. 
The induced radiation has the same phase with the rf field which means 4>{t*) = 0 at the 
resonance fi* = 0. The initial phase 4>Q has therefore been dropped in Eqs. (39) and (40). Due 
to the presence of the frictional forces, the gyration of particles is not stable but damps with 
the mean life r*, - so called phase debunching time. For the particles of damped gyration, the 
transition rate due to the radiation loss can be obtained by means of Laplace transformation. 

with 

^ \ - 1 ( J ^ \ % Z 1 ' 1 ( J S _ ) ' ' , (42) 
d**/i 2\i±Tn0c) l x 1 + x 2 ~ 2 \~fxm0cj 1 + x 

(*U\ _1( eE% y M r*ax _ l ( eE*a \ 2 2r*ax 

where 

a~2u*T*{l-1l
ï), (44) 

x = 2<à*r* = 2T* [ K 7 7 . 0 - oft] . (45) 

The rate formula, Eq. (41), is now represented as, 

| i = I (-fS.) r-F{l) = 4 ^ r ( ^ ) r - F ( l ) , (46) 
dt* 2 \f±TnQcJ 1im0c 
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with 
F(x) EE - J - j + _ ^ _ . (47) 

1 + xl (1 + xlY 
The physical implication behind the derivation of Eqs. (41-4V î S n o w found to be the 

extraction of the non-Liouvillean components caused by the stimulated radiation through elimi
nation of the Liouvillean components, i.e. the fluctuation part from Eq. (S3). 

Comparing Eqs. (7) and (46), it is seen that both the particle dynamical approach and the 
oscillator approach lead to the same result. Though both approaches have so far been contrasted 
in the last three decade discussions on the cyclotron maser, nevertheless they are essentially 
identical and further they need not actually any assumptions such as the very weakly relativistic. 
However, the physics implicated behind the two different approaches is of special importance to 
note. As seen in the particle dynamical approach, the transition rate of unharmonic quadrupole 
oscillator term, Eq. (43), is derived as the first order effect as well as that of damped dipole 
oscillator term, Eq. (42). Therefore, the quadrupole oscillator term is, of course, not a second 
order effect, which has so far been misinterpreted after Schneider's theory based on the very 
weakly relativistic approximation [11]. 

The second order effects due to the second order derivatives of /3±_ and u*/~/± are small 
compared with the first order effects as much as the factor (u;*/7_i_—u;*f)/cj* being negligibly small 
at the resonance. Another ones yield from the coupled two first order derivatives of /?j_ andu;*/7jL 
which are, however, smaller than the first order effects by the factor of (eE^T*/2f±m0c) and 
thus practically again negligible. 

M E C H A N I S M OF P H A S E B U N C H I N G O F G Y R A T I O N 
- PARTICLE D Y N A M I C A L A P P R O A C H 

We are ready to elucidate the mechanism of the phase bunching of particle gyration caused 
by relativistic effects. Due to the relativistic effects, the phase <f>(t*) is not a linear function of 
t*. Recalling Eqs. (38) and (33), we obtain the derivative of cosç!>(f ) as, 

d [cos 4>(t*)} = - sin 4,(r)^l^dr = e ^ E > ê r sin(2fiY + 2^,)d<* . (48) 
df± at* 2f±m0c 

When particles with the random distribution of initial phase 4>Q are subjected to the rf field 
during the phase debunching time r*, the average value of cos^(r*) is found through Laplace 
transformation. Recalling the discussion on the phase of induced radiation regarding Eqs. (39) 
and (40), we have 

cos Jr=o l V n V 7x™ 0 c
2 J \ 7a. y h + (2Q*r*)2f 

In the right-hand side of Eq. (49), the numerator in the first parenthesis denotes the energy 
transferred through the rf field to a particle during the phase debunching time r* and the 
second parenthesis is the gyration angle of the particle. Along the discussion in Section 3, r* is 
replaced by t* for the case of single pass cooling and hence Eq. (49) may be replaced by 

/ eE^at* \ 2Sl*t* 
cos 4>(t*) « , rfUt

 r < ; " * , x o l 2 . (50) 
\P±l±m0cJ [l + (2ft***)2] 

In Fig. 6 are shown phase diagrams, |cos<^(i*)j vs 2|ft*|t*. Here, il" > 0 and ft* < 0 
correspond to the cases of absorption and emission, respectively. The curve a) corresponds 
to the case (eE^at*//3±~f±m0c) > 1 at 2|ft*|f* — 3 - 1 / 2 . Along the curve, a series of arrows 
indicates how the averaged value of cos<f>(t*) changes with Ct*t*. At t* = 0, the phases of 
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Figure 6: Phase diagram: \cos 4>(t*)\ vs 2|fl*|t*. Here the absorption and 
emission correspond to $7* > 0 (cos^> > 0) and Q* < 0 (cos<£ < 0), re
spectively. The curve a) corresponds to the case (eE^af / /3±7x moc) > 
1 at 2|fi*|t* = 3 - 1 / 2 . At t* = 0, the phases of particle gyration distribute 
at random and hence cos <f>(t*) = 0. However, the phase bunching caused 
by the relativistic effect grows up with time t* towards the phase match
ing point M where |cos<£(r)| ~ 1. Then the mismatching frequency |fi*| 
falls off towards the resonance point O where fi* = (cj*/f±)—oj^ = 0. At 
this M—>0 process, the bunched phase shifts such that |cos <̂ >(t*)| —• 0. 
If the value of (eE^at*/f3±fj_m0c) is not sufficiently large, the phase 
bunching cannot be fully developed missing both the matching point M 
and the resonance Q* = 0 as seen in the curve b). In this case, cos <f>(t*) 
vanishes finally resulting in the random phase gyration 

particle gyration distribute at random and hence cos<fi(t*) = 0. However, the phase bunching 
caused by the relativistic effects grows up with flight time t* towards the phase matching point 
M where |cos^(i*)| ~ 1. At the matching point, the cooling action is maximum resulting in the 
drastic change of ÇI* towards the resonance point O where ft* = 0. In the process M-»0, the 
bunched phase shifts such that |cos0(i*)| = 1 —• 0. 

In Fig. 6, the curve b) is another phase diagram where the value of (eE^-at*//3x7_Lmoc) is 
not sufficiently large at 2|fi*|ï* = 3 - 1 / 2 so that the phase bunching can not be fully developed 
missing both the matching point M and the resonance fi* = 0. In this case, the value of cos <j>(t*) 
vanishes finally going back to the random phase gyration. 
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TABLE OF RADIATION OF GYRATING CHARGED PARTICLES 

Gyration 

Radiation 

Incoherent gyration 

(Random phase) 

Coherent gyration 

(Bunched phase) 

Spontaneous 

radiation 

(£ r f =o) 

Cyclotron Radiation 

Incoherent emission 

P <x n 

G = 1 

Bunched Cyclotron Radiation 

Coherent emission 

P <x n2 

G = n 

Stimulated 

radiation 

(£rf * 0) 

Damped Harmonic Oscillator 

Emission or absorption 

in phase with rf field 

PcxnE^ 

N, photon 

Super-damped Oscillator 

Emission or absorption 

in phase with rf field 

P « anErf 

G — aiVphoton 

Table 1: Radiation of gyrating charged particles. Erfi Electric field amplitude 
of stimulating rf field, P: Power of radiation, G: Enhancement of radiation rate, 
n: Number of gyrating charged particles, iVph0ton: Number density of photons of 
stimulating rf field, a = 2U>CT(1 - 7 J 1 ) : Coherency factor (a > 10 for CMC). 
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Abstract 
Cyclotron Maser Cooling has been proposed as a process by which the width of the energy distribution of a beam of 
particles can be significantly reduced1. A numerical simulation of the experiment demonstrating this process has been 
performed using classical equations to propagate the electron beam across the resonant cavity described in [1]. Results 
show that for conditions described, the beam/wave interaction results in a spreading of the beam in energy. Only for 
either a modulated or correctly phased beam does a decrease in energy spread occur. 

Simulation 
The experimental setup is shown in Fig. 1. An axis-circling electron beam with Ey~ 50eV and 8keV < Ex < 12keV 
is injected into a rectangular resonant cavity operating in the TEjQ2 mode and fed with ~10QmW of rf power at 
1res ~ 2.12GHz. Beam and cavity characteristics are shown in the figure. The beam is reported to emerge from the 
cavity with a significant decrease in the perpendicular energy spread accompanied by an overall increase in the 
perpendicular energy, i.e. Ex = 22keV and AE± ~ OkeV. 

resonant cavity m o d e T E , 0 Z 

fluorescent viewing Q _ OQQQ 
screen 

ftw = 2.12GHz 

e- beam 

a = 100mm 
b = 50mm 
L = 200mm 

Figure 1 Experimental setup. 

Pd ir. = 1 OOrnW 

Ibeam = 1 uA 

8keV < Ei < 12keV 

E„ = 50eV 

The above experiment has been simulated numerically by injecting a beam of particles whose energy i$ either fixed at a 
constant value or distributed as defined in the above figure. The simulation is run for an rf field defined in two ways: 
a) forward traveling wave - as defined in [1] b) standing wave - a more realistic structure for a cavity field. The wave 
fields are defined for the TE]02 mode as: 

Ey - Eo sin kxx e - i ( 0 t 

Hx = Eo —Z- sin kxx e 
flCO 

x 

x 

H 2 — Eo ikx 

eik*2 traveling wave 

sin k, i standing wave 

-eik*z traveling wave 

i cos k, z standing wave 

. eik,z traveling wave 
cos kx x e -' a ' x 

A* a - sin k, z standing wave 

(la) 

(lb) 

(lc) 

Ex = Ez = Hy = 0, (Id) 

and kx = nla, kz=2KlL. The above constant Eo is determined from an energy balance in the cavity using 
g = o)WstIPrf where CO = excitation frequency and 
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Wa = stored energy = \ ^-e0E2 dV + \\-yu>H2dV 

(2) 
= eo El abL f 1 + - * i ± * U x W traveling wave 

fioSoCO j V l o standing wave 

Using Eqs. 1-2, £# is determined to be Eo = 3.7xl0^V/m for the traveling wave case and Eo = 7.4xl03Vfm for the 
standing wave case. At the input to the cavity the particles appear in the position and momentum planes as shown in 
Figs. 2. The phase of the injected beam relative to the rf field is random as inferred from the experiment. The classical 
equations of motion are used to propagate the beam through the rf field of the cavity - F = dpldt = qe(E + v xB), 
p = y m v. The particle simulation is stopped when the last of the particles reaches the far end at z = L. It should be 
noted that effects of beam space charge are not included in the model. However, the experiment operates at such small 
currents (Ibeam = -^M) ^ a t a n v space charge effects may be considered negligible (tt£ /0)c « 1 [2]). 

A run for a typical set of parameters is shown in Fig. 3. In this case all particles are injected with equal energy, 
Ex = lOkeV En = 50eV. The relativistic gyro frequency is set slightly below the wave frequency, B = .0768T 
(A = (2lpj)(l-qBlyma>) = 0.36). The figure shows the time evolution of the particles as they traverse the cavity. 
One can see that the initial phase quickly determines the path that the particles follow. The paths become straight lines 
when the particles reach the end of the cavity where they are viewed on the florescent screen. During the passage 
through the cavity, the particles acquire a spread in longitudinal velocity due to the Lorentz force resulting in different 
transit times for particles of different initial phase. The run shown in Fig. 3(a) is typical of all runs performed for both 
the traveling and standing wave case. The mean energy of the distribution can either increase or decrease depending on 
the detuning between the wave frequency and the particles relativistic gyro frequency. There is though always a 
significant increase in the energy spread. For the case shown in Fig. 3(a), the spread becomes more than 20% of the 
final energy. 

Figure 3 (b) and (c) shows the particles of Fig. 3(a) in the x-y and px-Py plane at the end of the simulation. It is clear 
that, though the mean energy of the beam has increased, the spread in energy results in wide "rings" in the position and 
momentum planes of the beam. For this choice of parameters, "cooling" in the px-Py momentum plane has not 
occurred. 

Simulations similar to those of Figs. 3 are performed for the entire range of magnetic field, or detuning, values of 
interest. The mean energy change and energy spread is plotted in Figs. 4 as a function of magnetic field for both the 
forward traveling and standing wave fields. As is seen in both cases, the mean beam energy can be increased or 
decreased, given the correct magnetic field. However, the final energy spread is always greater than 10% for zero initial 
energy spread, and increases to as high as 40%, for any beam energy change of more than a few percent. The possibility 
therefore of injecting a random-phase beam with an initial energy spread and reducing this spread by the method described 
here seems unlikely. 

Contrary to the experiment described in [1], if one could fix the phase of the injected beam with respect to the wave, the 
reduction in the energy spread of the beam may be possible. An example is shown in Figs. 5 where a distribution of 
particles with energies E//~ 50eV and 8keV < E± < llkeV is injected into the cavity of Fig. 1. As seen by the time 
trajectories of the particles in Fig. 5(c), a reduction in the width of the energy distribution occurs as all particles, 
regardless of their initial energy state, reach the cavity end at a near constant energy. This though is only possible if the 
initial phase of all particles in the distribution is fixed at the same value. Figures 5(a) and (b) shows the required initial 
state of the particles to achieve this effect At the cavity exit, the energy distribution is seen to be narrower, though the 
particles have now spread out over the entire 2 K radians of phase. 

Conclusions 
A particle simulation of the cyclotron maser cooling effect has shown that the electron beam/wave interaction can result 
in either a decrease or increase in the mean energy of the injected beam. The energy spread induced however as a result of 
the interaction, is seen to be unacceptably large, varying between 10% and 40%, depending on the detuning between the 
electron gyro frequency and the wave frequency. These results are in contradiction to those presented in [1] and cannot 
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explain the observed "cooling" of the electron beam in the Px-Py momentum plane shown in the experiment. 
Contrarily, if the phase of the injected beam can be controlled, the simulation shows that a reduction in the energy 
spread of the injected electron beam can be attained. This requires a constant particle input phase and though the 
interaction results in a reduction of the energy spread it also results in a spreading of the beam to all phase values. 

References 
1. H. Ikegami, this conference, and references contained therein. 
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particles distributed randomly in phase. Beam parameters: 
En = 50eV and Ex ~ lOkeV (b) (c) phase space 
distribution of particles at exit of cavity. 

32 
30 

28 

• (b)î 
• 

• • 
• E 26 

24 

22 

« • 

• -• • 

• 
•• • • 

• ** 
• 

20 
18 

•• n ' 

44 46 48 
X 

50 52 54 56 
(mm) 

o 
E 

z ^mox 

0.30 
•„.-% ( c) 

0.15 * . 
• 

• 

• • • 
0.00 • r -

9 * • • • 

- 0 . 1 5 « .* • 

- 0 . 3 0 , i i 

- 0 . 3 0 - 0 . 1 5 0.00 0.15 0.30 
P x / m c 

104 



forward traveling wave standing wave 
0.40 

0.35 

0.30 £ 
v 

0 . 2 5 ^ 
0.20 < 

0.15 « ^ 1 0 ° 
o 

0.10 Q. 

0.05 

0.00 
0.0750 0.0755 0.0760 0.0765 0.0770 0.0775 0.0780 

B(T) 

13.0-

12.0--

11.0 — 

9.00 

8.00 

. . - J — 1 -

! initial ;erier( 

•—t—* 

j y if 

*—1 ! i 1 1 ! 1 i 1 U—1 

f ! : i\ ! i f ; : \ i À-^ 

-i --|-{-H 

— > — < 

7 ipitfal [spread 1 j 7 1 V 1 : 

\\X\\\\\\\H~ 
r— i T — | i 'T- i i | -r i i I 

—i—1—i—i—' — > — < 

7 ipitfal [spread 1 j 7 1 V 1 : 

\\X\\\\\\\H~ 
r— i T — | i 'T- i i | -r i i I 

0.40 

0.35 

"Â" 
0.30 5 

v 
0.25 5 

< 
0.20 ^_ 

0.15^ 

0.10 O. 

0.05 

0.00 

0.0750 0.0760 0.0770 
B(T) 

0.0780 0.0790 
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O R G A N I Z A T I O N OF P A R T I C L E B E A M S -
A P O S S I B L E N E W C O O L I N G C O N C E P T 

Erkki J. Brândas 
D e p a r t m e n t of Q u a n t u m Chemis t ry , U p p s a l a Un ive r s i ty 

Box 518, S-751 20 U p p s a l a , Sweden 

A B S T R A C T 
A preliminary report on the theoretical possibility of cooling electrons (and 
ions) by means of coherent microwaves also called cyclotron maser cooling 
(CMC) is presented. It is concluded that the derivation of the so-called CMC 
gainfunction, using standard results known in classical and quantum theory 
of spontaneous and stimulated emission, will not yield the necessary increase 
of phase space density and thus can not explain any proposed cooling effects. 
However, using modern quantum statistical methods involving coherent, non
linear collective effects, a possible cooling principle is indicated. The principle 
is discussed in connection with Ikegami's recent CMC experiments and a brief 
reference to laser cooling is also given. 

1. I N T R O D U C T I O N . 

The advent of intense pulsed relativistic electron beams has renewed interest in the cyclotron maser 
instability. At the same time the invention of electron cooling has suggested new ways of improving the 
properties of circulating particle beams. The combination of the two ideas, namely to force radiation 
cooling due to enhanced emission of cyclotron radiation may lead to new maser cooling principles which, 
if applicable to circulating particles in a storage ring, should lead to dramatically refined and organized 
beam qualities. 

A historic account should start with the classical linear mechanism for a possible electron cyclotron 
maser, first proposed by Twiss [1] in 1958, followed, one year later, by Schneider's [2] quantum mechanical 
(linear) formulation based on the relativistic Landau oscillator. The general nonlinear theory, including 
the importance of relativistic effects associated with gyrating electrons about an external magnetic field, 
was finally reviewed and thoroughly treated by Sprangle and Drobot [3] in their classic paper on the 
electron cyclotron maser instability. 

The observed maser action, see Ref. [4] for the earliest definite confirmation of the electron maser 
mechanism, is mainly due to relativistic corrections, which remove the degeneracy in the level spacings 
for free electrons in a magnetic field. If higher magnetic moments are in sufficient population excess, the 
system can support enhanced stimulated emission of electric dipole radiation at the electron cyclotron 
frequency. 

The pioneering work of Schneider [2] indicated that a net stimulated emission should be possible in 
certain regimes provided the linear mechanism for the maser instability is valid. Starting from Schneider's 
result, Ikegami [5] suggested the principle of "cyclotron maser cooling" (CMC) by assuming that the loss 
of transverse energy through cyclotron radiation should equal the radiated net transfer of power in the 
quantum mechanical linear theory. 

Nonlinear effects, in the Ikegami experiments [5] should be controlled within a certain range of 
the cyclotron gyration phase, if the stimulating rf field is synchronized with the phase of the accelerating 
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rf field. Phase locking of cyclotron gyration is thus essential to the "cooling" of the beam [5], and the 
phase locking condition can be achieved by introducing compensating solenoidal magnets, see Ref.[5] for 
details. Recent CMC experiments [6] seem to demonstrate rapid cooling times for the transverse as well 
as the longitudinal phase spaces of the electron beam and thus would imply that forced radiation cooling 
due to enhanced emission of cyclotron radiation should be possible. 

A similar idea, due to Hirshfield and Park [7], i.e. to reduce the energy spread of the electron beam 
during passage through a gyrotron and thereby allowing entropy to flow from the hot electron beam to 
the surroundings, was strongly criticized by Larson [8]. His arguments run as follows: 
"All known mechanisms for particle beam cooling clearly obey the second law of thermodynamics by 
transferring entropy away from the beam that is to be cooled. Electron cooling transfers entropy from a 
hot beam to a cold electron beam, and the spent electron beam is discarded. Stochastic cooling transfers 
entropy from a hot beam into the electronics of the cooling system. Synchrotron-radiation emittance 
damping in storage rings transfers entropy from beam particles to radiated photons". 
Larson further argued that since no known mechanism exists which would lead to the corresponding 
entropy exchanges between the electrons in the beam and the photons in the electromagnetic cavity, any 
cooling effects would indeed lead to a violation of the second law. 

He also observed that the gainfunction proposed in [7] was essentially derived by averaging over 
initial gyration phases and hence any initial preparation of the beam, i.e. to have the beam energies 
correlated with phase - a possibility for reducing the energy spread - was not at issue here. 

In Uppsala we have had, during the last two months, an interdisciplinary science group working to 
analyse and evaluate the CMC principle of Ikegami, namely that it should be possible to "cool" electrons 
via coherent microwaves or from the use of appropriate knowledge in the arena of the electron cyclotron 
maser instability. We have penetrated the various requirements that a satisfactory CMC theory should 
require. E.g. in these proceedings B. Karlsson [9] solves numerically the exact dynamical equations 
of motion for an electron in a constant magnetic field perturbed by an oscillating electric rf field (as 
specified in the experimental setup). He then demonstrates that a classical gainfunction F(x), where x 
is essentially the mismatch of frequences between gyromotion and rf field, after averaging over the initial 
phase, can be derived which furthermore has the "desired" characterization, i.e. F(x) splits into the 
"usual" domains of positive and negative absorption. Since the system is Hamiltonian there can be no 
cooling associated with this particular CMC concept. 

The first conclusion thus becomes, based on [8,9], that a derived gainfunction with positive and 
negative domains of absorption does not guarantee cooling. Next, is it possible to explain the CMC 
experiments by alternative theories which do not imply an increase of the phase space density. Third, if 
this question is not answered beyond doubt, what would be the main features of such a new theory that 
actually would provide organization or cooling. 

Since Ikegami [6] does not invoke any average over initial gyration phases, albeit works in a classical 
setting with specifically included friction terms, it is not immediately clear to what extent the present 
critique, see [8,9] apply. On the other hand it can be simply proven that the above mentioned friction 
terms vanish exactly under random (initial) phases. As standard results of classical and quantum theory 
of spontaneous and stimulated transitions do not lead to any cooling effects, it is therefore necessary to 
develop a "new" theory which are based on coherent properties and collective nonlinear behaviour of the 
particle beam. In other words we are in search for a "Maxwell Demon" which can provide negentropy to 
the individual particles (or samples of particles). 

It also becomes obvious that we need a theory which explicitly accounts for general predominant 
nonlinear collective effects as well as incorporates specific saturation mechanisms, i.e. depletion of free 
energy and phase trapping of gyrating electrons, in order to fully understand the general "cooling" effect, 
if it exists. Hence, we will here indicate a possibility based on the modern theory of micro-dynamical 
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correlations in dissipative systems far from equilibrium [10]. For a general account of subdynamics and 
dissipativity in complex non-linear systems, see Nicolis and Prigogine [11]. We will also have additional 
motivations for this endeavour by a quick look in the direction of laser cooling mechanisms. 

2. CORRELATED TRANSITIONS OF FERMIONS. 

Since electrons are fermions obeying the Pauli principle, it is obvious that a quantum formulation of 
the present situation somehow should incorporate Fermi statistics. At the same time the beam contains 
electrons at relativistic energies. It is hence of great interest to find out if these electrons would be 
sufficiently correlated for a stimulated emission of cyclotron radiation to take place so that organization 
rather than increased entropy would result. Before we quote some recent results along these lines we 
remark that any cooling effects must be directly coupled to the phase space dynamics through the 
Liouville equation 

••§? = *, a ) 
As usual L is the commutator with the Hamiltonian (Ti should be inserted unless we deal directly 

with energies in terms of frequencies) in the quantum case and iL is the Poisson bracket in the classical 
domain. We will return to this in the next section. 

In order to develop the micro-dynamical picture we must first give the following brief background 
with reference to correlated fermions. We will also, when possible, have the CMC setup [5,6] in mind, i.e. 
consider gyrating electrons in a constant magnetic field perturbed by a suitable time dependent electro
magnetic field, but first we will review some general results from the interactions and the correlations in 
a manybody fermionic system. It is a well-known fact that these correlations manifest themselves in the 
appearance of occupation numbers fulfilling [12] (due to the Pauli principle) 0 < A^1) < 1. For weekly cor
related particles these occupation numbers are close to one, but in strongly correlated situations, e.g. in 
high-T c superconductivity, (HTSC), or in the fractional quantum Hall, (FQHE), effect these occupancies 
may deviate significantly from unity. 

Next, the fermionic statistics may under optimal conditions lead to the so-called extreme case 
of maximum coherence (Coleman [13]) which further could develop into off-diagonal long-range order 
(ODLRO) (Yang [14]). We emphasize that these correlations can extend over macroscopic dimensions 
in condensed matter applications, cf. HTSC and FQHE mentioned above. In the domain of accelerator 
physics, however, such extensions have not been predicted previously, but it should be further investigated 
whether such effects could appear for instance during bunching in the CMC experiments. In general, 
quantum effects are entering accelerator physics e.g. through laser cooling and the new fascinating area 
of crystalline beams. It is therefore important to keep in mind that correlations (not to be confused with 
the concept of interactions) might play a more active role than before in storage ring physics due to the 
statistical (fermionic or bosonic) origin of the participating particles with commensurate consequences for 
possible organizations of beam quality. A more clear cut example would of course be to apply this in the 
context of laser cooling, but we will leave this for later. In the correlated (extreme) case the occupation 
number is given by 

A<1> = f (2) 
IT 

where N is the number of fermions and 2r is the number of available spinorbitals. Equivalently r is the 
rank of the fermion (geminal) pair subspace. It is now a simple task to set up a "correlation matrix" 
which describes quantum mechanically the excitation of an electron from one (Landau) level to another 
as correlated with or stimulated by other electronic excitations [10]. The off-diagonal element is simply-
given by the product of the probability of the correlated electron being in the appropriate spinorbital, 
i.e. £ with the probability of the other spinorbital being empty, i.e. ^ • f̂~Jf} -
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The detailed statistical analysis have been carried out in [10] so we do not repeat it here. It is 
perhaps strange to discuss fermions here, while at the same time having Landau oscillators and Landau 
levels in mind as given by the CMC experimental set up [6], since they refer to bosonic entities. First 
we realize that we are indeed considering the fermion pair subspace and the associated second order 
reduced density matrix, and fermion pairs behave as (quasi) bosons. Analogously the two dimensional 
projection of gyrating electrons, which leads to the (highly degenerate) Landau oscillator formulation, 
again subscribe to boson statistics. In both cases there is a "hidden" fermionic origin of the problem, 
which cannot be completely forgotten. The analogy, which will be carried out in more detail in the 
next section, implies, cf. HTSC and FQHE above, that the structure, see discussion below, exhibited by 
correlated electrons is transferred to the (relativistic) Landau oscillator picture. 

Returning to the "correlation matrix" above it is a simple matter to diagonalize it. This leads to 
a large eigenvalue AL and a small one Ag given by 

N{N-2)_ 
4 r ( r - 1) ' 

N A L = y - ( r - l ) A s . (3) 

For the identification with Coleman's extreme case or with Yang's concept of ODLRO, see [10]. Note 
that in the oscillator picture, referred to above, the large eigenvalue AL will be directly related to the 
stimulated part of the transition leading to amplification through ODLRO and cooling. Whether this 
mechanism is a possibility in CMC is now to be analysed, but first we will briefly look at the fermionic 
correlation problem. 

For our purpose we will start with a localised basis of electron pair functions of rank r given by 
h = |/ij, / j 2 , . . . , hr). It may here be chosen as a real localized set of spin paired reference determinants but 
in general it is important to realize that a dynamic formulation necessitates transformations to complex 
Gamow like representation, see Ref.[10] and further below. To arrive at the above mentioned structure, 
see e.g. [10], we introduce a delocalised coherence basis g and a complex correlation basis called f via 

and 

with B given by 

\/M-B = 

| h ) B = | g ) = \gi, g2, • • •, 9r) 

| h ) B - 1 = |f) = | / : , / 2 , . . . , / r 

/ 1 
1 

(4a) 

(46) 

u / - 1 \ 
w 3 ( r - l ) 

(4c) 

7 V 1 UJ2r~l ^ 2 ( 2 r - 1 ) . . . w (r- l ) (2r- l ) 

and u! = exp(i-). 
The (relevant part of) the reduced second order density matrix for the correlated electron problem 

reads [10,13] 

r(2) = r(2) + r(2) = X h { g i ) { g i ] + A s J2J2 \hk)(Skl - l)(h,\ (5) 
ife=i ;= i 

with Tr{r( 2 )} = y i.e. the correlation matrix is normalized to the number of fermionic pairs. In passing 
we mention that we have neglected an uninteresting "unpaired" contribution to the full T^ in the trace 
relation above, but here this technicality will not be pursued [10]. It is interesting to note that, for a 
given value of r, i.e. 2r much greater than TV, it follows from Eqs.(2-5) that AL first "grows" linearly 
with N until the quadratic term, see Eq.(3), starts contributing. The parabola "ends" for 2r = N, where 
coherence and derealization (in the sense given above) no longer persists [10]. We have put the words 
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"grows" and "ends" within quotation marks to issue a warning that changes in N and/or r are not to 
be interpreted as in linear theories, i.e. to see what happens with the system when certain parameters 
vary. Here the formulation is manifestly nonlinear and therefore N and/or r are not at "our disposal" 
since they simply reflect that all parts of the system are intrinsically coupled as a dissipative structure. 

We have earlier showed how Eq.(5) via complex dilations [15-17] and thermalization, see e.g. 
[10,18], assumes a Jordan block structure which for Ts takes the simple form, i.e. 

r - l 
r s = A s ] T | / f c > ( / * + 1 | = A s J (6) 

i = l 

with the important property 

J r = 0, J ' - ^ O . (7) 

As mentioned above we may take our reference space real and let all dynamic complexities be 
invoked through effective reduced Hamiltonians (and/or Liouvillians) and associated partitioning tech
niques. We must remember, however, that in this formulation the Liouvillian is no longer self-adjoint 
and hence there is the possibility of a spontaneous breaking of time reversibility. We will also see what 
consequences the present extension has for the Liouville phase space density or rather the associated 
space of reduced density matrices. 

3. LIOUVILLE FORMULATION OF SPONTANEOUS A N D 
STIMULATED TRANSITIONS. 

Since our aim is to couple a suitably defined gainfunction directly to a relevant Liouville formu
lation, we will transfer the structure of the correlation matrix displayed in section 2 to a super-operator 
framework in terms of correlated relativistic Landau oscillators. The crucial assumption is thus that the 
coherent-dissipative properties of the electrons in a bunch, let us say, manifest itself so that organization 
or cooling appears through a new term of the Liouvillian to be described below. 

We will denote the density matrix corresponding to a transition (system absorbs) between the 
Landau levels i + 1 and i by \\hk^ 3> = \{i + l}(k)){i(k)\, where k denotes a particular transition 
involving Landau levels i and i + 1 characterized by the angular frequency Ui+i,i « UL given by the 
eigenvalue (of the "zero order" Liouvillian) ftwj+j^ = Ei+i — E,. 

In the same way as before we obtain a super-operator transformation between the transition 
matrices ||h 3>, ||f ^> and ||g > via the r x r transformation matrices B _ 1 and B , respectively. In the 
basis ||f ^> the transitions are correlated and in | |g î> coherent according to the properties of respective 
transformations. For example, ||<7i >• describes simultaneous coherent transitions by the frequence Wj+i,,, 
while ||/i ^> represents transitions that are phase correlated through the factors exp(1f-(k — 1)), k = 
1, 2 , . . .r. Note also that <C g|| and <C f|| describe coherent and correlated emissions with the eigenvalues 
fr^M+i = Ei — Ei+i of the corresponding (zero order) Liouvillian. 

Absorption and emission are therefore intrinsically connected through the bra-ket correlated trans
formations based on ||h » B and ||h > B _ 1 . 

Note also that the usual transformation property for timereversal, i.e. t —• —t; L —>• —L, will 
not work here, since we will have an intrinsic coupling with the environment through the new terms, see 
below, obtained from the dissipative dynamics. 

In the present formulation the scalar product hence becomes 

« hk(i)\\hKJ) » = Tr{h\(i)hl{j)} (8) 
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One should observe here that in general one must use the generalized scalar product for ||h >> 

complex 

« ht(i)\Hj) » = Tr{h*Hi)hl(j)} (8') 

Since our reference basis is chosen real we may not dwell on this complication here. Suffice it to say that 
meaningful scalar products should in general be taken between components of the two conjugate Hilbert 
spaces and all vectors in the bra position should have a complex conjugate sign to show that we take 
a component from the dual space, see [18] for details. Note that we are here treating non-selfadjoint 
Liouvillians with real reference spaces, and that unitary transformations in this context therefore will 
lead to nonsymmetric Jordan blocks [18]. 

We will now proceed to construct the relevant Liouvillian L commensurate with the above men
tioned Jordan block structure. Note that we will obtain a time independent effective Liouvillian even 
if the original Liouvillian may contain time dependent parts. We will return to this question below. In 
analogy with the previous section we write (note that T here means the resonance width related to the 
characteristic (collision or phase debunching) lifetime of the state via p = r not to be confused with the 
density matrix which have indices S or L) 

L = (zh-iT)î + husJ (9) 

In Eq.(9) the identity stands for Î = £ L i \\gk » < gk\\ = £ L i ||/ f c X /*||, J = £ t = î \\fk X 
/fc+i||> ZL — h^L with WL being the characteristic angular frequency associated with specific transition 
in question, and finally u>s to be determined. Although this construction appears quite ad hoc - our 
intention is clearly not to derive the details of the full Liouvillian - but rather to see how the second term 
in (9) arises from first principles and further to demonstrate the subsequent consequences with respect 
to its Liouvillian properties. 

From Eq.(9) we now deduce the relation (from inspection with Eq.(5)), that the large component 
(in the identity operator) scales with the Jordan block component as 

ws = "L ' 7 - (10) 

which means that the quotient between ws and WL can be expressed in terms of N, the number of particles 

in the system (or bunch) and r, the dimension of the pairspace, see Eq.(3). Our density matrix is now 

properly specified. 

In the discussion of the exact underlying Liouvillian for this construction we must realize that 

the Liouvillian is time dependent through the perturbing electromagnetic rf field. Of course we can 

derive appropriate equations from partitioning technique with the attempt to continue analytically the 

nonlinear equations via well-defined regularization techniques. This complication can be delt with, see 

next section. Here we will therefore only briefly express the abstract resolvent equations for a general 

Liouvillian referring to a particular timescale, where explicit time dependencies on a shorter scale have 

been averaged out. 

The full nonlinearity of the problem can now in principle be explicitly specified giving the precise 

condition for the characteristic angular frequency as well as the one determining T = K This follows 

from the unique analytic continuation of the Liouville problem 

{ P £ P + * ( r ) - z Z } | | / / » = 0 ; / = l , 2 , . . . r . (11a) 

in which P = J2r

k=1 lift > < 9k\\ = E L i ll/fc > < Ml with P + Q = J and 

^(z)^-PCQ(QCQ-zî)-1QCP (lib) 
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In the equations above the Liouvillian C describes (in principle) the complete physical mechanisms, 
including relativistic effects, involved in e.g. the maser instability, see e.g [3] for details. Further X is 
the complete unit operator and Eqs. (Ha) and ( l ib) give the condition for WL and V including all 
the non-linearities of the problem. The construction in (9) obtains from (11) by the choice P — I and 
L = PCP + * ( z L - »T). See also [19,20] for more details. 

Before we continue to demonstrate how the associated dynamics of the present model evolves, 
we will go back to the particular situation experienced in CMC. It is clear that the desired "Maxwell 
Demon" should work as follows. At first we note the enormous degeneracies of the Landau oscillator 
problem, which, however, are coupled to decreasing level spacings as energy increases. Secondly, this 
implies that stimulated absorption and emission must be correlated so that excited oscillators in some 
specified energy levels should be phase correlated with the corresponding oscillators, already situated at 
higher energies, with appropriate de-excitation properties for stimulated emission to occur. Obviously 
this collective effect (intuitively) could lead to decrease of energy spread and thus cooling. The intriguing 
possibility that appears here is the following. The "classical" Maxwellian probability for an appropriately 
defined excitation reads 

p = exp —(hv/k-eT) 

where hi/ is the frequency multiplied by Planck's constant, &B is Boltzmann's constant and T is the 
relevant temperature. We have put "classical" within quotation marks, since the famous Einstein relation 
between spontaneous and stimulated emission involving the intensity I(v) and the famous A and B 
coefficients, i.e. 

élM = I = 6 ( 1 2 a ) 

is equivalent to the (quantum) Planck radiation law. The interesting analogy with the previous derivations 
follows by considering the correlation matrix, cf. discussions in connection with Eq.(2), with diagonal 
elements p and off-diagonal elements p(l — p), where the latter corresponds to the phase correlated 
coupling between a particular oscillator being excited and another one being de-excited. 

It is a remarkable coincidence that this simple correlation matrix has the same algebraic structure 
as the one appearing in condensed matter, albeit for a weakly correlated situation. Thus we obtain 

A L = s p - ( s - l ) p 2 , As = p 2 (126) 

where in the weakly correlated regime s ss r « N/2. Relation Eq.(10) then obtains 

WS/WL = 6/s « 2 • 6/N (12c) 

Eq.(12c) will be the main result of this contribution, since it will be shown that it leads to the desired 
gainfunction at the same time coupling it, through the present dissipative subdynamics model, to an 
organization (or cooling) property of the CMC problem. 

4. SELF-ORGANISATION A N D DYNAMIC CORRELATION PATTERNS. 

We will now see how the Liouvillian, obtained in the previous section directly connects a suitable 
gainfunction with cooling through the mechanism of spontaneous and stimulated transitions. We will 
start with the general relation between the propagator and resolvent (t > 0 and C+ contour in the upper 
half plane and Ti — 1, see [20] for details) 

e-iLt = -L[ (z-L)-le-lztdz (13) 
2T JC+ 

Eq.(13) is convenient when working directly with angular frequencies and inverse lifetimes. For 
the remainder of this section we will, however, insert h again in order to a connect with the Liouvillian 
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of the previous section, e.g. Eq. (9). Regarding the aforementioned problem of timescales, it is easy 
to see that one can replace the lefthand side of (13) with a general expression corresponding to a more 
complicated correlation function. It follows immediately that the righthand side through the general 
relationship between correlation functions and the spectrum exhibits an analogous resolvent like structure 
as displayed in (13). Through appropriate dispersion relations a relevant timeindependent operator can 
be constructed so that (13) and in principle (11), can be expressed without contradictions. 

Thus leaving this technicality aside as solved in principle, the resolvent straightforwardly becomes 

(- n- i _ l f , h"s j (husy-1 >_! ( . 

and the propagator 

exp(—— ) = exp(—iwL*)exp(— — ) • exp(—iusJt)I (15) 
ft ft 

with 
exp(-«jsJt) = (1 - iustJ ...+ t^LLjr-i) 

( r - 1)! 
The formula can be obtained either from simple matrix algebra or from the general resolvent propagator 
expression above [21]. 

Let us briefly look at correlated transitions described by ||/i >• correlated with the transitions 
ll/it S> characterized by the operator Jk~l with k = 2 ,3 , . . . r . Note that the characteristic (collision) 
lifetime T is still given by p. The time rule for, let us say, transitions involving | | / i ]§> and \\fk >• are 
given by (note that the present resonance model is only realistic or relevant "in between" small and large 
times, i.e. does not describe the evolution for very short or very large times compared to multiples of p) 

N(t) = | « All e x p ( - ^ ) | | / t » | oc t"-1 e x p ( ~ ) (16a) 

which yields 

dN octk-\k-l-^)exp(~)-dt. (166) 
ft ft 

Eqs.(16) show that dN > 0 for t < (k — 1) • p, k = 2, 3 , . . . r. Thus the occurrence of Jordan blocks 
in the Liouville picture lead to increase of N(t) for the times specified above, i.e an increase of number 
of particles in the correlated state given by ||/i >> by correlated transitions from all other states | | / t >•, 
k = 2,... ,r. In general there may be a certain balance between increase and decrease in coherence, 
correlation and dissipation. Since there is an overall decay out of I given by 

N(t) = | « / 1 | | e x p ( - ^ ) | | / 1 > | oc e x p ( - ^ ) (17a) 

yielding the standard exponential decay rule 

dN <x(~)exp(~)-dt. (176) 
n h 

the summing up of all contributions or transitions to (or from) the correlated state | | /i ^> may lead to 
dissipative structures which during certain timespans of order rr have increasing order etc., and in this 
sense we may speak of self-organisation on a microscopic level "created" by the Jordan block term in 
L. In the following section we will attempt to find a possible relation with CMC or cooling principles in 
general. 
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5. C O N N E C T I O N W I T H T H E G A I N F U N C T I O N . 

Based on Schneider's work, Ikegami expanded the expression for the radiated net transfer of power 

in the quan tum mechanical linear theory [5]. Later he a t tempted a derivation based on classical expres

sions involving specifically obtained friction terms, see discussion in the introduction. 

He obtained, for particles gyrat ing in a magnetic field undergoing radiative transitions leading to 

a change of the transverse energy, the ra te formula 

dfl 2ax 

"dF" o c r(i + x 2) 2 

where a = ^\JT*(J''1_ ~~ 1); x = r * ( w L — w )> w£ = ^ is the relativistic cyclotron frequency, r* = ^ - with 

v* being the phase bunching frequency and finally y*x is the relativistic energy factor. The "constant" 

above involves the energy flow density (Poynting vector), the classical radius of the particles divided by 

TTIQC, with m 0 being the restmass and c the speed of light. 

We may also compare the Schneider expression where a = Q w

 2 , Q — UIQT and x — (toi+i^ — w)r , 

with T being the characteristic time, W the kinetic energy of the electron and LOO the cyclotron frequency. 

From E q . ( l l ) we obtain the nonlinear equations determining Tiui^ — iT. The analytic continuation -

necessary to obtain the complex solutions corresponding to the full subdynamics - rests on the dispersion 

relation, see [20] for details 

y(hw + »0) = V(PCQ(TILJ - Q£Q)-lQ£P) - i^ô(PCQ(hu - QCQ)QCP) 

with V(^) and 5( 15) denoting the principal par t and the delta function contribution of \£ respectively. 

Using the Obcemea-Bràndas construction [20], the 6(^) contribution can be retrieved from the 

corresponding Hamiltonian dynamics via a dispersion relation for H(E + iû) = H + HG(E + iO)H, where 

G(E + iO) is a suitably defined reduced resolvent and H — Ho + V with V a suitable optical potential 

[22]. For a sufficiently monochromatic beam of wavepackets tp with kinetic energies given by Ho, one can 

identify ~H{E + iO) with the i-matrix, i.e. ~H(E + z'0) = H0 + V+ VG(E + iO) V = H0 + t(E + iO) with G 

being the full resolvent G = (E + iO — i f ) - 1 , t = l/2ir(S — 2) and S being the scattering matrix. 

Eigenvalues of H(E) are then given by Ei(E) — ie(E) with 

Ei(E) = (<pi\H0 + V + V(V(E - H)-lV)\<pi) 

and 

ei(E) = -K{<pi\V6(E-H)V)\<pi). 

Further the construction [20] amounts to finding an analytic continuation based on C with eigen

values 

Ei(E)-Ej(E)-i(ei(E) + e](E)). 

We hence note that ti(E) = 7r{—9*^,^,} oc ^Z-Ci^-y, where crj^ 7 is the cross section for the 

transit ion i —*• y and the sum is the to ta l cross section. 

We therefore conclude tha t the absorption curve for the electron beam in the experimental setup [5] 

should follow a Lorentzian curve as described above in this section. However, the fundamental nonlinear-

ities of this problem require addit ional work in the degeneracy space Î. Under "normal" conditions, i.e. 

with no Jordan blocks present, the dispersion relation for (z — L)~l should give the projector associated 

with P, see E q . ( l l ) , and hence trivially only heating of the particle beam is possible. In the present case, 

however, we need to study the the resolvent (z — L ) _ 1 , including the Jordan block term, in order to find 
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the appropriate evolution commensurate with the degenerate root manifold spanned by ||f 3>. Thus we 
obtain from Eq.(14) 

(z - I)'1 = Uj-^rî + . W S \ 2 J + • • • (18) 

with y — T{Z/U — UL) . Intuitively we might conclude that we only have to put y = —x, with x defined 

in connection with the previous identification with Schneider's gaincurve [2]. Even if the contributions 

to the rate, see below, will look similar in nature, there will be some important differences. First of all 

it is important to realize that UL, obtained from Eq.(l l) , is not equivalent to Ikegami's w^, or the gy-

rofrequency. Our WL is the energy parameter divided by h and thus contains relativistic corrections, with 

the leading terms obtained from the relativistic Schrôdinger (or Klein-Gordon) equation, small collective 

effects, and possibly contains a weak interaction with the longitudinal degrees of freedom. Furthermore, 

there are higher order terms in the resolvent expansion Eqs.(14,15) which might completely blur out the 

simple and clear cut information produced by a "well-behaved" gainfunction. It is nevertheless an inter

esting coincidence that that such a gainlike function indeed can be obtained here. To see that consistent 

gains can be obtained, which has the desired domain of negative absorption, we briefly return to our 

scattering theoretic review above. 

Since the cross section (or associated spectral density) refers to taking the imaginary parts of the 

factors in front of I , J , . . . , Jr we can directly find the contributions, i.e from the first term 

% oc« h m - { z - LT^\h »= L-L- (19) 

and from the second term (and similarly for higher orders) 

^ « < Aiio{-(.-i)-}iiA>= Ï « $ Ç # » m 

We note that for « L > z/ft> or j / < 0, we obtain the desired negative absorption. Even if comparison 
with Schneider's and Ikegami's expressions obviously has lost its significance, it might be tempting to 
estimate the value of a = LOST, determined from Eq.(10), i.e. 

a — COST = LO\,T • 26/N 

as related to Schneider's relativistic factor LOQT • Wfrn^c2 (W is the kinetic energy of the electrons) or 
Ikegami's parametrization. 

The gainfunction has, as we have repeatedly pointed out, lost its fundamental "cooling" property, 
namely 
- (i) it does not guarantee organization or increase of phase space density 
- (ii) it may be blurred out in connection with cooling effects. 

Nevertheless, the absolute size of a = U>ST may in the present context still be of fundamental importance 
for any cooling effects to appear. This conclusion is only indirectly drawn from Eq.(20), since \a\2 appears 
in the proportonality factor of Eq.(16), see also (15). 

In summary, we find that our correlated picture contains collective effects including relativistic ones 
through the non-linear conditions (11). Note also that the presently derived gainfunction, (or rather the 
parameter a), in contrast to earlier derivations, simultaneously yields cooling as well as contains explicitly 
terms which refer to relativistic and collective corrections through the relativistic energy TICJL, the factor 
6 for stimulated emission and N for the number of particles in the bunch. Even if the characteristic time 
T is much smaller than the transit time (of electrons through the cavity), and further that LO-^T might 
be smaller than Ikegamis"s w^r*, it is still plausible that 6, which may attain values as high as 10 1 4 at 
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radio frequencies in connection with maser devices, also in the present connection might yield a crucial 
contribution. Since multiples of r also appear in the expression (16b), it needs to be investigated whether 
the replacement r —+ r • r, or replacing r with the transit time, whichever is smallest, may significantly 
improve the situation when 6/N is small. 

Of course, all these comparisons would be quite meaningless, save a complicated derivation of a 
gainfunction from quantum statistics including in principle nonlinear collective behaviour, if they did not 
refer to experimental conditions and associated non-Liouvillian self-organizational properties. However, 
as we have stressed earlier, the present derivation immediately yields a general principle of organization 
due to relations (16a) and (16b). Hence if nonlinear collective effects are prominent in CMC, cooling is 
possible. 

Irrespective of the possible application of self-organizational principles in the microwave regime 
it should nevertheless be important to analyse more clearcut situations, e.g. in connection with laser 
cooling. For instance using the non-Liouvillian term proportional to 

J = | | / i > < Ml (21) 

with fr = /* corresponding to the two given CW-laser pulses with frequencies wi — UIQ — kvi and 
u>2 — u>o + kv2- Here as usual vi, V2 are the relevant longitudinal velocities and k — u/c, c=velocity 
of light. If the characteristic width, including correction for saturation etc. is denoted by T we can 
immediately derive a resonance condition from the analogy with Eq.(18). It follows that 

*(fi - v2) = (2/V3)r, T = r/fi 

From the analysis given here, this resonance condition is commensurate with cooling. 
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THE CMC CONCEPT A N D TEST EXPERIMENT 

Bengt R. Karlsson 
Department of Radiation Sciences, Uppsala University, 

Box 535, S-751 21 Uppsala, Sweden 

ABSTRACT 

It is argued that the CMC (Cyclotron Maser Cooling, or Coherent Microwave 
Cooling) concept can be captured in a simple model that by construction con
serves the density in phase space. In particular, it is shown that the results of 
the CMC test experiment are well reproduced in this model. 

1. INTRODUCTION 

The cyclotron motion gyro frequency OJC/~/ for a relativistic particle in a constant magnetic field 
depends on energy through the relativistic factor 7. If a beam of such particles is exposed to an electro
magnetic field with a frequency w close to the gyro frequency, the energy flow between the beam and the 
field will be resonance enhanced. Furthermore, and due to the energy dependence of the gyro frequency, 
in the resonance region there will be a net flow of energy into the beam if wc/~f > u , and out of the 
beam if uic/j < u . In both cases it therefore appears as if the energy of the beam would approach the 
value for which uc/f = w, and as if an energy spread of the beam would be diminished accordingly. Since 
the energy flow is resonance enhanced, this "cooling" of the beam would also be anticipated as efficient. 

The above scheeme for particle beam cooling has recently been proposed twice, by Ikegami [I] 
and by Hirshfield and Park [2]. In the latter case, agreement has been reached [3, 4] that the "cooling" 
referred to is not phase space cooling: for a system of (mutually non-interacting) particles moving under 
the influence of an external electromagnetic field, the phase space density is constant (Liouvilles theorem). 

It was also pointed out by Larson [3] that the outlined argument for "cooling" is misleading. The 
energy flow referred to is the net flow, applicable to a set of particles uniformly distributed in initial gyro 
phase. The energy transferred to individual particles depends strongly on the initial gyro phase, and may 
show large deviations from the average value. The true outcome is therefore a beam with an increased 
rather than a decreased energy spread. This point will be further illustrated below, see Figs. 1 and 2. 

The concept proposed by Ikegami [1] is termed CMC (for Cyclotron Maser Cooling, or more 
recently for Coherent Microwave Cooling), and has been further developed in Refs. [5, 6]. It has also 
been the subject of an experimental investigation [7, 5, 6] which here will be referred to as the CMC 
test experiment. In spite of early claims of phase space cooling, and reference to frictional forces due 
to radiation, the basic concept is as outlined above, i e involving the (resonance region) motion of non-
interacting particles under the influence of external electromagnetic forces. Therefore, neither in this case 
can the "cooling" referred to be identified as phase space cooling. 

In order to corroborate this conclusion, the CMC test experiment will be taken as the canonical 
implementation of the CMC concept, and will be discussed in some detail. The main goal will be to 
sharpen the contours of the CMC concept. In the process it will also be shown how the experimental 
results follow from a simple model that by construction precludes phase space cooling. 

2. THE CMC TEST EXPERIMENT 

In the CMC test experiment, a low current electron beam (0.5 fik) gyrates in a constant magnetic 
field B = BQZ with a radius of gyration of about 5 mm. The longitudinal energy (10-300 eV) associated 
with the motion along B is much smaller than the transverse energy (6-20 keV). This beam is allowed 
to drift through an RF cavity, with 0 < z < a , 0 < y < 6 and 0 < z < d, in which a TE\Q\ or TE\w 
mode is externally excited at a large amplitude (5-20 kV/m). Thanks to the low longitudinal energy, the 
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beam completes of the order of 50-100 turns inside the cavity, and conditions for strong resonance effects 
have thereby been created. The electron beam is observed through its impact pattern on a luminescent 
screen behind the cavity. Away from resonance, the beam is seen as a thin ring, the radius of which is 
the gyration radius (the point corresponding to a monoenergetic beam is spread out in angle because 
of the spread in longitudinal energy). In the resonance region, this ring is broadened as a result of the 
enhanced energy transfer between the field and the electrons. Under judiciously chosen conditions, an 
additional outer ring may be observed, at a gyration radius that is found to be almost independent of 
the initial energy. This phenomenon has been at the focus of interest in the CMC test experiment, and 
is interpreted as CMC "cooling": ( a subset of) particles with a large initial spread in gyration radius 
display a tendency to leave the cavity at a much smaller spread. 

Unfortunately, the observed intensity distribution on the luminescent screen is an unknown function 
of the intensity of impacting electrons. It is therefore not known how the intensity in the outer ring is 
related to the total intensity or to the total current. 

In order to model the CMC test experiment, the beam will be treated as a sequence of independent 
electrons exposed to a constant magnetic field Boz and to an externally excited cavity mode TE\QP. This 
combination of fields can be generated from the vector potential A = Ayy, where 

C 7T2T TJ7C ̂  
Av — BQX - E0—sm{ — )sin(—^)sin(ut - <f>i) (1) 

w a d 

In principle, these external fields are not the only fields in the cavity. The gyrating electrons also 
radiate, but it is easy to verify that under the conditions of the experiment, this contribution is much 
smaller than the externally generated field. The dominance of the external field is intentional, as is 
stressed in [6], and leaves no doubt that the CMC concept involves the motion of charges in external 
fields rather than in, for instance, the fields radiated by the beam itself. 1 

It may be noted that this distinction between motion in the external field and motion caused 
by radiation losses is not upheld elsewhere in the formulation of the CMC concept. In particular, in 
the attemps to derive a rate formula for CMC cooling [6], the starting point is the motion generated 
by the external fields. At a later stage in the derivation, however, part of the induced energy changes 
is reinterpreted as originating from frictional forces associated with radiation loss. This, however, is a 
misidentification, and if disregarded, the basic CMC concept remains as outlined above. 

In summary, it has been argued that the CMC test experiment can be modelled using the vector 
potential of Eq.(l), and the dynamical equations that follow from the relativistic Hamiltonian 

H = J m V + ( p - - i ) c2 (2) 

For this model, Liouvilles theorem precludes phase space cooling. If indeed the results of the CMC 
experiment can be reproduced, it will be claimed that the CMC concept has been captured and that the 
"cooling" referred to is not phase space cooling. 

3. NUMERICAL RESULTS 

The electron motion in the cavity is often quite complicated, even to the extent that some electrons 
may turn around and never reach the far end of the cavity. The cavity fields are large considering the 
energy and distance scales involved, and the resonance conditions are affected by Doppler effects and 
the nonlinearity of the relativistic dynamics. Accurate numerical solutions of the equations of motion 
therefore seem appropriate, and have been generated for parameters and initial conditions pertinent to the 
CMC experiment. The parameters that will be used here are specified in the Appendix, and correspond 
to experimental results presented in [7] and in [5, 6]. 

In order to simulate an incoming direct current beam, several solutions differing only in initial gyro 
phase have been generated. Figures 1, 3 and 4 have been obtained using 1800 initial phases, while Fig. 
3 was obtained upon averaging over 180 initial phases for each value of w c . Figure 1 shows the relative 
energy gain jj/ji — 1 for an electron that has passed through the cavity, as a function of the initial 
phase 4>i. In those cases where the electron never reaches the far end of the cavity, the gain is displayed 
as zero. Obviously, the average energy gain is much smaller than the spread in energy gain, as was 

1 This fact makes the CMC concept clearly distinct from the otherwise related cyclotron resonance maser. 
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Figure 1: Relative energy gain as function of initial gyro phase 

discussed in the Introduction. Figure 2 shows the average energy gain as a function of wc = eBo/mc , 
other parameters as in the Appendix (note the difference in scale between Fig. 1 and Fig. 2). Particles 
that never arrive (within 200 ns) at the far end of the cavity have not been included in the evaluation 
of the average gain. This omission (and not insufficient numerical accuracy) gives rize to the irregular 
shape seen in Fig.2. The working point corresponding to the parameter set specified in the Appendix is 
clearly in the resonance absorption region, where the net gain function for the electron is the largest. 

The gain curve of Fig. 2 differs from the approximate, small amplitude gain curves presented for 
instance in [8]. The main reasons for the discrepancy is that Fig. 2 shows a large field amplitude gain 
curve, and that the TE102 mode electric field changes polarity halfways down the cavity. The results 
shown in Figs. 2 and 3 could not easily have been obtained using analytical methods, and provide an 
after the fact justification for the numerical approach persued here. 

It may be noted in passing that the attempted derivation of a gain formula in [6] is affected by 
the "frictional force" misidentification referred to in the previous section. If averaged over initial phases, 
Eqs.(39) and (40) of reference [6] in fact vanish identically, and the final expression must therefore be 
considered as obtained in an ad hoc manner. 

It should be emphasized that the gain curve in Fig. 2 has been obtained in a Hamiltonian model 
corresponding to a constant phase space density. Such a gain curve is therefore neither a signature 
for frictional forces, or for non-Liouvillian motion, nor well suited as starting point for beam cooling 
considerations. 

For the generation of an impact pattern to be compared with the CMC test experiment results, it 
must be recalled that the experimental pattern has been obtained under conditions that have not been 
entirely under control. In particular, the distribution of initial longitudinal energies is largely unknown 
(in an interval, say, of 10-300 eV), and different assumptions regarding this distribution may lead to 
quite different results (the resonance condition depends via the Dopplershift on the precise value of 
this energy). An experimental problem of perhaps even greater relevance is related to chargeup of the 
recording luminescent screen. With the small longitudinal energies involved, there is a considerable risk 
that through this effect a significant part of the electrons actually fail to reach the screen. In order to 
counteract this phenomenon, the backing of the screen is held at a bais voltage, but it is not known to 
what extent this voltage balances the repulsive barrier created by the chargeup. 

When generating impact patterns from the model considered here, the initial longitudinal energy 
has been chosen as 25 eV which positions the solution well in the strongly resonant regime. The resulting 
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Figure 2: Average (net) relative energy gain as function of wc/27r 

impact pattern in Fig. 3 is based on 1800 initial electrons, uniformy distributed in initial gyro phase 
(most of these electrons actually arrive at the end of the cavity, as is evident from Fig. 1). In order 
to show how the pattern can be made more distinct through bias voltage finetuning, Fig. 4 shows the 
pattern obtained imposing a recording threshold at 25 eV, i.e. upon recording only those electrons that 
have gained longitudinal energy in the cavity. The sharpness of the outer ring in Fig.4 as compared to 
the ring in Fig.3 is therefore a feature of a selection proceedure rather than of a "cooling" mechanism. 
These impact patterns should be compared with Fig. 5.7B3 of reference [7] and Fig.4 of reference [6]. 
Considering the uncertainties in the experimental conditions, the agreement must be considered as good. 
It is particularly satisfactory that the (parameter sensitive) outer ring not only is reproduced, but also 
comes out at the experimentally observed value. 

Impact patterns similar to those in Figs. 3 and 4 have been produced for several other values 
of the initial transverse energy (other parameters as in the Appendix). The radius of the outer ring is 
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Figure 3: Electron intensity pattern, no bias Figure 4: Electron intensity pattern, bias = 25 eV 
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found to grow only very slowly with this energy, and a by eye determination from Fig. 4 and for instance 
the corresponding pattern at 17 keV yields the same value for the radius. It has also been verified that 
electrons with other longitudinal energies produce impact points inside, or on, the outer ring in Fig. 4. 
The experimental observation that the radius of the outer ring is essentially independent of the initial 
transverse energy is therefore also reproduced. 

3. CONCLUSIONS 

It has been shown that the "cooling" observed in the CMC test experiment can be reproduced in a 
simple model that by construction is phase space density conserving. These results reinforce the general 
arguments given in the Introduction, and the conclusion of the present investigation is therefore that the 
CMC concept is not a phase space cooling scheeme. 
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A P P E N D I X 

The CMC test experiments were carried out for a number of parameter combinations, with similar 
results [7]. For comparison with the results quoted in [5, 6], the parameter set B3 of [7] will be considered 
here. For this case a = 103 mm, b = 50 mm, d - 200 mm, W/2TT = 2.0911 GHz, WC/2TT = 2.1627 GHz, E0 

= 7.5 kV/m and the initial total (or transverse) energy = 12 keV. Since the initial longitudinal energy 
was not well under control, a representative value = 0.025 keV has been used. The value of the electric 
field amplitude EQ has been obtained from the quoted input power P through the expression for the 
stored energy in the cavity, 

p9. = * * h d E l (3) 
where Q « 8000 is the quality factor of the cavity (note that the input power quoted in [5] is in error). 
The resulting value for EQ is probably not very precise. 
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DISCUSSION ON IKEGAMI'S PAPER 

S. van der Meer 
CERN, Geneva, Switzerland 

ABSTRACT 
I would like to describe Liouville's theorem in a way slightly different from what 
Sessler did on Monday, October 4. It comes to the same in the end, but I think this 
description clarifies thinking about what cooling is and, therefore, also applies to 
Cyclotron Maser Cooling. 

1. INTRODUCTION 

Normally, one considers particles that are pushed around by electromagnetic fields. In my description, I 
also look at how empty phase space (6-dimensional) is pushed around. This seems crazy, but I can define 
precisely what I mean. In fact, in this description every point in phase space moves as a particle would do if it 
would be at that point Thus, I can describe how empty phase space is distorted by fields. Of course, these are 
external fields, and Liouville's theorem applies. 

2. DESCRIPTION 

We now add particles. I shall apply Liouville's theorem to pieces of phase space whose volume 
approaches zero. (I think this is what Liouville intended.) If the volume of a phase-space element goes to zero, 
the chance that it contains a particle also becomes zero. Thus, we are talking about empty pieces of phase space, 
and now all fields are external ones. Therefore, on this microscopic scale, Liouville's theorem can never be 
violated. Whether we have space charge, radiation, or cooling, this remains valid. 

How then can cooling work? It must necessarily be through deformation of phase space, such that 
particles move to the centre of the distribution and (to satisfy Liouville) the empty phase space between the 
particles moves outwards. Clearly, the fields that do this must have a very particular shape, strongly correlated 
with particle position. In fact, at least two conditions must be satisfied: 
1) The field that cools a particular particle must be correlated with the particle's phase-space position. In short, 

the field must know where each particle is. 
2) The field that pushes a particular particle towards the centre should preferably push the empty phase space 

around it outwards. It should therefore treat each particle separately. 
With stochastic cooling, these two conditions are clearly corresponding to the function of the pick-up and 

kicker. Both must be wide-band in order to see individual particles as much as possible. 
For electron cooling, we have a similar situation. Each proton is mainly influenced by the field of a 

particular electron with which it collides. Both conditions are more or less satisfied. It is not difficult to 
convince oneself that the two conditions are also satisfied for radiation cooling, ionisation cooling and laser 
cooling. This is not an accident; Liouville's theorem makes it necessary. 

Of course, the two conditions are rarely completely satisfied. With stochastic cooling, the pick-ups and 
kickers usually see many particles at the same time (typically 103 to 106). This is why stochastic cooling is so 
slow. If we wanted to cool in a single turn, we would have to treat the particles one by one. 

3. CONCLUSION 

Cyclotron Maser Cooling is claimed to be very fast; cooling times of a few turns are said to be possible. 
However, the coherent radiation used has no knowledge of individual particles. It satisfies neither condition 1) 
nor condition 2). This is the reason why Cyclotron Maser Cooling will not work. 
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BUNCHED BEAM STOCHASTIC COOLING IN THE FERMILAB TEVATRON COLLIDER 

G. Jackson 
Fermi National Accelerator Laboratory, MS 341, P.O. Box 500, Batavia IL, 60510, USA 

ABSTRACT 
In order to double the integrated luminosity of the Tevatron collider in the 
next running period, a 4-8 GHz bunched beam betatron stochastic cooling 
system has been designed. The horizontal and vertical emittances of the 
protons and antiprotons will be each cooled to counteract the effects of power 
supply noise, beam-beam interaction, and intrabeam scattering. A vertical 
proton test system has been installed in the Tevatron and tested. In addition to 
measurement results, details of the hardware, measurements, and cooling 
calculations are reviewed. 

1. INTRODUCTION 

The purpose of the Tevatron bunched beam stochastic cooling project is to improve the luminosity 
lifetime of the Tevatron [1,2,3]. Horizontal and vertical emittance growth [4,5] induced by power supply 
noise and ripple is the dominant cause of short luminosity lifetime, which can vary anywhere between 8 
and 30 hours. During the present Tevatron upgrade and maintenance period the horizontal and vertical 
proton and antiproton 4-8 GHz stochastic cooling systems are being installed. The design of these systems 
is based on the lessons learned from two earlier proton vertical prototype systems [6,7,8,9]. In this paper 
these lessons are discussed. 

2. TEVATRON AND COOLING 

When the Tevatron is configured as a collider it is expected to store 6 proton and 6 counter-rotating 
antiproton bunches for tens of hours each fill. These bunches are generated using the RF manipulation 
called coalescing [10,11] and therefore tend to have rather long bunch lengths. During stores the transverse 
and longitudinal emittances slowly grow due to the decoherence of excited of coherent oscillations. 

Table 1: List of typical Tevatron Collider parameters of relevance to 
bunched beam stochastic cooling. 

Parameter Value Units 
Beam Energy 900 GeV 
Circumference 2JC km 
Transverse Tune 20.6 
Gamma-T 18.75 
Synchrotron Frequency 39 Hz 
RF Voltage 1 MV/turn 
Fractional rms Momentum Width .00014 
Bunch Length 50 cm 
Invariant Bunch Area 4 eV-sec 
Bunch Area Growth Rate 0.07 eV-sec/hr 
Invariant Transverse Emittance 20 it mmmr (95%) 
Emittance Growth Rate 0.3 n mmmr/hr 
Proton/Antiproton Bunch Intensity 120/40 109 

Bunch Intensity Lifetime 100 hrs 
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The beam energy during high energy physic stores has traditionally been limited to 900 GeV per 
beam. During Tevatron Collider commissioning in December 1993 the new cold compressors will increase 
the maximum energy to 1 TeV. With the addition of the second low-P region for the new DO detector, the 
transverse tune is 20.6, up from the value of 19.4 during fixed target operations and the 1988-89 Collider 
run. The transverse emittance growth rates, once as high as 5 n mmmr/hr, have been reduced to the value 
of 0.3 by modifying power supplies. The cause of the observed 60 psec coherent longitudinal dipole 
oscillations which decohere into bunch area growth has not yet been identified. Coherent longitudinal 
quadrupole oscillations have also been observed. 

Table 2: List of typical Tevatron Collider parameters of relevance to 
high energy physics stores. 

Parameter Value Units 
Store Length 24 hrs 
Injection Time 2 hrs 
Beta-star 25-50 cm 
Luminosity 8 10 3 0 

Luminosity Lifetime 15-30 hrs 
Number of Interaction Regions 2 
Total Proton Beam-Beam Tune Shift 0.010 
HEP Interactions per Crossing 2 

Store lengths are chosen to maximize integrated luminosity. The actual number depends on the 
antiproton stacking rate, the stack intensity, the charge efficiency of antiproton transfers from the antiproton 
Accumulator ring to the Tevatron, the luminosity lifetime, and the value of the initial luminosity. The time 
from dumping the residual Collider beam at the end of a store to the start of the store on the next cycle has 
been as short as 45 minutes and as long as 4-5 hours. The value of P*, though designed to be 50 cm during 
the last Collider run, was actually closer to 35 cm due to errors in the low-P quadrupole strengths. During 
the next run it will be reduced to 25 cm. The total beam-beam tune shift of the antiprotons was once as 
high as 0.025, but is presently reduced by the addition of helical orbits in the arcs using electrostatic 
separators. The average number of HEP interactions per crossing is presently at 2 and climbing. Either the 
detectors will have to separate more and more events each crossing or it will be necessary to inject more 
bunches and reduce the charge per bunch as luminosity continues to increase! 

The most important parameter which must be established before designing a stochastic cooling 
system is the required cooling time. The criterion is the Tevatron Collider is a system which preserves the 
initial luminosity without excessively rapid increases beam density. Because the linear beam-beam tune 
shift parameter is already of the order of 0.01 (and is limited to 0.02) and there are already 2 high energy 
physics interactions per crossing, a transverse emittance can not decrease by more than a factor of 2 without 
the beam intensities also dropping substantially. Based on operational models, a cooling time of 20 hours 
was initially chosen. Since the proton intensity is now higher than original designed and the antiproton 
bunch intensity is lower than designed, the expected cooling rates during the next Collider run for protons 
and antiprotons are 50 and 18 hours. The average mixing factor is expected to be 4.3. 

3. MEASUREMENTS OF BEAM PROPERTIES 

The dominant difficulty in making bunched beam stochastic cooling in the Tevatron a reality is the 
unanticipated large dynamic range of the signals measured by the pickup electrodes. In this section the 
observations of the longitudinal and transverse beam spectra are reviewed. 

When the beam signals from the proton vertical pickup electrodes were first measured, it was 
immediately noted that the power in the revolution harmonics was far greater than that in the transverse or 
longitudinal Schottky bands. Figure 1 is an example of such a spectral measurement. Note that the typical 
dynamic range needed to propagate an undistorted Schottky signal through the cooling electronics was 
50 dB. Because dynamic ranges of this magnitude are extremely difficult to maintain, a considerable 
amount of effort was dedicated toward understanding the origin of these lines. Another reason for reducing 
the amount of coherent power is the limit of 200 watts of peak power the traveling wave tubes can send to 
the kicker plates. Since the system power is dominated by these lines, the maximum gain of the system is 
limited. 
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Figure 1: Example of a typical open loop proton vertical power 
spectrum measured with a spectrum analyzer. 
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Figure 2: Longitudinal current profile of a typical proton bunch as 
measured by a resistive wall monitor. The horizontal scale is 2 
nsec/div. 

Figure 2 contains a measurement of the proton longitudinal profile as measured with a 20 GHz 
analog bandwidth sampling scope recording the signals from a 6 GHz bandwidth, uniform spectral response 
resistive wall monitor [12]. Since the bunch appears to have a Gaussian or perhaps Lorentzian temporal 
shape, the envelope of the spectral beam current should be described by the Fourier transform of this shape, 
which should have an extremely small amplitude at frequencies above 4 GHz. The actual power in the 
lines at harmonics of the RF frequency (frf =53.104708, h=l 113) are shown in figure 3. Note that the 
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decrease in revolution harmonic power with increasing frequency is much to slow too be explained by the 
macroscopic longitudinal shape of the beam. 
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Figure 3: Measurement of the revolution harmonic power at harmonics 
of the RF frequency. 

4. DYNAMIC RANGE MITIGATION 

In the past a number of techniques have been used to try and reduce the power at harmonics of the 
revolution frequency. In fact, most of the effort on the Tevatron bunched beam stochastic cooling system 
has been dominated by attempts to reduce the required dynamic range in the system by reducing this power. 

The first technique to minimize the revolution harmonic power was based on high resolution 
stepping motors, which were used to center the proton bunches between the vertical pickup electrodes. 
Second, a radically new hybrid design was invented to improve the vector balance between the inputs over 
all frequencies in the system bandwidth. In order to be completely effective, the signals from the opposing 
pickup arrays must reach the hybrid a exactly the same time, down to a precision of 1 psec. This requires a 
longitudinal array placement tolerance of 1 mil, which cannot be guaranteed with such movable structures. 
Therefore, an inchworm [13] motor with a step size of 1 micron is used to move one array longitudinally 
with respect to the other. 

Third, a repetitive notch filter which utilizes a photon storage ring (instead of a single turn delay) is 
undergoing commissioning. This design was developed in order to eliminate unwanted phase slope and 
provide uniform gain in the bandpass region of each revolution harmonic interval. This improvement 
comes from the fact that instead of using both closed orbit (wanted) and betatron oscillation (unwanted) 
information from the previous turn, the storage ring exponentially averages away the betatron oscillation 
modulation, and hence the phase and gain changes. Preliminary tests indicate that 30 dB of revolution 
harmonic power reduction is possible with this filter. 

Finally, a circuit has been tested in which the sum signal is partially superimposed on the difference 
signal to actively null the DC and AC portions of the closed orbit contribution in the difference signal. 
Beam tests have already shown reductions in the revolution harmonic power of 15-20 dB. Both the 
repetitive notch filter and this sum/difference nullification circuit will be installed into the proton vertical 
test system in December 1993. 

5. OBSERVATION OF SIGNAL SUPPRESSION 

Tests so far have not exhibited any measurable change in the observed proton vertical emittance 
growth rate or luminosity lifetime. On the other hand, on one of the last days available during the last 
Collider run signal suppression was successfully observed. By installing a filter aimed at removing the 
portion of the bandwidth around 4 GHz which exhibits the largest peak revolution harmonic powers, the 
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system gain could be raised sufficiently to approach its optimum value. Figure 4 contains the resultant 
vertical betatron Schotty signals during this test. 

22 8 

9 7 

*l 
2 5 
4—» 8 4 
o« 
eo 3 
c 
fa z 

§ 1 
* 0 

r \ /"N '"A A- \ 

/ \,s\ A— \ p Y ùr \ 

¥ \ / \ J \ 7 \ ^J W 

-10 -5 0 10 
Frequency (kHz+4.5 GHz [Qy=94,313.5]) 

Figure 4: Observation of signal suppression in the proton vertical test 
system. The lowest curve was measured with the system at the correct 
phase and maximum unsaturated gain. The highest curve was taken 
under the same conditions with the exception that the system phase was 
changed by 180°. The middle curve is the proton vertical signal when 
the system is open loop. 
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STOCHASTIC COOLING AND INTRA-BEAM SCATTERING IN R H I C 

Jie Wei 
Brookhaven National Laboratory, Upton, New York 11973, USA 

A B S T R A C T 
During the storage of the heavy ion beam in the Relativistic Heavy Ion Col
lider (RH1C), the luminosity deterioration due to beam growth and particle 
loss caused by intra-beam scattering (IBS) is of primary concern. In this pa
per, we s tudy compensation methods using bunched beam stochastic cooling. 
With longitudinal and transverse stochastic cooling of 4-8 GHz bandwidth, the 
longitudinal beam loss resulted from the inadequacy of the rf voltage can be 
eliminated, and the transverse normalized beam emittance can be confined to 
about 30TT mm-mrad . Wi th such an emittance, the /?* at the crossing point 
can be lowered under 1 meter without exceeding the transverse aperture limit 
at the focusing triplets. The achievable luminosity can thus be significantly 
improved. 

1. I N T R O D U C T I O N 

Hadron beams of species from proton to A u 7 9 + will be injected, accelerated, and then stored for 
10 hours in the Relativistic Heavy Ion Collider (RHIC), currently under construction at the Brookhaven 
National Laboratory. For the highly charged ions like A u 7 9 + , the luminosity deterioration due to beam 
growth and particle loss caused by Coulomb intra-beam scattering (IBS)[1] is of primary concern. During 
the 10-hour storage, beam loss of about 40% is expected due to the IBS beam growth and the inadequacy 
of the rf voltage. Furthermore, the transverse beam emittance grows from 107T mm-mrad to about 40TT 
mm-mrad. When /?* at the collision point is squeezed down to 1 meter to increase luminosity, transverse 
beam loss may also occur. Stochastic cooling potentially provides an effective and economic method to 
reduce the beam size, e l iminate beam loss, and thus improve luminosity. 

In this paper, we summarize our study on the effects of IBS and the compensation method of 
bunched-beam stochastic cooling. Expressions for IBS beam growth rates and for transverse cooling rates 
are presented in sections 2 and 3, respectively. Section 4 discusses the Fokker-Planck approach to evaluate 
the longitudinal beam loss and beam evolution under IBS and longitudinal stochastic cooling. Conclusions 
and discussion are given in section 5. 

2 . I N T R A - B E A M S C A T T E R I N G B E A M G R O W T H 

Because of the dispersion tha t correlates the horizontal closed orbit to the momentum, the scaling 
behaviour of the IBS growth rates are drastically different at energies low and high compared with the 
transition energy.[2] At high energies, the rates are approximately independent of the energy. Asymptot
ically, the horizontal and longitudinal beam amplitudes are linearly related by the average dispersion. At 
low energies, the beam evolves such that the velocity distribution in the rest frame becomes isotropic in 
all the directions. 

The IBS theories[l] typically assume that the particle distribution remains Gaussian in the six-
dimensional (6-D) phase space. Provided that the lattice of the accelerator mainly consists of regular cells, 
the rates of growth in the rms beam amplitude tha t are typically expressed in complex integral form, can 
be simplify into simple analytical form.[2] In particular, the beams in RHIC are stored a t energies (7) 
much higher than the transi t ion energy (77-)• Due to injection conditions and transverse coupling, the 
horizontal and vertical emit tances are about the same. In terms of the normalized transverse emit tance 
i x y — @7<TÎiV/0z,y and longitudinal bunch area S = Trm0c2yas(rp/'P3cA, the growth rate of the rms 
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Figure 1: Transverse IBS growth rate and cooling rate as functions of the emit tance. 

betatron ampli tude ax and fractional momentum deviation crp can be written 

r 1 dap 

Cp dt 
1 dox 

ax dt 

= Z4N Trr2m0c
2Lc 

A2 lGPyrtxtvS 

n 6 ( l - d2)/d 

d/nc 

(1) 

where N is the number of particles per bunch, 7 is the Lorentz factor, A is the a tomic number , the Coulomb 
logarithm L e is about equal to 20, r 0 = e2/mQc

2, nb is equal to 1 if the beam is azimuthal ly bunched, and 
is equal to 2 if it is not, and nc is equal to 1 if the horizontal and vertical mot ions are not coupled, and 
is equal to 2 if they are fully coupled. The quantity d = D9o?l{a\ + Dja2)1'2 < 1 is the effective ratio 
between the longitudinal and horizontal total amplitude, where Dp is the average dispersion in the cell. 

T h e growth rates are shown to be linearly proportional to the beam intensity, and are strongly 
dependent (~ Z4/A2) on the charge s ta te Z of the particle. Except for the factor d, the rates are inversely 
proportional to the 6-D phase-space area. The dependence on the beam energy is usually weak. After the 
initial stage of storage, the asymptotic configuration nbnc<T2 « D2<r2 will be approximately reached. 

In the case of storage of 10 9 A u 7 9 + ions per bunch in RHIC, the beam of initial area 0.3 eV-s/u 
fills up the entire rf bucket of area 1.28 e V s / u in less than 30 minutes. Thereafter, beam loss occurs in 
longitudinal dimension. Without cooling, the transverse emit tances grow in 10 hours from lOx mm-mr to 
about 40ir mm-mr. Assuming full transverse coupling, the solid line in Fig. 1 shows the transverse IBS 
growth rate at different emittances. 

3. TRANSVERSE STOCHASTIC COOLING 

With a stochastic cooling system of properly chosen bandwidth, the IBS growth in transverse beam 
emittances can be compensated. The equilibrium state can be reached when the cooling rate is equal to 
the IBS growth rate. 

With the highly charged ions, the system thermal noise is often negligible. The transverse cooling 
rate can thus be obtained using the Fokker-Planck approach[3, 4] 

1 da *,y f2 sin(i/x0 PK-

x>y dt £ E G{m±u,0-ini)e
ilW"l«°J?(mu,0Ti) 

m = —00 /= 

+ 
*tt 

(=-00 k--oo \i\ 

p(J') 
dfl,(J') 

dJ1 

{ \GD(-)\7 + \GD(+)\2 + 2Re [GD(-)GD(+)}} 

il,(J') = kCl,(J)/l 

(2) 

where 

GD{±) - Yl G{Tn±uQ±lÇlj)J^l(rmjQTj)Jzfk{muQTi), (3) 

8PK is the distance in azimuthal angle between the pick ups and the kickers, LJ0 = 2TT/ 0 is the revolution 
frequency, fi5 is the synchrotron-oscillation frequency, J, is the Bessel function o f / t h order, p(J) is the 
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density in J, and 2TTJ is the longitudinal phase-space area enclosed by the particle trajectory. The quantity 
l~37l a P P e a f e d in Eq. 2 is a monotonically increasing function of J, 

dti, 
~dJ 

2CW 

8 P K 3 ( i ) S-<« Cw 
4 

ith J = 
C<t, 

Cw 
{(k2-l)K(k)+E(k)}~J-^k Ctf, 

c w 

where Cw — h2w2

)T]/2Ef32, C<p = ZeV'/irh, V is the peak voltage, h is the harmonic number of the rf 
system, 77 is the slip factor, and K and E are complete elliptical integrals of first and second kind. Here in 
Eq. 4, the sign ~ denotes the value in the small-amplitude limit. The summat ion on the revolution bands 
in Eq. 2 is performed over the system bandwidth , while the summation on the synchrotron side-bands is 
actually performed from / = 1 to mw 0 T, with r = arccos (l — 2k7) /hu>o ~ 2k/liu>o the oscillation ampli tude 

in time. The factor e ' i n , e /w° represents the phase slip that non-synchronous particles experience during 
their passage from the pick-up to the kickers. In order to minimize this undesirable "mixing", the distance 
between the pick-up and the kickers should be chosen such that 9FK nffio -C 1, where f is the half bunch 
length in time, f2o is the zero-amplitude synchrotron frequency, and n is the average harmonic number of 
the cooling system. The opt imum cooling rate can be obtained from Eq. 2 by using numerically methods. 
With a bandwidth of 4-8 GHz, the dash line in Fig. 1 shows the opt imum cooling rate that can be achieved 
when the rf bucket is nearly full (Fig. 2b) . The transverse emittance at equilibrium is about 30TT mm-mr. 

For the convenience of order-of-magnitude estimate, the opt imum cooling rate is[5] est imated 

1 da* 
dt 

('? 
**W)) 

dQs 

dJ 
nfo (J)3'2 

*WhN(M) j%l 
(5) 

where 2irJmax = %^/C^jCw is the bucket area, ( ) denotes the average over all the particles, and (M) = 
UQ/{1)QQ is the mixing factor. Cooling becomes very difficult when the bunch area 2ir{J) is small compared 
with the bucket area. 

4 . B E A M L I F E T I M E I M P R O V E M E N T W I T H L O N G I T U D I N A L C O O L I N G 

Because of the severe boundary l imitat ion and the particle loss in longitudinal direction, the beam 
evolution can not be adequately described by the growth rates. The transport equation is thus derived to 
describe the t ime evolution of the longitudinal density distribution in the presence of IBS and stochastic 
cooling. 

A t ransport equation in terms of action-angle variables can be obtained by averaging the 6-D Fokker-
Planck equation over all transverse variables z , x', y, and j / . Because the t ime for IBS and stochastic 
cooling to produce appreciable effect is typically much longer than the synchrotron-oscillation period, 
which is again much longer than the correlation t ime of the collision process, this equation can be further 
reduced by averaging over the angle variable for one synchrotron-oscillation period 

D 
dJ 

with 
J — J max • P — U . 

(6) 

For intra-beam scattering, the so called coefficient of dynamic friction F and diffusion D are obtained 
by assuming an 4-D transverse Gaussians distribution and[4] integrating over all the transverse components 
of the test particle 

(Q'J')[AF(\x) + AF{\7))P{J')dJ' (7) 

° < W ^ dW 
dJ (Q,J) I 3 dW_ 

17 (Q\J') [AD(h ) + AD(X2)} P(J')dJ' (8) 

where 27ri? is the circumference, 

AF(\) = -
2Z4r%LcE IF{\) 

A2P2j4 crxay ' 
AD{\) = 

Z4r2LcE2 ID(\) 
A2y3hu>o ax(jy 

n.2 £§<"*""•• = 5 ^ * (9) 
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Figure 2: Evolusion of the longitudinal distribution function a) under IBS; b) under IBS when both 
longitudinal and transverse coolings are applied. 

dW 
ÔJ 

= 8k K(fc) cos 2xQ [l - 4£sin227rQ + 0(£ 2 )] , £ = exp [-7rK'(/fc)/K(/fc)] , K'(k) = K ( \ / l - i b 2 ) . 

(10) 
The first integrals in Eqs. 7 and 8 represents the average over the machine lattice; the second integral 
represents the average over synchrotron-oscillation period; while the third integral describes particles of 
different action J' involved in the collision. The integration over J' is performed such that k( J') sin 2irQ' ss 
sin [4>{Q, J ) /2] , extending from Jmin to the bunch edge J, with k(Jmi„) « [sin <i>(Q, </)/2]. For a round 
beam with /3xD'p + axDp ~ 0, we have 

IF(X) = 2a 2sgn(A)X { l - v^|A|eA* [1 - *(A)]}, ID(X) = aX {>/5F(l + 2A 2 )e A ' [1 - 0(A)] - 2|A|} , (11) 

where x — e~(D'~rXl7°*s> , $ is the error function, and sgn(A) is 1 if A > 0, and is —1 if otherwise. 
For longitudinal stochastic cooling, the corresponding coefficient of coherent correction F and Schot-

tky diffusion D can be obtained[3, 4] 

with 

and 

F(J) = —t!fl YY-Jf [mw0T( J)] Re [G F (m, + 0 - GF(m, - / ) ] 
m = l 1=1 

Gf(m 1 ±/ ) = G [ m / o ± l f l , ( ; ) ] c ±i/n.(J)» P K /w 0 ] 

(12) 

(13) 

D(J) = 
4^4 f2 NZ*e*fg EE pP(j') 

{\GD(k,l)\2 + \GD(-k, - 0 | 2 - 2ife[G f l (*,/)G/>(-*, - /)]} (14) 

n,(j')=tn,(J)/' 

where the double summation on / and fc represents synchrotron sideband overlapping, and 

°° 1 
GD{k, l)=J2~G [mu0 + IQ.(J')] ^ [">«or(J)] J, [nw t r ( ; ' ) ] (15) 

With F and D obtained for various mechanisms, Eq. 6 can be solved numerically with any given 
initial distribution p(J) at t — 0. Note that at the vicinity of the separatrix, the synchrotron-oscillation 
period approaches infinity. Consequently, the assumptions that Eq. 6 is based upon is no longer valid (The 
quantity £ in Eq. 10 is large compared to 1.). In our numerical calculation, we have conservatively assumed 
that the particle is lost if its action J exceeds 95% of the bucket value Jmax- Our study also shows that 
the results are not sensitive to the closeness of the chosen boundary to the separatrix. This is partly due 
to the low particle density near the boundary. 

Fig. 2a shows the time evolution of p(J) during the 10-hour period with 2.5-hour time interval in 
the absence of cooling. The voltage of the 196 MHz rf system is kept at the maximum value 6 MV. The 
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Figure 3: Improvements on a) instantaneous and b) integrated luminosity in RHIC when stochastic cooling 
is applied. 

total beam loss is about 40%. The asymptot ic distribution in longitudinal phase space is found to be 
Gaussian-like, insensitive to the initial conditions. 

Wi th both longitudinal and transverse stochastic cooling of 4-8 GHz bandwidth, Fig. 2b shows 
tha t the bunch approximately reaches the equilibrium s ta te in several hours. Longitudinal beam loss is 
essentially eliminated, while the transverse emi t tance is kept to about 3Û7T mm-mr. With a reasonable 
number (about 128) of kickers, the peak power needed is of the order of kW. Since the mixing factor is 
large compared to 1, full-turn delay between pick-ups and the kickers is plausible for this bandwidth. 

Figs. 3a and b show the improvement in the instantaneous and integrated luminosity when stochastic 
coolings in different planes are applied. Wi th both transverse and longitudinal cooling, the instantaneous 
luminosity can be significantly increased for the later period of the storage. The integrated luminosity is 
increased by about a factor of 2 over the entire 10-hour period. 

5. C O N C L U S I O N S A N D D I S C U S S I O N 

Bunched-beam stochastic cooling in bo th longitudinal and transverse planes provides an effective 
method to compensate for the beam growth, particle loss, and luminosity deterioration caused by IBS. 
With longitudinal and transverse cooling of bandwid th 4-8 GHz, the longitudinal beam loss resulted from 
the inadequacy of the rf voltage can be el iminated, and the transverse normalized beam emittance can be 
confined to about 30TT m m m r a d . Wi th such an emit tance, the /?* at the crossing point can be lowered 
under 1 meter without exceeding the transverse aper ture limit at the focusing triplets. The integrated 
luminosity can be increased by a factor of 2 during the 10-hour storage period. 

To accommodate for the future upgrade of the beam intensity in RHIC, a wider cooling bandwidth 
of 8-16 MHz is desirable. To optimize the performance, the delay between the pick ups and kickers may 
be chosen to be 1/6 of the machine circumference. More detailed technical aspects, however, are still to be 
explored. 
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S T O C H A S T I C PRECOOLING OF F R A G M E N T BEAMS AT 
GSI IN DARMSTADT: C O N C E P T S A N D STATUS 

F. Nolden, W. Bourgeois, H. Eickhoff, B. Franzke, P. Raabe, A. Scior, 
A. Schwinn, G. Trageser 
GSI Darmstadt, Germany 

Abstract 

Stochastic Precooling at the ESR storage ring of GSI in Darmstadt will be used to 
cool 'hot ' secondary beams on the injection orbit, before rf stacking and further elec
tron cooling on the stack orbit [l]. The secondary beams arise from nuclear reactions 
at the GSI fragment separator. A maximum momentum spread of 6p/po < ±0.35%, 
as well as transverse emittances of < 20TT mm mrad are to be cooled. The beam 
energy will be about 500 MeV/u and the number of particles per shot will be < 10 8 . 
The system will be used foi heavy ions up to uranium. It will operate on all three 
phase planes. 

1. B A S I C D E S I G N F E A T U R E S 

The Palmer method is used for longitudinal cooling. Because of the excellent signal-to-noise 
ratio of heavy ion beams, notch filtering is unnecessary. There are two pick-up and two kicker 
stations. The presence of the stacked beam leads to the constraint of placing all electrodes 
in regions of sufficient dispersion. The optical parameters of the pick-up and kicker stations 
are given in table 1. We use the signal line P l - K l for both vertical and longitudinal cooling. 
The line P2-K2 serves for horizontal cooling. As the P2 signal contains a large contribution of 
unwanted longitudinal Schottky noise, the P I and P2 signals are adequately superposed at K2 
in order to get a clean betatron signal. 
The system works in the frequency band 0.9-1.7 GHz where Schottky bands overlap during the 
first few seconds of cooling. This is due to the large value r\ =s 0.25 of the frequency dispersion. 
The time of flight between pick-up and kicker for particles at the high and low momentum ends 
àp/P* — ±0.35% differs by an amount of up to ±223 ps. In the chosen frequency band, this 
would lead to intolerable phase errors. Therefore the signal from the left and right plates of the 
pick-nps can be delayed by T D = ±200 ps in order to restore synchronism. The delays can be 
varied in steps of 50 ps during each cooling cycle. 
The pick-up and kicker modules consist of eight quadruplets of superelectrodes placed around the 
injected beam. The electrodes are conventional quarter wave plates in 50 0 geometry. They are 
mounted on microstrip lines which also serve for the signal combination inside superelectrodes. 
For the signal transmission to the vacuum feedthroughs, vacuum coaxial lines are used. Near 
the electrodes, resistive dampers are installed to suppress higher waveguide modes. All modules 
are completely designed, the first unit (P2) has been built. 
The cut-off frequency of the large ESR vacuum chamber is at about 750 MHz. Electromagnetic 
feedback from the kickers to the pick-ups is suppressed by means of resistive dampers installed 
in the chambers of ring quadrupoles. 
Twelve horizontal and eight vertical steerers are available in order to center the beam at the 
pick-ups and kickers. With the ordinary electron-cooled beams, precision measurements of the 
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location D P* J9z fix V* 
P I 3.99 m 1.6 m 17.3 m 0° 0° 
P2 5.76 m 39.5 m 4.3 m 65° 66° 
K l 3.99 m 1.6 m 17.3 m 414° 432° 
K2 5.76 m 39.5 m 4.3 m 479° 498° 

Table 1. Ion optical parameters at pick-up and kicker locations 

sensitivity as a function of position are planned, in order to allow for quantitative comparisons 
with theory. 
Electronic and rf components are ready. A total rf power of 2 kW is available. The power 
amplifiers are of the CERN band I type [2]. 

2. E L E M E N T S OF T H E O R Y 

2 .1 . Microscopic Descr ipt ion 

The clearest way to describe the dynamics of the cooling process is to use Hamiltonian time 
dependent perturbation theory. The non-perturbed Hamiltonian is expressed by the action and 
angle variables for a coasting beam [3]. The vector potential seen by the beam at the kickers is 
treated as a perturbation. The complete Hamiltonian reads 

J, J. 
H(i>x,Jx,i>y,Jy,0,-J,;s) = -— + + 

J„ 
R f3X{s) f3y(s) 

Qc A, (x(ipx, Jx, J}), y(ipy, Jy), s, t(i/>T, Jx, 9, J,)). (1) 

Betatron motion is characterized by the action variables Jx,y and the angle variables i>x,y Lon
gitudinal motion is described by the action variable J, = Rp/p, where R is the effective radius 
of the design orbit and p, denotes the corresponding momentum. 0 can be interpreted as an 
azimuthal angle. A, is the longitudinal component of the vector potential at the kickers. The 
transformation equations for the coordinates x, y, and t are 

6p 
x = D(s) — (J,) + x + (s)exv(itl>x)+ X-(s)exp(-iTl>x), 

Ps 
V = y+(3)exp(iVv) + y -0»)exp( - iV ' s ) , 

t = -7-T^[0R + 6C{J,)] + t+(s)exp(ii>x) + <_(*) exp(- iY») . 
v(J,) 

The familiar betatron amplitudes are described by the coefficients 

*±{»)= -rryftjM^t 

(2) 

(3) 

(4) 

(5) 

An analogous relation holds for the y components. The equation for the particle arrival time t 
at s contains the well-known momentum dependent term 6C = Sp/ps J D/p ds as well as a less 
familiar expression which is caused by oscillations of the arrival time due to betatron motion: 

t±(s) = 
f2Tx 

2v{Js) 
i ± ^ 1 ) ± iD>{s)fij7) (6) 
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This expression is only non-zero at locations with finite dispersion. It has a considerable impact 
on Hamilton's equation of motion for the horizontal action variable which reads 

dJx dH _ Qe fdA, dx 8A3 _dt_\ 

7 7 ~ ~~djTx ~~ 77 \~â7~âv7 + "âTâv^J' ^' 
The first term in the brackets is equivalent to the Panofsky-Wenzel theorem [4],[5]. 
The second term describes the change of horizontal emittance by longitudinal kicks at locations 
of finite dispersion [6]. In the Hamiltonian formalism, this effect is mediated by the oscillatory 
behaviour of the arrival times due to betatron motion. 
Writing (7) as an integral equation with the unperturbed solution in the integrand yields the 
first order solution of (7): 

T i \ J Qe
 VA ' (9A> d x , 9A> 9 t \ Jx(s) « Jx / ds (8) 

unperturbed solution 

The integral over vector potentials is replaced by discrete sums over kicks during subsequent 
revolutions. A single interaction at one kicker can be represented as the convolution of the 
voltage Vk at the input port of the kicker fc with a sensitivity function Sy-

! 
ds A,(x, t, t(s)) = Sk(x, t{sk)) - Vk(i(sk)). (9) 

The calculation of 5 at a given geometry is a considerable task [7]. 
As the coordinate x at the Tith revolution at the kicker k depends on the betatron phase angle, 
it is necessary to expand the sensitivity function [8]: 

Sk{x{n,k),t)= £ Sl(J„Jx,t)exv(ili>x(n,k))- (10) 
l - - c 

For small betatron amplitudes, the coefficients Sk are approximately 

V/2 ol, 
d(T T *~VMdî!ÙLl 95*(=M) ( i i ) 

DSp/p, 

In ordinary geometries, the dominating terms are those with / = 0. 
Because of (7) we introduce functions Kx;k describing the coupling of the applied rf field to 
horizontal betatron phase space at the kicker k, 

KX;k{J>iJx,t) - 2 ^ 
, . dsl

k^(J„jx,t) , .u dsF\j„Jx,i) 
±*Z± s ±lt± ~r~ 

dx at 

(12) 

the sum being over positive and negative signs. The K^l

k terms are the dominant ones. Similarly, 
there is a coupling function to longitudinal phase space: 

K^j^) = --9SlkiJ':Jx,t)- < 1 3 ) 

V Ot 

Using these coefficients it is possible to derive simple, general expressions describing the cooling 

process. 

2.2. Coo l ing drift 

After 'sampling' over many revolutions it turns out that the change of the action variables is due 
to kicks only at the harmonics m and betatron sidebands / of the particle revolution frequency: 

w m , i = ( m - / Q B ) w (14) 
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With the usual assumptions about reciprocity ([8], [4]), the pick-up response can be described 
by the coupling of the electric field with the beam current. We therefore introduce the pick-up 
sensitivity Ep = — dSp/dt. Now the drift of the horizontal action can be written 

F ' = (if1) = {Q%^)2Z £ £ ^ ( J " J * ' " m , i ) G y , t ( a > m , , ) ^ . t ( J „ J „ a> m , , ) exp(^ ) . (15) 

The first sum extends over all pick-ups and kickers, the second sum over all integers m and 
/. Z is the pick-up impedance, and the tilde ~ denotes the Fourier transform. Gp^ is the 
voltage amplification between pick-up and kicker, without consideration of electrical delays. If 
we assume the electrical length of the amplification chain to be adjusted to the time of flight of 
the particle with momentum pt plus some variable delay Tp' , the phase <f> in (15) becomes 

<f> = l(tik - ftp) + w m > 1 (-tp,kvp,k— T T£ ' f c ) . (16) 

Here, fik — Pp is the betatron phase advance between pick-up and kicker, tp^ is the time of flight 
of the design particle, and -q is the local time of flight dispersion between p and k. 
The advantage of the formalism presented above is due to the fact that for getting the average 
change of the longitudinal action J,, one simply has to change the Kx.^ terms in (15) into K,.^ 
terms, everything else remaining unchanged. 

2.3. Schot tky power and diffusion 

The Schottky power densities and the voltage correlation at two pick-ups are delta correlated 
[9], i.e. < Vp{n)Vp,{ti') > = 2rCp^{U)S(il + 0 ' ) , with 

C™,{Q) = 8TM £ \^IQ:\ e x p W ) ' ( 1 7 ) 

' bands ' 

where $ = d2N/dJ, dJx is the particle distribution function, normalized to the number of 
particles. J, is chosen such that the Schottky frequency um<i is equal to 0 . In the case of 
Schottky overlap, there is more than one choice of m and J. </> is a phase similar to (16). Using 
the appropriate gain factors, the expression Ck^' for the power at the kickers is easily calculated. 
The components of the diffusion tensor are proportional to C^^' and the appropriate coupling 
functions K. For example, the off-diagonal term is 

The other diffusion matrix elements are gained simply by exchanging Kx and K, coupling 
functions. 

2.4. Scaling Laws for H e a v y Ions 

In the following we shall assume that the thermal noise can be neglected in comparison with the 
Schottky noise. This is always true for heavy ion beams with intensities that are appreciated as 
useful by the experimental physicists. Furthermore we suppose to be power-limited, i.e. cooling 
is above the diffusion limit or the $ function is far from equilibrium. Then it makes sense to 
look at the scaling of the drift and diffusion coefficients under constant power conditions, which 
means that G oc y/P/Q. Then the drift coefficients (and the initial cooling rates) scale according 
to Fi oc Q/A and the diffusion due to Schottky noise scales according to Dij ex Q2/A . Hence 
the cooling rates and equilibrium beam temperatures are roughly independent of the heavy ion 
species provided they are fully stripped. 
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Figure 1. Horizontal drift in model calculation 

3 . P R E L I M I N A R Y M O D E L C A L C U L A T I O N 

The model is calculated for a 238\J92+ beam with 10 7 particles. The initial distribution extends 
up to the limits at which the system is intended to cool, decreasing smoothly and ending closely 
beyond these limits. The mean power at the K l and K2 kickers is set to about 100 W. The 
power due to thermal noise is of the order of a few (1-2) per cent of the total power. At the 
horizontal kicker K2, the power due to both betatron sidebands is about 40 W compared to 
40 W from the longitudinal bands. If the signal from P i was not used at K2 for compensating 
for the large longitudinal component of the P2 signal, G22 would have to be lowered by 7 dB, 
leading to a reduction of the horizontal cooling rate by about a factor of 2.2. This indicates 
that a proper bias between the Gu and G22 amplifications may be crucial for getting optimum 
cooling rates. The component of the horizontal diffusion Dxx which is due to horizontal kicks 
is larger than the one due to longitudinal kicks by about a factor of ten. Correlations between 
both lead to negligible corrections. 
The enhancement of the cooling rate due to the variable delays T D is verified by the calculations. 
As an example, fig. 1 shows the horizontal drift Fx as a function of 6p/pa and 'emittance' 2JX. 
The valleys along the off-momentum lines at about ±0.2% are due to delays of ±150 ps in the 
P2-K2 line. Cooling times are in the order of seconds. 
Detailed numerical solutions of the 2D Fokker-Planck equation are in preparation. 
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STOCHASTIC COOLING IN MUON COLLIDERS 

William A. Barletta and Andrew M. Sessler 
Lawrence Berkeley Laboratory, Berkeley CA 94720 

ABSTRACT 
Analysis of muon production techniques for high energy colliders indicates the need for rapid and effective beam 
cooling in order that one achieve luminosities > 10 3 0 cm"2s_ 1 as required for high energy physics experiments. This 
paper considers stochastic cooling to increase the phase space density of die muons in the collider. Even at muon 
energies greater than 100 GeV, the number of muons per bunch must be limited to ~103 for the cooling rate to be 
less than the muon lifetime. With such a small number of muons per bunch, the final beam emittance implied by 
the luminosity requirement is well below the thermodynamic limit for beam electronics at practical temperatures. 
Rapid bunch stacking after the cooling process can raise the number of muons per bunch to a level consistent with 
both the luminosity goals and with practical temperatures for the stochastic cooling electronics. A major advantage 
of our stochastic cooling/stacking scheme over scenarios that employ only ionization cooling is that the power on 
the production target can be reduced below 1 MW. 

1. INTRODUCTION 
In a previous paper we have analyzed the design of a muon collider with a center-of-mass energy of 200 to 

400 GeV with a time-averaged luminosity > 10 3 0 c n r V 1 [1]. In that scheme, the muons are generated as secondary 
beams from an electron beam striking a production target The muons which emerge from the target are gathered and 
accelerated rapidly to an intermediate energy and cooled, at which point they can be accelerated to the final, high 
energy and injected into a storage ring collider widi superconducting magnets. The chief advantage of producing the 
muons with an electron beam from a high energy, linear accelerator is that the muons are naturally formed in short 
bunches (< 1 cm) for subsequent acceleration to the desired high energy in a linear accelerator. As the muons retain 
their short bunch length in the collider, a low p interaction region can be employed. 

The analysis of ref. 1, based on die use of ionization cooling [2] of the muon bunches, concluded that even 
with optimistic assumptions, it is difficult to envision a 200 GeV |o.+|j.~ collider functioning with a luminosity > 
10 2 7 cm" 2s _ 1. In the scenario of Ref. 1 achieving a luminosity =10 3 0 cm^s"1 would require major advances in 
several of the constituent technologies: superconducting dipoles and quadrupoles, multi-kiloampere electron beam 
sources, and multi-megawatt muon production targets. 

In this paper we consider the extent to which the inclusion of a stage of stochastic cooling after the 
ionization cooler can improve the prospects of designing muon colliders widi luminosity exceeding 10 3 0 cm'^s'l. 

2. COLLIDER CONSIDERATIONS 
The number of muons per bunch, N^*, that circulate in the collider will be determined by the production 

efficiency, A^, by the charge, N e in the electron bunch that strikes the production target, and by the path length 
dirough the cooling lattice. The electron bunches will be produced in a macropulse of duration, x e, that is chosen to 
match the circulation period. If the average dipole field in the collider is B a v e , and if die muon energy is E^, the 
circulation period will be 

T e= 2 M s ( i T _ ) ( _ ^ _ ) . (1) 

\ B a v e MlOOGeV/ 

For Nfc bunches per macropulse, the collision frequency will be 

fco.l = ^ • (2) 
t e 
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The electron linac is pulsed at a rate, t^"1, where x^ is the muon lifetime as seen in the laboratory. As the duty 
factor of the linac is XQ/X^, the average power of the electron beam on the muon production target is 

p, _ N b N e Te F _ N b N e F (0.\ 
r beam — '-•e — *-«• w 

The peak luminosity of the collider containing muons with a geometrical emittance, e, can be written as 

* 2 
Nil fcoll 

L= * , (4) 
47te|3* 

where y= E^/^i and p* is the value of the beta function at the collision point. Following the analysis of ref. 1, we 
obtain the average luminosity of a collider of repetition rate, R, 

( L ) = A ^ N b y C , h i / 2LÇQQ1 

4rt r s h <t>accept P* t e I V ° d / \ c X H Te 
1 - exp 

T u y R 

1 u ' (5) 

In eq. (5) rsh is the shower radius, <j)accept is the acceptance angle of the muons, and C^ accounts for the possibility 
of cooling the muons; in the absence of transverse cooling, Cjx =1 and L^oi = 0. 

3. STOCHASTIC COOLING SCENARIOS 
The average luminosity of a muon collider will be far more sensitive to the decay lifetime of the muons 

than to the depopulation of the beams due to colisions. Therefore, for maximum luminosity, the beam emittance 
should be made as low as possible. In dealing with unstable particles such as muons, the technique of ionization 
cooling has the advantage that the rate of cooling the beam to the limiting emittance is independent of the number 
of particles. The limiting emittance of the beam is set by multiple scattering in the cooling cells. Our previous 
analysis suggests that it will be difficult to increase C^ to > 1000 via ionization cooling. 

Rather than relying solely on ionization cooling, one might also consider using stochastic cooling in a 
linear array [3] or in a storage ring to reduce the emittance of the muon beams. The difficulties of this approach 
derive from the limited number of particles that can be effectively cooled stochasticly. In a single pass by the pickup 
and kicker electrodes of the ring the emittance of the beam can be reduced by an amount 

^ = § . (6) 
e Nbunch 

With optimized amplifiers g = 1. 
In eq. (6) Nbunch is the number of particles that are within the resolution bandwidth of the electronics. For 

our purposes, a bandwidth of 3 GHz is a reasonable assumption that would match the use of an S-band rf-system in 
the ring. For a ring with revolution frequency, fs, containing P pairs of pickups and kickers, the maximum rate at 
which the emittance can be damped is 

~ - f s P (7) 
Nbunch 

If the beam of initial, geometrical emittance, e 0 , is cooled over a period of Ç muon lifetimes, then the final 
emittance of the bunch will be 

£ f = e 0 exp[ -a s Ç yx^] . (8) 

Consider that in the absence of cooling the luminosity of the collider is L n c ; then for the collider to operate 
with a required luminosity, L r eq, the cooling rate and cooling time should satisfy 
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C y tu ( 2 - a s ) = In L n 

Lreq 
(9) 

For rapid damping a » 1; hence, for stochastic cooling of a 100 GeV muon beam 

C: 
Using eq. (6), we can rewrite eq. (10) as 

Nbunch 
•• 455 ln Lr, eq 

C: f R P 
Nbunch 

= 455 ln 

Lnc 

47C p* E 0 Lreq 

Ni bunch fcoll 

(10) 

(11) 

Solving of eq. (11) for a system to reach any desired luminosity is complicated by the implicit dependence 
of e 0 on Nbunch- The «identification of a starting point for numerical investigations is simplified by the slow 
variation of the right-hand-side of the equation. For 100 GeV muons in a stochastic cooling ring with an average 
dipole field of 6 T and with 5 feedback pickups and kickers per ring, f s P = 3 x 1 0 6 . Further numerical 
experimentation with eq. (11) suggests that if stochastic cooling is to be useful, the number of particles per bunch 
must be limited to the order of 10 3 . It follows that the number of bunches in the collider ring must be as large as 
possible and that the original emittance must be as low as possible. Applying the considerations described above to 
the case of electro-production of muons, we find that a very high luminosity muon collider with stochastic cooling 
might have the characteristics described in Table 1. 

Table 1. Characteristics of a 100 GeV x 100 GeV muon collider using electro-production, ionization cooling and 
stochastic cooling. The quantities with daggers require technological inventions or are of dubious validity. 

Product ion Stochas t i c Coo le r 
Ee(GeV) 30 EcooiCGeV) 

Pbeam(MW) 1 Number of rings 

100 

N e ( particles) 3.3 x 10 8 No.of feedbacks 

Nbunches 3000 <Bd) (T) in arcs 6t 
Eaccept(GeV) 4.5 Vring (GeV/tum) <0.05 
(Ap/p) u (%) ± 2 -ring (m) 260 

N u (nC) 3.6 x 104 Muon lifetimes 1.55 

E n (rcm-rad) 4.3 x 10- 5 e n,eq(rcm-rad) 1.8 x 1 0 " 1 6 t 
Ionization Cooler Çii-.tot. 2.3 x 1 0 1 1 

Ecool (GeV) 60 
Number of rings Col l ider 
Fcool 0.6 Repetition rate (Hz) 200 
(Bd) (T) in arcs 4.5 N ^ (particles) 530 
Vring (GeV/tum) 0.3 Nbunch 3000 

I O ing (m) 1110 

| (Bq (T), aq (cm)) 
BaveCD 

( 7 7 , 1) Ccollider (m) 

I Pcool (c™) 0.1 fcoll (GHz) 
en.ea ( tm-rad) 4.1 x lO" 7 3 (cm) 

; Nu-put (particles) 2500 
103 

(AE/E)C 0llider (%) 
(L)(cm •2S-1 

< 0 . 1 
2 x 1 0 3 0 
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The algebra suggests that the muon emittanco can be reduced by eleven orders of magnitude to the incredible 
value of 1.8 x 10~16 % m-rad. Why is this "solution" absurd? First, we should check that the beam-beam tune 
shift is a reasonable value. The head-on tune shift is given by 

Av=riiiiL. ( 1 2 ) 

4 K e 

where r^ is the classical radius of the muon. Applying eq. (12) to the case of Table 1, we find that Av » 1. Hence, 
the beam disruption will be so large that the beams cannot be made to collide many times. 

Second, for the parameters of Table 1 the beam's transverse temperature is « 1 °K. However, the beam 
cannot be colder than the pick-ups, kickers, and electronics, which we can assume are all maintained at a temperature, 
Tf. In the best possible situation, the amplifiers do not magnify the thermal noise that is impressed on the beam. At 
pickups and kickers, assume the beta function is pf. In that case minimum normalized emittance will be 

En,min = Pf l i ^J - • (13) 
m^c 2 

Let Tf = 1 °K and pf = 5 cm, then £n,min ~ 10 ~ 1 2 rc m-rad. Using this limiting emittance in the example of Table 
1, we find that the tune shift is reduced dramatically to Av = 0.001, but the time-average luminosity is likewisw 
reduced to only = 10 2 7 cm - 2 s"1. This value may seem discouragingly low; however, it is not so far from what is 
needed. Is some invention possible? 

Noting that we are allowed to increase the tune shift by roughly two orders of magnitude, we look for a way 
to increase the number of particles per bunch without affecting the damping rate. The obvious solution is to cool a 
large number of bunches in an intermediate storage ring and then to stack the bunches in the collider. 

A difficulty with simply stacking direcdy into the collider is that the number of revolutions to accomplish 
the stacking would be equal to the number of bunches in the stochastic cooling ring, N^ s t . Unfortunately, in a ring 
with average dipole field B a v e the lifetime of the muons is only 300 B a v e turns. Too many muons would decay 
during the stacking process. This limitation can be overcome by the use of one or more intermediate accumulator 
rings. For simplicity of design the accumulator may be assumed to bave the same size and average dipole field as the 
cooler rings. Such an approach is illustrated in figure 1. In an arrangement with one intermediate accumulator the 
complete stacking can be accompUshed in as few as 2VN5 s t turns. The technique of bunched beam cooling followed 
by stacking should yield <L> as high as 10 3 1 cm"2 s _ 1 at 200 GeV. 

r:m i.n:t:m nrm irtii 11 igi 1:1:1 u.i i:uxi:t 11:1:1111 in 111 s 
Muon linac Electron linac 

Stochastic Cooler 
To thermodynamic 
limit 

- 3000 bunches 

Accumulator 
ring 

Ô00W/ 3 \ îôooWV-
~ l » Collider 

Figure 1. A schematic of the scenario of bunched beam cooling followed by stacking in a intermediate 
accumulator ring. 
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To assure a small beam size and a short bunch length we propose stacking the beams in "synchrotron 
space" as illustrated in Figure 2. If the 4-sigma energy spread in the cooler is ApCOoler> then after cooling is 
complete, we must introduce an energy increment on every turn > Ai = ApCooler- Once the cooler is filled, we must 
then introduce an energy variation per turn of A2, where 

A 2 = N s t a c k Ap C O oler = V N b u n c h Ap c o o i e r • (14) 

Hence, the total energy spread will be 

Ap tot = N b u n c h Ap c o o l e r

 E c o o l e r . (15) 
^collider 

If we require that the energy spread of the muon bunch in the collider, or-coll be 0.5%, then Ap c o o i e r should be = 
10"6. Such a small energy spread can be achieved only if the muons are originally selected in a rather tight 
momentum band (=1%) around a relatively low central energy (for example, 2 - 5 GeV). The small, final energy 
spread is achieved through a combination of adiabatic damping and longitudinal cooling in the ionization cooler. 
The consequence of this choice is a decreased conversion efficiency from electrons to muons. 

The choice of stacking the bunches in synchrotron space also requires that the accumulator rings and collider 
be designed with a rf-system ( and synchrotron frequency) carefully matched to the the phase space configuration of 
the stacked beams. Insufficient attention to this detail could lead to bunch lengthening and reduced luminosity. 

Stacking in 
accumulator 1 

(Ay/y) 

Al 

Stacking in g (Ay/y) 
accumulator 2 or 
collider 

A2 

z 
Figure 2. Schematic of stacking the muon bunches in synchrotron space 

Contrary to scenarios employing ionization cooling only, the luminosity of the muon collider with 
stochastic cooling will be tune shift limited. In this case, the luminosity is proportional to N^e - 0 - 5 while the tune 
shift is proportional to N u £

_ 1 . Hence, the tune shift limit can be avoided by simultaneously raising the emittance 
and the number of muons per bunch in the collider. Unfortunately, the number of muons per bunch in the cooler is 
limited to ~ 103 . Hence, raising N^ must be accomplished by increasing the number of bunches in the cooling rings. 

Raising Nb u n c h in turn implies increasing the energy spread of the muon bunch in the collider. If the 
increase in energy spread due to two stage of stacking in synchrotron space is too large to be acceptable, the second 
stacking can be performed in the transverse plane with a consequent sacrifice of beam emittance and luminosity. 
This second approach has been adopted in the example of Table 2. Note that in our example the power on the 
production target is only 250 kW. The long bunch train (5000 bunches) would require the use of at least 2 rings for 
the first stage of stacking. In this example, the energy spread after cooling is =10"5; hence, the bunch-to-bunch 
energy variation that is required for the first stage of stacking can be accomplished with an rf-cavity. 

One of the chief advantages of the stochastic cooling scenarios vis â vis ionization cooling is that the 
electron beam power on the production target is not a critical parameter. To some extent this lack of sensitivity 
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could be viewed as a disadvantage were one really able to design targets that could withstand 5 MW of beam power. 
In particular, it appears difficult to raise the luminosity by raising the power on target except by lengthening the 
pulse macropulse from the electron linac. One might, for example, view a 5 MW production target as an integral 
feature of any 5 TeV on 5 TeV e+e" or (i+|J." collider. A cursory examination of scaling stochastic cooling schemes 
to such high energy suggests that it is difficult to take advantage of the faster muon production rate which a 5 MW 
target would provide. Specifically, the luminosity seems to increase slower than linearly with energy - much more 
slowly than needed to overcome the rapidly decreasing cross sections. 

Table 2. The characteristics of a 100 GeV x 100 GeV muon collider using electro-production, ionization cooling and 
stochastic cooling. A single accumulator ring has the same circumference and average dipole field as the stochastic 

cooling ring. The quantities with daggers require technological innovation. 

4. PROSPECTS AND CONCLUSIONS 
Adding a stochastic cooling stage between the ionization cooler and the main collider ring leads to designs 

very different from the scenarios outlined in Ref. 1. The collider would have to contain a large number of bunches 
with few particles per bunch. The low initial emittance desired prior to the stochastic cooling stage must be provided 
by making tight cuts on both the angular spread and the momentum spread of the muons accepted from the target. 
As the acceleration system upstream of the production target will accept muons of a fixed geometrical emittance, one 
should now choose to accept lower energy muons than would be optimum in the scenarios with ionization cooling 
only. Accelerating the bunches to the full energy of the collider before either ionization or stochastic cooling will 
adiabatically damp the momentum spread of the muons that the cooling lattices must accept to values of order of 
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±0.1%. The stage of ionization cooling that precedes the stochastic cooler both lowers the normalized emittance 
further and reduces the number of particles per bunch so that the stochastic cooling can proceed more rapidly. 

While our proposed approach seems to have eliminated the need for a number of the technological 
inventions demanded by ionization cooling, the chief difficulty is that die incredibly small normalized emittance 
required will put extremely severe (and perhaps unrealizable) demands on noise levels permissible in die feedback 
electronics and for the magnet power supplies. Additional difficulties of die approach include the need for efficient, 
rapid beam transfer among the several storage rings. These issues requires detailed study before one can consider me 
stochastic cooling option as more than a madiematical construct. 
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STOCHASTIC COOLING REQUIREMENTS FORAMUON COLLIDER * 

Alessandro G. Ruggiero 
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ABSTRACT 
The most severe limitation to the muon production for a large-energy muon collider 
is the short time allowed for cooling the beam to dimensions small enough to provide 
reasonably high luminosity. The limitation is caused by the short lifetime of the parti
cles. It appears to be desirable to accelerate the beam quickly in very short bunches. 
This paper describes the requirements of single-pass, fast stochastic cooling for very 
short bunches. Bandwidth, amplifier gain and Schottky power do not seem to be of 
major concern. Problems do arise with the ultimate low emittance that can be 
achieved, the value of which is seriously affected by the front-end thermal noise. 

1. INTRODUCTION 

In the quest for the Higgs bosons, a muon collider may be perceived as the experimental device more 
affordable and more feasible than electron-positron or very large hadron colliders [1-3]. Unfortunately, muons do 
not exist in nature and they have to be produced with the only technique we know these days: impinging an 
intense beam of protons or electrons on a target. There is also the fact that muons are intrinsically unstable parti
cles with a very short lifetime. Accumulation, acceleration and cooling are then to be executed extremely fast. 

The topic of this paper deals with the requirement of betatron stochastic cooling. The situation being 
described is altogether different from the usual encountered with coasting beams. Now the beam is made of short 
bunches with a length considerably smaller than the wavelength of the bandwidth of available electronic amplifi
ers. Thus a different method is to be developed based on the correction of the stochastic signal for all particles at 
the same time in one single-step. There is a fundamental limitation to the ultimate value of the final emittance that 
can be achieved, caused by the thermal noise at the front-end of the amplifier. It is found that a luminosity of 
about 10 2 4 cm"2 s"1 can be achieved at the very most. 

2. THE MUON COLLIDER 

A layout of a possible scenario is shown in Fig. 1. A fast-cycling accelerator of either electrons or protons is pro
vided as the source of the primary beam which is made to impinge on a sequence of targets for the production of 
muon pairs [4-8]. The secondary beam, is collected with a normalized emittance of about 100 % mm mrad. An 
average intensity of about 50 nA per each component of the pair production is expected. Both types of beam, | i + 

and \x~, are accelerated in a linear rf structure, operating at 3 GHz, to the final energy which is in the range of 100 
to 1000 GeV. At the end of the acceleration, each beam is transferred to a storage ring where fast stochastic cool
ing is done. Each beam is then taken to a stacking ring of about the same size, where several cooled beam pulses 
are stacked sidewise in the momentum phase space [7]. Finally, both beams are extracted from their respective 
stacking ring and transferred to the collider ring proper where they are made to collide. 

Cooler Rinçs Stacking Rings 

Tar°et 
#+ „/«e™,,™> Linear Accelerator i 1 ( i 

e / p Source K^K^J Collider Ring 
Fig. 1 - A conceptual layout of the muon collider 

*Work performed under the auspices of the U.S. Department of Energy 
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3. THE LUMINOSITY PERFORMANCE 

The average luminosity is given by the following expression 

L = M F N 0

2 f b u n c y / 47 re n p* = M F L 0 (1) 

where N 0 - 100 is the initial number of particles per bunch, fbunc ~ 3 GHz is die beam bunching frequency during 
acceleration and stochastic cooling, y is the energy relativistic factor, e n ~ 25 n mm mrad is the initial rms normal
ized emittance, P* is the focussing amplitude parameter at the interaction point which is 1 cm for the single-pass 
mode. M is the number of beam pulses which are stacked in the momentum phase space of the stacking ring. It is 
to be noticed that the current 1̂  = N 0 ef b u n c - 50 nA is a constant equal to the average current of each muon 
beam. Finally F is the form factor 

— •'"ace • sto ^slac *"col *• ' 

F a c c is the square of the beam survival fraction after acceleration. 

Face = ( E ] I u t / E f i n a l ) 2 E ° / c G x ° (3) 

where E i n i t ~ 1 GeV is the beam kinetic energy at production, E f i n a l is the final energy in the collider, E 0 = 106 
MeV is the rest energy, T 0 = 2.2 (_is the lifetime of the muon at rest and G is the accelerating gradient in the linear 
accelerator. F s t o reflects the effects of reducing the betatron emittance by stochastic cooling, 

Fsto = (eD / e~ ) exp ( - 2 T s t o / y f i n a l x 0 ) (4) 

where (e 0 / e„ ) is the ratio of the initial to the final betatron emittance and T s t 0 is the cooling period. F s [ a c is the 
beam survival fraction after momentum stacking of M turns during a period T s t a c , 

Fstac = [ 1 - exp ( - T s t a c / y f i n a l x 0 )] / ( T s t a c / y f i n ai x 0 ) (5) 

To avoid excessive beam losses, at most M ~ 900 pulses [9]. Finally, F c o i represents the beam losses during colli
sion and has an expression similar to the Eq. (5), except that T^c is replaced by 2 T c o], that is twice the period of 
beam-beam collision. 

4. REQUIREMENTS ON STOCHASTIC COOLING 

With the values of the parameters given in the previous Sections, we have L 0 = 1.0 x 10 y cm"2 s" . To 
achieve a luminosity of about 1.0 x 10 2 7 y cm"2 s"l, as required by the high energy physics experimental program, 
one needs M F ~ 1 x 10 1 2 . Since at most M F s t a c

2 ~ 1000, even assuming F a c c F c o l - 1, to meet the requirement 
one needs F s t o ~ 1 x 109, which is a very large requirement for the betatron stochastic cooling [9]. The require
ment is independent of the beam energy: a normalized emittance of 25 x 10"9rc mm mrad, that is a reduction of the 
betatron emittance by nine orders of magnitude (!). Thus the fundamental question concerns the ultimate emit
tance that can be realistically achieved at die end of cooling. Fast cooling can be obtained with a low number of 
particles per bunch and a large electronic gain. Then a serious problem is associated with the thermal noise at the 
front-end of the amplifier, which will set a limitation of the final beam transverse dimension. 

There are major differences between stochastic cooling for the case of bunched beams we are investigating 
here and die usual approach for coasting beams encountered, for instance, during production and accumulation of 
antiproton beams [9-11]. Widi good approximation, the beam bunches have no longitudinal extension. The beam 
current signal is therefore highly organized and coherent. The transverse beam position, on the other hand, has a 
very stochastic behavior. The longitudinal internal motion can be ignored and no mixing occurs between the 
detection of the beam signal at die pickups and the application of die deflection at die kickers. The lack of mixing 
causes a serious limitation on die effectiveness of stochastic cooling. Once me initial beam displacement has been 
corrected, mere is no more signal from the beam diat can be used. Thus everydiing is done in a single step with a 
relatively small reduction of the beam size. Between steps, die signal from the beam has to be regenerated, for 
instance by rearranging the particle mutual position witii the aid of powerful magnetic lenses, like skew quadra-
poles, sextupoles and nonlinear lenses. We shall assume below mat tliis is indeed the case. 
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5. ANALYSIS OF THE COOLING DEVICE 

Consider a very narrow bunch made of N particles all with the same electric charge. The bunch is periodi
cally traversing a sequence of n p position pickups made of two parallel striplines each of length ( and separated by 
a distance d. The striplines are shorted at one end and terminated at the upstream end to their characteristic imped
ance R p. The bunch current can be represented as a pulse of zero duration, proportional to the average displace
ment x. This current leaves a voltage signal which after filtering and amplification is distributed among n k kickers 
of characteristic impedance R k and having exactly the same geometrical configuration and size of the pickups. 

Using the statistically relation between the average beam displacement x and the rms beam size o, that is 
cr = N x 2 , the total deflection angle each particle receives during the traversal of the kickers is 9 S = g0 a / d 
where, with E the particle total energy and pc the velocity, 

tk 
£o = ; s / N e 4 W 2 n k n R kR^ (6) 

2(32Ed 

The finite temperature of the terminating resistors of the loop and of the preamplifiers creates at the input 
to the preamplifier a signal of power P T = k B (T A + T R) W, where kg = 8.6171 x 10"5 eV/°K is the Boltzmann 
constant, T A the equivalent temperature of the amplifier and T R of the resistor. We calculate also the total deflec
tion angle due to the thermal noise 

e (A 
6 T = -^— JnkRkPT (7) 

p2Ed V 

The effectiveness of stochastic cooling is assessed by the ratio of Schottky to the thermal power 

S = 6 s

2 / e T

2 = N e 2 W 2 n p R p c 2 / 4 d 2 P T (8) 

This ratio increases linearly with the bandwidth, differently from the one it was derived for coasting beams [11]. 

6. THE EQUATION FOR THE EVOLUTION OF THE BEAM EMITTANCE 

The beam emittance can be defined as follows 

e = Zj ( y*i 2 + 2ax i x 1 ' + Px,' 2 ) / N (9) 

where a, P and y are the lattice Twiss parameters, and x i ( x{ are respectively the position and angle of the i-th par
ticle. At the kickers each particle receives the same kick, that is x{ -» x{ + 9 S + QT. Since there is no correla
tion between particle position and thermal noise, the average change per revolution is [9] 

<Ae> = - ( 2g - N g 2 ) e + P k 9 T

2 (10) 

having assumed an optimum betatron phase advance between pickups and kickers, and where the dynamical gain 

8 = §0 \ / P k P p / N d 2 (11) 

Finally, the evolution of the beam emittance is described by the following equation 

de/dt = - I e + D (12) 

where, assuming n s identical cooling systems in the storage ring, and denoting with f0 the revolution frequency, 

X = nsî0{2g - N f ) (13) 

is the cooling rate, and the diffusion coefficient 

D = n s f 0 p k 9 T

2 (14) 
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7. OPTIMIZATION OF THE COOLING PERFORMANCE 

An optimum cooling rate is obtained by setting g - 1 / N 

Xopl = n s f0 / N (15) 

which corresponds to correcting the instantaneous beam bunch displacement in one single step. At the same time 
we can also derive the required amplifier gain 

3 ( 3 2 E d 2 / ? I u m 
(16) 

\J e 2 n k n p R k R p (3k p p 

and the equilibrium emittance 

6 d 2 P T / W 
e.. = D / X o p t = N P k 9 T

2 = (17) 
m n p p p e I ^ R p 

Both of these expressions show the same dependence with the bunching mode number m = 3 W / 2 f^nc 
and with the average beam current 1^ = N e f̂ ,,,.. Noticing that the thermal power P j is proportional to W, it is 
seen that both A and E M do not depend explicitly on how the beam is bunched. 

8. AN APPLICATION OF THE OPTIMAL SYSTEM 

We take the following values: d = 1 cm, P p = P p = 200 m, n p = n k = 1024, R p = R k = 100 ohm. 
We take also m = 3, that is a bunching frequency f^^ = 3 GHz, and a bandwidth W = 6 GHz ranging between 6 
and 12 GHz. We set the temperature of the amplifier and resistor T A = T R = 1 °K which is very likely an unrealis
tic value. The summary of the results of our calculations are shown in Table 1 below, where we have taken the 
optimum gain g = 1 / N. 

Table 1. Stochastic Cooling Performance 

Beam Energy, GeV 100 300 1000 
2 T I R , m 700 2100 7000 
n s 8 24 80 
1/X, ms 0.030 0.030 0.030 
A l x l O 9 3 x l 0 9 1 x 10 1 0 

£ n

 = Y e ° ° » K mm mrad 32 96 320 
i -1 -l L 0 , cm - s 1 x 10 1 8 3 x 10 1 8 1 x 10 1 9 

MF 1000 300 100 
T - 2 -1 

L, cm s 1 x 10 2 1 1 x 10 2 1 1 x 10 2 1 

N» 
1 omax 

0.0068 0.0023 0.000 
f 
"•max 
^ m a x ' ^ m S 

,-i 
40 

4 x 10 2 2 

120 
1.2 x 10 2 3 

400 
4 x 10 2 3 

The circumference of the storage ring increases with the beam energy, and the number n s of cooling sys
tems varies proportionally. As a consequence, the cooling rate k is constant with energy, whereas the amplifier 
gain A and the equilibrium emittance e<„ increase linearly with energy. Even at the very low temperature of 1 °K, 
thermal noise dominates over the beam signal, and the equilibrium emittance is just about comparable to the ini
tial beam emittance at the energy of 100 GeV. For larger energies, there is actually stochastic heating accompa
nied by an increase of the beam emittance. 

Since for the optimum gain the cooling time is 0.03 ms, which is considerably shorter than the beam life
time, it is reasonable to lower the amplifier gain. The results are shown in Fig. 2. As the gain g is lowered, both the 
amplifier gain and the equilibrium emittance reduce also, but on the other hand, unfortunately, the cooling time 
increases. If the increase is too large then the particle losses would also be too large. 
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0 0.2 0.4 0.6 0.8 1 
Fig. 2 - Equilibrium Emittance vs. Dynamical Gain Ng 

There is an optimum [9] in correspondence of N g m a x = 1 / y x 0 ^ o p t w n i c n g i v e s an enhancement of the 
luminosity by a factor f m s - 0.04 y. The values of N g , ^ and of f,^ with the corresponding increased luminos
ity are also shown at the bottom part of Table 1. The luminosity figures are still well below the desired values. 

The only other parameter that can be varied is the bunching frequency ft, u n c. It is found [9] that as a result 
of the optimization with respect to the dynamical gain g, there is no optimum with the bunching mode number m. 

9. CONCLUSIONS 

We have determined that it is indeed feasible that the luminosity of a muon collider scales linearly with the 
beam energy, as it is required by physics argumentations. Unfortunately, even with the stretching of our imagina
tion, it is seen from Table 1 that at the very most only a luminosity of 10 2 0 y cm"2 s"1 can be obtained. This is 
seven orders of magnitude below what it is actually required. 

The limitation of thermal noise to the ultimate emittance that can be achieved is to be coupled with the 
requirement on the cooling rate which is to be large compared to the inverse of the beam lifetime. To achieve very 
fast cooling, a large amplifier gain is needed, which has also the effect to amplify to a larger level the front-end 
noise. Moreover large cooling rate can be obtained only with a few number of particles per bunch. Even by postu
lating the feasibility of momentum stacking, it is rather difficult to accumulate more than 105 particles per bunch. 

Our estimates of the performance of stochastic cooling are based on the simple scenario of production, 
acceleration, cooling and collision we have proposed here. Other scenarios may be possible and we believe that 
an optimum configuration has still to be searched and is highly desirable. But we also believe that stochastic cool
ing has to be an integral part of the scheme. 
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A B S T R A C T 
This method has the goal to measure the transverse temperature of elec
trons of an intense electron beam with energy 2 - 2 0 keV and current of 
0.1 — 3 Amps. The measurement of transverse temperature are based on the 
measurement of transverse Larmor radius. A thin beam with a diameter of 
0.06 mm is cut from the electron beam and hits a luminescent screen. The 
dimension of the shining spot, measured with a microscope, gives the value 
of the Larmor radius and consequently the transverse velocities of the elec
trons in the beam. The optical analysis of the electron beam temperature 
was performed for the new LEAR-gun and a gun, special constructed for 
these experiments. The difference of transverse temperature for axial and 
boundary electrons was found to be equal to 0.1 -0.3eV for high-intensity 
electron beam equivalent to a perveance 1 - o^iA/V3/2 in a longitudinal 
magnetic field of 600 G. The accuracy of the method is discussed. 

1. INTRODUCTION 

The method of electron transverse temperature analysis is based on measurements of the 
transverse Larmor radius [1]. The thin electron beam cut from the base electron beam (Fig.l), 
comes to a luminescent screen. The dimension and coordinates of the shining spot are measured 
with a microscope and give the value of the Larmor radius and, consequently, the magnitudes 
of the transverse velocities of electrons. 

The transverse velocity of the electron in the beam, generated with the gun with adiabatic 
optics, has radial and azimuthal components: 

vr = VT • cos(tp + fo) + v± • cos(<p) , (1) 

V(j = VT • sin{if + <p0) + v± • sin(yp) + Vd , 

where: VT - electron thermal velocity and electron phase on the cathode, vj_ - transverse 
velocity, appearing due to gun optics aberrations , <̂ o- ip - phase of electron Larmor rotation on 
the cathode and in observation point, Vd - drift velocity in the transverse electric field of the 
beam and the longitudinal magnetic field. The drift velocity vanishes on the cutting diaphragm, 
as the radial electric field of the beam transforms here in the longitudinal one. 

Thus, the cut beam conserves information about vj and v±. The last one is the main goal 
of measurements. 

2. THE METHOD OF MEASUREMENTS 

The analysis of the transverse velocity of an electron beam was performed for two guns: new 
LEAR-gun [2] and CAPT gun, engineered for these experiments. 
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A special test bench "Analyzer" was constructed for measuring of the transverse energy of 
electron beam (Fig.l). This test bench consists of a vacuum chamber of 2 m in length and 30 cm 
in diameter, an electron gun, an analyzer of transverse velocity and a system of coils, forming 
a longitudinal magnetic field. The magnetic fields in the gun and the analyzer can be adjusted 
independently. Inhomogeneity of the magnetic field near the cathode is equal to 1-3%, in the 
analyzer it is equal 0.5% . The experiments were performed with a vacuum of 10~' - 10~ 6 Torr. 

2 3 4 5 
3.5" s 

Fig.l 
The schematics of the optical analyzer. 
1 - the gun cathode, 
2 - steering electrode, 
3 - the cutting diaphragm, 
4 - the luminescent screen, 
5 - the microscope. 
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Fig.2 
The dependence of the transverse energy 
on a radial coordinate of electron. 
LEAR-gun: 
1 - I = 1 A, s0 = 5.7 keV, H = 600 G; 
2-1 = 1.5 A, so = 5.7keV, H = 600G; 
CAPT-gun: 
3 - I = 0.3 A, s0 = 6.9 keV, H = 450 G; 
4 - I = 0.5 A, £ 0 = 6.9 keV, H = 450 G. 

The optical analyzer operated in the pulsed mode, when the cathode potential is kept con
stant, the stearing electrode has negative "closing" potential and a periodic pulsed extracting 
voltage is applied to it. Pulse duration was 20—50/isec, repetition frequency - 1—3 Hz. 

The measurements of transverse velocity is based on the method of "magnetic focusing" of 
the cut beam. The shining spot on the luminescent screen is the exact "electron-optical" image 
of the cutting diaphragm, if the distance between it and the screen is equal to an integer number 
n of Larmor revolution periods: 

d = 2-anpo , po = v0/uin . eH 
JH -

mc 
When this number is half-integer, i.e. 

d = 2npi(n+l/2), p1 = v-L/uiH 

(2) 

(3) 

the spot has a maximal size, and its centre is shifted with respect to the centre of the focused 
optical image, observed in Regime (2). The shift value b is connected with the "optical" part of 
the transverse velocity v±_ and the coherent angle 0, correspondingly: 

e 
b 

2pT 
(4) 
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where: vx - electron longitudinal velocity. 
The dependence of a coherent angle 0 on radial coordinate was measured by scanning the 

beam across the diaphragm. The electron transverse energy can be found from these results 
with the formula 

eO0
2(r), (5) t i 

where: e 0 - kinetic energy of electrons. 
The size and the form of spot for the defocusing regime (3) are denned by the Larmor radius 

and the coherent phase <p, which the electrons possess, when they travel from the cathode to 
the cutting diaphragm: <p — uL/vi, where: L - distance between the cathode and the cutting 
diaphragm. 
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Fig.3 Fig.4 
The dependence of difference of the transverse The dependence of the transverse energy 
energy for axial and boundary electrons on on the beam current for CAPT-gun: 
beam current, forming by LEAR-gun. £ 0 = 6.9keV, H — 450 G, 
1 - £ 0 = 5.7kV, H = 6 0 0 G , P = 2 - 3 - l C T 6 Torr; P = 7 - 8 • lCT 7Torr, r = 1cm. 
2 - £ 0 = 13 kV, H = 600 G. P = 2 - 3 • 10~6 Torr. 

The phase tp is coherent in a beam with a small current. In this case the spot has a disc 
form, shifted with respect to the focused spot position. The diameter of the disc is defined by 
thermal velocities. The incoherent angle spread 86 can be found from the equation 

69 = 
D -a 

4pi 
(6) 

where: D - size of the shining spot, a - diameter of the hole in the cutting diaphragm, a = 
0.06 mm. 

The electron phase <p is not completely coherent for a beam with a high current, when the 
discharge of power supply capacitors is essential (1% of full voltage for a 1 A beam current). 
Such an incoherence gives a large-sized spot, which has a "banana" shape. There can exist other 
reasons for phase incoherence. 

3. EXPERIMENTAL RESULTS 

In the experiments the electron beam was scanned across the cutting diaphragm. The 
transverse energy was measured for axial and aperture electrons. 
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The results of measurements for the LEAR gun (Fig.2) show, that there exists some nonzero 
level of £j_ even for axial electrons: e±_ = 0.2 -4 1 eV. Therefore, to extract the influence of gun 
optics, the difference of transverse energy values 

A £ X = £ l ( i 2 ) - £ ± ( 0 ) (7) 

was used, where R - radius of the beam. This parameter increases with beam current (Fig.3) 
and has a level of 0.1 -f 0.3 eV for beam perveance of 1 4- 5 fiA/V3/2. 

The da ta of measurements with the optical analyzer do not contradict with the results of 
measurements of transverse energy with the energy analyzer [3]. The electron transverse energy, 
measured with help of the energy analyzer, was found to be equal 0.3 4- l e V for the beam with 
perveance 1 4- 5fiA/V3/2 in magnetic field 380 4- 450 G, while the optical analysis was realized 
for higher magnetic field H = 600G. It decreases transverse velocities, excited by the gun. 

The results of the measurements for the CAPT gun are shown on Fig.2 and Fig.4 - 6. The 
dependence of £j_ on radial coordinate (Fig.2) for different beam currents shows tha t it increases 
with radial coordinate of the electron. The transverse energy also depends very strongly on the 
beam current (Fig.4). The decreasing of the magnetic field and the electron energy leads to 
increase the transverse energy of electrons. 
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Fig.5 
The dependence of the transverse 
energy on the electron energy: 
7 = 0.5A, H = 450G, 
P = 5 - 8 - l Q - 7 T o r r , r = 1 cm. 

1.Z 

I.O 

O.B 

0.6 

0.4 z 

£,,è\ 

O.Z t i i n I T T i i | 11 i i i i i i 11 i i 11 "i' i i i i |"M i i i i i i ) | i rf i i rr'TT ] 

aoo 40o BOO soo 7oo aoo 
H, G 

Fig .6 
The dependence of the transverse 
energy on the magnetic field: 
£0 = 6.9 keV, I = 0.5 A, 
P = 8 • 1 0 _ 7 T o r r , r = 1 cm. 

The detailed measurements of coherent transverse velocity and angular spread were produced 
with CAPT-gun for axial electrons. Their transverse energy spread is determined by electron 
thermal velocities on the cathode. Some finite value of the coherent angle 0 ~ 5 m r a d was also 
registered. It does not depend on the beam current for I = 0.2 4- 1 A and on the level of the 

— 1 /2 

magnetic field for H = 300 4- 600 G. This coherent angle increases as e0 , when the electron 
energy decreases. 

Some source of the coherent angle exists for axial electrons in the C A P T gun. It is not 
connected with gun optics. The increase of the coherent angle with the beam current at H = 
100-=-200 G can be connected with the distortion of gun electrodes and unparallelity of electrical 
and magnetic fields on the cathode. The magnetic material used in cathode elements can disturb 
the homogeneity of the magnetic field near cathode surface, what forms a coherent angle 

2vd R 
70 -

v pi 
(8) 
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where: vj = 2I//3HR - electron drift velocity, a - angle between electrical and magnetic fields. 
Inhomogeneity of a magnetic field on the junction of the gun and the analyzer solenoids can also 
form some coherent angle. 

The measurements of the transverse velocity of axial electrons permit to estimate the res
olution of the method. It is not worse than 2mrad both for the incoherent angle, and for the 
coherent one. 
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ABSTRACT 
The aim of the experiment is to measure the transverse and longitudinal 
velocity spreads in an electron beam. The method of measurement is based 
on the analysis of the energy spread in fine electron beams, cut from the 
main beam by small holes with diameters of 0.03-0.2 mm. The analysis 
is performed with a decelerating electric field of an analyzing diaphragm. 
The presented results give the transverse velocity spread in the electron 
beam, generated by the LEAR-gun, with energies up to lOkeV, and a 
beam current up to 3 A. The difference of transverse energy between axial 
and boundary electrons is less then 0.3-1 eV for the gun with perveance 
l+5fiA/V3/2 in a longitudinal magnetic field of 350-450 G. The accuracy 
of the method is discussed. 

1. INTRODUCTION 

Forming an intensive electron beam with a low particle temperature is a well know problem 
in the electron cooling method [1]. The present paper is dedicated to experimental investigation 
of parameters of an electron beam with the current up to 3 A and energy up to lOkeV - the 
transverse energy and the longitudinal energy spread. The peculiarity of this experiments as 
compare with the analogy [2] is measurement of transverse energy in a high energy electron 
beam with a large perveance ^P = 1 -r 5 /J.A/V3/2, when the space charge effect of an electron 
beam is essential. The present results are given for an electron beam generated by the new 
LEAR-gun [3]. 

2. THE PRINCIPLE OF THE METHOD 

The general principle of the method is based on the analysis of the electron distribution 
function over longitudinal velocities in a very thin beam cut from the intense electron beam, 
generated by the gun immersed in a longitudinal magnetic field. 

Let an electron in a cut beam have a transverse velocity 

vL = 9vQ, (1) 

where 
VQ = y/2eU0/m . (2) 

UQ - cathode potential. Then its longitudinal velocity is less than vo-

v?, = v% - vl = (1 - e2)v* , (3) 
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and measurements of vn can give v± and 9 values. 
The analysis (Fig 1.) is performed with a decelerating electric field in the space between 

the cutting diaphragm (pos.7) and the analysing tube (pos.4), when some controlled potential 
difference V&AC (pos.3) between cathode (pos.l) and the analysing tube is varied. By measuring 
the current of the collector 5 one can obtain the integral and the differential distribution functions 
for electrons over their energy (see Fig.2). 

2 3 4 5 

Fig.i 
The scheme of the energy analyzer. 
1 - gun cathode, 2 - steering electrode, 
3 - DAC power supply for regulated voltage 
between the cathode and the analyzing 
diaphragm, 5 - collector, 6 - integrator 
and ADC, 7 - cutting diaphragm. 

U, V 

Fig. 2 
The integral (1) and differential 
(2) function of electron energy 
distribution, registered by 
the analyzer. 

The excitation of transverse velocities of electrons in the gun when their total energy is 
constant leads to the shift of the maximum of the differential distribution function and the shift 
value depends on the radial position of the emitting point. 

3. THE RESOLUTION OF THE METHOD 

The shift of the maximum of the distribution function is determined by several effects: 
1) Coherent transverse velocity of electrons connected with the imperfection of gun optics: 

where Uo - cathode potential; 

2) Work function of cathode material: 

(At / ) 0 = W y e ~ 2 F ; 

3) Active resistance R of the emitter: 

(AU)R = RJ. 
where: / - beam current, R ~ 1.4 Ohm; 

4) The potential minimum due to virtual cathode near cathode surface: 

(AL-)j = - ( T c / e ) - l n ^ « 0 . 5 V , 

(4) 

(5) 

(6) 

(7) 
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where Tc, j c - temperature and emission current density of the cathode, j - current density of 
the beam generated by the gun; 

5) Inclination of magnetic field lines to the analyzer axis: if electron motion is nonadiabatic 
near the entrance to the analysing tube, such an inclination with angle a produces 

(AUa) « U0a2exp(-VDL/PL) ~ f / 0 a 2 exp (-2.2/(pL)cm)) ~ 1 - 10 V , (8) 

where pL ~ electron Larmor radius, D - analysing tube diameter, L - distance between cutting 
diaphragm and analysing tube; 

6) Space charge of the beam cut with diaphragm: 
2 

(Atf/) Volt 
30-1,4 mp 

3 
1 + 2 • In D 

(9) 

where I Amp - current of the beam in Amps, 3 = v/c, v - electron velocity inside analysing tube: 
v = \/2eV[)AC /m, h - diameter of the cut beam, a - cathode diameter. 

t4 

toi 

J I I I I M I I I I I I I I I I I I I | l 

-30 -20 -10 
T * T 

A L / 0 , F 

TTT'Tirri I | I I II I I I'TI I I I I I ITU II 
to ZD 30 

U0,heV 
11 ni M n i ii i ii i m 111 M i u u | in in u 1111 n i ii n| n m m MI i in ii i u 

a * s e r 6 9 

Fig.3 
The dependence of AU on electron 
radial coordinate. U0 = 8kV, H = 380G. 

Fig.4 
The dependence of AU on electron 
energy. I = 1 A, H = 450 G. 

The named effects show that optical characteristic of the gun d{r) is measured on the back
ground of parasitic effects (2 - 6), which have a magnitude that is as large, as an optical one. To 
detect optical characteristic, one used the scanning of the beam across the cutting diaphragm; 
a dependence of (AU)g value on the radial coordinate of the cut beam permits to obtain the 
necessary 6(r) characteristic - see formula (4). 

The second important characteristic is the spread of electron longitudinal energy e • SU. It 
depends on electron longitudinal temperature in the particle rest frame Ty , electron transverse 
energy W$ = eAU$ and cathode temperature Tc: 

6U = 2^/mUo + AUeTc)/e (10) 

The results obtained in the experiments show that the achievable resolution is 

AU « 6U « 0.2 V 

4. THE GENERAL PARAMETERS OF THE EXPERIMENT 
The experiment was performed when the gun operated in pulsed mode because of a high 

power of the beam. The varying voltage VQAC w a s generated by DAC that was applied to 

166 



the cathode potential and controlled through a fiber-optics transmission line by a computer. 
The collector current was integrated by a capacitor, whose voltage was measured with ADC 
and memorized by the computer. An integral distribution function was analysed by a special 
program, that made an approximation of this function to the given analytical function with an 
RMS-method. Analytical function is equal to 

dl _ J_ 
dUDAC ~ 5 c 7 e X P 

UD AC AU 
SU 

'111 

Such a procedure "automatically" gives the values of (AL r)"shift and 6U. The general parameters 
of the experiment are given in Table 1, its results - on Fig.3-6. 

Table 1. 
The general parameters of the experiment 

Electron energy, keV 1 - 8 
The beam current, m A 25 - 2500 
Magnetic field, G 380 - 700 
Vacuum pressure, Torr 2 • 10~7 - 7 • 10-'' 
Diameter of analysing tube, fim. : 

channel N 1 
channel N 3 

30 
80 x 120 (oval) 

5. ELECTRON TRANSVERSE ENERGY 

The results of the beam scanning across the cutting diaphragm showed that the dependence 
of AU on the coordinate of the cut beam (Fig.3) do not look like a classical parabolic function, 
what could be expected from such a gun [3]. Nevertheless the difference of the AU magnitudes 
for the axial and aperture cut beams is equal to 0.3-=- leV, which corresponds to 0 — 6 ^ 15mrad 
for different regimes (Table 2). 

Table 2. 
The results of the transverse energy measurements 

Electron energy, keV 5 8 8 
The beam current, A 0.2 1.2 2 1 2.5 1 2.5 
The magnetic field, G 450 450 380 
The difference of A U 

across the beam, eV 
6, mrad 

0.3 
7.7 

0.9 
13.4 

0.8 
12.6 

0.75 
9.7 

0.5 
8.0 

0.3 
6.1 

1.0 
11 

The influence of the magnetic field inclination and the nonadiabatic motion near the entrance 
to the analysing tube, described above (Formula (8)), can explain the results shown on Fig.4 - a 
fast rise of AU with the electron energy eUo. An essential dependence of AU on a magnitude of 
the transverse magnetic field applied in the analyser area to correct direction of the longitudinal 
magnetic field was discovered in the experiments. 

The dependence of AU on the electron beam current (Fig.5) is practically linear, what 
corresponds to some effective resistance R ss 1.5 -r 1.7 Ohm. This magnitude includes the space 

167 



charge shift (see Formula (9)), which is about 0.2 -f 0.3 Ohm, and the active resistance of the 
emitter layer of the cathode « 1.4 Ohm (See Formula (6)). The curve on Fig.5 also has a shift 
as a whole AU ss 2.5 V, which can be explained as "the electron escape potential" (5). 

7-. A u. V 

6\ 

4\ 

3\ 

1 * 
z\ 
•*• • 

I, A 
7 

o. 
1 1 

O 0.6 
i > i i i i i i 

1.0 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

1.6 2.0 

Fig.5 
The dependence of AU on the beam current. 
C/0 = 5.2kV, H = 450 G. 
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AU, V 
Fig.6 
The dependence of the energy spread SU 
on the beam current and on A17. 
U0 = 2kV,H = 450G. 

An increase of the cathode heating current from 30 to 35 Amps decreases AU by 0.5 V, what 
can be explained by reduction of the emitter resistance. 

The important result was obtained, when heating current was switched off and measurements 
of integral distribution function were made with the gun beam, emitted due to thermoinertia of 
the heated cathode (nearly 7 min.). No difference in distribution functions was observed with 
and without heating current. It means that the influence of a magnetic field of the heating 
current is small enough. 

6. THE SPREAD OF ELECTRON LONGITUDINAL ENERGY 

The value of 8U varies slightly with the cut beam coordinate and more strongly with the 
gun beam parameters. It depends on the gun beam current as square root of the current for a 
fixed electron energy (Fig.6), what can be explained by the transverse-longitudinal relaxation. 
At the same time the dependence of (SU)2 on AU is linear, what can be explained by Formula 
(10) and by the linear dependence of AU on the gun current (see Fig.5). 
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ABSTRACT 
A new variable current electron gun has been developed in order to improve the 
performance of the LEAR electron cooler. The previous gun was of the resonant 
type offering little operational flexibility. The new gun is of the adiabatic type 
widi the peculiarity that it has been designed to operate in a relatively low 
magnetic field. It allows for die online control of the electron beam intensity 
whilst ensuring low transverse and longitudinal temperatures. In this paper we 
report on the performance of the new gun in tests made at Lipetsk and at CERN, 
and we present the results of first cooling tests made at LEAR on proton beams at 
a momentum of 310.1 MeV/c. 

1. INTRODUCTION 

The variable current electron gun, developed between CAPT Lipetsk and CERN, is designed to 
generate a high quality electron beam with intensities of up to 3 Amps for electron energies up to 30 keV. The 
gun and its electrical connections are shown in Fig. 1. It consists of a 5cm diameter cathode surrounded by a 
Pierce electrode which are bot at full potential, the 'steering electrode' which is at a positive potential with 
respect to die cathode, and die 'exit electrode' which is at ground potential. The cadiode potential essentially 
determines the mean energy of die electron beam and die steering voltage the electron beam intensity. This 
will be discussed in more detail in section 2. Table 1 lists die main parameters of the new gun. 

Figure 1. The electron gun. 1. cathode, 2. Pierce electrode, 3. steering electrode, 4. exit electrode 
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The gun was designed using the computer codes SAM [1] and EGUN [2], and by paying special 
attention to the shape of the steering and exit electrodes we were able to reduce the longitudinal field, in 
which the gun is immersed, to a relatively low value of 650 G. This is important for low energy operations at 
LEAR where we would be unable to compensate the coupling effect of the solenoid if the field were too 
strong. Computer simulations gave electron transverse energies of less than 0.4 eV, even with high intensity 
beams at low energy ( 3 Amps at 7 keV ). 

Table 1. Design parameters for the variable current electron gun. 

Electron energy (keV) 2.3 7 20 30 
Beam current (A) 0.01 to 0.53 0.07 to 2.93 0.35 to 2.83 0.65 to 2.6 
Beam perveance (uP)1 0.125 to 5 0.125 to 5 0.125 toi 0.125 to 0.5 
Gun perveance (uP)1 0.58 0.58 0.58 0.58 
Steering anode voltage (kV) 
[with respect to ground! 

-1.45 to 8.1 -4.3 to 25.6 -12.5 to 11.5 -18.6 to 7.3 

The gun offers a number of new facilities for the operation of the cooler : 
1. the possibility to switch on and off the electron beam with the steering electrode without perturbing the 

circulating ion beam, 
2. a very high current for electron beam energies lower than 20 keV, 
3. the possibility to regulate the electron beam current during the electron cooling process. 

As the electron intensity can be varied during beam cooling and with the possibility to neutralise the 
electron beam, a servo-system was implemented on the gun in order to maintain the mean energy of the 
electron beam constant. This system is described in detail in another paper presented at this workshop [3]. 

Because the cooler can now run with a fixed magnetic field, the compensation scheme was also 
modified when the gun was installed. The old tilted solenoids were replaced by a set of horizontal dipoles for 
the closed orbit correction and two straight solenoids powered in series with the cooler main solenoid. The 
whole ensemble is operated in the 'pulsed mode' as with the old system [4], 

2. PARAMETER TESTS 

Due to the fact that the electron intensity is determined by the steering electrode voltage, the important 
parameter describing the gun is the 'gun perveance' which is defined by 

P = T / V .3/2 rgun ~ i I v st 
where I is the beam current and V s t the steering electrode voltage. For a measurement of the perveance,the 
steering electrode voltage was fixed and V 0 varied in steps of 1 kV. For each step the beam current was 
measured and the gun perveance was calculated. Figure 2 shows the results for three values of V s t . 

One sees that the gun perveance is significantly lower than the theoretical value of 0.58 uP for the 
regime when the steering electrode potential is positive with respect to the exit electrode i.e. with respect to 
ground ( Fig. 3 ). This can be explained by the fact that when there is a positive potential difference, 
secondary electrons, created by collisions of the primary beam with the residual gas atoms, can be stored in 
this potential well and will limit the maximum beam current that the gun can deliver. This was confirmed by 
decreasing the cathode heating current whereby reducing the outgassing rate of the vacuum chamber around 
the gun which led to a slight increase of the beam current. 

A value close to the design perveance could also be achieved by periodically pulsing the steering 
electrode voltage. If the steering voltage is forced to a negative value with respect to ground for a short period 
of time ( <5 us ), the stored electrons are expelled from the well and the primary beam will increase in 
intensity. Secondary electrons will then slowly begin to fill the well and the primary beam current will 
decrease until the steering electrode is again pulsed. If the repetition rate for the puiser is about equal to the 
storage time for the secondary electrons, then the gun perveance can remain at more than 90% of the design 
value. The influence of this puiser on the cooling of ions has still to be tested but the effect is expected to be 
negligible. 

The second parameter that we measured was the 'beam perveance' which is defined by 
pbeam = * / v o 

see section 2 Parameter tests', for the definitions of beam and gun perveance 
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where V 0 is the cathode voltage. For this measurement V 0 was kept fixed and V s t increased until the design 
beam perveances shown in table 1 were obtained. Again we found that the nominal beam perveance could be 
reached but that the steering voltages necessary were much higher than the theoretical values ( Fig. 4 ). The 
critical parameter was found to be the electron beam collector. It would seem that the collector perveance is 
much too low to recuperate effectively the dense electron beams that can be generated by the new gun. 

0 ' '—̂  
-10 -20 -25 -30 

Fig 2. The variation of the gun perveance, Pmjn, as a function of the cathode voltage V 0 for fixed values of 
the steering voltage V s t. 

3a 3b 

Fig. 3 The potential distribution on me beam axis. 3.a. shows die case when the electrons are smoodily 
accelerated to the desired energy and 3.b. shows the case when a potential well for secondary electrons is 
created when the steering electrode potential is positive with respect to the exit electrode. If the steering 

potential is made negative for a short period of time then the well no longer exists and the secondary electrons 
can escape. 
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More recently, after a fine adjustment of the collector and repeller voltages, a beam perveance of 2.8 
uP was obtained at an electron energy of 10 keV. With a steering voltage of 30 kV, mis corresponds to a gun 
perveance of 0.58 uP which is in perfect agreement with the simulations. 
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Fig 4. The dependence of the beam perveance, P^eam, on the steering voltage V s t for fixed values of the 
cathode voltage V 0 

3. COOLING TESTS WITH 50 MEV PROTONS 

Once the parameter tests had been concluded, electron cooling tests were made at the proton injection 
energy of 50 MeV. A number of measurements were made in order to determine the real possibilities of 
electron cooling with the new gun. They comprised emittance and cooling time measurements in the 
transverse and longitudinal planes as a function of electron beam intensity, as well as tests on the servo-
system and experiments on beam neutralisation. 

3.1 Emittance measurements 

During electron cooling of protons the neutral hydrogen beam, formed by the recombination with the 
cooling electrons, can be observed with multiwire proportional chambers or solid state detectors. This allows 
the shrinkage of the proton beam to be observed during cooling and one can also direcdy measure the 
equilibrium beam size. Figure 5 shows the vertical and horizontal H" profiles measured by a CCD camera 
placed at the end of the cooling section in LEAR. The video signal is displayed on a digital oscilloscope and 
from there it can be acquired and analysed by a program running on the LEAR uVAX cluster. The-measured 
equilibrium emittances (2a) were found to be £y = 6.3 it mm mrad and e n = 4.3 n mm mrad. 

3.2 Cooling time measurements 

The transverse and longitudinal cooling times were measured by observing the evolution of die spectral 
density of the beam Schottky noise around frequencies corresponding to a harmonic of the revolution 
frequency or a transverse sideband. This mediod has been used in previous cooling experiments [5] and was 
found to be very accurate as long as there are no beam instabilities. The measurements were made at 
injection, where the emittances are the largest, and the cooling time to equilibrium was estimated from the 
Schottky scans. Taking advantage of the fact that the electron beam intensity could be varied online, we also 
measured the dependency of the cooling time on this parameter. Figure 6 shows the results obtained for three 
settings of the electron beam current and for two different proton beam intensities. The initial values of the 
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transverse emittances were estimated to be about 45 n mm mrad in each plane, and the momentum spread was 
measured to be 4x10"^. 
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Fig 5. Vertical ( left ) and horizontal ( right ) HV profiles. One video signal scan takes 40 ms which is 

equivalent to a width of 14.3 cm. By converting the FWHM from ms to cm one obtains the equilibrium 
emittances. 

From the results it would appear that for the transverse cooling time measurements the 1/1 dependency 
does not satisfactorily fit the mesaured values. In the longitudinal plane however the theoretical curve agrees 
very well with the measurements. Moreover there seems to be a relationship between the cooling time and the 
number of stored protons. The difference could be due to the fact that we measured the total cooling times and 
not the e-fold cooling time, which is normally used. The method used for the measurement also has to be 
refined as the longitudinal cooling greatly influences the transverse Schottky signals. More measurements will 
need to be performed in order to confirm the observations already made. 

33 Evaluation of the space charge contribution 
Due to the space charge of an intense electron beam, in order for electron cooling to proceed at the 

correct energy the cathode must be placed at a slightly higher value than the mean kinetic energy of the 
electrons. The exact contribution of the beam space charge can be evaluated by varying the electron beam 
intensity and measuring the change in momentum of a circulating proton beam on a spectrum analyser. This 
momentum change is directly proportional to the mean kinetic energy of the electrons. 

Figure 7 shows the variation of the space charge contribution to the electron beam energy as a function 
of beam intensity. The measured curve differs somewhat from the theoretical relation of Ugp = 91.831/(3. At 
high currents the contribution begins to saturate and for lower currents the behaviour follows the linear 
relation Ugp m e a s = 78.851/p. 

4. CONCLUSIONS 

The variable intensity electron gun has proved to be an invaluable tool in the operation of the LEAR 
electron cooling device. The possibility to regulate the beam current not only opens new possibilities for 
cooling at ultra low energies, but has also enabled us to make a series of interesting measurements on the 
cooling times of protons and to investigate the influence of the electron beam space charge. The stability of 
stored beams should also be less of a problem as we are able to reduce the electron beam current, hence the 
cooling strength. 

It has not yet reached the full design specifications ( especially for low energy electron beams ) but 
recent results make it clear that through careful adjustment of the cooler parameters we will soon reach the 
design specifications. 
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Fig 7. The space charge contribution as a function of electron beam intensity at 26.9 keV. 
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ABSTRACT 
The large space-charge forces introduced by a high-density electron beam induces an 
azimuthal drift velocity detrimental to the cooling process. To reduce this effect an 
electron-beam neutralisation system has been implemented. Being so, the change in 
the neutralisation ratio and/or of the electron beam intensity will result in a change 
of the cooled ion-beam energy. A servo-system has therefore been developed, which 
aims to maintain the ion beam at its nominal energy. The principles and the 
preliminary results obtained with the neutralisation and servo-system are presented. 

1. INTRODUCTION 

A new electron gun for the LEAR electron cooler has been designed, constructed, installed and tested at 
LEAR [1]. It aims to provide very intense electron beams at low energy. For example, an electron-beam 
intensity of 3 A was measured at a kinetic energy of 10 keV (and 0.5 A at 2.5 keV). As the cooling time is 
inversely proportional to the electron beam intensity this should improve the cooler performances for cooling 
and accumulation of ions, like the antiprotons for the present LEAR programme and the Pb 5 3 + ionsat 4.2 
MeV/u as required for LHC. 

Such intense electron beams will induce large space-charge fields which introduce a transverse electron 
drift velocity detrimental to the cooling process itself. 

One way to reduce the space-charge effect is to provide a neutralisation of the electron beam. This has 
been implemented by introducing a set of neutralisation electrodes on either side of the drift space (Fig. la). The 
electrons and the ions to be cooled are moving together in the drift tube. 

Once the neutralisation is active and/or the electron-current intensity is varied, the changes in the space-
charge potential will introduce a variation of the average electron velocity and, consequently, of the energy at 
which the ions are cooled. A "servo-system" has been installed to overcome this drawback. It aims to maintain 
the electron velocity and, consequently, the cooled ion beam at its nominal energy regardless of the electron-
beam intensity or the neutralisation factor. 

After a brief reminder of the fundamental equations, we shall present in this paper the preliminary results 
obtained with the neutralisation and the servo-system. 

2. SOME PHYSICAL PROPERTIES OF THE ELECTRON BEAM 
The electron-beam set-up is shown in Fig. la. In this chapter, we will neglect the influence of the 

steering electrodes. The electron beam of radius a passes through a steering electrode and a drift tube of radius b 
(Fig. lb) to enter finally into the collector. The ion beam overlaps with the electron beam in the drift tube 
where cooling is effective. The overall system is surrounded by the solenoid with a longitudinal magnetic field 
B = BQUS (see Fig. lc for symbols). 

The electron-beam intensity / is determined by the steering-electrode voltage Us with: 

/ = PgUf2 and pg = 5 x 10 - 7 A V~3 /2 the gun perveance 

The electron-beam average velocity v = /3c is determined by the following equation: 

Ec={r-\)mc2=e(Vo + Usp) (1) 

where 

175 



e, m are the electron charge and mass, respectively, 
Ec is the kinetic energy, 
Usp is the electron-beam space-charge potential, 
y =(l-j32)-1^2,)8=v/c. 

Vacuum chamber 

e-beam 

Fig. 1 - a) Principle of the electron-cooler set-up. 1: Cathode, 2: Steering electrode, 
3: Cathode neutralisation electrode Elg, 4: Drift tube or drift space at 
ground potential, 5: Collector neutralisation electrode Elc, 6: Collector. 

b) Drift-space cross section. The electron beam of radius a is at the centre. 
c) Frame of reference. The electron beam is moving along the (0,s) axis. 

2.1 Space-Charge Potential Usp 

The voltage seen by an electron at radius r, with respect to the drift tube which is at ground potential 
(Fig. lb), is expressed by: 

Usp = -
( 2 2 \ 

en\r -a J ena 
4e 0 2e 0 

.2 / 

In — [ f or r < a 

U, sp • 
ena 
2e 0 

In - I fora<r<b 

with 
£o = 8.854 x I0~n Fm-1- the permittivity of free space, 
n = (ne - n+), the density in particles/m3, 

ne = the electron density, 

ne = na Pee 
(2) 

n + = the stored low-energy ion density within the electron beam when neutralisation is 
present. 
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We can define a neutralisation factor t] = n+/ne, such that we obtain on the axis (r = 0): 

Usp(r = 0) = - ena 
4£o 

91.71/ 

l + 2 1 n | - en ̂ -n)o 
4£o 

(l - TJ) in practical units. 

l + 2 1 n | -

Usp in volts, / in amperes, a = 25 mm, b = 10 mm. 
We can re-write Eq. (1) as follows: 

V^7 : - i mc = e U0 

91.71/ 
(i-n) (3) 

which shows that /?, and consequently the cooled ion energy, will vary with / or the neutralisation factor r\. 
Thus according to Eq. (2), for a fixed intensity /, the electron density will increase when /? is decreased. 

2 .2 Drift Velocity 

It has been shown [1] that, due to space-charge forces, an electron at radius r will acquire an azimuthal 
drift velocity vd : 

re 
Vd 

•ne{\-T]) 

2y m£Q(uh 

6)h 

eB0 

ym 

which is detrimental to the cooling efficiency. The only practical way to reduce v<* is to bring TJ close to unity, 
i.e. to neutralise the electron beam. 

3. NEUTRALISATION 

A way to neutralise the electron beam has been reported in Refs. [2, 3] which consists of using a set of 
neutralisation electrodes at each end of the drift space (Fig. la). The electrodes Elg are located on the gun side 
while Elc are on the collector side. 

Each neutralisation electrode consists of two metallic half-cylinders, separated by a "conductive" glass 
insulator (dashed lines on parts (3) and (5) of Fig. la). A positive voltage up to 6 kV is applied to all the 
metallic cylinders. 

The expression "conductive" insulator means that a high resistance is provided between the two metallic 
electrodes at high potential, but that a small conductivity is sufficient for discharging any electrons falling on 
the glass insulators. 

The electron beam ionises the residual gas molecules during its passage from the cathode to the collector. 
The positive low-energy ions, from the molecules that have been ionised between the neutralisation electrodes, 
will be trapped while the "ionisation" electrons will be collected on the electrodes themselves or on the 
"conductive" insulator. 

Computations [3] have shown that neutralisation voltages U„ lower than 6 kV should be sufficient to 
reach full neutralisation (TJ = 1). 

3 . 1 Measurements of the Neutralisation Coefficient 

There are several ways to measure TJ depending on whether one operates with or without the cooled ion 
beam. 

3.1.1 Measurements without cooled ion beams. Time of flight method 

The accelerating voltage UQ and die electron-beam intensity / (at Us) are now assumed to be constant 
At a nominal dc potential Unï, U„2, the gun neutralisation electrodes Elg are powered to provide either 

longitudinal or transversal electrical field at high frequency and small amplitude superimposed on the nominal dc 
field (Fig. 2): 

Vl=V 1 0COS(C(X) 

As a consequence the electron-beam density (longitudinal case) or beam position (transverse case) will be 
slightly modulated. 

The "collector" neutralisation electrodes Elc at an effective distance L from Elg and also at their nominal 
dc voltages t/„3, £/„4 will detect a signal: 
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V2 = V20COSÛ) t v = pc. 

E-GUN 

COLLECTOR 

\Un3 
(External Etc) 

Fig. 2 - Principle of the flight method time 

This method may be considered as a beam transfer function (BTF) measurement on the electron beam. 
Excitation frequencies between 1 MHz and 3 GHz were tested, but most measurements have been carried out 
between 200 MHz and 600 MHz using a vector network analyzer with a preamplifier in the receiver path. The 
equivalent time stability of the method is about 1 ps for an integration time of 0.1 s. 
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Fig. 3 - Neutralisation. Time of flight relative phase measurement. <f> - coL/v. 
Vert, scale: 10°/div., Horiz. scale: 2.093 s/div., At: neutralisation time, 0$ Phase reference, 
A<j>: Phase deviation, UnX = Un2 = 5 000 V, Uni = Un4 = 0 V, Ie = 2.3 A, 
Proton nominal pc = 310.1 MeV, U0 = 27.852 kV, Us = -668 V,/H) = 1.197732 MHz. 
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The time correlation between the two signals 

(yxV2 ) = V30 cos - — = V30 cos <p 

has a phase 0 which depends on v = Pc, and therefore on TJ according to Eq. (3). This implies that L has been 
previously determined, e.g. by measuring the phase <j> at different frequencies while the electrons are kept at a 
constant velocity. 

An example of phase measurement is given in Fig. 3 and corresponds to a neutralisation factor TJ = 0.5. 
The time taken by the phase to reach its final value is the neutralisation time At (-6 s in Fig. 3). 

3.1.2 Measurements with a cooled ion beam 
During the electron-cooling process the cooled ions will assume the same mean velocity as the electrons. 

Therefore, when the neutralisation is activated and has reached its final state (by setting the appropriate fixed 
voltages on £/„i,2,3,4) the space-charge factor, TJ, will increase according to Eq. (3); the ion-beam velocity and 
hence its revolution frequency fr will also increase. 

The revolution frequency will be measured from a longitudinal Schottky pick-up signal displayed on a 
spectrum analyzer. The values of TJ will be determined by using the classical relation between A/3 and Afr, and 
the relation between A/? and TJ. Comparing the values so measured with those obtained in Section 3.1.1 shows 
that the measurements are reliable (within the errors in the measurement of UQ and /). 

Once the electron beam is neutralised (even partially) another possibility is to change UQ so as to bring 
the cooled ion beam to its nominal energy or revolution frequency. The change AUQ = AUsp is directly related to 
the neutralisation factor TJ. This again gave reliable results. 

3.2 Further Studies 
Measurements with the neutralisation are preliminary and investigations are still underway. The reasons 

for not reaching the full neutralisation (TJ = 1) have to be studied. This may need a better understanding of the 
plasma behaviour through more elaborate electron-beam response measurements with the above-mentioned rf 
excitation and a more detailed study of the influence of the magnetic field. It is expected that for high-intensity 
electron beams the process of ion trapping may become unstable [3]. This must be investigated. Finally we 
have to check for the improvement in the transverse cooling time which is in fact the goal of neutralisation. 

4. THE SERVO-SYSTEM 

For a fixed value of UQ and of /, when the neutralisation is active and the factor TJ is increased (see §3), P 
and hence the momentum of the cooled ions cp = yf3(mjc2) and the average revolution frequency will also 
increase. A similar effect will occur when / is varied by modifying the steering electrode voltage Us. It is 
therefore desirable to implement a system capable to maintain the cooled ions at their nominal energy (or 
nominal )3o and/ro) for any changes in TJ or /. This is the goal of the servo-system. 

4.1 Principle 

Ion beam 

Un 
E - Cooler 

Schot/ky 
^pickup 

AU0 

R 

Feed - forward data 

PC, I, 9 

fr 

Fig. 4 - Principle of the servo-system 
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The principle is illustrated in Fig. 4. The actual mean revolution frequency fr is taken from the output of 
a longitudinal Schottky pick-up. It is applied to a super-heterodyne receiver which is tuned to the nominal revo
lution frequency/,o. This super-heterodyne is a commercial synthesizer-based radio receiver (25 MHz -1 GHz) 
with a modified wideband (0 to ±75 kHz) FM demodulator and remote frequency setting via RS 232. The error 
signal at the heterodyne output AM = k(fr -fro) = khfr volts is applied to a digital system which performs the 
following operation (also named Proportional Integral Differential filtering, or simply P.I.D.): 

kp + kd — + ki\dt 

such that the nominal gun voltage Vo w i U be corrected by AUQ = ̂ Au. 
The coefficients kp (proportional), kd (derivative), jfcj (integral) are digitally controlled and adjusted such 

that after correction of UQ by AUQ the cooled ions retrieve their nominal revolution frequency (or equivalently 
their nominal energy). 

The system has to operate for different settings of the electron cooler and at different ion energies. 
Therefore, to improve the servo-system response some parameters such as pc, I and r\ are loaded in digital form 
into the digital feedback loop. A microprocessor using Eq. (3) can anticipate the changes in /? (or/ r) 
corresponding to these parameters. The microprocessor is also used to fulfill the digital filtering defined by R. 

4.2 Response of the Electron Cooler Itself 
The major limiting component of the servo-loop is the cooler itself since the longitudinal cooling rime 

(or time response) on LEAR is of the order of 2 s. This implies a cut-off frequency of the order of 0.5 Hz which 
is much smaller than the cut-off frequency of the other components like the super-heterodyne receiver, the digital 
sampling period, or the UQ power supply response time. 

The open-loop response 0/ = AUo/AU has been measured. It shows that the cooler alone behaves like a 
2nd-order system which can be approximated by the following transfer function at momentum p = 310.1 MeV/c: 

0,(s) = Go 
[l + (*/2aft)][l + (*/2afc)] 

with 
s the Laplace parameter, 
Go a constant for a fixed ion energy, 
/ l = 0.32 Hz, 
h = 0.61 Hz. 

4.3 Closed-Loop Response 
The closed-loop response has been measured for kp = 2 500 s, Ay = 35 s-1 and kd = 8 000 s. The results 

are plotted in Figs. 5a and 5b together with the simulated response computed using Ofa). 

1000 
Gain (Hz/V) Phase (Degrees) 

100 -

o.ooe 0.05 0.5 
frequency (Hz) 

Gain (sim.) ~"l~ Phase (aim.) 

<3ain (exp.) Phase (exp.) 

100 

Fig. 5a - Simulated (sun.) servo-system and experimental (exp.) closed-loop transfer function. 
Ie = 2.3 A, Proton nominal pc = 310.1 MeV. 
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Fig. 5b - Simulated (sim.) servo-system and experimental (exp.) closed-loop transfer function. 
Ie = 0.64 A, Proton nominal pc = 200 MeV, U0 = 11.9 kV, Us = -280 V. 

The response to a small voltage step on i/o is more illustrative. The time response is shown in Fig. 6. It 
shows, for example (Fig. 6b), that for pc = 200 MeV to a voltage step of 21.0 V, which corresponds to a fre
quency shift of 728 Hz (nominal frequency fa = 0.795 MHz and so Ap/p = 0.9 x 10"3), the maximum excur
sion in frequency is 62.74 Hz and the system recovers in about 2 s. As a consequence, when ramping / (or Us) 
and/or TJ (or Uni) in 2 s or more, no change should be observed in the cooled ion-beam momentum. This has 
been experimentally verified. 

Till now no measurements of the feedback system effects on cooling have been made. 

I 

Channel 1 

Channel 2 

a) b) 
Fig. 6 - Servo-system: response to a step perturbation A/r versus AUQ. 

a) Proton pc = 310.1 MeV, Horizontal scale: 1 s/unit,/,o = 1.1926 MHz., 
Channel 1 - Vertical: 26.3 V/unit and so At/0(max) = 52.5 V, 
Channel 2 - Vertical: 235.3 Hz/unit and so A/r(max) = 206.0 Hz. 

b) Proton pc = 200 MeV, Horizontal scale: 1 s/unit, fa = 0.795 MHz. 
Channel 1 - Vertical: 26.3 V/unit and so AC/0(max) = 21.0 V, 
Channel 2 - Vertical: 156.8 Hz/unit and so A/^max) = 206.0 Hz. 
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5. CONCLUSIONS 

The high-density electron beams foreseen to be used for the low-energy ion cooling introduce large 
electron transverse drift velocities which can be detrimental to the cooler performance. 

A possibility to reduce this effect is to neutralise the electron beam. The neutralisation is performed by 
two sets of neutralisation electrodes. The electrodes, positively polarised, will trap the positive ions generated by 
the ionisation of the residual gas molecules by the electron beam. A neutralisation factor of about 0.5 has been 
reached. Studies are underway which aim at a better understanding of the neutralisation process. 

The electron-beam space-charge potential is modified when introducing the neutralisation process or when 
the intensity is varied. As a consequence, the cooled ion energy will be modified. A servo-system has been 
implemented to maintain the cooled ions at their nominal energy, which is based on digital techniques, and its 
response time is limited by the cooler process itself. The response time is of the order of 2 s. The system has 
been successfully tested and will be soon used on LEAR to be operational at the ion énergie levels 
(pc < 310 MeV/u). 
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MEASUREMENTS OF ELECTRON COOLING AND "ELECTRON HEATING" AT 
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ABSTRACT 
The drag rates of the CELSIUS electron cooler are similar to those of other electron 
coolers. On the other hand, when the stored beam is exposed to the electron beam at 
the injection energy at CELSIUS, a large fraction of the stored beam is rapidly lost. 
This is true whether the electron beam energy is tuned for cooling or whether the 
energy is shifted from the value, which is appropriate for cooling. One possible ex
planation for this phenomenon is non-linear effects due to the finite diameter of the 
electron beam, which is smaller than the maximum beam size. 

1. INTRODUCTION 

CELSIUS [1] is supplied with ions from the Gustaf Werner Cyclotron with stripping injection or multi-
turn injection without stripping. These injection methods [2] make use of a vanishing orbit bump, in order to uti
lize the whole available horizontal acceptance of the ring. The injection energy while stripping injecting protons 
(starting with H2 + molecular ions) is 48 MeV. 

An electron cooling system [3] is used to improve the momentum spread and size of beams, which travel 
with velocities within the velocity range of the electrons (up to 550 MeV/u). The electron cooling system will 
also be used to accumulate ions, which are only available with small intensity from the cyclotron. 

The nominal acceptance of CELSIUS is 120 n mradxmm in both planes, and the /?-values in the electron 
cooler are 10 m horizontally and 7 m vertically. Thus, the nominal acceptance corresponds to a beam size of 70 
mm in the horizontal plane and 58 mm in the vertical plane. The diameter of the electron beam is only 20 mm. 
At the design stage, it was not thought that beam-beam effects between the electron beam and the stored ion 
beam would be significant, because the beam-beam tune shifts are typically not more than 5 x 10~3. 

2. DRAG RATE MEASUREMENTS 

The longitudinal drag rate has been measured with coasting beams of protons, deuterons, and oxygen ions 
with several energies. The measurement technique has been to step the output voltage from the electron cooler 
high voltage power supply, and to observe with a spectrum analyzer how the revolution frequency of the ions 
changes as a function of time after the step. Fig. 1 shows comparisons between the drag rate measured at 
CELSIUS with drag rates measured at other laboratories [4,5]. These measurements show, that the influence of 
the cooling electrons on the cooled ions in CELSIUS is similar to that in other electron cooling systems. 

3. "ELECTRON HEATING" 

When turning on the electron beam in the presence of a 48 MeV stored and bunched proton beam for the 
first time in 1988, the accelerator staff at Uppsala were disturbed to find that the stored beam lifetime became 
much shorter than before it was exposed to the electron beam. This phenomenon, which we have nick-named 
"electron heating," has been the subject of study for some time, however without obtaining a complete under
standing. 

Similar effects (although less pronounced than at CELSIUS and probably with different explanations) 
have been observed at NAP-M [6], Fermilab [7], Indiana [8], and TARN II [5,9]. On the other hand, they seem 
to be completely absent at LEAR [10], ESR and TSR [11], ASTRID [12J, and CRYRING [13]. 

In order to separate the effects of electron heating and electron cooling, the electron heating phenomenon 
has often been studied with the electron beam energy offset from the value, which is appropriate for cooling (26 
keV for cooling of 48 MeV protons) by one or several keV. Figure 2 shows three examples of measured inten
sity vs. time for a bunched proton beam with an injected intensity of about 25 mA. The three cases are: without 
electrons, with an electron beam of 50 mA, with energy that is tuned for cooling, and with an electron beam of 
the same current, which has an energy which is 1 keV too high for electron cooling to take place. 
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The initial lifetime of a bunched 48 MeV proton beam typically changes from 50-100 s without electrons 
to 0.5-1 s when it is exposed to 100 m A of electrons, and a 280 MeV bunched proton beam changed its lifetime 
from about 7000 s without electrons to 50 s when exposed to 500 mA of electrons. 

Other observations are, that the 1000 
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electron heating is much worse for a 
bunched beam (with rf.) than for a coast
ing beam, and that it does not make any 
difference if the electron energy is detuned 
one or several keV or if it is increased or 
decreased. 

The initial (just after injection) pro
ton beam lifetime is roughly inversely 
proportional to the electron beam current. 

A change of vacuum in the electron 
cooling region of nearly two orders of 
magnitude (from 10"6 Pa to a few times 
10"8 Pa) had almost no effect on the stored 
beam lifetime in presence of detuned elec
trons. 

Turning on and off the clearing 
electrodes, which are intended to remove 
low energy electrons and ions, which are 
trapped in the electron beam, had no effect 
on the stored beam lifetime in presence of 
detuned electrons. 

When making the electron beam 
losses much higher than normal, by in
creasing the collector anode voltage or de
creasing the collector voltage, then the 

Fig. 1. Comparison between measured drag rates at LEAR (49 
MeV protons, n), NAP-M (65 MeV protons, • ) , FNAL 
(203 MeV protons, • ) , IUCF (45 MeV protons, ©), 
Novosibirsk (850 keV protons,»), INS (20 MeV protons, 
n), ICE (47 MeV protons, A), CELSIUS (783 MeV 
deuterons, Q, 296 MeV 1 6 0- ions , Q and 180 MeV 
protons, ZV). 

stored beam lifetime became even shorter. For exam
ple, changing the losses of a 250 mA electron beam s 
from 32 |aA to 240 \iA by increasing the collector an
ode voltage from 400 V to 1 kV, changed the initial 
48 MeV proton beam lifetime from 0.6 s to 0.4 s. 

In order to answer the question whether the 
electron heating effect is a coherent effect or a single = 
particle one, the stored beam lifetime has been mea
sured with different stored proton beam intensities. 
Two different methods were used to reduce the stored 
beam intensity from its normal value, which is about 
25 mA for protons. One method was to reduce the 
pulse length from the cyclotron from its normal value 
of 8 ms. The other method was to detune the injection Fig- 2. 
septum magnet in CELSIUS, in order to hit the area 
in horizontal phase space which is accepted by the in
jection process with a lower intensity. 

With the first method the stored beam emit-
tance becomes smaller at the same time as the inten
sity is reduced, because injection takes place only 
during a small part of the time during which the orbit 
bump is shrinking. When the proton beam intensity 
had been reduced with this method, the electron heat
ing phenomenon became less pronounced than with 
full intensity, and completely absent if the intensity was reduced enough and the rf. was off. 

With the other method on the other hand, it is thought that the emittance of the stored beam is roughly the 
same for different intensities. There was no significant difference in lifetime while changing the stored proton 
current from 25 mA to 4 mA. 

This indicates, that the electron heating is not a coherent effect, but a single-particle instability, caused by 
the electron beam. 

The instability may be due to excitation of resonances by non-linear electrical fields from the electron 
beam. These may be due to: 

a. The electrical field increases as r inside of the electron beam, but decreases as 1/r outside it. 

Measured intensity vs. time for a bunched pro
ton beam with an injected intensity of about 25 
mA. The three cases are: without electrons 
(upper curve), with an electron beam of 50 
mA, with energy that is tuned for cooling, and 
with an electron beam of the same current, 
which has an energy which is 1 keV too high 
for electron cooling to take place (lower 
curve). 
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b. Non-linear electrical fields from the electron beam are seen by the ions in the toroids, where the elec
tron beam is bent into and away from the stored beam. 

c. The vacuum chamber of the electron cooler is not perfectly cylindrical. An approximately cylindrical 
environment for the electron beam, with 100 mm diameter, is created with 8 longitudinal wires, which are 
placed inside the drift tube. 

d. The electron beam may be displaced from the axis of the vacuum chamber. 
e. The electron beam may have an uneven effective charge density, due to inhomogeneity or asymmetry 

of emitter and gun, or due to an inhomogeneous distribution of secondary particles inside the electron beam. 
For ions with displacement larger than the electron beam radius, the amplitude of the exciting force from 

the finite diameter of the electron beam itself (case a) is much larger than those from cases b and c. 
This means, that we should expect the lifetime to be sensitive to changes of the electron beam radius. 

With a larger radius, a smaller fraction of the stored ion beam is outside the electron beam. Ions with large am
plitudes should get a better lifetime. On the other hand, if the electron current density is kept constant, the ions 
with displacements, that are smaller than the electron beam radius will be more disturbed by the other exciting 
forces (b, c, d, e...) due to the higher electron current. 

Measurements of such dependence have been done. The electron beam diameter in the drift tube was in
creased from 2 cm to 3.6, 4 and 5 cm by running the electron cooler with a smaller magnetic field in the drift 
tube solenoid, than in the toroids and the gun and collector solenoids. The electron current was 100 m A, 314 
mA, 400 mA and 625 mA respectively in order to maintain a constant current density. The best lifetime was ob
served when the electron beam diameter was 4 cm and the electron current was 400 mA. In figures 3 and 4 the 
lifetime of 48 MeV protons in presence of detuned electron beams of 100 m A, 2 cm diameter, and 400 m A, 4 
cm diameter are compared with the lifetime without electrons present. 

Fig. 3. Measurement of intensity (shown as 1 0 log of 
|J.A) vs. time (from zero to 20 s) for a bunched 

• beam of 48 MeV protons (rf. voltage about 
200 V), without electrons (best lifetime), with 
400 mA electron beam with 4 cm diameter, 
and with 100 mA of electron beam with 2 cm 
diameter (worst lifetime). 

Fig. 4. As fig. 3 but for coasting beam of 48 MeV 
protons. The best lifetime is without elec
trons. The next curve is with 400 mA electron 
beam with 4 cm diameter. The worst lifetime 
is with 100 mA electron beam with 2 cm di
ameter. 

We tested the hypothesis that the electron heating would only be due to the fact that the electron beam di
ameter is smaller than the ion beam size by first cooling the ion beam, then turning the electron current to zero, 
increasing the voltage of the high voltage power supply by 1 kV, and turning the electron current on again. The 
result was that beam losses do appear, with a delay after that the detuned electrons are applied, which varies with 
the electron current, and is a few seconds with 400 mA electron current, about 5 s with 200 mA, and 20 s with 
50 mA. Thus, we have to conclude, that electron heating is present also for a beam which fits inside the electron 
beam, and that also other non-linear fields from the electron beam or other effects are important. 

4. OTHER EXPLANATIONS 

Another hypothesis to explain the electron heating phenomenon for intense stored beams has been pro
posed by Parkhomchuk and Pestrikov [14]. They suggest that the electron heating is also due to that the stored 
beam sees an additional impedance from the interaction with the electron beam. We have to conclude that sev
eral effects may play a role at the same time. 

5. STUDIES OF LONGITUDINAL SCHOTTKY SPECTRA 

Longitudinal Schottky noise spectra from coasting beams have been observed to see how these are influ
enced by the presence of a "detuned" electron beam. 
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The pickup which is used for these measurements is resonant at 68 MHz, which corresponds to the 60th 
harmonic of the revolution frequency for 48 MeV protons. 

When the electron beam is present, there are dips in the measured spectra. These are absent without elec
trons. The density of these dips is so high, that one can usually see 3-6 of them at the same time. An example of 
such a measurement is shown in fig. 5. It is possible to identify resonances, which correspond to the observed 
peaks. These are of 6th and 7th order, see fig. 6 (Since the chromaticity is not corrected in CELSIUS, the mo
mentum spread causes tune spread. Instead of a working point there is a "working line," as shown in fig. 6). 
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Longitudinal Schottky spectra of coasting Fig. 6. Identification of resonances in tune diagram 
beam of 48 MeV protons with and without corresponding to several dips seen in the 
presence of 50 mA of "detuned" electron Schottky spectrum in fig. 5. 
beam. 

6. TRACKING CALCULATIONS 

The electron heating phenomenon has been simulated in tracking calculations with SIXTRACK [15]. 
New subroutines have been added to represent the effects of the finite diameter electron beam, the solenoid, the 
electron beam in the toroid region, and our eight rods in the drift tube [16]. It was pointed out by Parkhomchuk, 
that it is necessary to evaluate the effect of the finite diameter electron beam by splitting the length of the inter
action region into several pieces, and to calculate the kick from the displacement of the ion at each of these. 
Otherwise, the sharpness of the electron beam edge becomes exaggerated. We have chosen to split it in 10 
pieces. With an electron beam of 0.5 A the results of the simulations seems chaotic after 10 4 - 10 5 turns of 
tracking of a 48 MeV proton, which starts at an amplitude just outside of the electron beam. The presence of rf. 
dramatically increases the chaotic behavior. The presence of a 0.1 A electron current and rf. causes a behavior 
which seems chaotic after about 10 6 turns. The non-linear electrical fields from the electron beam in the toroid 
regions, and the nonlinear electrical field from the eight rods, which surround the electron beam in CELSIUS at 
100 mm diameter, seem to give rise to heating which is weaker than the electron cooling. 
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Fig. 7. Some results of tracking computation of 10 6 turns of a 48 MeV proton in presence of 0.5 A electron 

beam, 190 V rf., and 0.1 T solenoid field. The left figure shows how the -y/ij (black) and Jë^ (gray) 
vary as a function of turn number from 0 to 10 6 , and the right figure shows the position of the proton in 
horizontal phase space plotted once every 10 3 turns. 
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As an example of the output of the tracking computations, fig. 7 shows some results of a computation of 
10 6 turns of a 48 MeV proton, which starts just outside of a 0.5 A electron beam in CELSIUS. This computation 
is made for an rf. voltage of 190 V and a solenoid field of 0.1 T. 

7. CONCLUSIONS AND PLANS 

So far, we have not made any observation that contradicts our hypothesis that the electron heating is 
mainly due to high-order resonances, driven by the non-linear electrical fields from the electron beam. In 
CELSIUS, these are especially due to the fact that the diameter of the electron beam is smaller than the diameter 
of the injected ion beam; in fact, this seems to be the only effect, which gives rise to electron heating which is 
stronger than electron cooling at the injection energy. 

If we gain further confidence in our hypothesis presented here, we will consider to equip our electron 
cooler with new solenoids for the electron gun and the collector with stronger and variable magnetic field, in or
der to get a variable diameter electron beam. 
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A B S T R A C T 
All present day electron coolers have a homogeneous magnetic field of 
typically 0.5-1.0 kG and reach longitudinal temperatures in the region 
of kTu « 0.5meV while the transverse temperatures kTj_ « O.leF are 
de termined by the cathode temperature. In this paper we want to out
line a new design with a heated cathode, with which we expect to reach 
significantly lower electron beam temperatures. The basic design feature 
is t o immerse the electron gun in the high magnetic field (of a supercon
duct ing solenoid), while the field strength in the drift region stays at its 
present value required for maintaining the magnetic cooling regime. 

1. I N T R O D U C T I O N 

An electron b e a m in a heavy ion storage ring is frequently used twofold: As a cooling device 
and as an electron target . The velocity distribution of the accelerated magnetically guided 
electron b e a m is flattened (Auj_ e > Au||), characterized by a longitudinal tempera ture T|| and 
a larger transverse tempera ture Tj_- The longitudinal temperature limits the effect of electron 
cooling in the magnet ic cooling regime; it also limits the width of resonances in dielectronic 
recombination a t higher relative energies. The transverse temperature is of particular impor tance 
for recombination experiments at low relative energy. The radiative recombination scales with 
TJ"°'°; moreover, as the gainfactor of laser induced recombination scales with ( T | | T x ) - 0 ' 5 , the ra te 
coefficient for laser induced recombination scales with T . r 0 ' 5 ! ^ 1 . The very strong dependence 
of T - 4 ' 5 of t he three body collision cross section between two electrons and an ion may lead 
to a new local electron density distribution around the ions (Debye spheres), differing from the 
average electron beam density. Small transverse temperatures Tj_ are essential to explore this 
new regime in electron ion interaction. For flattened situations even the temperature dépendance 
of the three b o d y cross section is completely unclear at present. 

In this paper we explore in how far considerable smaller temperatures T\\ and Tj_ can be 
achieved, when the magnetic field in the electron gun region is much larger (3-80kG) than in 
the drift region (0.1-1.0 kG) and an adiabatic transition is maintained between the two sides. A 
similar s i tuat ion but with much smaller field variations has been explored already by Kudelainen 
et al. [1]. However, here we particularly emphasize the reduction of the transverse tempera ture 
by adiabatic expansion. 

2. T H E C O N C E P T 

Small t ransverse temperatures can be obtained by adiabatic expansion of the electron beam 
after acceleration. For a single electron the relation: 

—— = const. 
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can be derived from the adiabatic invariance of the magnetic moment y. = ( =^e- )irr\ = - -^-, 
where we denote the transverse energy by £Jj_, the cylotron frequency by u?e and the cyclotron 
radius by rc [7, 3, 4]. Since also the total energy is conserved, transverse energy is converted 
into longitudinal energy in a diverging magnetic field. The same principle is used in an inverse 
sense in a magnetic mirror, where particles are reflected via transfer of longitudinal energy into 
transverse energy when approaching an increasing field. 

The adiabatic invariant is only preserved, if the change of the field acting on the electron 
during one gyration orbit is very small compared to the total field. The spiral length Ac = 2 ^ v 

of the electrons represents the typical length scale and we can define an adiabaticity parameter: 

which should be much smaller than one in the adiabatic limit. 
Since the magnetic flux $ enclosed by the helical orbit of the electron : $ = 7rrf j ^ | = 

- ^ P / z is also an adiabatic invariant and each electron adiabatically follows the flux line on 
which it started, one obtains for the electron density n during an adiabatic change of B : 

n 
— = const. 

For intense beams with strongly coupled electrons, the Coulomb scattering between the electrons 
destroys the adiabatic invariant for the individual electrons, but it is interesting that for an 
ensemble of electrons an equivalent invariant can be derived. The transverse energy E_n divided 
by B but summed over all electrons is still an adiabatic invariant [6] : 

— - — = const. 

This invariant shows that the transverse degree of freedom is equilibrated very fast, establishing 
a transverse temperature T± = < E± >, while the relaxation between T± and Ty, being controlled 
by the nonadiabaticity, takes much longer. Here, in addition to x, the adiabaticity parameter 
K = ^ ( n ï + ,—3"-) should be much smaller than one, the cyclotron radius rc being given by: 

_ y/2mkTj_ 
T c ~ eB 

We plan for adiabatic expansions of the magnetic field by a factor between 10 and 100 
and expect corresponding reductions of T±. 

The very high magnetic field in the gun region also allows to reach significantly smaller 
longitudinal temperatures Ty. Without relaxation processes a very low temperature 2]|[2] is 
obtained by electrostatic acceleration to an energy Ekin'-

2 * ifcT|| * Ekin = (fcTc)
2 = const. 

where Tc is the temperature of the thermocathode. By relaxation of potential energy into 
kinetic energy, allowing the electrons to move along the B field lines (longitudinal-longitudinal 
relaxation (LLR)) a final longitudinal temperature Ty is obtained: 

, „ , (kTc)
2 „ , 1 

•'•C'fcm 

where n is the electron density and C is a constant of about one for fast acceleration and 
significantly smaller than one for rather slow socalled adiabatic acceleration. For adiabatic 
acceleration the adiabaticity parameter: 

dTn 2TT 
a = 

dt o;pTj| 
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with up being the plasma frequency, should be much smaller than one. Experimentally adiabatic 
acceleration with a strongly reduced heating due to LLR has been observed [2, 5]. 

For the suppression of the second relaxation contributing to TM, the transverse longitu
dinal relaxation(TLR), a high B field is required. This relaxation process is due to the energy 
exchange between the much hot ter transverse degree of freedom (Tj_ = T c ) and the longitudinal 
degree of freedom with lower tempera ture T|| . It corresponds to the violation of the adiabatic 

invariant L-'B and is weaker t han any power in the corresponding adiabaticity parameter K. 

Experimentally [2] a good description of the relaxation was obtained with: 

d T \ \ , ci 

and constants ci « 2.0, c-i « 0.73. Due to K ex ^ this relaxation is strongly suppressed in 
high magnetic fields. Adiabatic acceleration enhances the importance to suppress the transverse 
longitudinal relaxation, because during slow acceleration a high electron density n persists for 
longer times and Ty is still large, i.e. K is large. Thus a rather high magnetic field especially in 
the gun region is essential t o achieve minimal longitudinal temperatures Tn, as demonstrated in 
detailed measurements in ref.fl]. 

The increase of the longitudinal energy spread due to adiabatic expansion is comparable 
to the initial transverse energy and will yield a negligible contribution to the final longitudinal 
temperature in the comoving frame due to the still dominant relaxation processes. However, 
for typical parameters of an electron beam with adiabatic expansion it happens for electron 
velocities larger than about 2% velocity of light, that the transversal density change becomes 
nonadiabatic (^j ^f « ^ f ^ i P - -0 w ^ ^ r e s P e c t t o t n e plasma period r p and a longitudinal 
longitudinal relaxation increases T\\ to about e 2 n ï . In order to avoid this longitudinal heating 
the final adiabatic acceleration has to be performed after the expansion of the electron beam in 
the magnetic field. 

Thus our concept involving adiabatic expansion and acceleration does seem to allow a 
decrease of Tj| and T± by a t least one order of magnitude. 

3. T H E T E C H N I C A L D E S I G N A N D N U M E R I C A L S I M U L A T I O N S 

The gun solenoid and the next somewhat narrower solenoid of the existing TSR electron cooler 
are shown in fig la . With the existing power supply the gun solenoid could generate a 3 kG field 
with a smooth transition to the next solenoid having typical fields of 0.4 -1.0 kG. In order to 
achieve larger magnetic expansions we studied the replacement of the gun solenoid by a super 
conducting magnet with a max imum field of 80 kG (fig lb ) The magnet has a length of 300 
m m and a warm bore of 100 m m diameter. A field map for different equipotential lines of 
such a design is shown in fig 2, demonstrat ing the slow expansion of the field between the two 
solenoids with an addit ional coil for opt imum field shaping. The electrode system of the new 
gun is more extended tha t in the present design to allow for adiabatic acceleration. The gun 
is separated by a valve from the rest of the existing cooler. For usual barium-oxide dispenser 
cathodes, operation at a current density of l A / c m 2 can be safely envisaged and an emission 
current density of 1 0 A / c m 2 appears possible. This will permit an electron density of 1 0 8 c m - 3 

to be obtained at a beam velocity < 0.2c and an expansion factor > 10. 
When tracing the electron trajectories in the variable field region it was found, that the 

published computer code SLACTRA [8], infact makes a smooth interpolation of the vector 
potential , but produces l i t t le steps when calculating the magnetic field from the vector potential 
by differentiation. This uns teady B field results of course in a significant increase of the transverse 
electron temperature when passing the adiabatic region. By correcting to a smooth change 
of the B field correct tempera tures were obtained. Fig.3a shows the longitudinal magnetic 
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Figure 1: a) Present gun solenoid of the TSR cooler, b) New technical design with superconducting 
magnet and old solenoid. The electron gun is separated by a valve from the rest of the cooler. 
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Figure 2: Magnetic field distribution for the new design with adiabatic expansion. 

z |_c rnJ 
Figure 3: a) Longitudinal B field distribution on the axis and typical electron trajectories, b) Radial 
velocity for an electron ray starting 1mm of axis with an energy of 30 keV. 
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Figure 4: Transverse electron energy for electron trajectories with different initial distances from the 
axis as a function of the final electron energy, using the configuration of fig.2. 

field distr ibution and typical electron trajectories. Fig.3b shows the radial velocity for one 
electron trajectories starting 1mm off axis. During the adiabatic decrease of the B field first 
an increase and then a decrease of the radial velocity is observed. The transverse energy is 
seen in the superimposed fast oscillation. After the adiabatic passage the oscillation ampli tude 
is correspondingly reduced. Fig. 4 demonstrates tha t for typical electron energies of the TSR 
cooler of less t h a n 20 keV transversal temperatures of k T x = 1 0 meV, i.e. a factor of 10 smaller 
than in s tandard devices, can be obtained and that nonadiabaticity effects are negligible. They 
start only at energies above 100 keV. Again, the nonadiabaticity can be described nicely by 
exp(— - % ) . 

During the next shut down we will replace the present heated cathode by one with a 
smaller diameter and a compensating Pierce shield to study the adiabatic expansion with the 
existing solenoid system. In a second step the superconducting solenoid and a new gun design 
will be introduced. 
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Abstract 
In this paper we present measurements of the longitudinal energy spread A£ | | 0 

of electrons emitted by a Ino.46Gao.54As.06P.94-photocath.ode with current densities 
up to 20 mA/cm 2 . Furthermore we present a method of measuring the mean trans
verse energy (Exo) making use of adiabatic invariants for the electron motion in a 
decreasing longitudinal magnetic field. It was successfully tested with an electron 
beam emitted by a thermocathode and will soon be used to measure {E±o} for the 
photoelectrons, expected to be considerably smaller than for thermal electrons. 

l . INTRODUCTION 
High quality electron beams needed for electron cooling devices are characterized by small tem
peratures ï j | and T±. These can be reduced significantly by using a cold semiconductor photo-
cathode with negative electron affinity (NEA) instead of a thermocathode employed in present 
devices and by accelerating these electrons adiabatically [1]. In the last few years it was demon
strated by different groups [2,3] that continuous currents of about 1mA, needed for an electron 
cooling device with a photocathode, where the beam diameter is 2mm [4], can be produced 
with a lifetime of several weeks. If the semiconductor photocathode is precleaned in a separate 
chamber and brought into the ultrahigh vacuum gun chamber using a fast entry lock system [2], 
reproducible quantum efficiencies (QE) of about 25% are reached without problems. 
However, no systematic measurements concerning the initial longitudinal energy spread A£î||0 

and the initial mean transverse energy (E±o) °f t û e electrons emitted by a semiconduc
tor photocathode were published until now. In contrast to a heated thermocathode, where 
Ai5||o = (E±o) =^-Br^cath » it will be shown in this paper for current densities relevant for an 
electron cooling device that the energy spread of electrons emitted by a NEA-photocathode is 
not only determined by the temperature of the cathode Tcath but also strongly dependent on 
the NEA condition. 

2. LONGITUDINAL E N E R G Y DISTRIBUTIONS AND A£|, 0 

The experimental setup is presented in fig.l. The photocathode (1) is a lattice-matched InGaAsP 
epitaxial (lll)A-layer, grown on (100) GaAs by liquid phase epitaxy and p-doped with Zn to 
5 • 10 1 8 /cm 3 . It is activated to NEA by covering it with small amounts of Cs and N F 3 in ultra 
high vacuum; then the vacuum level lies below the conduction band minimum in the bulk and 
electrons lifted from the valence to the conduction band can leave this cathode. The InGaAsP-
photocathode has a better stability than a GaAs-photocathode; according to [2] this is caused 
by the higher band gap of Eg= 1.89eV (measured by photoluminescence) as compared to Eg— 
1.42eV for GaAs. The Pierce-electrode (2) with a hole diameter of 2 mm determines the diameter 

193 

http://Ino.46Gao.54As.06P.94-photocath.ode


of the electron beam. The first anode (3) is s i tuated 2 m m in front of the cathode, the second 
anode (4) is kept on ground potential - therefore the electron energy is always given by the 
negative cathode voltage U c a t h -
After leaving the cathode, the electron beam is guided in a longitudinal magnetic field of B = 1400 
Gauss, produced by a pair of Helmholtz coils. This high field strength ensures that the relaxation 
of transverse energy into longitudinal energy is suppressed [1]. A 3-plate retarding-field energy 
analyzer (5), moveable in transverse direction, is located at a distance of 4 cm in front of the 
cathode to measure the longitudinal energy distribution f(.E||) of the electron beam. Using a 
25 /xm pinhole in the entrance diaphragm only a 1 0 - 4 fraction of the beam is analyzed. The 
collector current I^u detected on the third plate as a function of the retarding voltage U r e t on 
the second p la te gives the integrated electron distr ibution curve (EDC). The differential signal 
is obtained online via lockin-technique. Both voltages XJcath and U P e t were produced by batteries 
to avoid voltage ripple and are monitored continuously with differential voltmeters (accuracy 
0.5meV). 

/ i i . i . i i i i 

fi.g.1: Exper imenta l setup with electron gun and retarding field energy analyzer (for further 
explanations see text ) . 

Prior to the experiments with the NEA-photocathode, the system was tested with an electron 
beam produced by a conventional thermocathode. EDCs for four different currents of the ther
mocathode are presented in fig.2a in a sernilogarithinic plot. As the gun is operated in space 
charge l imitat ion, the mean energy of the electron beam decreases with increasing current: 
the potential produced by the space charge plasma directly in front of the cathode acts as a 
low energy cut-off [5]. Due to the strong magnetic field, the small current density (maximum 
0 .4mA/cm 2 ) and the low kinetic energy (as 7eV) of the extracted electron beam, the energy dis
tr ibutions f(.E||o) of the emit ted electrons are not substantially affected by relaxation processes 
[1]. Thus we have for the distribution measured by the retarding field analyzer f(i?| |)~ f(-E||o) 
and AJE| | % AEUQ. Therefore all EDCs have the same asymmetric exponential shape. As the 
main par t of the longitudinal energy E\\ is distr ibuted proportional to e x p ( - £ | | / k B T c a t / l ) , it 
is possible to determine k ^ T ^ h ; the deduced value of 98 ± 2meV is in very good agreement 
with pyrometer measurements. The energy spread A£7|| = J{E?<) — (-E||)2 for each curve is 
A £ | | « 102meV which also agrees with k^Tct / i -
The EDCs of photoelectrons produced by illuminating the photocathode, held at room temper
ature, with 30/xW of a single-mode HeNe-Laser are shown in fig.2b. Again the current densities 
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are very small (between 3 and 30/zA/cm2) so that the EDCs reflect the longitudinal energy distri
butions of the electrons leaving the cathode f(jB||)« f(E\\0), AE\\ « Ai?|| 0. For the measurement 
shown in fig.2b the electron gun was operated in the current limited regime (both anodes are 
grounded) and the different current densities are obtained after different aging times (indicated 
in fig.2b) of the activated photocathode. Aging is caused by pollution of the activated surface by 
components of the residual atmosphere which leads to an increase of the vacuum level (decrease 
of NEA and QE) that acts as a low energy cut-off. Due to this aging the photocathode has a 
so called 'dark' lifetime of about two days. Subsequent reactivations to the initial maximum 
NEA are possible by recesiation. The left curve in fig.2b (Omin), measured after activating the 
cathode to highest NEA and QE, is rather broad {AE\\ « HOmeV). When NEA and QE get 
smaller, the EDCs become narrower (down to AEu SB 48meV). 
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fi.g-2: Longitudinal EDCs measured for electrons produced a) by a thermocathode at different 
current densities and b) by the Ino.46Gao.54As.o6P.94-photocathode at different aging times. 

Comparison of the EDCs shown in fig.2a and fig.2b reveals a basic difference between thermo-
and photocathode: the longitudinal energy spectra of the emitted photoelectrons do not have an 
exponential high energy slope. Hence the widths AE^ of these EDCs are not constant but they 
mainly depend on the potential (height of vacuum level) that the electrons have to overcome 
before they leave the cathode. Only in the case of very small NEA the slope of the EDC is 
exponential and Tcath as well as the photonenergy has a substantial influence on AE\\0, for 
example A£ | | 0 «25meV at T^,^ = 150K and hi/=2eV. 
We measured the same non-exponential EDCs as shown in fig.2b when the photocathode had 
a constant (e.g. maximum) NEA but the gun was operated in space charge limitation. This is 
an important result because it shows that the electrons do not thermalize in the space charge 
region before they leave it. 
One of the aims of these experiments was to determine AJ5i|0 for current densities used in an 
electron cooling device. Therefore the photocathode was illuminated with 30mW emitted by 
a single mode dye-laser, Vcath was set to -100V and the current was extracted in space charge 
limitation. The measured AE|| is plotted as a function of the current density in fig.3 (dots). Due 
to the high kinetic energy Ejti„, relaxation of potential energy [1] in the accelerated beam already 
leads to a substantial energy broadening at current densities as low as 0.2mA/cm 2. Thus the 

195 



originally asymmetric EDCs displays a Gaussian shape and the measured width A.E?|| is larger 
than AEUQ according to [1]: 

kBTn 

(A£y) 2 

lEkin 
+ 2(ERelax) , 2(ERelax) = Ce2nï 

(ERJ«x} i s t h e 

mean relaxed potential energy in the rest frame, n the electron density and C 
a value between 0 and 1.3, depending on the number of plasmaoscillations i w , the electrons 
experienced on their flight to the retardation analyzer; C is a constant of about 0.7 for a 
nonadiabatically accelerated beam if i w is larger than one [1]. In our setup the flight time is 
very short and n„, c is smaller than one for current densities below 10mA/cm 2. To determine C, 
we measured AJ3|| as a function of n for an electron beam emitted by the thermocathode using 
the upper formula and AEn0 = 97meV. 
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fig.3: Measured energy widths A£?||(») and deduced original widths A£|| 0(o) for different electron 
current densities emitted by the InGaAsP-photocathode. 

The deduced widths AE\\0 for electron beams emitted by the photocathode is shown in fig.3 
(circles). The situation is very similar to that shown in fig.2b; if the majority of the electrons 
lifted to the conduction band are not emitted because they are prevented from leaving the 
cathode by the vacuum level or by the space charge potential, A.E||0 is rather small. By reducing 
this potential, the emitted current and A2?||0 increases. Note that even at current densities of 
20mA/cm 2 AJE||0 is smaller than lOOmeV, i.e. AJ5||0 does not exceed the initial energy spread 
of electrons from a thermocathode. 

3. M E A S U R E M E N T OF T H E M E A N T R A N S V E R S E E N E R G Y (E±0) 
In a proper accelerated electron beam, guided in a constant longitudinal magnetic field, the 
transverse temperature k^Tj , is equal to the initial mean transverse energy (-Ej_o) of the elec
trons. The great advantage of a cooled semiconductor photocathode in contrast to a heated 
thermocathode is a small (-EXo); if t n e tangential component of the electrons momentum is 
conserved when they cross the interface between crystal and vacuum (like in UPS and XPS 
experiments), (E±0) is expected to be as small as lmeV due to the small effective mass of the 
electrons inside the semiconductor [6]. 
All experiments concerning (E±0) [6,7,8,9] measured the angular distribution of the emitted 
electrons but could not take into account space charge effects in the electron beam. Their results 
differ extremely (lmeV < (E±0) < 120meV) and were never compared with measurements of 
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the well known (i?xo) °f a thermocathode. We have developed a technique for measuring {E±o) 
with an accuracy of 3meV independently of any spacecharge and relaxation effects. 
For these measurements the distance between cathode and analyser (see fig.l) is increased to 
26cm. Moreover, the longitudinal magnetic field B, produced by three pairs of magnetic coils, 
decreases in a defined way (see fig.4a) from B0 (at the cathode position) to Ba (at the analyzer 
position). The ration a = Ba/B0 can be varied between 1 and 0.5 with Bo = 1400G. As the 
electron beam expanse adiabatically [10], the mean transverse energy {E±) divided by B is a 
constant of motion. From the energy conservation law (E±o) + (-E||o) = {E±) + (E\\) it follows 
that the mean longitudinal energy of the electron beam at the analyzer position (-E||0) increases 
proportional to (1-a): {E\\a) - (E^0) — (1 - a)(E±_o). The change of the mean longitudinal 
energy (E\\a) — {E^0) can be measured with an error smaller than 1.5meV and thus {E±Q) can 
be deduced. 
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fig.4: a)Different field structures used for an adiabatic expansion of the electron beam. 
In b) the measured mean energy of the electron beam {E\\a) is plotted as a function of Ba/Bo 
for two different Tcath- The broken curve would be obtained for (E±0) = OmeV. 

In fig.4b (E\\a) is plotted as a function of Ba/Bo for two different temperatures of the heated 
thermocathode, T c o th=1070K (•) and T c a t/ l=1150K (o). From the slope of the fitted curves 
it is possible to deduce {E±o) with an error of 3meV, which is in very good agreement with 
^B^cath f ° r both curves. Corresponding measurements of (E±o) for InGaAsP- and also for 
GaAs-photocathodes are in progress. 
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Abs t r ac t 

We present measurements of intrabeam scattering (IBS) blow-up rates for a 63.5 MeV 1 2 C 6 + and 
a 10 MeV p beam at the test storage ring TSR. For 1 2 C 6 + also measurements of the equilibrium 
emittances and momentum spreads reached in electron cooling are described. The experimental 
findings can be well reproduced by an IBS computer code when a strong coupling between the 
transverse degrees of freedom is assumed. Due to the small difference of the horizontal and vertical 
tune in the present experiments, this coupling could be caused by the longitudinal magnetic field in 
the electron cooler section. Furthermore first theoretical studies of a laser cooled 7.29 MeV 9 B e + beam 
with the IBS code are presented. The dependence of the equilibrium temperatures on the cooling 
rate, the particle number, and the dynamics of the beam are discussed for various longitudinal cooling 
rates. 

1. I N T R O D U C T I O N 

One of the central topics of the experimental program at the test storage ring for heavy ions TSR [1] is the 
development of the techniques of electron cooling [2] and laser cooling [3] [4] and the study of cold, dense 
ion beams. The high phase-space density of stored cooled ion beams opens up many new possibilities for 
experiments in the field of atomic and nuclear physics. 

For a proper interpretation of the cooling experiments and the planning of further developments a 
good quantitative knowledge of IBS is necessary, especially in the case of laser cooling: For stable working 
points IBS is the dominant heating mechanism for cold beams in the TSR, scattering events with the 
residual gas can be estimated to be negligibly small. 

The motivation for the experiments described in the next two sections was to get a quanti tat ive 
understanding and theoretical description of IBS at the TSR. We followed the blow-up of a 63.5 MeV 
1 2 C 6 + beam and a 10 MeV p beam. In the case of an electron cooled 1 2 C 6 + beam also the equilibrium 
values of the emittances and the momen tum spread in dependence of the ion current were measured. The 
experimental data could be reasonably well reproduced by an IBS computer code [5]. First theoretical 
studies for an laser cooled ion beam with this code will be presented in section 4. 

2. B L O W - U P O F A 1 2 C 6 + A N D A P R O T O N B E A M 

The squares in fig.l show the results of measurements of the blow-up of the emittances and the longitudinal 
momen tum spread of ion beams stored in the TSR. The measurements of fig. la ) refer to a 63 MeV 1 2 C 6 + 

beam of 2 • 10 7 partices corresponding to an ion current of 11 ̂ A; fig.lb) refers to a 10 MeV p beam 
of 10 9 particles corresponding to a current of 125/iA. The beams have been electron cooled to shrink 
the emittances and the momentum spread, then the electron cooler was switched off and the blow-up 
was measured as a function of t ime. The emittances were determined from the measurement of the 
horizontal and vertical beam profiles with a residual gas ionization beam profile monitor [6]. From the 
horizontal and vertical r .m.s. radii tJh(so) and cr„(so) measured at the position SQ of the monitor the 
emittances are calculated by Ch,v = v\ „(so)/"7?/i.«(so), where /?/,(so) and /?„(so) denote the local values 
of the horizontal and vertical lattice functions. The emittances are proportional to the ring averaged 
transverse temperatures Th and Tv. The momentum spread was determined with a Schottky pick-up. In 
the proton case the momentum spread was only measured once at the beginning of the measurement. 

For both cases shown in fig.l a simultaneous heating of the horizontal and vertical emittance could 
be observed, whereas the IBS code had predicted the behaviour indicated by the dashed lines, where the 
vertical emittance was expected to grow slower than the horizontal one. However, the measurements can 
be explained assuming a strong coupling of the horizontal and vertical degree of freedom. 

A coupling between the transverse degrees of freedom can occur in the presence of a longitudinal 
magnetic field and when the difference between the horizontal an vertical tune is very small. This is 
described in detail in ref.[7]. At the TSR a longitudinal magnetic field is present in the cooler section. 
The horizontal and vertical tunes Qh and Qv were measured as a function of the quadrupole strength, 
and for the tune difference A Q = \Qh - Qv\ a minimum value of AQmin « 0.02 was found (see fig.2). 
Here the strongest coupling should occur. The measurements for 1 2 C 6 + and p where performed at tune 
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Figure 1: Blow-up of a 63 MeVl2Cfs+ beam o/2x 10 7 particles after electron cooling (a) and of a 10 MeV 
p beam of 10 9 particles (b). Squares: measured data; full lines: result of calculations with the IBS code 
assuming a strong coupling of the transverse degrees of freedom; dashed lines: result of IBS calculations 
without coupling. 
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Figure 2: Measurement of horizontal and vertical tune Qh and Qv as a function of the quadrupole strength 
(squares: Qh, crosses: Qv). A minimum value for the tune difference AQ = \Qh - Qv\ of AQmin « 0.02 
was found. For comparision also the values of the horizontal and vertical tunes during the described 
experiments are shown (bullets: l2C?+case, AQ w 0.07; triangles: p case, AQ « 0.06J. 
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differences of AQ = 0.07 and AQ = 0.06 respectively. Whether these values are small enough for a 
complete coupling of the transverse degrees of freedom or whether other effects are responsible will be 
investigated later by a more systematic study of the heating rates as a function of AQ. 

In the IBS calculations the coupling was taken into account by finding the growth rates for both 
emittances from the average of the calculated horizontal and vertical IBS rates obtained from the code of 
ref.[5]. The result of this calculations can be seen in fig.l as full lines, which describe the measurements 
reasonably good. 

In fig.l it also can be seen, that the beams don't tend to an equilibrium like in the case of a free 
plasma, but show an overall heating, which is caused by the coupling of the horizontal and longitudinal 
degree of freedom because of the dispersion in the storage ring [8]. The energy for this overall heating is 
taken from the kinetic energy of the beam. 

Finally it should be mentioned, that additional blow-up measurements for 1 2 C 6 + a n d p were per
formed at various ion currents and the same reasonable aggreement of the experimental data with the 
IBS calculations was found. This holds also for a 7.29 MeV 9 Be + beam, which had been electron cooled 
and laser cooled before observing its blow-up rates[4]. 

3. EQUILIBRIUM WITH ELECTRON COOLING FOR A C 6 + BEAM 

The squares in fig.3 show the equilibrium values of the emittances and the momentum spread measured 
for an electron cooled 63.5 MeV 1 2 C 6 + beam as a function of the ion current. 
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Figure 3: Equilibrium values of the emittances and the momentum spread for an electron cooled 63.5 
MeV 12C?+ beam as a function of the ion current. Squares: measured data; full lines: IBS calculation 

uming strong coupling of the transverse degrees of freedom; dashed lines: calculation without coupling. assui 

A comparision of theory and experiment was made by putting the transverse and longitudinal 
electron cooling rates X± and A|| into the IBS code. A ±was determined by the relative decrease of the beam 
radius a of a hot beam, which was measured with the profile monitor, and Aj_= {àcr(t)/dt)/a(t) — 5.5 s -

was found. Ay was determined from measurements of the cooling force with the induction accelerator [9] 
and gave Ay= 250 s _ 1 . Like for the blow-up measurements a good aggreement with the experimental 
data was achieved by assuming a strong coupling between the transverse degrees of freedom, i.e. by 
assuming equal values of the horizontal and vertical beam temperatures. The results of these calculations 
are shown as full lines in fig.3. The calculations show a scaling for the emittances like e oc J 0 4 3 , while 
the momentum spread scales like Ap/p oc I 0 2 1 . For comparision the dashed lines show the results of the 
calculations without coupling, where the equilibrium values found for the vertical emittance are a factor 
of about 4 lower than the experimental values. 
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4. IBS STUDIES OF A LASER-COOLED 9 B e + BEAM 

To give proper interpretations of the laser cooling experiments at the TSR trustful quantitative theo
retical studies are absolutely necessary. Of great interest are among other things the dependence of the 
equilibrium temperatures on the number of particles and the cooling power and naturally the dynamics 
of a laser cooled beam. With the IBS code first studies in this topic for a 7.29 MeV 9 B e + beam, which is 
used in laser cooling experiments at the TSR, were made. The latest results of these measurements are 
presented in ref.[4]. The longitudinal laser cooling rate Ay was put into the IBS code as the parameter 
describing the effect of the laser on the beam. The calculations were made with the assumption of equal 
ring-averaged transverse temperatures T), = Tv = T± which means a strong coupling of the transverse 
degrees of freedom. 

Fig.4 shows the behaviour of the beam temperatures Xj_and Xj|as a function of time for three 
realistic values of the longitudinal laser cooling rates Ay. A typical particle number of 2 x 10 6 and initial 
temperatures of 7j_ = 2500 K and T\\ — 1700 K were assumed. Of course , a realistic initial value for T± 
of the 9 Be + beam could only be roughly estimated, because the initial transverse velocity distribution of 
the ions that are kept in the laser cooling process is not exactly known. It can be seen that Tydecreases 
very quickly within times < 1 ms by several orders of magnitude because of the strong laser cooling force. 
Moreover, the coupling of the transverse and longitudinal degrees of freedom results in an indirect cooling 
of the transverse degrees of freedom, which results also in a decrease of T±. From the slope of T±(t) it 
can be seen, that the coupling increases for lower values of T±, which results in turn in an increase of Tj|. 
Finally an equilibrium is reached where the heating due to IBS and the cooling are equal. 
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Figure 4: a) Calculated Transverse temperature T± and b) longitudinal temperature Xy as a function of 
time for a laser cooled 7.29 MeV 9Be+ beam of 2 x 106 particles for various longitudinal laser cooling 
rates AM. 

10 
a) 

tn 
10 r 

10 

10 10 

I I I mi l l r- r-r-i 1 ' ' : 

••1^=3000 K • 

2 5 0 0 K \ > - \ _ 

\ 1 0 0 0 K -

7 0 0 K-—^_ 

' l ' 8 ' 3 ' ' • • ^ 7 ^ 
• 

10 10 10 10 

M 

a 
CD 

eq needed to reach the equilibrium for various initial transverse temperatures T± and 

a function of the longitudinal cooling rate Ay 
m the text. 

Figure 5: a) Time te 

b) equilibrium temperatures T±eq and Tj | e ? for a laser cooled 7.29 MeV9Be+ beam of 2 x 10 6 particles as 
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In fig.5a) the time teg for reaching the equilibrium is plotted for various values of the initial 
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transverse temperatures as a function of Ay, in fig.5b) equilibrium values of the temperatures Tji e ? and 
Tj_ e ? are displayed as a function of A||. 

It can be seen in fig.5a): that lower cooling rates and higher initial values of T± lead to longer times 
before reaching the equilibrium. Tlleq(Xn) and Tj.e g(A||) infig.5b) show the same scaling of T oc Ajj"0 4. The 
fact, that T±eg lies about two orders of magnitude over T\\eq reveals the influence of the above mentioned 
dispersive heating in a storage ring. 

Also the dependence of the equilibrium temperatures on the particle number was studied. The 
result is shown in fig.6. T±eq(N) and Tj| e î(A r) scale like Teq oc N0A. 
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Figure 6: Dependence of the equilibrium temperatures Tj| e, and T±eg on the particle number N for a laser 
cooled sBe+ beam assuming a cooling constant of Ay = 3 • 10 4. Also shown is the critical temperature Tcr, 
discussed in the text. 

In fig.5a) and fig.6 also a critical temperature Tcr is shown. It is given by Tcr = Y~Av\a , where 
kB' "cap' 

Avcap is the velocity capture range of the laser cooling force [4]. Only for horizontal and vertical temper
atures with Tj| < Tcr and T± < Tcr the laser cooled particles are expected to be kept by the laser cooling 
force. In recent experiments [4], however, for a broad range of A|( rather constant values of 2 x 10 6 for 
the number of laser cooled particles could be observed, which is a contradiction to our IBS calculations, 
where Tj.is always much larger than TCT. Obviously effects occur that are not be taken into account in the 
code. One possible explanation could be the formation of a linear ordered structure, which is predicted 
to occur for particle numbers N < 2 x 106 [10]. In this case a strong suppression of the scattering from 
the transverse into the longitudinal degree of freedom would be expected. Further investigations of this 
interesting possibility are under way. 
Supported by BMFT under contract No. 06HD525I. 
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UPGRADING OF THE LEAR STOCHASTIC COOLING SYSTEMS 
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ABSTRACT 
After presentation of the actual stochastic cooling systems with a brief historical 
review, recent improvements are discussed. The usable bandwidth of all systems has 
been increased mainly by adjustments of phase correctors and hardware modifications 
of the notch filters used in the longitudinal system. After identification of 
electromagnetic interferences at low PS-revolution harmonics in the MHz range, an 
efficient filter has been installed in the power supply path of the cryogenic 
preamplifier. In addition the power supply units are now situated as close as possible 
to the amplifiers in order to reduce the coupling due to the interference from the PS, 
which was acting via intermodulation on a large fraction of the cooling band. A new 
method using the time-domain function of a network analyzer to check the notch 
filters without disconnecting cables will be described. In conclusion the performance 
of all stochastic cooling systems is discussed. 

1. INTRODUCTION 
The stochastic cooling is an important part of the LEAR machine. It was designed mainly to reduce the 

beam dimensions before deceleration of the antiprotons towards 100 MeV/c. It has now been working properly 
for about a decade [1] and may be considered complementary to the electron cooler. The improvements made to 
this system, which can work for several momenta between 61 MeV/c and 2 GeV/c, are described. Some 
emphasis is put on the particularities of this system. 

2. EVOLUTION OF LEAR STOCHASTIC COOLING SYSTEMS SINCE 1986 

The LEAR stochastic cooling system consists of two chains, each working in all three planes, to cover 
two ranges of particle momentum in the machine. The high-momentum system (Fig. 1) can be adjusted for a 
momentum range from 200 MeV/c to 2 GeV/c (protons or antiprotons), corresponding to a variation of particle 
velocity (fi=v/c) by a factor of 4.35. 

The low-momentum system (Fig. 2) is adjusted for 105 MeV/c and 61 MeV/c, respectively [2]. 
Figures 1 and 2 illustrate the configuration used in 1993. Over the years (beginning 1986) the position of 

stochastic cooling pickups and kickers has been changed together with the type of coupling structure. Initially, 
the longitudinal cooling systems had ferrite ring pick-ups (24 rings each) and kickers. These ferrite rings were 
outside the vacuum (outgassing, mechanical dimensions), on a section of the ceramic vacuum chamber. With 
these units the usable frequency range extended from 30 MHz to 200 MHz, showing a rather poor phase 
response (dispersion). However, at that time only a momentum cooling (high-energy range) from Aplp = 0.6% 
to Aplp - 0.25% was required. 

After the implementation of the "bunch-to-bucket" transfer from the PS into LEAR and the adiabatic 
debunching in LEAR, the longitudinal stochastic cooling after injection into LEAR turned out to be more 
important. 

Because later LEAR was operated at higher momenta than injection , the increase in bandwidth for the 
stochastic cooling system became mandatory. Now loop couplers with variable external delays and a horizontal 
cooling system using the same loop couplers have been installed (BHN 30, Fig. 1). The usable bandwidth 
extends from 3 MHz to 1.1 GHz. In order to avoid undesired feedback between pick-ups and kickers due to 
imperfect shielding as well as microwave mode propagation in the beam pipe, pick-ups and kickers were placed 
as far apart from each other as possible. 

3. DESCRIPTION OF THE COOLING SYSTEMS PRESENTLY IN USE 

3.1 High-Momentum Systems 
At present loop couplers for pick-ups and kickers are in use in all the LEAR stochastic cooling systems. 

The output of each pick-up plate is followed by a head amplifier and a well-defined delay (combiner delay) before 
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the signals enter a first combiner stage. To satisfy a correct phasing for all required particle momenta, these 
delay lines are set in steps of 5.7 cm corresponding to 190 ps. The horizontal cooling system (Fig. 1) has 12-
loop pairs, also used simultaneously for the longitudinal system, and is located in the bending magnet BHN 30. 
The vertical system with 8-loop pairs is close to that magnet in position UCV 32 (Fig. 1). Low-noise 
preamplifiers with a noise figure of 1.4 dB (non-cryogenic) and a frequency range from 5 MHz to 1 GHz ensure a 
fairly good signal/noise ratio for the pick-up signals. Concerning the kickers, like the pick-ups, an identical 
coupling loop size is required since different loops could cause unacceptable phase shifts seen by the beam over 
the complete frequency range of the system. 

[ WS306 — T WS303 

tlECTRON 
COOLING 

Fig. 1 - LEAR high-momentum stochastic-cooling system 

The system delay is digitally set through the control system using a 16-bit data word and can be varied in 
steps of 41 ps from 0 to 2.7 (is. The short delay variations are implemented as printed circuits (striplines) and 
extend up to 336 ps. The usable bandwidth of these printed lines is limited to about 1 GHz since beyond that 
frequency, severe phase distortions appear due to mutual coupling of the striplines. 

The maximum system gain defined as the gain sum (in dB) of all amplifiers in the chain corrected by all 
attenuators (cable losses, combiners, etc.) amounts to about 110 dB. Gain settings are varied by means of a PIN-
diode attenuator in steps of 1 dB from 0 to -25 dB. 

In some operating conditions, when cooling of particles with a large Ap/p is required, overlapping of the 
Schottky bands towards higher frequencies may occur. In this case the cooling system bandwidth can be limited 
with an equi-ripple filter, thus allowing for a fast decay in amplitude beyond the cut-off frequency and slight 
phase distortion. 

Until summer 1993 the power amplifier of the longitudinal high-momentum cooling system was a 10 W 
(CW-sine wave) unit with a passband of 5 MHz-1 GHz. Severe deviation from linear phase beyond 850 MHz led 
to reduced cooling speed. These phase errors cannot be compensated due to a lack of available electrical delay. A 
new power amplifier with 4 W output power and a linear phase up to 1.1 GHz has been built. A particular 
difficulty in these constructions is the requirement of very short electrical length of the unit composed of four 
commercial amplifier modules and line transformers, for broad-band signal splitting and combination. Practical 
experience with this improved version showed a considerable increase in the cooling performance, although the 
usable output power for noise-like signals amounts only to about 1.5 W (4 W CW). A further increase in 
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bandwidth is not desirable for the time being as measurements between different pick-ups and kickers have 
shown the onset of microwave mode propagation at about 1.3 GHz. 

Fig. 2 LEAR low-momentum stochastic cooling systems 

3.2 Notch Filters 
Both active and passive (notch) filters are in use in the longitudinal cooling systems (Fig. 3). The 

purpose of the active filters is to increase the steepness of the notch slopes and to provide a better use of the 
Schottky noise power available from the power amplifier. The principal working points of these cooling 
systems are 105, 200, 309, 609, 1000, 1500 and 2000 MeV/c for protons and antiprotons. This implies large 
variations of the required delay settings for both the notch and peak filters as well as for the compensation cables 
(Fig. 3). 

P A S S I V E 
F I L T E R 

A C T I V E 
F I L T E R 

Fig. 3 - Passive and active notch filters used in LEAR. Left: old system, right improved system. 
H = hybrid type power splitter/combiner. 
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Practical and theoretical experience has shown that for the power splitters employed in the filters, hybrid 
type units should be used, in preference to resistive splitters or just simple split-winding transformers (Fig. 4). 
As one is aiming for optimum notch depth and periodicity over the band, any asymmetry of signal and reference 
path will lead to a considerable distortion of notch depth and position. 

The tracking of both signal paths in LEAR is within ±1 dB and ±5° of phase corresponding to about 
25 dB notch depth in the worst case. If non-hybrid type elements are used for signal splitting and combination, 
independently of the perfect symmetry in both signal path and reference line, multiple "echos" will occur. 

The configuration shown in Fig. 4 (upper part) may be considered as a heavily damped ring resonator 
with a round trip time corresponding to twice IJc. These multiple echos appear as a ripple in the frequency 
domain response or as a series of "echos" in the time domain. Using 07180° hybrid these "echos" are strongly 
suppressed and a nearly flat response returns. Applying a time-domain gate to a notch filter response with signal 
and reference paths of different lengths permits the analysis of either path response without the need to 
disconnect cables. 
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Fig. 4 - Effect of the resistive and hybrid power combiner/splitter 

As already mentioned, there is a strong interest to increase the notch filter slopes' steepness, in particular 
for small Ap/p. Apart from using peak-filters one can set the periodicity of the notch filter to 1/2 or 1/3, which 
means that only every second or third notch coincides with a longitudinal Schottky band. 

Even when taking into account all the improvements already mentioned, the high-energy LEAR beam 
fills only 1/10 of the notch width because of its very small rj (77 = 0.25 at 2000 MeV/c). The use of double and 
triple notches has significantly increased the cooling speed. It turned out to be very important in this operating 
condition to maintain steepness, periodicity and depth of the notches to avoid any unnecessary heating of the off-
momentum particles. 

3.3 Low-Momentum Systems 
The low-momentum cooling systems operate at 105 MeV/c and 61 MeV/c. Pick-ups for both the 

longitudinal and horizontal systems are situated in the BHN 40 bending magnet, with kickers at KCM 21 and 
KCH 23 (Fig. 2). Similar to the high-energy pick-ups, 12 pick-up plate pairs are also in use here, connected to 
form a travelling wave structure with delays adapted to 105 and 61 MeV/c, respectively. To increase the signal-
to-noise ratio, the termination resistors (50 Q.) are cooled to 20 K in a cryostat and the head amplifiers 
areoperating at 80 K physical temperature, so that a noise figure below 0.9 dB between 10 MHz and 150 MHz 
is obtained. There would not be much gain in total signal/noise performance by further reducing the noise figure 
of the head amplifier to about 0.5 dB. This is because the noise temperature of the pick-up itself (about 1 dB 
loss, ambient temperature) amounts already roughly to 70 K. It should be mentioned that other types of pick-up 
structures [3] have been tested, such as the helical and a printed meander pick-up, however wiui moderate sucess. 
Another serious problem has been noticed several years ago when interference occurred, linked to the presence of 
the PS beam. The PS radiates the revolution harmonics in the low MHz range because the skin depth in 
stainless steel is approaching the material thickness of the PS vacuum chamber. Also, the rf-bypass capacitors 
foreseen to short-circuit (rf-wise) the dc-isolated sections of the PS-vacuum chamber become less effective at 
these lower frequencies. It was found that the magnetic-field components of this leakage enter the head amplifiers 
through the power supply cables and lead to an intermodulation with the stochastic cooling signals. Proper 
shielding and filtering (cryogenic-compatible components) on this part of the amplifier chain have completely 
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solved the problem. New connectors and vacuum feedthroughs for the cryogenic part (50Œ resistors, head 
amphfiers) are at present under construction to simplify mounting and dismantling and to improve the reliability 
of the contacts. 

The longitudinal system uses two different types of notch filter: a conventional one, with coaxial cables 
and dispersion (loss) compensation is applied for 105 MeV/c; a unique digital filter consisting basically of fast 
AD converters followed by a digital memory and a DA converter, is applied for the 61 MeV/c range [4]. 

Pick-up signals from the travelling wave loop couplers with switchable delays outside vacuum (105 
MeV/c) are digitized with a fast 200 Megasample 8 bit ADC. The digitized data are transferred through latches 
into 4 RAMs (random access memory). After storage in the RAMs for the required delay time (adjustable from 
50 ns to 1280 ns) the data are read and sent to a fast DAC (500 MHz) for analogue conversion. The subtraction 
between delayed path and reference path takes place in a broad-band analogue hybrid (180° combiner). 

The low-momentum vertical cooling has 5 pairs of coupling loops and the same types of amplifiers and 
terminations (cryo-pot) as the horizontal system in BHZ 40. Here also, the delays can be dialled for 61 and 105 
MeV/c. Kicker signals at KCV 34 can be monitored like on the kicker KCH 23, for proper power settings and 
intermodulation checks. 

4. PERFORMANCE 

At high momenta (1 to 2 GeV/c), the stochastic cooling is used in two cases: 
1. to retrieve the particles which diffused to lower momenta during the stochastic extraction process, mainly 

when the extraction time is very long (2 or 3 hours), 
2. to get very good beam quality during operation with the Jetset experiment A hydrogen Jet target of a density 

of 1013 atoms/cm2 is used and a high number (3 x 1010 to 5 x 1010) of circulating particles is needed. Then 
the beam characteristics must be as follows: vertical emittance <3n mmmrad such that the vertical beam 
dimension at the jet position is smaller than the jet itself (5 mm FWHM), small horizontal emittance 
(~3n mmmrad) for a good vertex definition of die nuclear reaction, momentum spread <0.2% at 
4n mmmrad) for a good momentum resolution. These objectives are generally obtained despite the 
complexity of the operation, where at least one new momentum/day is required by the physicists. 

At low momenta (105 to 609 MeV/c) the stochastic cooling has two main goals: 
1. to reduce the beam dimensions before deceleration and to compensate the adiabaric emittance increase due to 

the deceleration. This is still applied for the injection momentum (609 MeV/c) but the electron cooling is 
used for momenta < 309 MeV/c. 

2. to counteract diffusion mechanisms such as intrabeam scattering during the slow extraction process. The 
need of high fluxes of particles by the experiments and the use of long spills (1 h) necessitate circulating 
beams of 5 x 1010 to 9 x 1010 particles. In these cases intrabeam scattering becomes important and has to 
be compensated by stochastic cooling. Transverse emittances of 5TT mmmrad are measured while the 
momentum spread is maintained below 0.3% at 4rc mmmrad. 

5. CONCLUSIONS 

The LEAR stochastic cooling systems have undergone several modifications and improvements over the 
years. Thanks to progress in technologies, better wide-band power amplifiers, the use of BAW (bulk acoustic 
wave) filters, and printed pick-up and kicker structures, may be considered for the future. For the time being it 
can be stated that globally speaking all the LEAR stochastic cooling systems work satisfactorily and are 
reliable. The implementation of further upgrades depends largely on the approval of new experiments and on the 
extension of the presendy scheduled physics antiproton programme. 
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ABSTRACT 
To define long term projects of the Laboratori Nazionali di Legnaro a proposal for a 
heavy ion accelerator complex has been worked out during the last three years. Such a 
complex, called ADRIA, is mainly foreseen for the acceleration of heavy ions to kinetic 
energies of about 1 GeV/u; the high energy primary beam can be used either for an 
experimental programme at relativistic energies or for production of Radioactive Nuclear 
Beams via a Projectile Fragmentation Method. The unstable nuclei are produced in a thin 
target and collected, after proper selection, in a Decelerator ring where they are decelerated 
down to 10 + 20 MeV/u in order to be used in nuclear experiments around the Coulomb 
Barrier. To obtain the beam quality required by nuclear physics experiments a very 
powerful beam cooling system is mandatory and some of the general parameters are 
described in this contribution. 

1. INTRODUCTION 

In the last three years, with the collaboration of a large international community of accelerator experts, a 
proposal has been worked out for the construction of an accelerator complex capable to accelerate heavy ions up 
to the GeV/u region of specific kinetic energy with intensities in the range of lO1^ ions/s [1,2,3]. 

The accelerator complex has been designed essentially for the production of Radioactive Nuclear Beams to 
be used in nuclear physics experiments at specific kinetic energies of about 10 +- 20 MeV/u. The unstable nuclei 
are produced by means of the Projectile Fragmentation (PF) method where the primary beam, the 1 GeV/u 
heavy ion beam, hits a thin target located in a dedicated area downstream the extraction channel of the Booster 
ring. After the production, the unstable nuclei are selected in a proper spectrometer, the Isotope Separation Line, 
and then injected in a Decelerator ring where they have to be stacked and cooled before the starting of the 
deceleration cycle. In particular the cooling requirements in the Decelerator ring are perhaps the most demanding 
in compairison with nowdays machines. The RNB currents delivered by the ADRIA Complex with the PF 
method are foreseen in the range of 10* + 10^ ions/s. 

2. THE ADRIA PROPOSAL 

In the ADRIA Complex the primary beam of heavvy ions is produced by the sequence of accelerators 
schematically shown in Fig. 1. The main components of the ADRIA Complex are the following: 

1. a Heavvy Ion Injector (the XTU Tandem and the ALPI post-accelerator) 
2. a Fast Cycling Synchrotron (the Booster ring) 
3. a Slow Cycling Synchrotron (the Decelerator ring) 
4. an Isotope Separation Line (connecting the two rings) 
5. an Experimental Area. 

The Heavvy Ion Injector is made of a Van de Graaff tandem (XTU) and a superconducting post-accelerator (ALPI). 
The Van de Graaff tandem can operate with a terminal voltage of 16 MV and it is able to accelerate all the ion 
species up to lead. The XTU tandem is fed by an ion sputter source which, working as the ADRIA injector, is 
pulsed at 10 Hz with a pulse width of about 300 us and a peak current of about 200 |iA according to different ion 
species[4]. 
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X T U tandem 

negative ion 

Fig. 1 : Schematics of the ADRIA Complex Fig. 2 Decelerator layout and arrangement 

The ALPI post-accelerator [5], which is now under commissioning, is a machine made of a sequence of 
independently phased superconducting Quarter Wave Resonators [6] made in part of copper electroplated with 
lead and in part of bulk niobium [7]. The large velocity variation along the linac requires the use of different 
sections with specialized cavities. The low-P section at the injection of ALPI consists of 24 cavities in bulk 
niobium (Popt = 0.055) operating at 80 MHz; the medium-P section is made of 48 copper plated cavities with 
Popt = 0.11 working at 160 MHz which is also the working frequency of the high-P section made of 21 copper 
plated cavities with p 0pt = 0.15 . The average accelerating field is about 3 MV/m and the total dissipated power 
per cavity is around 6 W. The energy gain per cavity is about 0.5 MeV per unit charge. The time sub-structure of 
the beam is determined by a double-drift buncher located at the XTU entrance with a working frequency of 5 MHz 
[8]. 

The two synchrotrons (Booster and Decelerator) have the same shape and circumference, similar lattices and the 
same rigidity (22.25 Tm). The general parameters of the two rings are shown in Table 1. The circumference of 
the Booster has been chosen to correspond to the injection of 45 bunches of gold ions per turn. A "painting " 
procedure is applied during the multi-turn injection to fill uniformly the rf buckets. At the end of the multi-turn 
injection process, about 5 1 0 ^ ions are injected. The 10 Hz repetition rate of the acceleration cycle gives the 
beam intensity listed in Table 2. 

Table 1 : General lattice parameters of the rings 

Maximum Magnetic Rigidity 22.25 Tm 
Circumference 266.67 m 
Bending Radius 17.62 m 
Maximum Dipole Field 1.26 T 
Dipole Vertical Gap 10 cm 
Maximum Quadrupole Gradient 9 T/m 
Quadrupole Bore Radius 7 cm 
Superperiodicity 4 
Transition Energy (ft) 4.6 
Betatron tunes: 

Horizontal plane vh 5.8 
Vertical plane v v 3.8 

Natural Chromaticity : 
Horizontal plane Ç n -5.5 
Vertical plane Jj v -4.9 
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Fig. 3 : Magnetic Cycle of the ADRIA Complex 

At the end of the acceleration cycle the beam can be extracted and sent toward a thin target to produce beams of 
exotic nuclei. The unstable nuclei produced at the target maintain almost the same longitudinal momentum per 
unit mass of the incident ions but they acquire a higher transverse momentum because of the fragmentation 
process. The exotic nuclei are then collected in the Isotope Separation Line (ISL) where they are selected first in 
magnetic rigidity and then in electric charge following the principle of the "momentum loss achromat" [9-10]. 
The transverse acceptance of the ISL has been set to 40 n mm-mrad and the momentum acceptance to 2%. 
The expected yeld of the ISL is of the order of 10~3 fragments per impinging primary ion which gives lO -̂i-lO^ 
exotic fragments per second of the desired species with assigned mass number A and atomic number Z. 

The bunches of exotic fragments are then injected into the Decelerator ring where they are captured by a rf 
system, rotated in the longitudinal phase space [11] to reduce the momentum spread to 0.1% and displaced by an 
additional rf system to an off-momentum trajectory to allow stacking of twelve subsequent pulses, every 100 ms, 
from the Booster (Fig. 3) . During the stacking of the twelve pulses electron cooling is applied to reduce by an 
order of magnitude the beam momentum spread and the transverse dimension of the debunched beam. After the 
injection of the last pulse the electron cooling continues for additional 0.5 s together with the stochastic cooling. 
After the cooling process the exotic ion beam is captured by a new rf system which decelerates the ions to the 
specific energies required for nuclear studies around the Coulomb Barrier (10 MeV/u). The deceleration lasts 0.3 
s. At die end of the cycle the beam is extracted and sent to the experimental area. 

Table 2 : General Parameters of heavy ion acceleration. 

S Cu I Au U 

Atomic Number Z 16 29 53 79 92 
Mass Number A 32 63 127 197 238 u 
Charge State Q 16 27 40 51 54 
Injection Kinetic Energy 16.4 10.4 6.1 4.6 3.9 MeV/u 
Extraction Kinetic Energy 2.53 2.08 1.37 1.03 0.85 GeV/u 
Harmonic Number 24 30 39 45 49 

Beam Intensity 2.0 1.3 0.7 0.5 0.5 lO 1 ^ ions/s 
Normalized Emittance 23 18 14 12 11 jr mm-mrad 
Bunch Area 0.017 0.011 0.007 0.005 0.005 eV-s/u 
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Table 3 : General Parameters for fragment production. 

Target Thickness 1 g/cmr 
p* @ Target 1 m 
Angular Acceptance (full) 7.5 mrad 
Momentum Acceptance (full) 0.7 % 
No. of Booster pulses/cycle 12 
Minimum Cycle Period 2 s 
Bunch Length (rms) 0.5 ns 

Cu Au U 

Mass Number A 32 63 127 197 238 u 
Atomic Number Z 16 29 53 79 92 
No. of Fragments/s 4.0-109 1.61 09 5.0-108 1.5-108 1.5-108 

Momentum Spread (rms) 0.09 0.11 0.2 0.28 0.38 % 
Angular Spread (rms) 3.2 3.7 5.0 5.8 7.3 mrad 
Harmonic Number 24 30 39 45 49 

Initial Emittance 20 7t mm-mrad 
Final Emittance 1 7t mm-mrad 
Final Momentum Spread 0.01 % 

Table 4 : Parameters of the Deceleration ramp 

S Cu I Au U 

Harmonic No 24 30 39 45 49 
Bunch Area (rms) 0.0073 0.0062 0.0043 0.0034 0.0029 eV-s/u 
Normalized Emittance 12.8 10.5 7.9 6.7 6.0 71 mm-mrad 

Top of the Cvcle 
Kinetic Energy 2.53 2.08 1.37 1.03 0.85 GeV/u 
P 0.963 0.951 0.914 0.880 0.852 
Magnetic Field 1.263 1.176 0.953 0.815 0.741 T 
RF Frequency 25.99 32.07 40.09 44.53 46.91 MHz 
Emittance 3.56 3.43 3.50 3.59 3.68 7t mm-mrad 

Bottom of the Cvcle 
Kinetic Energy 16.45 10.43 6.13 4.59 3.87 MeV/u 
P 0.186 0.148 0.114 0.099 0.091 
Magnetic Field 0.0665 0.0574 0.0485 0.0437 0.0416 T 
RF Frequency 5.0 5.0 5.0 5.0 5.0 MHz 
Emittance 67.6 70.1 68.7 67.0 65.4 7t mm-mrad 
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3. COOLING REQUIREMENTS 

The momentum spread of the exotic fragments after the injection in the Decelerator ring have to be continuously 
reduced to allow enough phase space for the subsequent pulses injected during accumulation process. Furthermore 
the beam momentum spread have to be sufficiently small at the end of accumulation to allow the capture in an rf 
bucket with a reasonable voltage. 
Finally, because of the deceleration ramp, the beam momentum changes by a factor of ten and therefore the 
momentum spread and the betatron emittance will increase by the same factor. The most demanding requirements 
for cooling are imposed by the accumulation process where the momentum spread is increased of 0.2% every 
100 ms due to the new pulse on the stack. Asking for an overall cooling time of 150 ms, the average 
momentum spread of the stack is maintained during the accumulation procedure to 0.3%. To achieve the required 
cooling rate, both electron cooling and stochastic cooling are required. With a second cooling period of 0.5 s, 
following the stacking, at the same cooling rate, the total momentum spread is finally reduced HO" 4 . 

Bunch Rotation & rf Stackin 
SD/p 

Fig. 5 : The momentum aperture of the Decelerator ring 

4. THE ELECTRON COOLING SYSTEM 

The design of the electron cooling system of the ADRIA proposal is based on a classical formula from 
which extimations of the cooling rate has been derived for different ions [12] : 

; - AnQ2lrJpLr]{J I e) 
Apfe2 

re and rp are the electron and proton classical radius; Q is the ion charge state and A the ion mass number; 
L is the Coulomb Logarithm, T| the ratio of the electron beam length to the machine circumference, P and 7 
are the usual relativistic factors, J is the electron beam density ( J= I /(na^) ) and 9 j s the square root of the 
quadratic sum of the ion temperature 8 i o n (relative velocity spread) and of the electron temperature 6 ei ; this 
two temperatures are also the square root of a quadratic sum of transverse 9tr and longitudinal Giong 
components. The contribution Oiong is related to the momentum spread ( (1/y) (8p/p) ) while the 
contribution Qa j s related to the ratio of the beam emittance and the beta function at the center of the * interaction region ( £/ p ). In Tab. 5 the fundamental numbers for an electron cooling system capable of 
reducing the total momentum spread down to 0.01% in about 0.3 seconds has been reported for a 200 atomic 
mass number ion. The most striking parameter is the electron kinetic energy of 550 keV which is the the 
largest so far conceived for this kind of devices. Furthermore the high kinetic energy of the electrons and the 
need of fast cooling implies a continuous power of about 7 MW. To operate such demanding system it is 
mandatory the use of a very efficient recovery apparatus with an efficiency better man 99%; such a system 
has been already developed and tested at Legnaro [13]. 
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Table 5 : Electron Cooling Parameters 

Specific Kinetic Energy 1.0 GeV/u 
3 0.8 
Mass number 200 
Charge State 80 
Transverse Beam emittance (rms) 3.2 7t mm mrad 
Momentum spread (rms) 0.047 % 
P*(h,v) 17, 6 m 
Length of electron beam 8 m 
Coulomb log 20 
Beam Radius 10 mm 
e-beam current 12.5 A 
e-beam current density 4 A/cm^ 
9, total 1.3 mrad 
Cooling time 0.3 s 
e-beam energy 0.55 keV 
e-beam power 6.9 MW 
Energy Recover Efficiency 99 % 
Final Momentum spread (rms) ±0.0017 % 

5. THE STOCHASTIC COOLING SYSTEM 

As already reported above, both cooling system are designed to give a cooling time of 0.3 s. The components 
for stochastic cooling are shown in a schematic way in Fig. 2. The Shottky signal is detected by pick-up's made 
of pair of strip-lines located in a zero dispersion region; the signal is amplified and filtered through a "notch 
filter". 
The frequency bandwidth of the electronic system which is chosen to optimize the "mixing" of the particle 
sample between pick-up's and kickers has been chosen around 1+2 GHz in order to obtain overlapping between 
neighboring bands at the upper end of the Shottky band. 
The main parameters of the stochastic cooling are given in Tab. 6 ; the 1 kW total power required is mainly due 
to the Shottky signal after amplification; thermal power due to thermal noise at the exit of the pick-up's is low 
and of no consequences to die cooling performance. 

Table 6: Stochastic Cooling Parameters 

Total number of ions 5-107 

Mass Number 200 u 
Charge State 80 
Specific Kinetic Energy 1.0 GeV/u 
P relauvisùc factor 0.8 
Bandwith 1+2 GHz 
Method Notch Filter 
No of Pick-up's 16 
No of kickers 32 
Skottky Power (initial) 1.0 kW 
Thermal Power negligible 
Amplifier Gain 160 dB 
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ABSTRACT 
This report investigates the derivation of the Fokker-Planck equation which is used 
to evaluate the evolution with time of an ensemble of particles under the effect of 
external rf forces, cooling and forces of stochastic nature. The conventional approach 
based on the classical work by Chandrasekhar is first outline: here the phase angle 
and the momentum error of the particles are used. The method is then extended to the 
case the distribution function is expressed in terms of the amplitude of motion. To 
avoid a singularity behavior, the new Fokker-Planck equation is obtained with an 
averaging process over the phase distribution instead of the time-averaging. The 
beam lifetime in the presence of the separatrix of the rf buckets is determined. 
Finally, the numerical estimates apply to the Relativistic Heavy Ion Collider (RHIC). 

1. INTRODUCTION 

The method for solving a stochastic differential equation, that is a Langevin equation [1], requires that 
some conditions are satisfied: the fluctuations have to take both positive and negative values, and the distribution 
of the errors is a Maxwell-Boltzmann distribution. An important problem is the case of a bunched beam of electri
cally charged particles circulating in a storage ring. The motion of the particles is determined by the presence of 
external rf forces, stochastic cooling and particle-particle interaction. An important issue is the determination of 
the beam lifetime due to the presence of an aperture limitation, like the separatrix of the rf buckets. 

In the case of bunched beams, the distribution changes over periods of time considerably longer than a 
synchrotron oscillation period. In this case, it is desired to develop a transport equation which involves only the 
distribution of the amplitude of the particle motion. This creates some difficulties since with the new variable the 
requirements above are no longer satisfied. In previous work [2-5] a Fokker-Planck equation was derived by per
forming a time-averaging over synchrotron oscillation periods. Unfortunately this operation introduces a singular
ity; in correspondence of the separatrix, the synchrotron oscillation period diverges violating the averaging 
procedure itself. We propose here an approach which takes the Fokker-Planck equation in the original variables 
and transforms it to the one in terms of the amplitude variable. Moreover, the time average is replaced by an aver
age over the phase distribution, avoiding the singularity. 

2. CHANDRASEKHAR'S APPROACH TO LANGEVIN EQUATION 

The longitudinal component of the motion of a charged particle in a storage ring is described by the rf 
phase angle <|> and the angular momentum w, related to the energy error AE by w = AE / hcù0 where COQ is the 
angular revolution frequency and h the rf harmonic number. In absence of external rf forces, stochastic cooling 
and intrabeam scattering, the equations of motion are 

d <(> / d t = aw (1) 

d w / d t = 0 (2) 

where a = r\ CÙ0" h" / (3" E with E the total energy of the particle, p\ y the relativistic velocity and energy fac
tors, yt the value of the transition energy and T) = y, - y~2. Below we shall assume y > yt, that is the case above 
the transition energy, in which case both r| and a are positive. 

* Work performed under the auspices of the U.S. Department of Energy 
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When stochastic cooling and intrabeam scattering are included, the second equation is modified yielding 
the Langevin equation 

d w / d t = -X w + DA(t) (3) 

where X is the cooling rate and D the diffusion parameter. A(t) is a dimensionless, time-dependent stochastic func
tion which changes rapidly and discontinuously. The method for solving this equation is discussed in the work by 
Chandrasekhar [1] which we review briefly here. 

Let At be a time sample short enough, during which the angular momentum w does not vary appreciably, 
and large enough to include a large number of fluctuations of the stochastic function A(t). Eq. (3) can then be for
mally integrated as follows 

Aw = - X w At + D B(t) (4) 

where 

B(t) = J t

t + A t A(t)dt (5) 

represents the net change of w which a particle may suffer during an interval of time At around the instant t. This 
parameter is subject to statistical fluctuations described by a probability distribution function given by the follow
ing Maxwell-Boltzmann equation 

\|/(B[At]) = exp( - IB(At)l 2/4qAt)/ (47tqAt) 1 / 2 (6) 

where q is a parameter which defines the width of the equilibrium distribution and is related directly to the cooling 
rate X and the diffusion parameter D. 

The solution of the Langevin equation (3) can be described by the distribution function W(w, t) of the 
probability of finding the value w at the time t. With Eqs. (4) and (6) holding, it can be proven that the distribution 
function satisfies the following Fokker-Planck equation 

aw/at = aaww)/aw + a2(qw)/aw2 (7) 

which in the limit t —» °° has the solution 

W( w ) = exp ( - Xw212q ) / (2n q / X)xa (8) 

Define the rms width 5" as follows 

Ô2 = j . 0 0

+ 0 0 w 2 W(w)dw (9) 

The corresponding equation is obtained by multiplying both sides of the Fokker-Planck equation (7) by w and 
integrating over the entire range of w from -°° to +». One finds 

d ô 2 / d t = - 2 X 6 2 + 2q (10) 

which in the limit t -> °° converges to ô^ 2 = q / X in agreement with Eq. (8). Eq. (10) should be compared with 
the original Eq. (3). It is seen that q replaces D. It is the proper diffusion coefficient defined as the average 
increase of w per unit of time. 

It is also possible to include an external restoring force which modifies Eq.(3) as follows 

d w / d t = -X w - bsinty + DA(t) (11) 

where, for the case of non-accelerating, stationary rf buckets, b = Qe V / 2 rc h A with Q the charge state, A the 
mass number of the particle and V the peak rf voltage. Introducing the distribution function W = W( <j>, w, t ), the 
Fokker-Planck equation modifies as follows 
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3 W / 3 t + aw 3 W / 3 < j > - b sin <|>3W/3w = 3 a w W ) / 3 w + 3 2 ( q W ) / 3 w 2 (12) 

which is the generalization of the Liouville's theorem according to Chandrasekhar [1]. It can be expected that the 
cooling rate X and the diffusion coefficient proper q have also a dependence on the azimutlial angle <b, since they 
may depend on the actual location of a test particle within the bunch. 

3. TRANSFORMATION TO ANGLE-ACTION VARIABLES 

The unperturbed equations of motion in the presence of the external if forces 

d())/dt = aw (13) 

d w / d t - -bsinty (14) 

can be derived from the Hamiltonian 

H = a w 2 / 2 + 2 b sin2 <|>/2 (15) 

Since die Hamiltonian does not depend explicitly on time, it is more convenient to operate a canonical 
transformation from the pair of variables (<)>, w) to the pair (Q, J) also of canonically conjugated variables, through 
the generating function 

S = S(<M) = J* d x ^ ( 2 / a ) [J - 2 b s m 2 ( x / 2 ) ] (16) 

The variable J is identified with the Hamiltonian itself, that is J = H, and 

Q = 3 S / 3 J = J 0 dx { ( 2 a ) [ J - 2b sin2(x/2)]} ~m (17) 

Q is the time required to travel around the trajectory of amplitude J. The variable J is a non-negative quantity 
which takes the value zero in correspondence to the center of the beam bunch and increases in value with increas
ing trajectory size until it reaches the value J s = 2b in correspondence of the separatrix. The motion beyond the 
separatrix is unstable. 

4. FOKKER-PLANCK EQUATION IN THE ACTION VARIABLE 

It is desirable to express die Fokker-Planck equation (12) in terms of the new transformed variables Q and 
J through a probability distribution function W(Q, J, t). Since J is a non-negative quantity, and its statistical fluctu
ations do not satisfy the Maxwell-Boltzmann distribution (6), one cannot derive the corresponding Fokker-Planck 
equation ab initio as done for the distribution W (<b, w, t). We propose here the following approach. 

The phase oscillation period T 0 = 2n / (a b ) 1 / 2 in the center of the bunch is considerably larger than the 
sampling time At. Moreover, die effects due to stochastic cooling and intrabeam scattering evolve over periods of 
time that are both longer than T 0. Therefore it is reasonable to assume that the bunch distribution is continuously 
matched to die shape of the trajectories in die (cb ,w)-phase plane and that die distribution function depends explic
itly only on J, diat is W = W(J, t). This simplifies considerably the left-hand side of Eq. (12) since 

aw 3 W/ 3 <b - b sin <b 3 W / 3 w = 0 (18) 

Tlie right-hand side of Eq. (12) can also be readily transformed in terms of die variable J. The two quanti
ties X and q may include a dependence on <(>. Their values have at very most a factor of 2 difference between the 
center of die bunch and the outer edge where particles sweep dirough die center twice each phase oscillation. 
Thus, it is a good approximation to replace X and q wifh about half die peak value they take at cj> = 0. Finally the 
differential operator 3 / 3w can be easily transformed to \he operator 3 / 3J. 

3 ( X w W ) / 3 w ~ XW + X <aw2> (3 W / 3 J) (19) 

3 2 ( q W ) / 3 w 2 - q a ( 3 W / 3 J ) + qa <aw2> (3 2 W / 3 J 2) (20) 
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In conclusion, replacing <aw^> with J itself, 

a w / a t = a {j u w + a(qaw)/aj]} / a j (21) 
Eq. (21) involves only coherent and stochastic variation AJ with At through the cooling rate X and the dif

fusion coefficient proper q. The nature of the physical problem being investigated does not require introducing the 
average variation of <AJ'> over At. 

In the limit t -> oo Eq. (21) exhibits the following equilibrium distribution 

W(J) = exp ( - J / 7 „ ) /7 T O (22) 

where T„ = q a / A. is the median value of the distribution at the equilibrium. We can also define the average 

7 = J 0 " J W(J,t)dJ (23) 

The equation for T is obtained by multiplying both sides of Eq. (22) by J and integrating over J 

d 7 / d t = - U + q a (24) 

which exhibits the asymptotic value 7 = 7TO in agreement with Eqs. (22). Furthermore, reminding the relation 
between J and w, it is seen that Eq. (24) can be identified with Eq. (10), and that both equations yield the same 
equilibrium value for the width of the distribution. 

5. INTEGRATION OF THE FOKKER-PLANCK EQUATION. BEAM LIFETIME. 

The Fokker-Planck equation (21) is solved by assigning an initial distribution W(J) and integrating by 
requiring that at the separatrix W(J = J s) = 0 at all times. We give below an analytical solution of Eq. (21) as the 
sum over fundamental modes, 

W(J, t) = Z s C s exp ( - p s t ) U s (J) (25) 

where C s and (3S are integration constants that describe the fundamental modes and the initial distribution. The 
eigenmodes are described by the function U s (J) which is chosen to satisfy the boundary condition U s (J s) = 0 

Inserting the series expansion Eq. (25) in the Fokker-Planck Eq. (21) gives the following equation for the 
eigenfunction U s (J) 

a J d 2 U s / d J 2 + ( J + a ) d U s / d J + ( 1 + fs ) U s = 0 (26) 

where a = q a / X and fs = |3S / X. Eq. (26) is Kummer's equation [6] which has as independent solutions the 
two Kummer's functions M and U, of which though only the first can be accepted since the second has a singular
ity behavior at the origin J = 0. Thus 

U S(J) = M(-f s , l ,J /oc) exp(-J/a) (27) 

The Kummer's function M has the s-th positive zero which in good approximation [6] is given by 

x s = n2 ( s - 1/4 ) 2 / ( 2 + 4fs ) (28) 

The eigenmodes are determined by imposing the boundary condition U s (Js) = 0, that is 

(3S = j r q a ( s - 1/4 ) 2 / ( 4 J s ) -X/2 (29) 

After an initial period of time where the distribution evolves and reaches the separatrix of the rf buckets, 
the overall behavior is essentially determined by the lowest eigenmode corresponding to s = 1, since all the other 
modes will have in the meantime decayed very fast. Correspondingly the beam lifetime x^ itself can be identi
fied with the inverse of the growth rate (3], that is 
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XbO = 128b/(9 7Tqa) (30) 

This is verified by the numerical integration of the Fokker-Planck equation itself that in absence of cooling can 
also be written as 

a w / B x = ÔW/ôu + u 3 2 W / 3 u 2 (31) 

where u = J / J s, x = t / T s and T s = 2 b / q a. The result of the numerical integration [7] with the condition 
W(l) = 0 shows that die beam lifetime is about 0.7 T s, in agreement with Eq. (30). 

If stochastic cooling is added at the rate X, a reasonable criterion is to adjust the cooling rate so to obtain 
the required beam width X». In this case the beam lifetime, which we shall denote x^, is in good approximation, 

îbc = Xbo/(l - 0 .36J s / J» ) (32) 

If the cooling rate is adjusted so that X» > 0.36 J s, the diffusion process will dominate resulting in a lowering and 
widening of the distribution and of beam particle loss at the rate given by x ^ - 1 . If on the contrary J^ < 0.36 J s, 
the cooling process will dominate, causing an increase and narrowing of the distribution at the rate | x^ | _ 1 . In this 
case the lifetime is infinite. This case is also verified [7] by the numerical integration of the Fokker-Planck equa
tion that can also be written as follows 

aw/ax = w + (u + coaw/au + a u a 2 w / a u

2 (33) 
where now a = X» / J s and x = À t. The optimum from the beam lifetime point of view is obtained by letting 
Pi = 0, that is by setting the cooling rate so that X» = 0.32 J s = 0.64 b which requires X = 1.56 q a / b. 

6. APPLICATION TO RHIC 

The performance of the Relativistic Heavy Ion Collider [8] is greatly influenced by the phenomenon of 
Intrabeam Scattering. This phenomenon nevertheless evolves over very long periods of time, involving several 
synchrotron oscillations before an appreciable effect of the beam can be noticed. Similarly, stochastic cooling of 
the bunched beam can be added but also with comparatively long cooling periods. In this mode of operation, the 
diffusion effects due to both Schottky and thermal noise can be neglected with respect to the stochastic effects of 
the particle-particle scattering [4]. Thus the all process can very well be described only by the cooling rate X and 
the diffusion rate q due to intrabeam scattering. 

The reference case is given by the case of a bunched beam of fully stripped ions of gold (A = 197, Q = 79) 
at the energy of 100 GeV/u. In RHIC yt = 24.7, V= 4.5 MV and h = 2052. From these parameters we derive 
a = 15,650 (eV/u) _ 1 s~2, b = 140 eV/u and J s = 280 eV/u. If the normalized betatron emittance is enlarged at 
the beginning of the storage to 60 n mm-mrad, and the longitudinal area of the bunch is 0.3 eV/u - s at the start, 
then the betatron emittance grows very little during a 10-hour long storage. At the same time the beam momentum 
spread increases at about a constant rate [9] which corresponds to q = 1 x 10 - 7 (eV/u)2 / s. It is immediately 
derived that q a = 0.0016 (eV/u) / s. In absence of stochastic cooling, the beam lifetime is x^ = 0.7 T s = 34 
hour. After a storage 10-hour long 75% of the beam survives. 

Stochastic cooling can be added to lengthen the beam lifetime. The cooling time required is x c o o ] i n g = X~l 

= 0.32 T s = 15.6 hrs. More generally if one requires reducing the bunch dimensions to the ratio a = X» / J s then 
the required cooling time is x c o o l i n „ = (48.6 hrs) a. For instance, with a = 0.1, we need x c o o l i n o = 4.9 hrs. 
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T H E O R Y OF T H E RELAXATION PROCESSES 
IN AN E L E C T R O N COOLING S Y S T E M 
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Abst rac t 
The stopping force for the ion in a strongly magnetized plasma is calculated 
as a function of time. The leading contribution to the cooling force F(t) (pro
portional to Z2 In | Z |, where Z = Z , / (n e D

3 ) is the dimensionless ion charge) 
is calculated in the frame of the time-dependent linearized theory for the case 
of small ion velocities. For very small t the stopping force is proportional to 
t3 and relaxes to some finite value with the relaxation time of the order of 
t0 = | Z | /uph In the case of large ion velocities the relaxation of the stopping 
force to its asymptotic value is determined by the parameter 0 = Ze2u>pi/vo, 
where Z is the ion charge in units of the electron charge e, upi is the plasma 
frequency and VQ is the ion velocity. 

1 Introduction 

The interest in the stopping power of ions in a magnetized plasma was stimulated by general investiga
tions on ion cooling for the ion beams. In the framework of the linearized Vlasov-Poisson equations the 
problem of the potential created by an ion with charge Z moving with constant velocity v0 in a colli
sionless plasma was solved by Akhiezer and Sitenko [1]. On the basis of the dielectric function formalism 
developed in Ref.[l] the case of a magnetized plasma was investigated by S0rensen and Bonderup[2]. 

However, all calculations in the theory of the ion cooling are made in the case of a steady state 
potential in the restframe of the ion. Our purpose is to describe on the basis of linearized theory 
the relaxation process in an electronic plasma of the cooling system. All modern electron cooling 
systems have the length up to some meters and the time of interaction of a relativistic ion with a single 
cooling section TÏ„, is of the order of 10~ 8s. This value is of the order of the period of the electron 
plasma oscillation r p; = 2TT/U>PI in a cooler with typical electron density for modern cooling systems 
(N0 ~ 1 0 8 c m - 3 ) . It forces us to introduce a time-dependent theory of the stopping force F(t) acting 
on the ion with a charge Zi moving with constant velocity VQ through a strongly magnetized plasma of 
an electron cooler (the Larmor radius rj, is much smaller them Debye radius rjj). We suppose that the 
ion is inserted at t = 0 into initially thermalized uniform electron plasma. We use dimensionless units: 
the unit of length is given by the Debye length D = (hsT/AnNoe2)1!2, where kj3 is the Boltzmann 
constant, T the temperature, N0 the equilibrium density of the plasma of electrons with charge —e and 
mass m. The potential energy is measured in units ksT and the density in N0. The unit of velocity is 
the thermal velocity of the electrons vth = (2 / t sT/m) 1 / ' 2 . In our units the ion charge Zi is characterized 
by the dimensionless charge Z = —Zij(N0D

z). In the case of a magnetized plasma the distribution 
function is the function of time, space coordinates and z component of the velocity vz parallel to the 
magnetic field: / = / ( r , vz,t). 

2 The stopping force in the case of a small ion velocity. 

Let us consider the ion with charge Z moving with constant velocity v0 through a collisionless magnetized 
plasma. In the rest frame of the ion the external charge density is 

next(r,t) = Z6(T-v0t)Q(t) (1) 

The Fourier transform of the external ion charge is 

" e r t ( q , w ) = iZ/u ( 2 ) 
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The dielectric function of a strongly magnetized plasma is 

c(q,w) = l -
q 2 

oo 

i r v 
V* J <* 

exp(—u2) 

w/qz + iv f^ = i + G> s ) /q (3) 

where v, = v„ + oj/qz , v' = i/sign(g^) and we introduce new function 

1 r e - ^ - " ' > 
G{U) = - = / . . , dJ 

2-v/7T J U' + IV 

The stopping power for the ion located in the point r = 0 is 

F(t) = ~ZV[U(r,t) - Uext(r,t)]{r^c) 

In the frame of the dielectric formalism 

(4) 

(5) 

F(t) = -—[ 
(27T)4 J 

qz exp(-iwt) 
q 2w 

1 -
1 

d3qdui 
*(q,w) 

and with the help of the Eq. (3) we obtain the stopping power F(t) for an arbitrary ion velocity v0 

(6) 

F(t) = 
( 2 T ) 

EL / « £ 
T ) 4 7 

exp(—iwi) 1 1 

52 + ?l ï l + î I + G'K) 
dq\dqdui (7) 

The characteristic feature of the Coulomb potential is the divergence of power series of the perturbation 
theory in the vicinity of the ion, where the potential U tends to infinity. We can stop integration over 
r at some r0 where the potential energy Z/r0 is of the order of the mean kinetic energy (or 1 in our 
dimensionless units). It provides r0 — Z^>\ and the contribution to the stopping power of the region 
with r < r0 is of the order of circle of this sphere with the radius r 0 or Z2. But the contribution to the 
stopping power from the region r > r0 contains the term of the order of Z2 In Z and within so called 
logarithmic accuracy in the case Z > 1 we can omit all terms in the stopping power that not include 
InZ. 

In the first order in v0 and within the logarithmic accuracy 

F(t) = 
Z2volnr0 f e-lutlr°G"{r0u) 

'wr J du> (8) 

We can see that the relaxation of the stopping force to the stationary value [2] needs the characteristic 
time t0 = 2Z 

m = ~ ^ ~ ^ i ( T ) - r e - \ (9) 

where r = t/t0. Fig.l shows the stopping force as function of time. 

1.0 

0.8 

J 0.6 

Fig.l The cooling rate //(*) = F(t)/(Mv0) in 
units of n(t — oo) as a function of time in the 
case of small ion velocities. 
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3 The stopping force in the case of a large ion velocity. 

If the ion velocity is larger then vth the ion radiate real plasma waves. The time derivatives of the 
stopping force is (here we use dimensional units) 

_2ie2Z2 f (kz exp(-iiot)t)d3kduj 
F { t ) - (2TT)3 J k'-Lj^Wik.+w)* 

f (kz exp( 
J k2-^ 

Integration over w with the condition F(t) — 0 at t < 0 provides 

P{t) = t^L 12vkÇ2eikv°<\é^t - e-'^dkdÇ, 
( 2 T ) 2 J 

(10) 

( H ) 

where C = **/*• ^ 2 / 2 
The linearization of the kinetic equation is not valid at r < b, where the cut-off radius b - 6e /mv0. 

Let us introduce some cut-off factor g(k) in (10) that tends to zero at k > b~ : 

g(k) - e _ . - *» (12) 

It provides 
2te2Z2u2

plf3 rl Ç 3 s i n ( ( > p ; t ) ( j c 

: 7 _ 1 ( / ? 2 + c H V 2 ) 2 ' 
where j3 = bup,/v0. The stopping force as a function of time for some 0 is shown in Fig.2. For small 

F { t ) ~ O r x v ^ ) 2 7-i (/?2 + CHV 2 ) 2 

0.0 

(ûplt 

Fig.2 The stopping force (in units of Fo -
e2Z2u2

]/vl) as a function of time for some (3. 

8 the stopping force rapidly relaxes to its asymptotic value at large t. But if /? is of the order of 1 the 
relaxation time is of the order of the period of plasma oscillations. In the case /? > 1 we can't use the 
dielectric formalism, because in this case the wave length of plasma oscillations produced by the ion is 
smaller then b. It means that the dielectric formalism is valid in the case of very large ion velocity only: 

y3 » Ze2ujpi/m (14) 
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SECONDARY PARTICLES INSTABILITIES 
IN THE STORAGE RINGS WITH ELECTRON COOLING 

A.V.Burov 
Budker Institute of Nuclear Physics, 630090 Novosibirsk, Russia 

ABSTRACT 
The system under study consists of circulating ion beam (il) , cooling electron 
beam (el), secondary ions (i2) and electrons (e2) trapped in the cooler. Inter
action of this components between themselves may rouse coherent instabilities 
- longitudinal or transverse ones. Estimation of increments and thresholds of 
such instabilities is the purpose of these studies. 

1. STEADY STATE PARAMETERS 

Here steady state parameters of secondary particles (density n and temperature T) are investigated. 

1.1 Reflected Electrons 

Electrons reflected from the collector have the velocity very close to the primary electrons one. 
The drag force is very high, when they move in the same direction, and it is neglectfully small, when 
directions are opposite. This is the reason of fast blowing-up of these secondary particles. Their density 
n ( r ) 

6irneir%lLee 

Where rv = e2/(mv2), r - coefficient of reflection, At; - initial velocity difference, ne\ - density of primary 
electrons, / - length of the cooler, Lee ~ 10 - Coulombian logarithm. For Av/v = 1 0 - 3 , r = 1 0 - 4 , 
n = 1 0 7 c m - 3 , E = 12 keV, I = 3m one gets n^/n — 5 • 10~ 3 . (For numerical estimations prelimenary 
parameters of CRYSTAL project [1] will be taken.) 

1.2 Ionization Electrons 

Temperature: heating by primary electrons. 
Collisions with primary electrons originate the temperature rising of secondary ones. For lifetime r = 
——TC with rc — {nat<rv)~l, <r - ionization cross-section it gives the temperature 
n 

4Trne2r2Lee 2 

Xe2 = rnv 
nata 

At nat = 2 • 10 7 cm- 3 , a - 5 • 10 - 1 8 cm 2 , ne2 = n= 10 7 Te2 = 200 eV. 
Density: resonance drifting. 

Drift displacements Ax on turns of the cooler and in transverse electric field of special electrodes are 
added together to be with some phases ip originated from helical drift in the electric field of the electron 
beam. The total displacements after N times is: 

^ 2«n(tf/2) 

where ip = Ql/ve2, Q — 2wnec/B - drift frequency. 
For ip = ipp = 2-wp, p - integer, Axjv = NAx - resonance drifting. 
These resonance particles quickly leave the beam, collisions produce new ones, and so on - this is 

the way for secondary electrons to escape from the trap. 
The life time r estimation: 

1 v ^ Avp 

T '-^ W2 

P 
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where tu e 2 = sJT^Jrn - thermal velocity, vte = \i:nr2Ltf.v — collisions frequency, 

Ql Ax 

is the width of resonance, a - electron beam radius. 
From life time one can get the density of secondary electrons: ne2/n — T/TC ~ 0.1 ~ 10 depending 

on Ax value. For centrifugal drift A i = Axe = (vt2/Q.L)<t>tvrn • For electrostatic one Ax — Axe = 
c(d/ve2)(E/B). 

The temperature and density equations are connected and should be solved in pare. 

1.3 Ions 

Temperature: birth in potential well. 
Secondary ions are born in transverse potential well, created by primary electrons. This determine their 
temperature Ti2 = Uo/2 = 7rne 2a 2/2. For CRYSTAL parameters this gives Ti 2 = 15 eV which is much 
more than heating by primary electrons Tî 2 = (m/M) Te2 = 0.1 eV. 

Density: trapping in cavity-like inhomogenuity. 
Ions may be trapped in cavity-like inhomogeneities of the vacuum chamber with some radius b2 > b , b 
- radius of the vacuum chamber. Their linear density A,2 is: 

A« = (Aei + A e 2) - ^ f 2 ^ , > < 0.3(A e l + A e 2) 0.5 + ln(o 2/aj 

An alternative way to secondary particles density limitation is a coherent instability. 

2. LONGITUDINAL INSTABILITIES. 

2.1 Dispersion Relation. 

With wake potential W(t) and impedance Z{k) determined in ordinary way, an averaged over turn 
electrical field £(t) is: 

oo oo 

£{t) = -~ I p(t')W(t - t')dt Z(k) = v ! W(t)eikvt at 
— oo —oo 

Substituting this field into Vlasov equation gives the following dispersion relation 

™~"-{>-T*W'(J)-4} 
where u is the frequency of coherent oscillations, f(u) — distribution function, u — vy/XrvF is the velocity 
of waves propagation in the beam circulating in the smooth chamber with impedance iZ(k) = ikUF, 
where II is the orbit perimeter. 

The second term in figured brackets describes Landau damping, the third one is responsible for 
coherent instability on impedance 2 . For Gaussian distribution f(u) — (2irw2)~1^2exp(—u2/2w2) the 
threshold number of circulating particles 

Nth = NKs In 
Z (NKs\ 

Rei V Nth J 

3/2' 

where NKs = (Ap/p)2E/(rvF) is Keil-Schnell circle threshold. At Ap/p = 1 0 - 5 NKs = 3 • 10 7 for 
Cf2 ) ATxs = 3-10 6 for U^. 

2.2 Impedances . 

Responses of primary electrons and secondary particles on the field of circulating ions may be 
represented in the terms of impedances. The solution of longitudinal equations of motion for these particles 
with fixed density perturbation of circulating ions pu ~ exp (ifc(z — vt)) gives the following results. 

231 



2.2.1 Primary electrons. 

The equations for primary electrons should be taken with zero boundary conditions at the ions 
entrance in the cooler. It gives the impedance 

R e ^ _ A îiîl „ 1 0 -3 
z n v 

It is the maximum value of this quantity, corresponding to kl = v/w ei-

2.2.2 Secondary particles. 

Secondary particles plasma trapped inside the electron beam has its own frequencies and may be 
considered as some kind of resonator. Such plasma, contained in the trap of length L has wave numbers 
k, = 2irs/L and frequencies ws = ksu with Landau decrements 7, < ksw. The boundary conditions 
correspond to zero velocity perturbations at the edges of the trap. The equations of motion of such 
plasma in the external field of circulating ions give the following result: 

ReZ = ~^\JeikZsin(k'z>>dz 2 u^kvj. 
( w 2 _ £2^2)2 + k2vltf 

The interval of integrating is one of the overlapping of circulating ions and this secondary plasma. 
For secondary electrons one can obtain (L > /) : 

For ions 

max 
ReZ 1 

Z ~ (2TT)2 n wJ 

L>1: 
ReZ 

max z = 
1 w 

7 ^ 2 - - 6 • 10 

L<1: 
ReZ 

max——— = 
Z 

1 L w 
— - - - 6 - 1 0 
2x n « 

These values are rather small, what means that Nth ^ NRS (f° r Gaussian distribution Nth = 5A^xs )• 

3. T R A N S V E R S E INSTABILITIES. 

3.1 Equations of Motion. 

Here only most dangerous transverse oscillations — the dipole ones will be considered. The equa
tions of motion of four components (el, ê2, i l , i2) are as follows: 

a 

(«2) : i f = ±*£ n -« . * - £) - 7.2CS 
a 

Where Ç* = x ± iy — transverse displacement in complex form, fi0 = 2irZaecna/B — drift 
frequency in the field of particles of sort or with charge number Za (<* — el,e2, il,»2), 7e2 - Landau 
damping due to drift frequencies dispersion 6QQ, 7 e2 < £ a * e 2 ^ « -

Equation for (e2) needs some comments. If secondary electrons are cold ul/we2 ^> 1 (us is the 
coherent frequency), this equation describes displacements at every point z. The space derivative Ce2 in 
the l.h.s. is omitted because it is neglectfully small in the comparison with the time one. In the opposite 
case of hot secondary electrons w//iy e 2 -C 1 this space derivative comes out after averaging on longitudinal 
oscillations of secondary electrons between edges of the trap. In this case the values in the r.h.s. should 
be taken also as averaged ones. 

The equation for primary ions may be presented in the following form 
00 

(il) : xn(t) = 4 7 r ^ £ a ] T (Xa(t - kT0) - xn{t - kT0))sm(2irvxk) 
a 1=0 

with To - period of revolution, vx - betatron tune, £ a = 0.bnarvlf3xZn/Au - tune shift on charge of 
particles a, /3X is /^-function in the cooler. Supposing i ^ oc exp(-iut), u = OJQ [yx +p+s) with p -
integer and £ < 1 one gets 

Xil = ^ £ a ( z « - Xn) 
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The equations for y,i have the same form. 
And at last for secondary ions 

a 
Here 7,2 is Landau decrement for secondary ions transverse oscillations due to the dispersion of ua, 
w 2 = 2nnaZi2Zae

2/Mi2 - transverse focusing on particles a, fix, = Z,-2eJ3/(Mi2c) - Larmour frequency. 
Equations for (±) degrees of freedom are the same. 

This system of equations is rather complicated to solve it immediately. That is why the stability 
problem for whole four-component system is studed below by the way of separation it on subsystems like 
(el + i l ) , (el + e2), (el + e2 + i'2) and so on. 

3.2 Results for subsystems. 

(il + el) : vx — vy resonance. 
When betatron tunes are equal the resonance instability takes place. In such a case dimensionless 

frequency of oscillations e — t\ (1 ± ift,//(2v)) (When it could not be misunderstood indexes will be 
omitted or simplificated.) The stability condition \vx — vy\ > £f2,//v ~ 2 • 1 0 - 4 (Cf2, U23s)-

(el +e2) : coherent damping. 
a. e2 are cold: ul/w2 > 1. For solution £ ~ exp(—ik(u)z) one finds k(w)v = — ÇI1ÇI2H0J — fii + 17) 

which corresponds to space attenuation. 
b . e2 are hot: wl/w2 < 1. In this case the frequency of coherent oscillations w = Cl\ — if — 

iQ.1Q.2lI{2v) which corresponds to additional damping. One can see that stability here depends on the 
sign of Q.\Q,2-

(il +e2) : ion-electron betatronic-drift resonance. 
This case is something like one taking place with ordinary accumulation of secondary electrons 

in the closed orbit of proton storage ring - see [2, 3]. When ions betatron frequency wj and electrons 
drift one fi<j = YLa^e2^a satisfy resonance relation wj + nwo = £2<j the dimensionless frequency is 

e = i (£e2fiii/(2u>o)) which corresponds to instability. The stability criterion - detuning from resonance: 
A n > 2|e| ~ 0.1 

(il + el + e2): previous case + coherent damping (el + e2). 
( i l + i 2 ) : ion-ion resonance. 
This case looks rather similar (il + e2) one. At resonance uij, + nuiç, = u>± , where 

«± = - (SÎL/2 ± y/ill/A + ul\ 

are (i2) transverse frequencies in the constant field of another particles with u\ = J2afr2 ua-1*1 this case 
the dimensionless frequency of the coherent oscillations is 

( " ? i V / 2 

e = « - (&2- ï—^ ; ) 
V - w0|w+ - w_|y 

The stability criterion Az/j > 2\z\ ~ 1 0 - 2 

(el + i2): space amplification [4]. 
This situation corresponds to the change of the sign in (el + e2), cold (e2) case. Here 

^ - Q « 2 fii2 <fli 
v v —u2 + Çliw + u2

el — 2ifw 

Space amplification coefficient K = exp(ifc(w)/) has its maximum value at u> — u. 

'Qi2l u2

el 

^max — eXp 
V 7|w_| 

If this coefficient is high enough even a small feedback rç > /C m g r creates an instability, 
(el + i2 + e2): (e2) feedback. 
For reflection electrons the feedback coefficient 77 = n ^ / n e i - For ionization ones 

"e2 

" e l 
dvfe2(v)exp ( — 
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(el + i'2 + i l) : (il) feedback. 
Circulating ions create a feedback in the subsystem (el + i2) with coefficient 

ZnTlii U>\ & 2 M . 1 
r)= ±—: In / : 

ne \w+ - w_ |7,-2 £ 

At maximal detuning from ion-ion resonance e ~ 1. One can see that the system stability \r)K\ < 1 
strongly depends on the value of Landau decrement 7 ^ . For rectangular transverse distribution (el) and 
neglectable density of (il) the dispersion of transverse frequencies of (i2) is absent, hence 7,2 = 0. Nonzero 
value of Landau decrement is connected with the inhomogeneity of (el) density and with the density of 
(i l) . So, the most dangerous situation takes place when (il) density is equal to inhomogeneity of (el) 
one. For CRYSTAL parameters the threshold value of Landau decrement (u±/ji2)th — 10 3. 

(il + el + il + e2): summing up. 
One can see from this consideration of transverse instabilities that practically all of them are 

resonance ones with rather small widths. Nevertheless the detuning from them at some cases might be 
not so easy problem: frequencies of secondary particles changes both with their own densities and with the 
density of circulating ions. The last one increases during the cooling, and near the crystal state, it is much 
more than the density of primary electrons. Taking this into account one can see that for avoiding ion-ion 
resonance it is necessary to require w ei < uo ; w ei , < u>o . Similarly for preventing betatron-drift 

instability one should demand Qn < w 0 ; Çïi2 < u0. For CRYSTAL parameters the betatron-drift 
resonance on primary ions density looks especially dangerous. 
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DESIGN AND CONSTRUCTION OF THE CELSIUS ELECTRON COOLER 

M. Sedlacek 
Accelerator Technology, Royal Institute of Technology, Stockholm 

T. Bergmark, K. Gajewski, L. Hermansson, O. Johansson, T. Johnsson, 
D. Reistad, R. Wedberg, L. Westerberg 

The Svedberg Laboratory, Uppsala 

A B S T R A C T 
The CELSIUS storage ring at the The Svedberg Laboratory is equipped with 
an electron cooling device. The cooler was taken into operation in May 1990. 
The paper describes the construction of the device together with some design 
considerations concerning the electron gun, collector, vacuum and high voltage 
system. 

1. INTRODUCTION 

CELSIUS [1] is a cooler-storage ring accelerator for protons and heavy ions from the Gustaf Werner 
Cyclotron. The ring is particularly suited for nuclear and particle physics with stored and cooled ion 
beams. The electron cooler for the ring was designed at the Unit for Accelerator Technology of the Royal 
Institute of Technology in Stockholm as a collaboration with the The Svedberg Laboratory in Uppsala, 
where the ring is situated. 

A drawing of the electron cooler is shown in Fig. 1, the general data of the device in Table 1. 

0 500 10O0 1500 2000 

Fig. 1. CELSIUS electron cooler. 
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Table 1 
Electron cooler data 

Electron energy 5 - 300 keV 
Cathode diameter 20 mm 
Gun anode voltage 0 - 40 kV 
Perveance 0.38 /zP 
Beam current 0 - 3 A 
Magnetic field 0.1 - 0 . 1 8 T 
Design magnetic field 0.15 T 
Transverse energy <0.2 eV @ 300 keV 
Interaction space 2.5 m 
Length 4.6 m 
Height 4.3 m 

2. MAGNETIC CIRCUIT 

A homogeneous longitudinal magnetic field in the electron cooler confines the electron beam. The mag
netic circuit consists of solenoids, toroids, correction, steering and dipole coils. The gun and collector 
solenoids have a larger diameter then the drift tube solenoid in order to accommodate the SFÔ chambers, 
with the high voltage insulation. The toroids consists of a 35° and a 55° section. To be able to adjust 
the position of the electron beam steering coils for the two perpendicular directions are included in all 
solenoids. Dipole coils in both toroids compensate for the drift of the electron beam. 

All solenoids and toroids are connected in series to the main power supply. To compensate for 
differences between the necessary ampereturns in the solenoids and the toroids an additional power supply 
is connected to each solenoid and toroid winding. By adjusting the currents from these power supplies 
the same value of the longitudinal magnetic field can be obtained in the centre of each solenoid or toroid. 
The design value of the longitudinal field is 0.15 T. 
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Fig. 2. Longitudinal magnetic field, a. Magnetic field along the axis without correction coils. 
b . Expanded corrected magnetic field at three excitations corresponding to nominal field of 
0.12, 0.15 and 0.17 T. 

At the transitions between the solenoids and the toroids there are missing ampereturns. The 
magnetic field shows a dip at these transitions, Fig. 2.a. Extensive computer simulations using the 
program POISSON [2] were made in order to find the number of correction coils, their shape and the 
number of ampereturns necessary to decrease the dips to an acceptable level. 

The correction coils are necessary also for another reason. The dip in the magnetic field at the 
transition introduces scallop in the electron beam. Using the POISSON program a solenoidal system, 
where the toroids were replaced by solenoids of large diameter, was simulated. The computed field was 
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then used as input data in a modified version of the E-GUN program [3] and a simulation of the transit 
of an electron beam with different energies was made. At a beam current of 2.5 A and a beam energy of 
300 keV the computed transverse energy of the outermost orbit in the drift tube was 12 eV. When all 
correction coils were included, the increase of the transverse energy inside the drift tube was negligible, 
of the order of 0.1 eV. 

A special program was written to simulate the transition of the electron beam through the toroid. 
This program used the two-dimensional planar field obtained by POISSON computation, in the transverse 
direction the field was assumed constant. The space-charge of the electron beam was taken into account 
in a simplified way, treating the beam as concentric cylinders with variable diameter. The computations 
have shown two important results. The transition introduces some scallop in the electron beam, larger 
for higher energies. Up to about 100 keV the scallop seems to be negligible. At 300 keV the transverse 
energy, depending on the magnitude of the magnetic field, can reach a few electron volts. By varying the 
magnetic field a resonant condition can be obtained. This speaks for an electron gun construction which 
does not use resonant focusing to obtain a low scallop at the exit of the gun. 

The longitudinal magnetic field was measured with a Hall probe connected to a Bell 600 Gaussme-
ter. The probe, mounted in a brass block, was pulled along the optical axis of the cooler by a synchrone 
motor, the output of the Gaussmeter was connected to a precision digital voltmeter and a recorder. The 
design value of the longitudinal magnetic field of 0.15 T was chosen for the adjustments of the correction 
coils. Between 0.12 and 0.17 T the differences are smaller than 0.2 mT from the gun cathode to the end 
of the drift tube, Fig. 2.b. All currents can be scaled proportionally to the desired magnetic field without 
changing the field distribution and its straightness in the drift tube solenoid. 

The transverse field was measured using a small pencil beam. An electron gun with a tungsten 
cathode and a copper anode was placed inside the collector solenoid. The laser drilled hole in the anode 
was 0.05 mm in diameter. The acceleration voltage was 4.5 kV, which in a field of 0.15 T gives a Larmor 
radius in microns. The pencil beam is therefore forced to follow the magnetic field lines. The position 
of the narrow beam was monitored on a screen by a telescope, mounted on a table with digital read-out 
of the position. The screen was moved along the axis of the drift tube. By taking the average of a few 
measurements it was found that this zero method gives an accuracy of ±0.02 mm. Fig. 3 shows the result 
of these measurements. 
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Fig. 3. Transverse magnetic field in the 
drift tube. Deviation from the geomet
ric axis of the solenoid. 

3. E L E C T R O N G U N 
The design of the electron gun should result in an electron beam with a low transverse electron energy, 
it should be possible to vary the beam energy, the current and the magnetic field independently of each 
other. This speaks for an adiabatic focusing design. 

A schematic drawing of the CELSIUS electron gun is shown in Fig.4. The whole gun system is 
placed inside a stainless steel tank filled with SF6 in order to withstand the highest operating voltage of 
300 kV. The gun uses a dispenser cathode with a diameter of 2 cm surrounded by a Pierce electrode. Two 
rings, the so called guard electrodes, are controlling the potential distribution in front of the cathode in 
order to obtain an even current density distribution across the cathode area. After passing the gun anode 
the electron beam is accelerated in two Large High Gradient accelerating columns made by National 
Electrostatic Co., a short one with 6 and a long one with 18 electrodes. A potential divider with a total 
resistance of 940 MQ takes care of the potentials on all electrodes in the accelerating column. Corona 
rings are mounted around the electrodes. The osmium coated dispenser cathode is mounted on a holder 
consisting of three laser-welded Mo-Re cylinders which act as a thermal shield. The outermost cylinder 
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connection to 
Pierce electrode 

cooling water — 

NEC large high 
gradient tube 

NEC large high 
gradient tube 

is welded to a stainless steel cylinder with 
grooves to decrease the thermal conductivity 
losses. The cathode is heated by a pyrolytic 
graphite cylinder pressed against the inner 
cathode surface by a nimonic spring. The 
advantage of this kind of heating is an ex
tremely low magnetic field at the surface of 
the cathode, low outgassing and a negative 
temperature coefficient of the material. A 
Mo-Re tube is the current lead. At the nor
mal working temperature of about 1050°C 
the heater power is about 65 W. The power 
supply is power regulated. The holder of 
the Pierce electrode is made massive so that 
the outermost of the Mo-Re cylinders can be 
centred by three molybdenum spacers. The 
Pierce electrode has a standard 67.5° angle, 
its innermost part near the cathode is made 
of molybdenum, the outer part of copper. 
Both parts are brazed together. The elec
trode is mounted insulated from the holder 
by ceramic spacers. A ss-Cu-Ti transition 
connects the third Large High Gradient tube 
with the rest of the accelerating structure. 

Inside the high voltage terminal there 
are three power supplies connected to the 
gun side of the electron cooler: the gun an
ode, the gun bias (guard 1) and the Pierce 
electrode power supply. The potential of the 

gun anode, the gun bias and the Pierce electrode power supply can be varied independently of the 
acceleration voltage on the high voltage power supply (HVPS). The voltage of the gun bias electrode can 
be varied between 0 and —10 kV in order to cut-off the beam current. Each power supply is connected 
via a series resistor and has an over voltage spark gap in parallel. The power supplies inside the high 
voltage terminal are connected to the gun and to the collector side of the electron cooler by large coaxially 
mounted tubes insulated by SFÔ. 

4. COLLECTOR 
A schematic drawing of the CELSIUS collector is shown in Fig. 5. Like the electron gun, the whole 
collector system is placed in a stainless steel tank filled with SF 6 and immersed in a magnetic field. 

Table 2 
Collector efficiency a t 30 keV and 0.13 T 

cooling water 

corona shield 

cathode 
first guard electrode 
second guard electrode 
gun anode 
corona shield 

corona shield 

corona rings 

spark gaps 

titanium 
copper 
stainless steel 

100 200 mm 

Fig. 4. Electron gun 

Beam current [mA] 100 200 500 1000 
Gun anode voltage [kV] 3.7 5.7 10.3 16.3 
Collector anode voltage [kV] 0.15 0.20 0.38 0.58 
Computed minimum [kV] 0.34 0.55 1.01 1.60 
HVPS current [mA] 0.049 0.049 0.063 0.124 
HVPS loss current [mA] <1 bit 0.003 0.023 0.094 
Collector efficiency [per cent] 99.999 99.998 99.995 99.991 
Pressure [10~8 Pa] 0.9 1.2 1.5 1.7 

The electron beam is retarded in one Large High Gradient column, passes the collector anode and 
is accelerated into the collector. The column has a potential divider with equal resistors resulting in a 
constant field gradient. The collector is biased positive with respect to the cathode potential, like the 
collector anode. The potential of the collector anode is adjusted to be high enough to avoid a formation 
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Fig. 6. Collector 

of a virtual cathode and a reflection of elec
trons. The length of the anode ensures that a 
potential valley is created where positive ions, 
a result of the ionisation of the residual gas, 
are trapped [4]. The trapped ions neutralize 
the space-charge of the electron beam and re
duce the lowest potential of the anode. The 
measured potential on the collector anode, Ta
ble 2, is lower than the minimum necessary to 
avoid the reflection of the electrons because of 
the space-charge depression, which confirms the 
formation of an ion cloud. The collector per-
veance is 58 /xP. To optimize the collector ef
ficiency the distribution of the magnetic field 
in the collector region can be changed by ad
justing the current in the collector solenoid 2, 
Fig. 1. 

Based upon the current distribution ob
tained from the simulation of electron orbits 
inside the collector, the power density and the 
maximum expected temperature was computed 
by the POISSON program. At a maximum cur
rent of 3 A the power density amounts to about 
800 W/cm 2 at the centre of the collector. At a 
cooling water temperature of 30°C the temper
ature on the inside of the collector is 158°C. 

5. VACUUM SYSTEM 
The CELSIUS ring operates under ultra high vacuum conditions, at pressures below 1 0 - 7 Pa. The main 
pumping of the cooler is performed by a combination of ion pumps, NEG pumps and sublimation pumps, 
Fig. 1. A differential pumping is included on the gun and on the collector side by ion pumps, which use 
the gun and collector solenoid to generate the necessary magnetic field. With the valves towards the ring 
closed, the pressure in the cooler, as measured at the ionisation gauge mounted above the ion pump on 
the collector side, is 2 • 1 0 - 9 Pa. With the cathode heated it increases by a factor of three. The pressure 
increases to about 2 • 1 0 - 8 Pa with an electron current of 1 A. 

All materials used in the cooler match the ultra high vacuum requirements. Stainless steel parts 
are made of LN316 steel, which has been fired. Other used materials are copper, titanium and ceramic. 
Heating jackets are wrapped around the whole vacuum system, the gun and the collector side have special 
baking hats. Most of the vacuum tubes have an inner diameter of 150 mm. The screening electrodes, 
which carry mirror charges inside the drift tube and the gun toroid chamber, are made of eight rods. 
This construction makes the electrodes transparent from the vacuum point of view. An estimate was 
made to check the possible deformation of the equipotential surfaces at the edge of the beam and found 
negligible. 

The residual gases are ionised by the electron beam. Resulting ions and electrons drift inside 
the cooler along the magnetic field lines. Two clean-up electrodes are placed inside the collector toroid 
chamber to deflect the particles in an B x E field. Low conductance ceramic plates (zirconia) are connected 
by two stainless steel plates. The steel plates are connected to two power supplies, with variable voltage 
between zero an 10 kV. The electrodes are 100 mm long. 

References: 
[1] D.Reistad et al., Recent Commisioning Results at CELSIUS, Proc. 13th Int. Conf. on Cyclotrons 

and their Applications, Vancouver, Canada, July 6-10, 1992, 266 
[2] Iselin Ch., Poisson program, CERN Program Library (1983) 
[3] Herrmannsfeldt W.B., SLAC-Report #226 (1979) 
[4] W.Kells et al., The Electron Beam for the Fermilab Electron Coling Experiment, PM918, Oct. 1979 

239 
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ABSTRACT 
Electron cooling of electron (and positron) sources may be important for future 
linear collider applications. In order to cool electrons with electrons, an 
intermediary positron beam must be employed, since it is impossible to merge 
two beams of identical particles into the cooling straight. By adjusting the beta 
functions of the electron and positron lattices appropriately the final emittance 
of the stored electron beam can be made less than the emittance of the cooling 
electron beam. This paper will discuss accelerator physics issues relating to an 
electron cooled electron beam source. 

1. INTRODUCTION 

Electron cooling was originally proposed by Budker in 1966[1]. The basis for his proposal came from 
work done by Spitzer[2] (1956) who showed that warm ions come to equilibrium with cooler electrons in a 
plasma. Due to the much larger mass of the ion, the final rms speed of the ions is much less than that of the 
electrons. Budker realized that an electron beam is simply a moving electron plasma. By superimposing an 
ion beam on a co-moving electron beam, warmer ions are cooled by the electron beam. 

In the 1970's electron cooling was demonstrated to be an extremely good way of increasing the phase 
space density of proton beams. Cooling times of between one and five seconds were reported by 
experiments at Novosibirsk[3], CERN[4], and Fermilab[5]. Recent experiments at the Indiana University[6] 
and at the Low Energy Antiproton particle Ring (LEAR) at CERN[7] have made progress in extending the 
use of electron cooling to ion and antiproton beams, respectively. Electron cooling of positrons has also 
been suggested[8,9]. This paper will propose extending the use of electron cooling to electron beams. 

Since electron cooling relies on a merging of beams that have identical average beam velocity, it is 
not possible to directly merge an electron cooling beam on a hot electron beam. An intermediate beam 
must be used to transfer heat from the hot electron beam to the cooling beam. The best choice for the 
intermediate beam is to use positrons. Positrons do not decay, and their light rest mass is the best for 
cooling. Figure 1 shows the proposed electron cooling scenario. A cooling electron beam is formed in an 
electrostatic accelerator (not shown) and merged with a positron beam in the first cooling straight. The 
positron beam is then transported around to a second long straight section where it is merged with the hot 
electron beam. The hot electron beam transfers heat to the positron beam, which in turn transfers heat to 
the cooling electron beam. The cooling electron beam is recirculated to the terminal of the electrostatic 
accelerator where it is collected. The cooling electron beam is thus continuously regenerated at the cathode, 
and the heat is dumped into the electron beam collector. 
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E1 

E2-

Figure 1. Schematic for electron cooling of electrons. Stored electron beam (E2) transfers heat to a stored 
positron beam (P) which transfers heat to the single pass cooling electron beam (El). 

2. EQUILIBRIUM OPERATION OF THE POSITRON HEAT TRANSFER RING 

An earlier study of electron cooling of electrons was presented at the 1992 SPIE Conference [10]. 
That work was able to present a much more detailed study than the present work, due to the present page 
limit requirement. The earlier work derived the usual formula for the electron cooling of positrons, 

2 3 2 2 2 
d\„*/dt = 6 0 / L ^ c /0y a eC\p* (lab frame) (1) 

where v p * is the positron velocity in the moving frame, t is the time, J is the electron beam current, Lc is 

the length of the cooling straight, re is the classical radius of the electron, c is the speed of light in vacuum, /? 

is the beam velocity divided by c, y = {1-{T)~ , a is the beam radius, e is the charge on the electron, and C 
is the circumference of the positron ring. The earlier study went on to compare the electron cooling rate to 
the intrabeam scattering rate within the electron cooled positron storage ring in order to determine where 
equilibrium operation of the positron storage ring would occur. 

Figure 2 presents the equilibrium positron beam size within a possible positron heat transfer ring. 
The equilibrium vertical emittance is 0.2 TT mm-mr, and the equilibrium horizontal emittance is 0.05 it mm-
mr. These values compare favorably with what is desired for the next linear collider[ll]. Table 1 presents 
parameters for the possible electron cooling system. 
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Figure 2. Equilibrium beam size in the positron heat transfer ring. Solid trace shows horizontal beam 
profile. Dashed trace shows horizontal beam profile. Dotted traces show beam size approximation for 
calculating IBS heating rates. 

3. OPERATION OF THE ELECTRON COOLING RING 

3.1. Determination Cooling Time 
The electron cooling time can be determined by including the minus sign and rearranging Eq. (1) as 

2 2 3 2 2 
-v* dv* = dtôQILçTe c /(3y a eC (2) 

and integrating from the initial time and velocity to the final time and velocity obtains: 

[(v*j - v* f) 3]/3= ( f f - t^mLcr^c2'/^a'eC (3) 

Linear collider designs typically use 10 particles per bunch, which here corresponds to a current 
of 43 mA. The hot electron beam will likely be supplied by acceleration from a thermionic gun. Thermionic 
guns can produce such currents with transverse emittances of 0.5 ir mm-mr. This emittance is a factor of ten 
larger than the value of the positron horizontal emittance, and therefore the electron horizontal beam size 
and divergence due to emittance will each be about a factor of three greater than the equilibrium positron 

beam values. Therefore (v*j - v*f) = 10 . In this case the cooling beam is the positron beam, and I = 43 

mA and a = .55 mm. But the effective cooling current will be reduced by a factor of six due to the overlap 
of the positron beam with the hot electron beam (Since the area of the positron beam is six times less than 
the area of the electron beam, 5/6ths of the electron beam will not be in contact with the positron beam on 
any given pass). So the effective cooling current is 7 mA. Substituting the appropriate values into Eq. (3) 
leads to an expected cooling time of 

(tf-t$ = 1.9 ms. (4) 

The value of cooling time indicates that electrons could be cooled and deUvered to a linear collider at a rate 
of 500 Hz. 
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Table 1. Parameters of Electron and Positron Storage Rings 
Beam Kinetic Energy (MeV) 3.0 
Relativistic Factors, /?, y 0.99, 6.87 
Ring Circumference (m) 11.3 
Entrance and Exit Dipole Pole Face Rotations (degrees) 5 
Length of Cooling Straight (m) 2 
Average Value of Dispersion Function, D (m) 1.1 
Transition Gamma, y^ 1.265 
Z /n Instability Limit (Q) 20 
Betatron Tunes Including Space Charge, vx , vz 1.135, 0.176 
Betatron Tunes Excluding Space Charge, vx, vz 1.249, 0.452 
Space Charge Tune Shift, Ai>x, Avz 0.114, 0.276 
Electron Cooling Current (A) 0.1 
Electron Cooling Beam Radius in Cooling Straight (mm) 3.2 
Positron Beam Current (mA) 43 
Equilibrium Positron Beam Radius in Cooling Straight (mm) 0.55 
Equilibrium Normalized Positron Emittances %£, e ^ (7r mm-mr) 0.05, 0.2 
Equilibrium Positron Momentum Spread Ap/p 3.65XL0-4 

Stored Electron Beam Current (mA) 43 
Initial Stored Electron Beam Size in Cooling Straight (mmxmm) 1.61x1.1 
Equil. Stored Electron Beam Size in Cooling Straight (mmxmm) 0.55x0.55 
Initial Norm. Stored Electron Emittances eax, e n 2 (x mm-mr) 0.5, 0.5 
Equil. Norm. Stored Electron Emittances e ^ , s^ (ir mm-mr) 0.05, 0.2 
Initial Stored Electron Beam Momentum Spread Ap/p 0.001 
Equil. Stored Electron Beam Momentum Spread Ap/p 3.65xl0"4 

Cooling Time (ms) 1.9 

32. Equilibrium In The Electron Cooling Ring 
If the electron cooling ring has a lattice identical to the positron transfer ring the IBS heating rate 

within the electron cooling ring is the same as the IBS heating rate for the positron transfer ring. But the 
cooling force will be much greater than the cooling force in the positron beam, since now the entire 43 mA 
positron beam is in contact with the electron beam. For this reason equilibrium in the electron cooling ring 
will be established thermally; the equilibrium emittance of the electron beam will equal that of the positron 
transfer beam. 

The equilibrium emittances of the electron cooled electron beam will be 0.2 x mm mr vertically and 

0.05 7T mm mr horizontally. The momentum spread will be Ap/p = 3.65x10 . 

4. POSSIBLE INSTABILITIES 

Particle beams can become unstable if they are cooled too far. If all beam particles have the same 
momentum, image charges generated by the particles onto the surrounding environment (such as pipes) will 
all be in synchronization with each other and this can lead to a field large enough to destroy the beam (the 
Z/n instability). Neil and Sessler[12] originally derived the criterion for onset of the Z/n instability, 

| Z/n | = Fmc2 p 2 y ^Ap/p)2(eT) ~1 . (5) 
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In Eq. (5) 7 is the stored particle beam current and r\ is the absolute value of the momentum 
compaction of the storage ring, T| = | (1/yf) - (1/y) \ , where yt is the transition energy of the storage ring, 
here 1.265. F is a form factor of about 3. For both the electron and positron storage rings discussed here 
the onset of the Z/n instability will occur for 

Z /n = 20 Q . (6) 

Small beam sizes lead to an increase in the relative contribution of space charge forces to the beam 
optics, causing a large tune spread that can cross destructive resonances, leading to beam loss. For the 
electron and positron lattices discussed here the horizontal tune including space charge is 1.135 and the 
horizontal tune excluding space charge is 1.249. The vertical tune including space charge is 0.176 and the 
vertical tune excluding space charge is 0.452. This region of tune space avoids the destructive integer and 
half integer resonances, but the vertical tune does cross the third integer resonance. It may be desirable to 
investigate different lattices to avoid this resonance as well. 

5. CONCLUSION 

This paper has presented the concept of electron cooling of electron beams. The necessary 
electrostatic accelerator technology for this concept has already been demonstrated[13]. The final emittance 
and rep rate capability of electron cooled electron sources are a fine match to future linear collider needs. 
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A B S T R A C T 
We report on results of the stopping power of heavy ions in strongly coupled 
electron plasmas obtained by performing molecular dynamics (MD) computer 
simulations. A comparison with conventional theories of the stopping power 
shows that these fail at low ion velocities and strong coupling, where colli
sions between the electrons and nonlinear screening effects get important. This 
causes a change in the dependence of the stopping power on the ion charge Zp 

at low ion velocities. From the MD simulation we find the stopping power to 
behave like Zp

43 instead of the weak coupling behavior Z% ln(const/Z p). 

1. INTRODUCTION 

The description of electron cooling of ion beams in a storage ring requires the knowledge of the 
stopping power on the ions due to their interaction with the cold electrons. Because of the low electron 
temperatures, in particular in the longitudinal component, and the possible high ion charge states, one 
may have to deal with strongly coupled Coulomb systems. The usual weak coupling theories for the 
stopping power, like binary collision approximations or linear dielectric response descriptions, are then 
not longer a priori applicable. To investigate the stopping power of heavy ions in strongly coupled, 
classical electron plasmas, with plasma parameters r £. 1, we perform molecular dynamics (MD) computer 
simulations. These simulations are an appropriate tool to study dynamical properties of strongly coupled 
nonequilibrium Coulomb systems and nonideal plasmas. Strong correlations and collective effects like 
the nonlinear dynamical screening are automatically taken into account in the MD simulations provided 
one succeeds in a correct treatment of both binary and higher order particle collisions. 

After a description of our MD simulation technique, we discuss the stopping power obtained from 
weak coupling considerations and then compare this with the results we got from the MD simulations. 
We find that the weak coupling theories fail to predict both the velocity- and the charge-dependence 
of the stopping power for low ion velocities and large coupling strengths of the electron plasma. Then 
nonlinear dynamical screening effects and collisions between the target electrons become important for 
the stopping power. So far we have restricted our investigations to isotropic electron target plasmas and 
did not take into account the magnetic field present in the electron cooler. Such work is in progress. 

2. M D SIMULATIONS OF THE STOPPING POWER 

For our simulations of the stopping power [1] we consider systems consisting of heavy ions ( charge 
Zpe, mass mp = 0.5 . . . 1 10 5 me and a non-relativistic velocity v p ) moving through a one-component fully 
ionized electron plasma ( density ne, temperature Te ) with a static neutralizing background. The coupling 
strength between the electrons is given by the plasma parameter T = e 2(47rn e/3)â jk^Tt, representing the 
ratio of mean potential to thermal energy, with strong coupling for T ~ 1. The full dynamical description 
of a classical plasma only depends on this plasma parameter T. Here, we use different coupling strengths 
r = 0.011, 0.11, 0.34 and 1.08 corresponding to, for example, Te = 116 . . . 1.16AT and ne = 10 8 cm~3. 
In the simulations we integrate the classical equations of motion for point particles interacting by the 
Coulomb force using a leap-frog algorithm and typically 500 electrons. Because of the finite number of 
particles and the infinite range of the Coulomb force we use periodic boundary conditions to represent an 
infinite system and an Ewald-sum technique to calculate the total force on a particle. There are serious 
problems for the stability and economy of the simulations arising from close collisions of particles with 
strongly curved trajectories. For this reason we have developed a special treatment for close collisions. 
We set a critical distance rc and select in each time step At binary and higher order clusters. A particle 
belongs to a cluster if its distance to any other particle in the cluster is less than rc. The binary clusters 
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are propagated by taking piecewise analytical solutions of the Rutherford problem. For the less frequent 
higher clusters we choose a very small internal time step -C At to achieve high precision propagation. The 
remaining particles outside any cluster are integrated with the standard time step At. The influence of 
these surrounding particles on the motion within a cluster is taken into account by a change in momentum 
Ap = Fext • At for each member of a cluster. Here Fexi is the sum of all forces from all particles outside 
the cluster. This technique saves a factor of about 100 in computing time and makes stable simulations 
of attractive plasmas with high mass ratios feasible. To study the stopping power, we performed several 
hundred runs for different charge states of the heavy ion ZP = 2 . . .20, different ion velocities vp and 
random initial spatial configurations of the electron plasma. Since during the simulation the ion's energy 
loss heats up the target, we refresh it in regular time intervals by drawing new electron velocities from a 
Maxwell distribution with the initial temperature. The accuracy and stability of the runs are monitored 
using the total energy. 

3. WEAK COUPLING THEORIES AND PREDICTIONS 

In the binary collision approximation [2] the stopping power of heavy ions in a dilute, weakly 
coupled classical plasma is calculated from the energy transfer of the ion to the electrons in isolated 
collisions. Integrating the Rutherford transport cross section over the impact parameters and averaging 
over the thermal distribution of the electron velocities yields the total energy loss as a function of the 
ion velocity vp. Screening effects are accounted for by introducing a largest impact parameter bmax, with 
bmax(vP) = Apfl + Vp] 1/ 2, where A# is the Debye-length and vp is scaled in yJkTe/me. For weak coupling 
with Zp\/3 T 3 / 2 -C 1 the stopping power —dE/ds then behaves in the two limiting cases of low and high 
ion velocities as, 

dE , / 2 \ dE Zl ( vl \ 

In the strong coupling regime, where the Coulomb logarithm becomes negative, the behaviour of the 
stopping power at low ion velocities changes. The binary collision approximation then predicts a cubic 
vp- dependence at low velocities (Fig. 1). 

A weak coupling description of the stopping power automatically including the screening effects 
is given in framework of the linear dielectric response formalism. In this mean-field approach the polar
ization potential due to the perturbation of the ion is treated selfconsistently. There one starts with a 
linearized Vlasov-Poisson equation for the electron distribution to derive the dielectric response function 
e(k, to) of the electron plasma. From this the stopping power of an ion is given by [3,4]: 

£ = */**;# 9 Grâ) (2) 

To avoid a logarithmic divergence at the upper limit of the ^-integration in the dielectric result (2) a 
cutoff parameter kmax is necessary. It is chosen in the usual manner to exclude close Coulomb collisions 
with a scattering angle larger than 90° [4]. 

Due to the assumption of a weak perturbation caused by the ion which is used for the linearization 
the genuine validity of (2) is restricted to Z pr

3/ 247r-\/3 <C 1. In the weak coupling regime, however, neither 
the insufficient treatment of close collisions in the dielectric theory nor the treatment of screening in the 
binary collision approximation cause any serious problems. Both theories show almost identical results 
in this regime and the dielectric expression (2) yields the same limiting cases (1) as the binary collision 
approximation, in which no cutoff for close collisions is needed. For larger T and Zp, the stopping power 
in the dielectric description shows a similar transition from a linear to a cubic velocity dependence at low 
velocities as in the binary collision approximation. However, our MD simulations show a linear veloctiy 
dependence at low vp for all studied target plasma conditions. 

So far both weak coupling descriptions have neglected the collisions between the target electrons, 
which is justified only for weak coupling, where the collision frequency v is related to the plasma frequency 
UJPC by v/wPc oc T 3 / 2 . The dielectric response formalism, however, enables to account for collisions by 
adding a collision term in the underlying kinetic equation. To get a rough estimate of the effects of 
collisions one can employ a relaxation-time ansatz which results in the replacement e(k,u) —* e(k,u> + iv) 
in Eq.(2) [4]. 
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The MD simulations are carried out in a finite cube. For purposes of comparison the theoretical 
approaches mentioned above are adapted by introducing an upper limit for bmax and a lower limit for 
the fc-integration in (2) corresponding to the length of the cube. 

4. SIMULATION RESULTS OF THE STOPPING P O W E R 

The MD stopping power —dE/ds is shown in Fig. 1 as a function of vp for coupling strengths T = 
0.11 and 1.08 and Zv 10. 

Fig. 1 - Normalized stopping power —dE/ds /{Z^ y/Z r 3 / 2 ) in units of ksTe/\D as a function of the ion 
velocity vp/(kBTe/meyi'1 for coupling strengths T = 0.11 (left plot) and T = 1.08 (right plot). 
The circles with errorbars represent the MD simulation data and the curves show the results of 
the dielectric description (solid) and the binary collision approximation (dashed). 

The errorbars indicate the standard deviation from the mean value (circles) over an ensemble of runs 
differing only in the initial configuration. The solid curves represent the dielectric results from Eq.(2) 
(with v — 0) and the dashed curves those from the binary collision approximation. Whereas for V = 
0.011, which is not shown here, the three results agree quite well, there is an acceptable agreement for 
higher coupling strength T ti 0.1 only for large ion velocities. At low ion velocities we find a disagreement 
which grows with T. While the MD results show a linear increase —dE/ds oc vp for all T at low ion 
velocities, the results of the dielectric description and the binary collision approximation exhibit the 
transition from a linear to a cubic behaviour mentioned above. This disagreement we think is due to an 
incorrect treatment of the screening in both descriptions. There the screening-length at low ion velocities 
is given by Ap, which, however, becomes small compared to the mean particle distance for increasing 
coupling strength T. For intermediary vp the dielectric description better reproduces the MD results when 
electron-electron collisions are included. By varying the collision frequency v in the dielectric description 
to obtain the same maximal stopping power as in the MD data [1], we find collision frequencies v/uiPc = 
0.8, 0.3 and 0.2 at coupling strengths V = 0.11, 0.34 and 1.08, respectively. This is in contradiction to 
the weak coupling gaseous behaviour ^ /w P e oc T 3 / 2 and indicates a slowing down of the relaxation time 
anticipating the eventual transition to the Wigner lattice of a classical one-component plasma [5]. 

To investigate the Zp-dependence of the stopping power we performed further runs for T = 0.34 
and 1.08 and various charges Zp. Our simulation data agree with the theoretical predictions at high ion 
velocity sufficiently well, showing the Zp-dependence of (1). For low ion velocities, the linear increase 
of the stopping power with vp yields an exponentially decreasing ion motion vp(t) — v0 e~xt because of 
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rripVp = F(vp) = dE/ds — —mp\vp. In Fig. 2, the decrements A extracted from the MD simulations are 
plotted as a function of Zp. 

Fig. 2 - Normalized decrements X/(Z^ v / 3 r 3 / , 2 ( m p / m e )
_ 1 ) in units of u>Pc as a function of the ion charge 

Zp. The solid lines represent a least square fit to the MD data for T = 0.34 (circles) and T = 
1.08 (triangles). In both cases the fit corresponds to a power law A a Zf 

-0.57 

The solid lines correspond to a fit of the data by a power law A oc Zp, with almost the same exponent 
x « -0.57 for T = 0.34 and T = 1.08. Thus our MD simulation show a charge dependence for strong 
coupling and low velocities dE/ds oc Zp

A3, whereas for weak coupling one has the dependence dE/ds oc 
Zl ln(const/Z p) (1). 

5. SUMMARY AND OUTLOOK 

From our MD simulation results we find that the weak coupling approaches of the stopping power 
are not applicable for a description at strong coupling and low io*h velocities. Our results confirm the 
importance of target particle collisions and nonlinear effects. The breakdown of linear response is clearly 
indicated by the Zp-dependence of the stopping power at low ion velocities going with Zp' . Hence for 
the description of electron cooling care has to be taken in the extrapolation of weak coupling predictions 
to the strong coupling regime. 

Further investigations by MD simulations of the stopping power adapted to electron cooling are in 
progress. We take into account an anisotropy of the electron-distribution and the presence of a magnetic 
field in the electron cooler. 
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ABSTRACT 
Results of collector efficiency measurements performed on the present 
CELSIUS collector are given. Pecularities of such measurements in 
electron cooling systems are discussed. A new collector, which is expected 
to have a collection efficiency considerably better than the present one, has 
been produced and tested at the BINP test bench. The results of these 
measurements are presented. 

1. INTRODUCTION 

For the CELSIUS storage ring performance the so called "electron heating" effect is an 
important problem [1]. One of the possible explanations of this phenomenon may be related to 
secondary electrons escaping from the collector. This work was initiated in order to decrease the flow 
of these electrons and thus to promote understanding of the "electron heating" mechanism. 

The present CELSIUS collector has a good enough efficiency to provide an electron beam 
energy recovery up to the current of 2 A [2]. It is important to specify the collector efficiency concept. 
As a rule, the ratio of the high voltage power supply current Ihv s to the cathode current / is considered 
to be a characteristic of the collector efficiency. For the case of a strong magnetic field this value is 
determined not only by the recuperator, but also by properties of the electron cooling device as a whole 
system. The current Ih may be much less than a flow ÔI of secondary electrons created by the 
primary beam on the collector surface and escaped from the recuperator. For instance, in straight 
systems (i.e. in devices without bending magnets), the main fraction of such electrons comes to the 
gun, is reflected, returns into the collector and is captured with the same efficiency as the primary 
beam. In this case / , ^ « SI. To characterize the efficiency of a recuperator itself, it is useful to 
introduce 

61 
ocol=— d), 

51 
which can be called the collector secondary emission coefficient. The values of Gcol and — are the 
same only under definite conditions. In section 2 these conditions are discussed and results of 
measurements of the CELSIUS collector secondary emission coefficient are presented. 

The magnitude of Ocol can be considerably decreased if the potential minimum in the 
recuperator is formed in accordance with the solution for two guns with coinciding cathodes, which 
was proposed in ref.[3]. A geometry of equipotentials in such a potential barrier is almost planar, 
therefore we will name this solution a flat electrostatic mirror. At the BINP test bench measurements 
were performed to compare the efficiency of the recuperators with the tube-shaped suppressor (like 
that used in CELSIUS ) and with diaphragm-shaped one, where the flat electrostatic mirror was 
formed. On the base of results of these measurements a new collector for CELSIUS electron cooling 
system is made. 

2. MEASUREMENTS OF THE CELSIUS COLLECTOR SECONDARY EMISSION 
COEFFICIENT. 

At the CELSIUS ring a recuperator with a tube-shaped suppressor has been used. To define 
the coefficient of secondary emission of that, it is necessary that the whole flow of secondary electrons 
from the collector on its way to the gun should come to an electrode on ground potential. This is 
possible for a large enough displacement due to centripetal drift in the toroid bends A,: 
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r, 0 < Po.O 

Fig.l. The current of the high voltage power 
supply (2,4) and the gun anode current (1,3) as 
functions of p0. 1= 1 A, Ueol = 5 kV, Us= 0.7 
kV. 1,2- 730= 0.15 T, Ukvps changes, 3,4- Ukvps= 
30 kV, B0 changes. 

6cittf| 

0 0-< 0.2 0.3 Us/Ucd 

Fig.2. The collector secondary emission 
coefficient as function of the potential barrier 
depth. 730= 0.1 T, 1= 0.5 A, Uhvps= 30 kV. 1-

Us= 0.45 kV, Ucol changes, 2- Ucol= 5 kV, 

£7̂  changes. 

à,l=2ap0>Rb+R0, 

m 
Po 

e73, 

2W 

m 

(2), 

where a is a turn angle of the trajectory ( % for 
CELSIUS), W ~ ellhvpsis the energy of these 
electrons, e,m are charge and mass of electron, 
B0 - is magnetic field strength, Rb is the radius 

of the beam, R0 is the minimal radius of 

electrodes on ground potential, 27tp0 is the gyro 
wave length of the electrons. 

For the CELSIUS system the condition 
(2) can be controlled by the current 7*,. and the 
current of the gun anode power supply as a 
function of the value of p 0 (fig.l). As p0 

increases, the secondary beam strikes first the gun 
anode having the minimal diameter, and then the 
grounded electrode. The valuesof A,, for which 
the gun anode current is zero, agrees with the 

h 
condition (2). For p0 > 0.8 cm Ocol = 

1 kvps 

Shown in figure 1 are results of two sets 
of measurements. For the first set the value of p 0 

is changed by a increase in the energy of 
electrons, and for the other one by the magnetic 
field strength,. The results agree with an accuracy 
of 10%. It means that, firstly, the current losses 
are determined uniquely by the magnitude of 
Ocol and a relation between beam-electrode gaps 

and p 0 . Secondly, the magnitude of <Jcol depend 
weakly on the magnetic field strength. 

To estimate the collector secondary 
emission coefficient, in the ref.[4] a simple 
formula is proposed: 

C/_ ., 73, 
°« = *(77^) 

U ' 73. 
(3) 

col 

where Um is the potential in the electrostatic 

barrier, Ucol is the collector potential, Bm and 

73c are the magnetic fields in the barrier and at the 
collector surface, respectively, the magnitude of the 
coefficient k depends on the collector material and 
vacuum conditions. The measured values of G, col 

(fig.2) are quadratic in 

73, 

U. 

U, 
in agreement with 

col 

(3). Taking Um to be equal to a suppressor potential Us and — -̂=0.15, we obtain for CELSIUS collector 
Bm 

conditions (a copper surface, the vacuum 5 • 10" Pa) k= 0.15 (solid curve in figure 2). 
For each value of the beam current there is a minimal possible value of the suppressor potential 

(^J», a n d a corresponding value of Ocol In experiments the magnitude of the barrier perveance [3] 
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Fig. 3. The minimal value of <X COL ^ as function of 
collector perveance. Uhvps 150 kV, B0= 0.1 T, 
t/ c o,= 5 kV, L^ is the minimum possible for 
each current. 

Pb=-
(Us\ 

is constant with good 

accuracy. Using eq. (3) iit is possible to 
predict a relationship between the collector 
secondary emission coefficient and the 
collector perveance: 

col Pcot = 

4 

P 

u. 
•( (4). 

col 

The function Ocol (Pcol) is the main 
characteristic of recuperator properties. For 
the CELSIUS recuperator it is presented in 
figure 3 and fits in the formula (4) (solid 
curve in figure 3). 

Recuperators with an electrostatic 
barrier created by a tube-shaped suppressor 
are popular now (see, for example, [5], [6]). 
Therefore, these results of measurements of 
the collector secondary emission coefficient 
are useful also for other electron cooling 
systems. 

3. MEASUREMENTS OF CHARACTERISTICS OF RECUPERATOR WITH FLAT 
ELECTROSTATIC MIRROR. 

These measurements were performed with a prototype of the new collector on the INP 
straight test bench (fig.4). 

400 
i 1 1 

Fig.4. The BINP test bench. 1- cathode, 2,3- gun anodes, 4- solenoid, 5- correction coils, 6-
collector anode, 7- diaphragm, 8- collector. 

In straight systems the relative current losses are considerably lsmoller than the collector 
secondary emission coefficient, because the high voltage electrode current is created only by deviation 
of secondary electron trajectories from the primary beam ones on a value of [4] 

A = 2 p m = 2 m 
eBn 

eU_ 
m 

(5). 

Therefore, the losses depend not only on a secondary electron flow from the recuperator, but also on 
distance between electrodes and the beam boundary as well as on the magnetic field strength. The goal 
of the measurements was a comparison of the losses for two methods of creating the potential 
minimum. This comparison was performed for the same geometries of the magnetic field and 
electrodes. 
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Fig.5. Results of simulation of two 
variants of recuperator a- tube-shaped 
suppressor, b- diaphragm-shaped one, c-
potential distribution. 1- collector anode, 2-
diaphragm, 3- collector, 4- solenoid. 7=0.7 
A, B0= 50 mT. 

For the first variant the suppressing 
potential is given to a diaphragm arranged 
symmetrically between the cylindrical entrance of 
the collector and the cylindrical collector anode. 
Potentials of the collector and the collector anode 
are equal.. The second variant models a tube-
shaped suppressor used at CELSIUS: the 
suppressing potential is applied to the collector 
anode connected with the diaphragm. Results of 
simulations of both variant are shown in fig.5. 

An electron gun with a barium oxide 30 
mm cathode is used. To decrease the magnetic field 
on the cathode it is possible to switch off proper 
sections of the solenoid. The measurements were 
made mainly in such a regime with the 20 mm 
beam diameter at the recuperator entrance. 

Both variants of recuperator have a good 
enough efficiency, and for the magnetic field 
strength being typical for the CELSIUS electron 
cooling device (about 0.1 T) the current losses are 
too low to be registered with good accuracy. 
Therefore the comparative measurements were 
made at the lower field level (fig.6). The losses for 
the diaphragm-shaped suppressor are drastically 
less almost in the whole range of the field strength. 
Note, that the level of these losses changes 
approximately proportionally with vacuum and is 
determined, apparently, by electrons created by 
ionization of the residual gas. A rapid growth of the 
losses at low magnetic fields is explained by a 
reflection of a peripheral fraction of the primary 
beam due to the development of transverse 
velocities of electrons in the gun at the field 
strength of the order of ten mT. 

The minimum losses in the experiments 
with the diaphragm-shaped suppressor are achieved 
for the minimal possible potential on the diaphragm. 
This regime corresponds to a position of a zero 
equipotential near the beam boundary. 
Experimentally it can be observed by measuring of 
the current losses as a function of the transverse 

Fig.6. The current losses as a function of 
the magnetic field strength near the 
recuperator entrance. 1=240 m A, Ucot= 3 
kV. 1- diaphragm- shaped suppressor, Us= 
-300V, 2,3- tube-shaped suppressor, Us= 
0.75 kV (2), 1.5 kV (3). 

10 03.rr 

Fig.7. The current losses as function of the 
transverse displacement of the beam. 1=240 mA, 
Ucol= 3 kV, B0= 35 mT, 1= 240 mA. 1- tube-
shaped suppressor, Us= 0.75 kV, 2,3-
diaphragm- shaped suppressor, Us= -150 V (2), 
-300 V (3). 
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displacement of the beam by correction coils 
(fig.7). At large displacements the losses increase 
rapidly due to a reflection of the beam from the 
zero equipotential or its hitting to the collector 
anode. As the diaphragm potential decreases, the 
range of the beam positions with the low losses is 
reduced, which means a shift of the zero 
equipotential to the beam boundary. 

Analogous measurements were performed 
also for the case of the approximately equal 
magnetic fields on the cathode and in the 
recuperator, i.e. for the beam diameter in the 
recuperator entrance near 30 mm. In this case the 
gap between the beam boundary and the collector 
anode is less than the one between the beam and 
the gun anodes, and the collector anode current is 
much higher than the losses. It complicates the 
interpretation of the results. Nevertheless, judging 
from the magnitude of the collector anode current, 
the variant with the diaphragm-shaped suppressor 
by optimal tuning of the diaphragm potential is 
essentially more effective also for 30 mm beam. 
Note, that for this case the collector perveance 

increases and for the optimal tuning is 2.4 flA 

Fig.8. The new collector. 1-diaphragm, 2-
isolator, 3- collector, 4, 5- input and output 
of water. 

On the base of these measurements a new 
recuperator for CELSIUS was made (fig.8). It 
consists of the collector proper, an isolator, a 
diaphragm, and is made to be mounted instead of 
the present one without an alteration of other 
elements of the electron cooling system. In 
comparison with the recuperator investigated on 

the test bench, the gaps between electrodes are corrected to increase the optimal collector perveance. 
The collector was mounted at the BINP test bench and successfully tested with a beam current of 2 A 
and a collector voltage of 4 kV. The results agree with those obtained previously for the prototype. 

4. CONCLUSION. 

The measurements made prove the advantage of the recuperator with a flat electrostatic 
mirror. The final result for the new collector secondary emission coefficient can be obtained only in 
experiments akin to those described in section 2. We hope, that with the new collector the current 
losses on the CELSIUS will be considerably lower. 

The authors acknowledge the assistance in calculations performed by T.N. Andreeva and in 
the manufacturing and the assembly of the collector made by V.M. Rybkin. 
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Abs t rac t 

A new operation mode of the machine close to the transition energy was investigated at the heavy 
ion storage ring TSR, because for sufficiently small currents and strong cooling, intrabeam scattering 
(IBS) is expected to be strongly suppressed. This mode is especially of interest for laser cooling 
experiments. At the TSR it can be obtained by increasing the dispersion function in the dipole 
magnets to 8.8 m and its properties were investigated in beam times with 1 2 C 6 + (63 MeV, 73 MeV) 
and protons (21 MeV, 10 MeV). For 21 MeV protons (7 = 1.02) a ytr parameter of 1.04 could be 
reached. The transverse blow-up of the beam diameter after switching off the electron cooler was 
investigated to determine IBS heating rates and found to be about one order of magnitude higher 
than predicted by the calculation. The reason for these strongly increased blow-up rates is attributed 
to a first order resonance, since a requirement for the operation near the transition energy turns out 
to be Qx ss 7tr ~ 1, where Qx is the horizontal tune. 

1 INTRODUCTION 
The Test Storage Ring T S R [1] at the Max Planck Insti tut fiir Kernphysik is used for accelerator, a tomic 
and nuclear physics experiments. The ring with 55.4 m circumference has a max imum rigidity of 1.5 
T m and receives heavy ions up to iodine from a 12 MV van de Graaff and a normal conducting R F 
linac combination. Electron cooling is applied to reduce the phase space of the stored beam and for 
accumulation [2]. The storage ring is also equipped with a laser cooling system, which can cool suitable 
ion species (e.g. Li+, Be+) down to ultra-low temperatures (so far longitudinal temperatures below 5 mK 
could be reached [3]). The attainable temperatures are limited by intrabeam scattering (IBS), however, 
for sufficiently small currents and strong cooling IBS is expected to be strongly suppressed (as already 
observed for protons at NAP-M in Novosibirsk [6]) if the lattice of the storage ring fulfils the isochronism 
condition, this means tha t the revolution frequencies of the particles do not depend on their momenta . 
A mode of operation satisfying this condition has been investigated at the TSR. The relationship between 
the momentum p and the revolution frequency / of the particle can be expressed by the 77 parameter 
defined as: 

M 

n=-k ( 1 ) 

p 
The desired operation mode is therefore characterized by r\ = 0. This parameter depends on the particle 
energy (E — y mo c 2 ) and on the machine parameter -ytr: 

n = \ - ^ r (2) 
7- Tfr 

where ftT is given by: 

1 ^ 1 fD(s), , , . 

^=f'cfW)is ( 3 ) 

Here D is the dispersion function, C is the circumference and p the radius of curvature of the central 
orbit. 
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2 T H E LATTICE OF THE TSR AT Itr 1 
Since in the TSR 7 is about 1 also ytr must be close to 1 to achieve 7? « 0. It then follows from (3) 
that the average value of the dispersion function in the dipole magnets (p - 1.15 m) should be 8.8 m. A 
superperiodicity of 4 was chosen in the lattice calculations in order to satisfy the isochronism requirement 
in every quarter of the ring; the resulting dispersion and ^-functions are shown in fig. 1. Although 4 
additional dipoles in the straight section of the injection break the /?-function symmetry in the vertical 
plane, they do not alter the desired periodicity of D(s). 

10 20 30 40 50 
s[m] 

Figure 1: Calculated 3-functions and dispersion of the mode with j t r « 1. 

3 MEASUREMENT OF LATTICE PARAMETERS 
In order to measure -)tr the magnetic field of the dipoles was changed by ^-, which has the same effect 
on the length of the closed orbit as a change of the particle momentum by -^-; since ^- - -^f- ( ^f 
is the relative shift in the revolution frequency) it follows from (3): 

-,2 ~ A S 
Itr - g -

(4) 

The revolution frequency was measured via a Schottky noise analysis. Fig. 2 shows a typical Schottky 
spectrum of a 1 2 C 6 + beam (E = 73.3MeV) at a ftr value of 1.06. As given by formula (1) for an rj 
value of 0.1, the frequency spectrum is compressed by a factor of 9 compared to the standard mode with 
77 = 0.9 for the same ^ . 

. p 

Besides the transition parameter, the horizontal and vertical tunes {Qx, Qy) and the average value 
of the betatron function in each quadrupole family could be measured; a comparison between typical 
experimental and theoretical values, calculated with the computer program MAD [4], is given in table 1. 
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Figure 2: Schottky spectrum for a 12C6+ beam (E — 73.3MeV'j at -ytr = 1.06 corresponding to -r2-
2 • 1 0 - 4 measured at the fifth harmonic of the revolution frequency. 

Table 1: Calculated and measured twiss parameters of the mode with jtr ~ 1-

Experiment Theory 
Qx 1.1 1.11 
Qy 3.39 3.42 
~1tr 1.1 0.99 

l3T,i,0yti[m] 3.7,12.3 8.6,13.5 
Ar,2 :/?!/,2[m] 8.9.5.4 18.2 ,4.7 
/3r,3,/?y,3[m] 2.4 ,2.3 3.0,2.5 
PxAiPyA™] 21.4,3.9 18.2,3.0 
^,5 ;/3j,,5[m] 10.1,7.9 8.6,8.6 

4 BEAM BLOW-UP AT l i r CLOSE TO 1 
By means of the beam profile monitor (its position is marked in fig. 1 with BPM) and the Schottky pickup 
it was possible to determine equilibrium values of horizontal and vertical emittances and momentum 
spread of electron cooled 63 MeV 1 2 C 6 + and 21 MeV and 10 MeV proton beams. These measurements 
were carried out in the standard mode and in the mode where the beam energy is close to the transition 
energy (in the latter at various values of the transition parameter). Moreover, at different values of j t r 

and, for comparison in the standard mode, the heating rate of the beam after switching off the electron 
cooler was evaluated through the blow-up of the horizontal and vertical emittances. The experimental 
data of the emittance blow-up have been compared with the theoretical prediction due to intrabeam 
scattering calculated with a suitable IBS computer code [7]. Whereas the data are very well fitted by 
the theoretical calculation in the standard mode (7 < r=3.1), large discrepancies between IBS theory and 
experiments have been observed in the cases where the j t r values were close to 1. The horizontal emittance 
blow-up rate was more than one order of magnitude higher than the predicted IBS value. The measured 
blow-up of the horizontal and vertical emittances after switching off the eletron cooling are shown in 
figure 3 together with the theoretical curve, which should be valid to the horizontal as well the vertical 
degree of freedom. The reason for these discrepancies is believed to be the heating due to the first order 
resonance at Qx — 1 in the working diagram. 

5 RELATIONSHIP BETWEEN l t r and Qx 

It is well known and easy to demonstrate that in a betatron Qx = ftr , also for alternating gradient 
field mashines Qx « j t T is expected [5]. The relationship between Qx and -ytr was investigated at the 
TSR with different ion species and energies for several operating modes of the machine. The study was 
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Figure 3: Experimental horizontal (•) and vertical (a) blow-up of 21 MeV protons, measured at 7 \xA. 

performed for -ytr values between 1.04 and 1.7. The results are shown in fig. 4. The error of the tune and 
7 ( r measurement is about ±0.01. The values of Qx and -ytr turn out to follow very closely a straight line 
given by Qx — ytr, in contrast to the prediction of the MAD program, which always produces horizontal 
tune values which are at least 10 % larger than the corresponding transition parameter values. Because 
the range of values of the relativistic parameter 7, which can be reached in the TSR is between 1 and 1.02, 
this is consequently the range of j t r values one has to achiev in order to fulfill the isochronism condition. 
The observed relationship between Qx as j t r makes it therefore necessary to investigate the first order 
resonance stopband width, that is how close one can get to Qx = 1 before the beam lifetime rapidly 
decreases. In order to disentangle the effects of the first order resonance on the beam from collective 
instabilities which can be expected next to r\ = 0, it was chosen to investigate the first order resonance 
Qx = 3. This resonant line was approached from below with protons (E=10 MeV) by increasing the 
strength of a horizontal focusing quadrupole. While at AQX = \QX - 3| = 0.2 the beam lifetime was 
still of the order of some hours, in good agreement with what can be expected according to the residual 
gas pressure in the ring (p « 10~10mbar at the time of the measurement), the lifetime was reduced to 
seconds below AQX = 0.07 and then drastically to less than 1 ms for AQX < 0.05. In another beamtime 
with 1 2 C 6 + ( E = 7 3 . 3 MeV) the same resonance line Qx = 3 was approached from above. After reaching 
a AQX value of less then 0.08 the beam intensity rapidly decreased to zero. Also in the measurements 
which j t T was close to 1 (which corresponds, according to the empirical relationship shown in fig. 4, to 
about the same value for the tune) it was observed that the beam lifetime was limited to some seconds 
or less. 
The tiny difference which was measured between Qx and ~ftr did not permit to reach the isochronism 
condition r? = 0 at the TSR. A chance to fulfill the isochronism condition is left to higher energy storage 
rings with a value of 7 > 1.1 or find a way to enlarge the difference between ytr and Qx. Up to 10 fxA 
12C6+ and protons could be stored, however the beams were susceptive to longitudinal instabilities. For 
21 MeV protons (7 = 1.02) a j t r parameter of 1.04 could be reached. 

6 ACKNOWLEDGMENT 
We would like to thank the technicians of MPI for their work which made these experiments at TSR 
possible. 
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A B S T R A C T 
Laser spectroscopy of electron cooled 7Li+ ions stored at 6, 4%c in the 
TSR storage ring have been used for an accurate test of the special theory 
of relativity at high velocity. Independent of assumptions on the motion 
of a hypothetical reference frame the best upper limits for any deviation 
for the time dilatation factor 7 = (1 — /3 2 )" 1 / ' 2 have been obtained and 
are discussed. 
The potential of such experiments depend on the unpertubed interac
tion between laser and ion beam. The preparation of a laser cooled and 
bunched ion beam can avoid beam interactions in the focussing fields of 
the storage ring and give moreover a direct measure of longitudinal tem
peratures, which up to now are only inferred from model calculations. 
Calculations for this bunched cooling are presented. 

Laser spectroscopy in a closed three level system of fast ions can be used for a precise test 
of the relativistic Doppler shift formula. The moving clocks represented here by an 7Li+ ion 
beam with well controlled parallel motion can interact with two counterpropagating laser beams. 
Saturation spectroscopy can be observed in the fluorescence signal of a A type resonance. These 
experiments have been performed at the TSR storage ring in Heidelberg and their results have 
been published in [l] [2]. 
For an exact collinear geometry the Doppler shifted frequencies are given 

" = "1,2(7(1 +0cos(6)))-1 (1) 

with cos{9) — ±1 . The parallel and antiparallel laser frequencies vr and i/a and the rest frame 
clock frequencies of the ions vx and v2 obey the relation va • ub = vx • u2 for special relativity since 
7 2 (1 - jS2) = 1. At the TSR ring ions at 6,4 % speed of light are excited with a parallel Ar + laser 
beam with Xr = 515 nm and an antiparallel dye laser beam with Aa = 585 nm. The A resonance 
between hyperfine levels F= f , F= § and F'= f in the ls2p ^S^F) — ls2p 3P2{F') line 
(Ai>2 = 549 nm at rest) is excited. All optical frequencies are measured accurately. 
Any deviation given as 7 = JSRT(1 + ta03 + 6a2P* + ...) can be tested to second order by 

ua = V-^-{\ + 26a(p2 + 2/3p'cos(Q)) (2) 
p 

where (3' is the laboratory motion relative to a hypothetical "ether" frame comoving with the 
cosmic 3 K background radiation. A more complete discussion on the foundations of tests for 
special relativity and various classes of experimental tests can be found in [l] [3]. The frequency 
of the antiparallel laser beam ua is compared to the value Vi^/fp and from Av/v < 1.8 • 10 
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a limit of 6a < 2.1 • 10~6 for any deviation from the time dilatation factor 7 is obtained. The 
potential of the precise measurement of the Doppler effect in a stored ion beam exceeds all other 
test experiments and the ultimate limits are given by the accuracy of the frequency determination 
and by systematic perturbations related with the transverse and longitudinal velocity spread in 
the ion beam. This effect is of particular nuisance in the guiding and focussing magnetic fields 
along the merged ion and laser beams in the experimental section of the storage ring. 
By the well established methods of electron cooling [5] and a combination with laser cooling [4] 
appropriate ion beams for precision experiments can be prepared. In the region of the quadrupole 
magnets and partly in the bending magnets angular misalignment occurs. As a result of the 
deflections in the beam transport and Zeeman effect in the magnetic fields small shifts in the 
optical transitions must be considered. The transient influences of angular and magnetic detuning 
on the (non-steady-state) resonance are partly seen in the field free section of the fluorescence 
detection. 
These systematic errors are given as 

A l / = (106? (3) 
v 

for the misalignment of laser and ion beam by an angle 0. This shift adds to Zeeman distortion of 
the line and could reach 2 • 10~9. In the present experiment imperfections in the laserfield and the 
accuracy of the restframe frequencies yield 1.8 • 1 0 - 8 . These limitations can be eliminated in the 
future. The influences from the magnetic field in the beam optical elements could be eliminated 
by a time dependent laser interaction with a bunched ion beam. 
Whereas an electron cooled RF-bunched beam shows a large longitudinal momentum spread 
compared to the longitudinal temperatures found in laser and electron cooled beams, we found a 
mechanism for producing a bunched beam with low longitudinal temperature. This mechanism 
can be described in the notation given in [6]. Denoting the motion of a test particle by its 
momentum po and its phase ^ 0 in a circular machine, an arbitrary particle's motion is given by 
its momentum p = p 0 + A? and its phase <f> = tf>0 4- A$. In our laser cooling scheme an induction 
accelerator [7] and a counteracting laserbeam are used. The velocity dependent laser cooling force 
is given by the spontaneous scattering force 

* " M * = **2 4AVH + S + 1 ( 4 ) 

with the wavevector fc, the detuning A = w 0 -Wi M « ,7( l + 2 L i ^ i ) , the spontaneous scattering rate T 
and the saturation parameter S, specific for the optical transition and thejaser field intensity. The 
induction accelerator applies to a constant acceleration for all ions by F^DAC = const.. Taking 
the total force as the sum of the laser cooling force and the force generated by the induction 
accelerator and using the well known relation 

*/ = „** (5) 
/ P 

which connects the revolution frequencies with the momentum spread via the machine's off mo
mentum function 77, the following equation for lasercooling can be derived for the relative phases 
and momenta: 

A * - — • {FLASER[**,±P) + FINDAC) = 0 ( 6) 
P 

The phase dependence of the cooling force is shown on the right in figure (2), and is induced 
by a time dependent variation of the laser field's intensity. In the left of figure (2) a numerical 

263 



6000 

5 0 0 0 -

N 
£ 4000 
w 
E -
g 3000 
E -
§ 2000 
o 
o 

1000 H 

^ ' * < ^ H 1 ^ N l y n ^ l ^ ^ ^ rv^^ - i r ' ^v - i 2 

»! » l | . ^ W ' l ^ * » T -

12 -10 - 8 - 6 - 4 - 2 0 
DETUNING [GHz] 

Figure 1: Fluorescence signals from the electron cooled 7Li+ ion beam. In trace 1 only the dye 
laser's light is sent to the experiment, and the Doppler broadened fluorescence of the F= § -• F' 
= | transition is visible. The FWHM corresponds to — = 3 • 10~ s. In trace 2 both lasers are sent 
to the ring, which increases the background, due to the stray light from the Ar + laser. The Ar + 

laser at resonance with the F = | —• F'= | transition optically pumps the ions into the F= | level 
and the dye laser's scan shows the almost depleted F= f level at the F= f —• F' = \ transition. 
The resonance F= | 
the A-system. 

F' = | yields a strong fluorescence from the simultaneous excitation of 
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Figure 2: On the right the time dependent force acting on a stored ion beam is shown, which leads 
to a laser bunched ion beam. On the left solutions of equation ( 6 ) for several initial conditions 
are shown. The force acts as a frictional force on the particle momenta and as a spatial filter on 
the particle phases. Note that the scale for A$ running from -ir to +7r corresponds to exactly one 
revolution in the storage ring, which is the fundamental timescale for this particle preparation. 
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Harmonics 

Figure 3: Schottky signals from a laser cooled and bunched TLi+ beam. The upper trace at the left 
shows the signal at the first harmonic as a function of time. After 2.5 s the induction accelerator 
brings the ions in resonance with a laser beam with its light intensity chopped at the revolution 
frequency of the stored ions. The signal decay is due to the beam life time in the ring. The lower 
trace has been recorded with a continuous laser beam and otherwise identical conditions. The 
figure on the right shows the Schottky noise amplitude for bunched laser cooling (full symbols) 
and continuous laser cooling (open symbols). The differences are visible for the lower harmonics 
when the bunching is produced at the revolution frequency. 

solution of equation (6 ) is shown corresponding to the different initial conditions. The steady 
state condition for the cooling process is given at F = 0, and corresponds in this simple approach 
to Ap = 0 as shown on the right of figure (2).. In this model, particles having enough phase offset 
will not see the laser field and are thus not cooled. In this sense the force acts as a spatial filter for 
the stored ions, and a bunch of laser cooled particles is prepared with well defined momentum pQ. 
The critical parameter for this procedure is the phase stability relative to the reference particle, 
which results in the fact, that the laser field has to be pulsed exactly at the revolution frequency 
which corresponds to the steady state momentum. 
The bunched beam structure is easily seen in the strong Schottky signal as shown in figure (3). 
With a blocked laser beam the signal relaxation allows a direct determination of the longitudinal 
temperature of the laser cooled ion beam. 
At Ap = 0 no further spatial compression of the momentum distribution results from the force 
in figure (2). At very high laser intensities (S > 1000) however the phase-momentum dependence 
of the force gives rise to a phase shift which results in a spatial compression of the cooled beam, 
which develops very slowly due to the low velocity spread. This procedure is however not very 
useful since the cooling at very high intensities is far from optimum. 

The restrictions imposed by the beam optical fields as seen in the 7Li+ experiment could be 
avoided in a new scheme of a two photon experiment on neutral hydrogen prepared from an electron 
cooled particle beam in a storage ring. Proton beams can be stored and cooled up to 0 ~ 0, 2 
at the TSR ring and to 0 ~ 0,75 at the ESR ring at GSI/Darmstadt, and a partly neutralized 
beam by radiative electron capture in the Is and 2s state of hydrogen could be extracted from the 
ring. The highly monochromatic low emittance atomic beam can be excited to a Rydberg state 
by two-photon resonance with counterpropagating parallel laser beams. By careful matching the 
atomic beam emittance and the laser beam in a long interaction section (L< 50 m) precise angular 
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alignment [6 < 20firad) and small signal broadening could be realized. For these conditions a 
state of the art frequency measurement of the 2s —• nd resonance at A > 515 nm would be limited 
by the line width (~ 700 kHz) and shifts in angular misalignment by ^ = {Pf6f. A frequency 
accuracy of ^- < 5 • 10" 1 0 and a corresponding value 6a < -10 - 9 should be reachable, testing the 
special theory of relativity over 1000 times more accurately than in the present experiment. 
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ABSTRACT 
A storage ring dedicated to the production of crystallized ion beams is under study at 
the LNL Legnaro Laboratory [1]. A computer code dedicated to crystal beam 
simulations requiring a detailed treatment of particular features of each particle 
motion is under development. Here are presented the first simulations on the behavior 
of a two dimensional crystal beam structure: zig-zag, within a super period of the 
mentioned ring. Special emphasis is put on the passage of this beam through a 
bending magnet in order to study the importance of the shearing effect 

1. INTRODUCTION 

Theoretical and numerical studies for the design of a storage ring dedicated to the production of crystal 
beams is under way. The use of existing simulation codes and the development of a new one constitutes a crucial 
part of this work. To study the detailed behavior of a crystallized beam in a storage ring a dedicated computer 
code is under development A 2D-version including space charge effects is ready. The first ray tracing simulation 
of a crystalline beam has been done through a super period of the storage ring. 

In this contribution is presented the possibility to adapt the beam not only to obtain symmetry in 
dimensions and divergence but also to find exactly the same internal beam structure after passing a super period. 
It is possible in such a way for a crystal beam to survive in a storage ring allowing a controlled shearing effect to 
reign within the dipoles. The state of matter inside the dipoles can be thought of as a 'Liquid Coulomb CRYstal'. 
This has given the name LICCRY to the code. 

2. LICCRY 

LICCRY is written in FORTRAN 77 and is completely developed at our laboratory. This code uses a 
straight forward ray-tracing method, (fourth-order Runge Kutta method due to Gills). The optical elements, drift, 
dipole, quadrupole,... are placed in a general Cartesian coordinate frame. Both, the geometry of the ring and the 
trajectories of the particles are calculated in this frame. The numerical precision (16 digits on an Alpha VAX) is 
sufficient to allow this choice. Options for fringing field calculations as well as edge focusing in the bending 
magnets are also available. Each optical element is treated in the program as a different kind of magnetic field. 
Fringing field are considered as a magnetic region. The problem of the passage between two zones is treated in a 
special routine. 

The initial crystalline beam cell is generated given the length, the number of particles and the distance 
between them. The simulation starts with all the ions having the same longitudinal velocity, vi = Pc without 
divergency and momentum dispersion. 

Particles exceeding the beam cell limits enters from the opposite side of the cell, (Particle In Cell Code). 
The space charge is calculated before each step of trajectory calculation. A direct Colombian particle-

particle interaction is considered in a non relativistic static approach. A coasting beam is simulated by calculating 
the electric field contribution from all particles, placed within a cell length distance, around each examined 
particle in the beam cell as shown in Fig. 1. In this way the total contribution from particles further away can be 
neglected at first approximation. The electric field contribution from these particles must be small in the 
transversal direction and must be a good approximation of a DC beam in the longitudinal one. The image charge 
in the beam tube is also neglected. It is assumed that the focusimg forces can correct for these problems. 

At each stage and before Runge Kutta calculation, the time step has been optimized to assure that the 
influence from the magnetic and electrical fields are correctly treated. 

It is necessary, before the actual start of the calculation, to correct the given magnetic dipole fields to 
produce a correct reference trajectory. A reference particle is therefore sent through the beam line and the dipole 
fields is optimized in a way to obtain the correct angles but also the correct positions so that the reference 
particle pass exactly in the center of the quadrupoles and solenoids. 
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Fig. 1 - Particles considered in the space charge calculation for two particles Pi and P2 

3. SIMULATION OF A CRYSTALLIZED BEAM IN A SUPER PERIOD 

In reference [1] is presented the storage ring under study at the LNL Legnaro Laboratory, one of its super 
period, see Fig 2, is used for the present study. 

Data files resulting from the simulation are treated with a dedicated graphical analysing program called 
CRANA (CRYstal ANAlysis), also developed by the authors, providing all the following graphics. 

T—1—r T—1—1—r 

-2 

/ 
^ 

1 I I I I I I 1 I I — I — I — I — L I i ' ' ' ' 

- 2 - 1 0 1 2 

Fig. 2 - Super period of the storage ring under study at the LNL. 
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Simulation starts from an initial beam cell with a perfect zig-zag structure shown in Fig. 4. This 
structure has been chosen since it is a very simple structure and thus well adapted for demonstrative purposes. 
The cell makes several times the same passage through the super period allowing a fitting routine to adapt the 
dimensions and divergencies of the beam between the entrance and exit, Figs.3a and 3b. 

A fitting routine using the optical parameters has not yet been included. 
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Fig. 3a - Minimum horizontal distance between a selected particle and the reference trajectory 
as a function of s-coordinate. 
Fig. 3b - Directional angular difference between a selected particle trajectory and the reference 
trajectory as a function of the s-coordinate. 

The matching of the internal beam structure is obtained when the relative longitudinal sliding between the 
two strings is equal to the distance between two neighboring particles in the same string. No fitting routine for 
this kind of matching has so far been developed. The matching is actually done correcting quadrupole gradients by 
trail and error method. 

Several "snapshots" of the beam cell during the passage through the super period are presented in Fig. 4. 
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Fig. 4 - "Snapshots" of the beam cell, a) at the begining of the superperiod, b),c),d),and e) during the passage 
of the dipole, f) at the end of the super period. They were obtained at the angular positions indicated in Fig. 2. 
Note that a) and f) are identical besides a 60 degrees rotation, i.e. the initial beam structure has been reproduced 

272 



The variation of the electric field felt by one selected particle in the cell during its passage trough the 
super period is presented in Fig. 5. This variation is very smooth even during the passage trough the dipole. This 
means that the collective field contribution from the surrounding particles are much more important than the 
individual ones. The heating of the beam is therefore quit low for this kind of simple beam structure once the 
matching has been done. 
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Fig. 5 - Transversal electric field on a selected particle as a function of the s coordinate. 

3. CONCLUSIONS 

By adapting the optical parameters to reproduce the internal beam structure is demotrated the possibility to 
maintain a simple crystallized 2D-beam within a storage ring. This means that it is possible to have a 
crystallized zig zag structure between bending magnets. Nevertheless, when passing the dipoles the structure is 
like a radial laminate "Liquid Coulomb CRYstal" flow. 

This phenomena is very sensible to the interplay between space charge and focalizing forces. A complete 
3D-study is therefore needed and will bee undertaken as soon as possible. 
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DEMONSTRATION OF NO FEASIBILITY OF A CRYSTALLINE BEAM 
IN A BETATRON MAGNET* 

Alessandro G. Ruggiero 
Brookhaven National Laboratory 
PO Box 5000, Upton, N.Y. 11973 

ABSTRACT 
This paper investigates the feasibility of a Crystalline Beam in a weak-focusing Beta
tron Magnet. The curvature effect due to the bending magnet is also investigated. The 
case of a circular one-dimensional string of electrically-charged particles is exam
ined. It is found that the motion is unstable due to the dependence of the precession 
movement with me radial displacement. That is a form of negative-mass instability 
which can be avoided with an alternating-focussing structure. The calculation of the 
particle-particle interaction as well as of the forces due to the external magnetic field 
is done directly in the laboratory frame. 

1. INTRODUCTION 

One of the most important issue in the study of Crystalline Beams [ 1 -3] is the determination of the best con
figuration of the storage ring where the formation and detection of the state should occur. Recently, Wei, Li and 
Sessler [4] have found that a Crystalline Beam cannot be stable in a Betatron. The method used by these Authors 
is based on a non-obvious transformation of general relativity to the beam rotating frame. We shall deal here with 
the same issue, and in particular discuss the special case of a Circular String of electrically-charged particles. The 
method we use applies directly to the laboratory frame and involves the correct calculation of the retarded poten
tials to describe the particle-particle interaction 

We shall consider a circular beam of N ions all with the same electric charge Qe and mass at rest m 0 . The 
ions are moving on the same circular trajectory of radius R, with the same constant angular frequency co0 and are 
equally spaced. The particles are lying on the same plane at z = 0. We shall adopt a cylindrical coordinates (r, 9, z) 
for our study. We want to prove that the Circular String of particles is indeed an Equilibrium Configuration, com
patible with a weak-focussing structure, for which we can subsequently determine the Confinement and Stability 
Conditions [5]. We shall also prove that such a configuration circulating in a Betatron Magnet is unstable. The 
instability is caused by die dependence of the precession movement of the particles with respect to each other on 
their radial displacement. It is the equivalent of the negative-mass instabihty which can be avoided by choosing a 
storage ring with alternating-focussing gradients, where the corresponding transition energy is above the energy 
of the particles. We shall work at the end an example of such a storage ring. It is also found that a large periodicity 
of the storage ring is required for the beam stability. 

2. THE EQUATIONS OF MOTION 

The equations of motion of a particle can be written in vectorial form 

d p / d t = QeE + Q e ( v / c ) x B (1) 

where p = m 0 y v = m v is the ion momentum, v its velocity, y the energy relativistic factor, E the total electric 
field, and B the total magnetic field. 

The electric and magnetic fields are the sum of the particle-particle interaction, denoted in the following 
with the subindex "se", and of the external fields, denoted with the subindex "ext", that is E = E e x t + E s c and 
B = Bext + B s c 

Let us define as the force acting on the particle from the interaction widi all other particles 

* Work performed under the auspices of the U.S. Department of Energy 
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F s c = Qe E s c + Qe (v / c) x B : (2) 

We assume there are no external electric fields, that is E e x t = 0. The external magnetic field B e x t corre
sponds to the distribution of the field in a typical Betatron Magnet. Performing an expansion and linearization 
around the reference circular trajectory, the field components are 

B r = B 0 n z / R (3) 

B z = - B 0 ( 1 - n x / R ) (4) 

where B 0 is the guiding field on the reference orbit, n the field index which in a Betatron Magnet ranges between 
0 and 1, and x = r - R. The azimuthal component B e = 0. 

In cylindrical coordinates, denoting with p r , p e , p 2 the components of the momentum p and with v r , v e , v z 

the components of the velocity v, the three components of the vectorial Eq. (1) can be written as 

d p r / d t - p e d e / d t = F r + Q e ( v e / c ) B z (5) 

d p e / d t + p r d 6 / d t = F e + Q e ( v z / c ) B r - Q e ( v r / c ) B z (6) 

d p z / d t = F z - Q e ( v e / c ) B r (7) 

where F r , F e and F z are the components of the vector F s c given by Eq. (2). 

3. THE EQUILIBRIUM CONFIGURATION OF THE CIRCULAR STRING 

The Circular String is defined by : x = v r = z = v z = 0 and d 9 / d t = (0o, constant, at all times. It 
derives that y is also a constant, v e = co0 R = v is a constant. We have also p r = p z = 0 and that the angular 
momentum p e = p is a constant of motion. It is sufficient and necessary that the following conditions are satisfied 
at the radius r = R on the z = 0 plane. From Eq. (5), denoting |i = v/c, 

Q e B 0 R = pc + RF r / (3 (8) 

From Eq. (6), it is required that F 6 = 0. Finally, from Eq. (7), we derive the condition F z = Qe P B r. 
Equation (8) is the usual Lorentz condition where the centrifugal force is balanced by the Lorentz force. A 

repulsive force, due to the particle-particle interaction, appears and has to be taken into account as well. Since the 
beam has a perfect cylindrical arrangement, from symmetry considerations, it can be determined that F r is con
stant and has the same value for all particles. For typical beam parameters this contribution is small. Using the 
same symmetry considerations, it is easily seen that F z = 0. Thus, we need B r = 0 on the z = 0 plane and at the 
radius r = R, which is indeed the case as shown by Eq. (3). 

We have to deal finally with the condition F e = 0. We give below a formal prove that this condition is 
indeed satisfied for the Circular String. We shall calculate explicitly the components of the interaction force in the 
following section. From symmetry considerations, if there is a non-vanishing azimuthal component of the force 
due to the particle-particle interaction, this component FQ has to be the same at the same instant to all particles; 
that is, at the same instant all particles would suffer the same variation of the angular momentum and thus the 
whole system would increase or decrease its total angular momentum. This violates the principle of conservation 
of the angular momentum since we are dealing with a conservative isolated system where there is only an exter
nal, stationary magnetic field distribution. It derives therefore that F e = 0 identically. 

4. CALCULATION OF THE INTERACTION FORCES AT THE EQUILIBRIUM 

The field distribution generated by a point-like charged particle animated of arbitrary motion is given by 
J. D. Jackson in Classical Electrodynamics [6]. We neglect the "acceleration fields", which depend linearly with 
d v / d t. and that are usually very small, especially for (3 « 1. Let us denote with Ei} and Bjj the fields generated 
by the j-tli particle on the i-tli particle of the Circular String. Let n,j be the unit vector directed from the j-th parti
cle to the i-th particle, and R^ the distance between the two particles. Then according to Jackson, 

B 1 ] = [ n ^ x E ^ (9) 
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Eij = ( Q e / y 2 ) [ ( n l j - B j J / d - B j i i i j ) 3 ^ 2 ] ^ (10) 

where Bj = c Vj is the velocity of the j-th particle. The square brackets with subscript "ret" mean that the quantity 
in the brackets is to be evaluated at the retarded time t = t - Rjj / c. 

A more detailed and complete derivation of this result is given by R. Becker in Théorie der Elektrizitat [7]. 
Becker proves that 

[(nij - BpRjjLa = r u (11) 

where r y is the actual distance vector between the two particles at same time t, directed from the j-th toward the 
i-th particle. It is also seen that 

[ ( 1 - Bj n j J ) Rjj ] r e t

2 = r.j 2 - ( r . jxf i j ) 2 = S l J

2 (12) 

where the quantity at the right-hand side is estimated at the same instant t. Thus 

Eij = Qe r ; j / r Sy3 (13) 

From symmetry considerations, the field has the same value for all particles. In particular, we can estimate 
the field acting on the i = 0 particle when it is located at 6 = 0 at the time t = 0. The vector r 0j has the following 
components: [ 2 R sin" ( 0j / 2 ), - R sin 9j , 0] where 8j is the angular separation between the two particles. It is 
also seen that 

( I -OJXBJ) 2 = 4 p 2 R 2 5 W 4 ( 9 j / 2 ) (14) 

and 

sO J = ( 2 R sin I 6j / 2 I ) V 1 - P 2 sin2 ( 0j / 2 ) (15) 

Since for every particle at the angular distance 9j there is another one at - 9j, it is immediately seen that 
the azimuthal component of the electric field E e = 0 whereas 

Qe 1 
E, = — - — I , (16) 

2 R 2 y 2 [ 1 - P 2 sin2 (9j / 2) ] 3 / 2 sin (9j / 2) 

where the summation is done only over those particles with 0 < 9j < n. 
It remains to estimate the components of the magnetic field B0j. According to Becker 

[ n i j x E i j L e t = V E i j ( 1 7 ) 

where the quantity at the right-hand side is estimated at the instant t. Since the two vectors Bj and E^ are on the 
same plane (z = 0), the magnetic field By is directed along the z-axis and perpendicular to the z=0 plane which 
contains the Cylindrical String of ions. Since the velocity of any particle is directed along the azimuthal direction 
8, the cross product between B; and By has only a radial component. In summary, from Eq. (2) 

F r = Q e ( l - p 2 ) E r = F r (18) 

and F e = F z = 0. This completes the prove that the beam made of a Circular String is indeed an Equilibrium Con
figuration consistent with the field distribution in a Betatron Magnet. 

5. DETERMINATION OF STABILITY OF THE CIRCULAR STRING 

We shall apply a perturbation method where the motion of a single particle is perturbed by a small amount, 
whereas the motion of all other particles remains unchanged. The perturbation is described by small displace
ments x, Rq and z which are smaller than the unperturbed separation of two neighboring particles. Let us take as 
the perturbed particle the one which would be located at 9 = 0 at the time t = 0. Linearization of the expressions of 
the components of the force resulting from the particle-particle interaction gives 
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F r = F r + k r x - Qe (32 E r (d q / œ 0 dt) (19) 

F e = - k e q + Qe P 2 E r (d x / v dt) (20) 

F z = k z z (21) 

where the constants k r , k e and k z have been evaluated in Ref. [8]. It is shown that for nonrelativistic beams 

k r - k z - Q 2 e 2 g 0 N 3 / 4 7t3 R 3 y 4 (22) 

where g 0 = 1.2, and k e ~ 2 R y k z. To first order, the energy relativistic factor y is constant, whereas 

Pe p [ l + (dq/co 0 dt) + x /R] (23) 

p e d 9 / d t - pco 0 [1 + 2(dq/co 0 dt) + x /R] (24) 

By taking into account the confinement condition Eq. (8), by inserting Eqs. (3,4) and Eqs.(19-21) into the 
equations of motion Eqs. (5-7), we derive the following linearized equations 

d 2 x / d t 2 + Q H

2 x = V ( C Ù 0 X / R + d q / d t ) (25) 

d 2 q / d t 2 + ( c o 0 / R ) d x / d t = - c o 0 k e q / p (26) 

d 2 z / d t 2 + D.v

2x = 0 (27) 

where 

Q.u

2 = Q e P B 0 ( l - n ) / mR - k r /m (28) 

Clw

2 = Qe p B 0 n / mR - k z / m (29) 

The equations of motion (25-27) are very general. They apply to the motion of a charged particle in a com
bined function magnet described by the field index n, under the action of other moving particles in a Circular 
String Configuration. The axial motion can be treated independently from that occurring on the z = 0 plane. Solv
ing Eq. (27) gives a stable oscillatory solution as long as Qy 2 > 0- that is, from Eq. (29), 

n > R 2 k z / p P c (30) 

For typical beam parameters, this condition is satisfied for positive and very large values of the field index n. 

6. RADIAL-AZBV1UTHAL COUPLING. NEGATIVE MASS INSTABILITY. 

The first two equations of motion (25 and 26) show coupling between the azimufhal and radial components 
of motion. They can be solved with the conventional method of eigenvalues by assigning an angular oscillation 
frequency Q^ common to the two components of motion. The following equation for Q, is derived [8] 

^ 4 - M ^ 2 + ( a H

2 - a ) o

2 ) ( û 0 k e / p = 0 (31) 

where M = Q H

2 + <a0 k e / p. Solving Eq. (31) for Qç,2 gives 

2Q,, 2 = M ± \J M 2 - 4 ( f l H

2 - C ù o

2 ) œ 0 k e / p (32) 

For the motion to be stable Q^2 > 0 is required, that is Q.y{2 > co0

2 which yields for the field index 

1 - n > 1 + R 2 k r / p pc (33) 
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In order to satisfy Eq. (33) the field index n has to take very large negative values. It is not possible that the 
conditions of Eqs. (30) and (33) can be satisfied simultaneously. It derives that the Equilibrium Configuration of a 
Circular String is J M a Stable Configuration that can be realized in a simple Betatron Magnet. This seems to be in 
agreement with the results of Wei, Li and Sessler [4], 

7. STORAGE RING WITH ALTERNATING FOCUSSING GRADIENT 

Let r 0 = 1.535 x 10~1 8 m be the classical proton radius and A the mass number of a particle, and 

n 0 = R 2 k z / p p c (34) 

Then the stability condition for the axial component of the motion is, from Eq. (30), 

n > n 0 (35) 

whereas the stability condition for the motion on the z = 0 plane is, from Eq. (33). 

n < - n 0 (36) 

This suggests that a solution can be found widi an alternating gradient storage ring where the field index n 
takes very large values and changes sign periodically. 

We shall apply these results to the case of a beam of ions of gold partially stripped (A = 197, Q = 51) is 
injected into a small storage ring from the Tandem-ALPI complex of the Laboratori Nazionali di Legnaro [3] 
with the magnetic rigidity of 1.2 T-m ((3 = 0.1). We derive n 0 = 4.9 x 10~18 N 3 . It is seen that already for N = 107 

particles, the field index gets a too large value. Not only this may be very difficult to achieve in practice, but also 
it causes concern about the stability of the storage ring lattice in the limit of a single particle. 

We shall assume that the storage ring is made of n p superperiods, each with a pair of combined function 
magnets of alternating gradient sign, that is having field index - n and + n respectively. Neglecting the presence of 
drift spaces, the motion of a single particle in the lattice is stable if the following condition is satisfied 

I cos Ç cosh C I < 1 (37) 

where Ç = a V n and a = n I n p is the bending angle per magnet. The stability condition (37) can be satisfied 
by choosing Ç ~ (2 h + 1) 7t / 2 where h is an integer. This condition is equivalent of setting a betatron phase-
advance per superperiod to about 90°. 

The relations above combined together set a relation between the periodicity of the storage ring and the 
beam intensity since the critical field index depends with the number N of particles, and one requires n > n 0 , 

n p - 4 .4xlO~ 9 N 3 / 2 / (2h+ 1) (38) 

Small values of h are desirable, since for larger values the stability interval reduces considerably. It is then 
seen that a large periodicity is needed. For instance for N = 107 particles n p ~ 140 / (2h + 1), and a periodicity 
n p = 8 can be obtained by choosing h = 8. 
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MOLECULAR DYNAMICS SIMULATIONS OF THE CRYSTALLIZATION OF ION 
BEAMS IN ALTERNATING FOCUSING FIELDS, AND FOR CURVED 

TRAJECTORIES 

7. P. Schiffer 
Argonne National Laboratory, Argonne, IL 60439, U.SA. 

and 
J. S. Honest 

University ofkrhus, Arhus, Denmark 

The possibility that very cold ions in a beam would form a crystalline structure was noted some time ago [1]. 
The properties of ions cooled down to low internal temperatures were investigated through simulations using 
Molecular Dynamics [2]. Focusing was first approximated by a radially symmetric focusing force, constant in time, 
and a section of beam was studied with a repeating boundary condition (typically with a repeating distance that was 
about 100 interparticle spacings). In these simulations particles are given random initial spatial and velocity 
coordinates, and then their motion is followed, while gradually scaling down their relative velocities, i.e. reducing 
their temperature in the co-moving frame. As the temperature is lowered, the radius of the beam approaches the 
space-charge limit. As the cooling proceeds to even lower temperatures, a crystalline shell structure forms, 
becoming gradually better defined, as is shown in Fig. 1. No sharp phase transitions were seen in this process. 
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Fig. 1 Radial distribution of a beam as a function of its transverse temperature. The results shown are in degrees 
and millimeters, for singly charged particles in a ring approximating the Ârhus storage ring ASTRID. The 
two boxes on the left use an analytic expression for the rms radius for 107 (solid) and 109 (dotted) parades 
in ASTRID. The histograms on the right correspond to simulations for approximately 107 particles at lower 
temperatures. 
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The character of these structures is a function of density (the number of particles per unit length). While a 
dimensionless density X has been defined [3], here, with several small storage rings of similar characteristics (radius 
between a few and 10 meters and betatron tunes around 2.5), we quote approximate total numbers of particles. The 
types of ordering are as follows: 

N<10 6 

N - 2xl0 6 

10 7 <N< 2x10s 

N>10 7 

The ions form a one-dimensional string. 
The interparticle Coulomb interaction forces the particles into a two-dimensional zig-zag 
pattern. 
The particles from various helical and other structures on a single cylindrical surface. 
More cylindrical shells are formed. 

For multi-shell structures the shells are uniformly spaced and each has the same surface density of ions, so that the 
number of ions on each shell is proportional to the shell radius. In each shell the ions are arranged, as far as possible, 
in equilateral triangles, the characteristic form of the two-dimensional Coulomb lattice. The number of shells is 
proportional to the square-root of the number of particles. Figure 2 shows a system corresponding to about N = 108. 
A detailed discussion of the properties of such static systems has been given in reference [3]. 

Fig. 2 Results of a MD simulation corresponding to N ~ 10s with focusing that is constant in time and no bending. 
The top shows the projection of particles onto a plane perpendicular to the beam, while the lower figure is a 
perspective view of half of the outermost shell in the crystallized beam. The structures in each shell are 
similar. 

When, in the simulations, such static configurations are given a single transverse impulse, and then followed 
as a function of time two normal modes are seen, as shown in Fig. 3: a radial breathing mode and a quadrupole 
shape mode. The breathing mode (left) is excited in a crystalline system confined with constant focusing forces, 
when the focusing field is reduced for a short interval (much less than a betatron period) and then restored to its 
original value. This produces a radial volume oscillation with a frequency that is the plasma frequency: 
co , = V2 co~ 

plasma^ p. 
Tie other mode is excited when a similar perturbation is introduced in the focusing field but increased in one 

dimension and reduced in the other. This induces a volume-conserving shape oscillation with a frequency that is 
equal to the betatron frequency. 

The shape oscillation decays with a resonant Q = 100, which is somewhat dependent on the details of the 
simulation. The volume mode does not appear to be damped, Q > 2000, within the accuracy of the simulations. The 
longitudinal temperature is ~ 1° mK after 40 betatron periods. 
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8 16 24 32 
TIME (betatron periods) 

40 8 16 24 32 
TIME (betatron periods) 

Fig. 3 Simulations of two normal modes. 

What happens when the focusing field becomes time-dependent, as is the case in all existing storage rings? A 
simulation of such a system is shown in Fig. 4. Here the particles were again started with random coordinates, but 

Fig. 4 
Results of a Molecular Dynamics simulation of 
crystallization with the focusing force switched 
alternately on and off between the horizontal and 
vertical directions. Only the longitudinal 
temperature was cooled, once every 2.5 betatron 
oscillations, correspond-ing to once per turn in a 
storage ring. The system settles into a set of 
concentric shells almost identical to those seen in 
a static field, but with small residual oscillations: 
a (-7%) forced shape oscillation with the period 
of the imposed alternation in focusing, and a 
residual (~1%) radial oscillation with a period 
that is characteristic of the radial normal mode 

1 0 M TIM3! vJLpSm ~w" ro M with its characteristic frequency. 

10 20 30 40 50 60 
TIME (betatron periods) 70 80 
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Fig. 5 
Empirical limits imposed by the shear of 
bending on a beam crystallized with no prior 
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Fig. 6 MD simulations of a beam above the shear limit The simulation assumes constant (as opposed to once-
per-turn) cooling to the same linear velocity. The system eventually settles into a set of strings that slide 
with respect to each other, but the strings themselves form a pattern of equilateral triangles. The projection 
of the particle locations onto a plane perpendicular to the beam is shown on the left, and the motion of the 
particles for a horizontal bend to the right is indicated by arrows on the perspective view on the right side. 
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never reaches complete order, but the distribution of spacings in such a system has unique mathematical interest. In 
random matrix theory, the Gaussian orthogonal ensemble [13], which is basic to discussions of die distribution of 
level spacings in atoms and nuclei and is a major aspect of quantum chaos, corresponds to the properties of a one-
dimensional Coulomb system at a particular temperature. Other temperatures correspond to other statistical 
ensembles. 

On the level of "applications'' there are many aspects which may pertain to very cold beams that still remain 
to be investigated and understood. For instance, it is amusing to note that if two beams could be cooled to the space-
charge limit, and their crystalline structures could be aligned shell by shell to a micron or better, one might attain an 
improvement in luminosity by two orders of magnitude over the value for beams of the same diameter and no 
crystalline structure. Of course, even a slight misalignment would be catastrophic. 

Finally on the human level, we always strive to try for the best, and it seems entirely appropriate that the 
limits of the "best" beam cooling be attempted, explored, and understood. 

This research was supported by the U.S. Department of Energy, Nuclear Physics Division, under Contract W-
31-109-Eng-38. 
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RESULTS FROM BEAM TRANSFER FUNCTION MEASUREMENTS AT THE 
LOW ENERGY ANTIPROTON RING (LEAR) 

M. Chanel, U. Oeftiger 
CERN, PS Division, CH-1211 Geneva 23 

ABSTRACT 
Beam transfer functions (BTF), giving the frequency domain response of the beam to an 
external excitation, are widely used to measure the impedance of the beam environment, to 
analyze stability conditions and to determine the true momentum distribution in spite of 
strong signal shielding in dense, cooled beams. In this report results obtained from 
longitudinal and transverse BTF measurements with protons and antiprotons will be 
discussed. 
Electron cooling has been applied to reach a very low momentum spread of a 310 MeV/c 
proton or antiproton beam in LEAR. The transverse feedback system and the stochastic 
cooling system have been used to enhance the stability of the beam at high particle densities. 
By varying the gain of these two damping systems their influence on the stability diagrams 
and their contribution to the transverse coupling impedance has been studied. 

1. INTRODUCTION 

It is well known that the Beam Transfer Function (BTF) is a powerful technique to analyse me 
stability of dense beams, to measure the machine impedance characteristics and to adjust an active feedback 
system. The beams obtained by electron cooling are so dense that die longitudinal Schottky spectrum is 
completely deformed by space charge impedance. The BTF is a way to find the real distribution of the 
particles. In the transverse planes, tune shifts are large while Landau damping gets very small leading to 
beam instability. Stabilising systems have to be installed. Again the BTF is an essential technique to estimate 
the limit of the beam stability and to adjust these active feedback systems. 

2. LONGITUDINAL PLANE 

2.1. Theory 

The longitudinal BTF r ( (Cù) neglecting the longitudinal coupling impedance Z (| is proportional to the 

following function of the excitation frequency CO and the revolution frequency COr 

d\Sf 

1i°(œ)°=; I ^—d(ù r , (l) 
co-nû) r 

where \|/(Cu r ) is the distribution of die particle revolution frequency and n die harmonic number [ref. 1,2]. 

The integral is called the dispersion integral. It can be split into its principal value (PV) and die residue at 
the pole: 

dy dy 
^ T ^ _ D T / f ^ 7 j,A , : * J t y 

J (ù-n(ùr

 J (û-n(ùr n d(ùr 

(2) 
CO,=Cù//l 

Taking into account collective effects ^ (CO) is modified by the shielding function £B = 1 + Z a r, to [ref. 3] 

c r\\ (0>) 
r,c(co) = J L L ^ . (3) 

£„(Cù) 
This influence of the coupling impedance can be seen in the longitudinal stability diagram 1 / /j (CO)- a plot 

of die BTF in the complex plane - as a shift by die impedance vector. Instability threshold is reached, if die 
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inverted response curve touches the origin in the stability diagram. If the impedance vector Zj is known, die 

true momentum distribution \)/(Co) can be evaluated from the measured /j (Cù). 

The longitudinal shielding function modifies die longitudinal Schotdcy power spectrum P (CO) to 

Pc((ù)= P ( C ° ^ 2 with P°(co)~\|/(û>) . (4) 
||e„Cco)|l 

From die deformed Schotdcy power spectrum one can calculated die distribution y(Co) for an estimated 
vector Z||. A criterion for the exactness of the estimated Z(| is that die distributions obtained from the two 
computations do fit [ref. 4, 5]. 

2.2. Results from longitudinal measurements 

At LEAR measurements have been performed in a frequency range up to 80 MHz and with a different 
number of protons and antiprotons. In figure 1 the coupling impedance calculated from the BTF 
measurements and the deformed Schotflcy power spectra is shown. The real and the imaginary part of the 
impedance per harmonic number have a maximum at around 7 MHz. This effect was due to a defect of the 
short circuit of die cavity gap during the coasting beam operation of the machine. The expected behaviour 

of the real part could not be seen because of the strong spread of the results. Above 30 
MHz the average real part of the coupling impedance is around (30±90) Ohms. The imaginary part of the 
coupling impedance is constant above frequencies of 30 MHz as expected from theory. 
Assuming that die momentum distribution of the beam is Gaussian and supposing tiiat in the case of strongly 
cooled beams the coupling impedance is mainly due to space charge forces, the width of the revolution 
frequency distribution Au) is related to die widtii bQ. and the distance 2 AD. of die two coherent peaks in 
the longitudinal deformed Schottky spectrum [ref. 6] by: 

ÔQ = (AQ) 

( \ 
AX2 

3 

, n ACÙ 
V J 

exp 
(AQ) 2 

n (Aco) 
(5) 

This formula can be used to cross check the results for the momentum width derived from the BTF 
measurements. In figure 2 die widdi of die momentum distribution derived from the BTF measurement is 
compared with the one direcdy obtained from the corresponding deformed Schottky spectrum using equation 
(5). The correlation of die two is nearly linear, but die results from the Schottky spectra are about 25% larger 
tiian die results from the BTF analysis. 
Taking into account the electron cooling and intra beam scattering [ref. 7] the equilibrium momentum width 
should vary witii the number of protons or antiprotons N as: 

— « /y/3 (6) 

p 
In figure 3 the width of the distribution is plotted against the number of protons. Fitting the data by a least 
square fit to the logaritiimic values one observes an exponent of (0.31 ± 0.04) , which is in good agreement 
to the expected value of 1/3. In these measurements the calculated imaginary impedance reached twelve 
times the Keil-Schnell-circle. 
The quality of the measurements has been improved by transforming the frequency data of the BTF 
measurements into time domain, gating out die incoherent signal contributions (mainly Schotdcy noise from 
the beam) and transforming die data back into frequency domain [refs. 8 and 9]. 
Using tiiis time gating procedure to suppress die coherent signals one can extract the noise contribution of 
the BTF measurement. This noisy frequency spectrum has been fitted to die measured deformed Schotdcy 
spectrum that was taken direcdy after die BTF excitation has vanished, by minimizing die difference of both 
signals using the exponent x in die following equation as die fitting parameter: 

[rZZwY^PSW CD 
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As in the example of figure 4 the two signals fit very precisely and the value for the exponent x is 
(1.00±0.15), which shows that the noise of BTF measurements is mainly determined by the Schottky noise 
of the beam and not by electronic noise. Its suppression is therefore of great importance for the quality of the 
BTF measurements. 

3. TRANSVERSE PLANE 

3.1. Theory 

Similar to the longitudinal plane the transverse BTF r^(Co) neglecting the transverse coupling impedance Z x 

is proportional to 
V(Q)p) 

rJ(œ)oc;Pvf-î--E-da>o±it v|/«%) 
J C u p - C O H H Cûp=CÙ 

(8) 

where 0)^ is the betatron frequency and VCCOR) the betatron frequency distribution of the beam [ref. 1, 10]. 
The plus and minus sign stands for the response to the fast and slow wave. Collective effects modify this BTF 
by the shielding function £ x = 1 + Z ± r^ to 

J), 

£_!_(©) 
The influence of the coupling impedance leads again to a shift in the transverse stability diagram, whereas the 
transverse feedback system and the stochastic cooling system lead to an additional shift of each of the two 
traces away from the origin as shown in figure 5. 

3.2. Results from transverse BTF measurements 

Transverse BTF measurements have been used to estimate the impedance of the transverse feedback system 
and the impedance contribution of the transverse stochastic cooling system working as a broad band damper. 
From vertical and horizontal BTF measurements the transverse stability diagram has been calculated at 
different harmonic numbers and different values for the gain of the feedback system G #, [dB] and the gain of 

the stochastic cooling system Gs[ [dB]. The total damper impedance Z± calculated from the stability diagram 

has a component Zj_ #, due to the feedback system, and a component Zj_ ( due to the stochastic cooling 

system. Both are proportional to the linear gain of the corresponding system and to the sensitivity of their 
pick-up and kicker system. Calculation of the transfer function for the pick-up, the kicker and the amplifier 
electronics for both systems leads to a formula for the total damper impedance, which is given by a 
superposition of the transfer functions of me two damping systems [ref. 11]. 
Using the proportional constants A^ and Ast the real part of the total damper impedance can be written as: 

sin(TC^) < V ^ ^ G/ 
Rc(Z1) = Afb-j7-^lO / 2 0 d B + Asta + 0.3%Hz)^/MHz 10 ^ , (10) 

/MHz 

Fitting this function to a series of measurements with A ^ , A$t and fa as the fitting parameters one can 

calculate the impedance contributions due to the feedback system and the stochastic cooling system separately. 
In the example of figure 6 the real part of the total damper impedance derived from the BTF measurements is 
plotted together with the fitting curve Re{Z ± ( / ) } . By averaging the results of three different measurement 
sets - each of them having different settings for the gains - we get as a mean value: A^= 617 MQ / m and 

Ast= 0.158MQ/m. The fitting parameter fa represents the zero in the kicker sensitivity function of the 
feedback system and was found to be 30 MHz (from a separate broad band BTF fa was obtained to be around 
55 MHz - the reason for the discrepancy is not yet understood). 
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The impedance contributions RetZ^^,} from the feedback system and the impedance contribution 
Re{Zj_^} due to the stochastic cooling system are shown in figure 7. The accuracy of this result depends on 
the accuracy of the damper impedance derived from the stability diagram. In the horizontal plane the 
efficiency of the damper is very low ( fig. 5), because of the small value of the Twiss parameters at the pick-up 
and at the kicker of the feedback system. The structure of the kicker of me feedback system will have to be 
changed to avoid the zero of the response at 30 MHz (fig. 7). 

4. CONCLUSIONS 

The Beam Transfer Function is now used extensively at LEAR in all the 3 planes. It permits us to 
find the longitudinal beam distribution (despite the strong coherent signals which modify the Schottky 
spectrum), to estimate the impedance of the machine in a large frequency range, to observe the effect of the 
two transverse active feedback on the beam stability, and to find the action that has to be taken to improve 
these systems. 
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gain enhances the horizontal stability of the beam. 
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CURRENT LOSSES IN SYSTEMS WITH THE ELECTRON BEAM 
ENERGY RECOVERY IN A LONGITUDINAL MAGNETIC FIELD. 

A.N. Sharapa, A.V. Shemyakin 
Budker Institute of Nuclear Physics, 630090 Novosibirsk, Russia 

A B S T R A C T 
Efficiency of the secondary electron capture in the recuperator with a longi
tudinal magnetic field is discussed. To characterize this efficiency the value 
of the collector secondary emission coefficient is introduced, for calculation of 
which the simple formula is proposed. The effects determining the difference 
of current losses in rectilinear systems and devices with bending magnets are 
analyzed. It is experimentally shown that there is no unambiguous relation be
tween the efficiency of the secondary electron capture by the collector and the 
current losses. The mechanism determined current losses in rectilinear systems 
is suggested. 

In electron cooling devices using effective recovery of the electron beam energy, it is important 
to have low current losses. In such systems, a strong magnetic field keeps a primary beam far from 
electrodes, and the current losses are due to only ionization of residual gas and to secondary electrons 
from a collector. This paper is devoted to losses resulting just from the secondary electrons. A part of 
the device determining a flow of these electrons, i.e., the collector and electrodes forming a potential 
minimum will be named a recuperator. 

Without a magnetic field, all the secondary electrons escaping from the recuperator go to electrodes 
having a high potential respecting a cathode. An efficiency of the recuperator can be characterized by 
the value 

6 1 m 
where 61 and I are currents of the secondary and primary electrons, respectively. A natural name for this 
value is a collector secondary emission coefficient. 

In the devices with the magnetic field these secondary electrons are confined by the field. In 
rectilinear systems most of the electrons goes to the gun, reflects from the region near the cathode and 
is captured by the recuperator with the same efficiency as the primary beam. In this case, the current 
losses AI/I are much less than <rCoU if 61 in 1 is a flow of the secondary electrons created by the primary 
beam on the collector surface and escaping from the recuperator. Hence, with the guiding magnetic field 
the current losses depend not only on the recuperator efficiency, but also on properties of the device 
as a whole. So, the losses can increase by orders when the recuperator is transferred from a rectilinear 
test device to one with turns. Such an effect was observed by authors at testing of the recuperator for 
the installation described in [1], the same is in [2]. In the electron cooling system [3] the losses decrease 
by two orders due to compensation of a centripetal drift. Therefore it is useful to separate the factors 
determining the value, i.e. the efficiency of the recuperator itself, and the mechanism of the current losses. 

1. The collector secondary emission coefficient 

To estimate the collector secondary emission coefficient, it is expedient to consider the secondary 
electron movement on the recuperator as an aggregate of its interaction with an electrostatic barrier, a 
magnetic mirror and walls of the collector ("a geometric factor" [4]). 

1.1 " T h e geometr ic factor" 

In the recuperators without the magnetic field, geometric dimensions of the collector are very 
important because the secondary electron flow diverges from the collector bottom surface and mainly 
goes to the collector walls. The use of such arguments for the systems with the magnetic field (for 
example, in 5) seems us inconsistent. A trajectory of the secondary electron can not deviate from a field 
line by more than Larmor radius 

m- c m-c 2 • e • Ueoi fn\ 
e • H e • H V m 
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where e and m are charge and mass of an electron, H is the magnetic field strength, v± is a component 
of the velocity transverse to the field line, Ucoi is a collector potential respecting the cathode. For the 
parameters of real recuperators (H « 0.01T, Uco\ « \kV) pcoi = 1cm. This is much less than transverse 
dimensions of the collectors. Therefore, "the geometric factor" is unessential for the systems under consid
eration. This conclusion is also confirmed by a computer simulation of the secondary particle movement 
1. 

R(mn) 

352.0 

264.0 
1 2 3 4 

5 6 7 8 

176.0 

88.00 

0.000 
0.000 88.00 176.0 264.0 352.0 Zlnm; 

Figure 1: Drawing of the recuperator being test 
1 — solenoid, 2 — vacuum chamber, 3 — suppressor, 4- collector. Trajectories 5-8 illustrate movement of particles 
inside the collector for a case of an equipotential space. Computer simulations for Ho = 0.06T, Ucoi = ZkV. 5 — 
boundary trajectory of the primary beam, 6,8 — trajectories of the secondary electron with •& > •dc , 7- the same 
for ti < -de-

1.2 The magne t ic mi r ro r 

The term "the magnetic mirror" means that the electrons created on the collector surface placed 
in a weak field Hc reflect from the region with a strong field HQ near a recuperator exit if the angle 
•d between its velocity and the field line on the collector surface is more than the critical value $ c 1-
This critical angle is simply estimated if the magnetic field change slowly in comparison with the Larmor 
rotation: 

1 d H , fos 
H-dZ-**1' ( 3 ) 

where pi is the Larmor radius calculated by the longitudinal velocity of the particle. In this case the 
movement is adiabatic, there is the invariant 

-TT- = const, 
H (4) 
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and the critical angle is 

s i n t 5 c = | î . (5) 

As a rule, the field strenght on the collector surface is much less than tha t in the homogeneous par t , 
and condition 3 is not fulfilled. We made computer simulations of the particle movement in the field of a 
solenoid for the case of the equipotential space. Even for Hc <C HQ, the calculated critical angle proves to 
agree with the es t imat ion 5 with an accuracy of 10% if the Larmor radius is much less than the solenoid 
radius Rs : 

— . , / E E * „.!.«.. (6) 
e • H o V m 

This fact owes to a specific picture of the magnetic field lines of the solenoid which is closed to tha t of 
a point magnetic pole. In the field of the point pole, the adiabatic invariant 4 is an exact integral of 
movement [6]. As a rule, electric fields in the collector cavity weakly affect the transverse movement of 
the electrons, and , apparently, relation 4 asserts in the real collectors. 

Using 4, the est imate for the magnetic mirror efficiency can be easily found if the magnetic field 
lines are perpendicular to the collector surface. The knocked secondary electrons are known to have a 
cosine angle distr ibution [7] 

— = — -cos i?, (7) 
ail "K 

where <70 is a to ta l secondary emission coefficient. From 4 the angle -d\ between the trajectory and the 
field line at the exit of the mirror and the corresponding solid angle dQ.\ are obtained: 

dQ^dil. ***•""* * < * „ (8) 
Hc • cos Vi 

From 7 and 8 we obtain tha t the angle distribution at the entrance of the mirror 

da- a0 H0 . . 
— - = — -cosi?i • — , (9) 
dill TT Hc 

is also cosine, and the total number of secondary electrons decreases by a factor of Hç>/Hc. 
So, if the collector is placed in the dropping solenoid field and the secondary electrons are confined 

only by the magnet ic mirror, the collector secondary emission coefficient is equal to 

{VCOI)H = -FT -vo, ( 1 0 ) 
-no 

and doesn't depend on the absolute value of the magnetic field strength. 

1.3 T h e e l e c t r o s t a t i c mirror-

It is possible to est imate the electrostatic barrier influence using results of direct measurements of 

a share ay of secondary electrons, overcoming the barrier Um/UCoi in a flat electric field from [8] 2. 
In the magnet ic field, the penetration of electrons through the potential barrier is determined 

by the longitudinal component of the velocity as in the case of the flat electric field. Therefore, in the 
recuperator with the homogeneous magnetic field and the potential minimum the flow of secondaries is 
the same as in 2. 

The function cri(Um/Ueot) can be estimated also by energy spectra measured in [7]. These spectra 
can be approximated by a sum of 6- function for elastically scattered electrons and by homogeneous 
distribution for inelastic ones: 

l U J L + ̂ .c,. ,) , (u) 
where a and b are material coefficients. The calculation results on distribution 7, 11 are shown in 2 by a 
solid line and are in reasonably good agreement with measurements [8]. 

For calculation, it is convenient to use the simple approximation of these data : 

<'">« = ' • ( £ ) ' • ( 1 2 ) 
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co l 

Figure 2: The ratio CTJ of the current of the secondary electrons overcoming the potential minimum in the flat 
electrostatic field as a function of depth of this minimum Um/Ucoi. Vacuum is 5 • 1 0 - 4 P a , a surface material is 
stainless steel (1), Be (2). A dashed curve is an approximation (12), solid one is a result of calculation by (11) 
for a = 0.25, b = 0.01. 

where k is the coefficient dependent on the collector surface material and vacuum conditions. For the 
surface of stainless steel and vacuum level of 5 • 10~4Pa, k = 0.2. 

Considering that the magnetic mirror keeps the cosine character of angle distribution 9, the es
timation for the collector secondary emission coefficient with the potential barrier and the increasing 
magnetic field is reduced to multiplying 10 and 12: 

O~col = k • 
Un 
U, col Ho' 

(13) 

2 . T h e c u r r e n t l o s se s in t h e s y s t e m s w i t h t h e l o n g i t u d i n a l m a g n e t i c f ield 

The secondary electrons can strike the high potential electrodes only in the case, where its trajec
tories differ from those of the primary beam. In the electron cooling devices such a displacement is due 
to centripetal drift in toroidal bends: 

A 1 = 2 - a - p 0 , ( 1 4 ) 
where a is a full angle of turn, po is the Larmor radius calculated by the total energy of electrons. If 

Ai > Ro + Rb, (15) 

where RQ, RI are radii of a high voltage (resp. cathode) electrode and of a beam, all secondary electrons 
hit to the electrode and 

^ - = cco]. (16) 

For the low magnitude of A i 
A i < RQ — Rf, (17) 
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most of the electrons escaping from the recuperator returns again to it and is captured by the collector 
with the same efficiency as the primary beam. It is evident, that in this case 

A7 
— <o-co;. (18) 

Condition 17 corresponds to a low magnitude of po (a strong magnetic field, a low energy) or to a — 0 (a 
compensated centripetal drift, S- configuration of the device, the rectilinear system). Mechanism of the 
losses for these possibilities seems to be similar. For definiteness, we consider the rectilinear system, in 
which the experiments were made. 

Apparently, for such a system a main effect determining the current losses is increasing of the 
secondary electron beam due to large transverse velocities. The recuperator can be considered as an 
emitter of the secondary electrons with a temperature of e • Um • In this case the radius of the secondary 
beam is that: 

R2 = Rb + 2-Pm, p m = H!L±.JÏi^.. (19) 
e • H o V m 

Hence, a variation of the minimum potential changes not only aco\, but the radius of the secondary beam 
also. 

If i?2 < Ro, the secondary beam doesn't hit the high voltage electrode and returns to the collector, 
where it creates a tertiery beam and so on. Each collision with the collector surface occurs in a random 
phase, and the maximum radius of the secondary emitted electrons after each successive generation 
increases 2 • pm. 

A quality pattern of an electron density distribution outside the primary beam boundary can be 
calculated at an assumption that after each collision the knocked electrons distribute homogeneously 
along the radius ± p m from the collision point. Such a distribution is shown on 3 for the case, when after 
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Figure 3: Distribution of the secondary electron current density outside the boundary of the primary beam as a 
function of a distance from a beam boundary. <JCO\ = 0.1. 

third collision any electrons go to the high voltage electrode, and <rco; = 0.1. The density falls rapidly with 

297 



a coordinate r/pm. It means also a strong dependence of the losses on the ratio of gaps to the Larmor 
radius. Therefore, the losses decrease with the magnetic field strength, whereas the value of aco\ remains 
constant. 

3. Experimental results 

A quality test of the model proposed was made at the recuperator, a scheme of which is shown in 
1. The potential minimum is created by a tube-like suppressor having a potential Us, the ratio of Hc to 
the field strength in the region of the potential minimum is 15. 

The experimental functions AI/I (U3/Ucoi), Ho) is presented in 4. The strong dependence of the 
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Figure 4: Relative current losses as function of the magnetic field strength and the value of the potential minimum. 
For the curve 1 Us/Ucoi = 0.25, 2 - 0.5, 3 - 0.75, 4 - 1.0. 

losses on the magnitude of the magnetic field agrees with the model proposed. 
Using the curves of 4, it is possible to build up functions AI/I{pm) for different suppressing 

potentials 5. For a given value of pm a dependence of the losses on the suppressing voltage is close to 
quadratic one 13. The losses become zero (i.e. much less than 1 0 - 5 ) for different values of pm. This fact 
has a natural reason. For the low enough uco\ and A > 2 • pm the losses are extremely low because ones 
are merely due to the tertiery beam with the current of a\o} • I. Therefore for crcol = 1 0 - 3 AI/I < 1 0 - 6 . 
In the regime Ucoi = U, (the curve 3 in the 5) acoi ~ 1 0 _ 1 . In this case the density even the tertiery 
beam is significant, and at A = 2 • pm the losses are 3 • 10~ 4. 

Notice, that to find the precise quantitative value of crcoi by the functions of AI/1 (Us/Ucoi, Ho) 
it is necessary to know the beam diameter not only in the drift region, but in the suppressor also. In the 
experiments the last one wasn't knew with a good enough precision. 

The model proposed assumes a gap between the beam and the high voltage electrode to be less 
than in the suppressor. It was just this relation, which was in the described above experiments. Otherwise 
a consideration is more complicated, but experiments show all qualitative relationships to be kept. 

Conclusion 

1. To characterize the efficiency of the secondary electron capture by the recuperator, the value of the 
collector secondary emission coefficient is introduced. To calculate this value, the simple formula is 
proposed. Using this conception makes it possible to describe the recuperator efficiency irrespectively 
of other system properties. The direct measurement of this value is possible in the U- configuration 

Un m T 
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Figure 5: Relative current losses as function of the Larmor radius calculated by the suppressor potential. For the 
curve 1 U,/Ucoi = 0.25, 2 - 0.5, 3 - 0.75, 4 - 1.0. 

of the device under conditions of complete removal of the secondary beam by the centripetal drift 
during one turn. 

2. In the systems with the longitudinal magnetic field the current losses due to the secondary electrons 
from the collector depend strongly on the system configuration and the magnetic field strength. In 
the rectilinear systems the value of the losses can be less than the collector secondary emission 
coefficient. This case is described qualitatively by the model on the aasumption that all secondary 
electrons having the maximum radius less than the aperture return into the collector and that the 
maximum diameter of each successive generation of the secondary electron beam increases. 

3. The experiments performed on the rectilinear test bench agree qualitatively with the model pro
posed. 

The authors acknowledge the assistance in calculations of T.N. Andreeva and in the assembly of 
the collector of V.M. Rybkin. 
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ABSTRACT 
An intense cw electron beam is produced by GaAs photoemission. Some high 
performances have been achieved . In paricular, several weeks long lifetime has been 
achieved with an electron current as intense as 1 mA over a few mm^ beam size. 

1. INTRODUCTION 

One of the most challenging applications would be the production of a very cold electron beam for electron 
cooling (subthermal cooling beams). This cooling precess[l] consists of the superposition of an electron beam 
with the lowest possible energy spread along a dedicated drift section of a circular machine, over an ion beam 
circulating at the same velocity. The thermal exchange induced by ion-electron collisions causes the compaction 
of the volume occupied by the ion beam in the 6-d phase-space. At low energy (1+30 keV), this application 
demands the production of relatively high current (about 1 mA over a few mm^ beam size [2-4]), which quite 
contrasts with the request of low energy spread for the electron beam. In electron cooling devices operating at 
present, the electron source is a thermocathode [2-4]; in this case current density is related to cathode temperature 
T by the Richardson's law, j=AT^exp(-W/kT), W being the work function for the chosen material. In order to 
produce a current density; as high as needed for efficient cooling, the thermocathode is to operate at 1300 K [5]. 
The cathode temperature limits the energy spread of the electron beam 5E, at the cathode, according to SE~5kT/2 
(FWHM) [6]. Thus, at T=1300 K it is roughly 8E-270 meV. It is evident that a source with lower energy spread 
would allow significantly improved cooling efficiency lowering both the cooling time and the relative 
momentum dispersion 5p/p for the cooled ion beam. 

The possibility to use subthermal electron beams in electron coolers opens up further opportunities in the 
field of ion beam cooling. Not only could a photosource replace standard sources, but they also be 
complementary to them. An ion beam, already pre-cooled by conventional electron cooling, could be cooled via 
subthermal electron beam. In this case, the requested diameter for the electron beam is 2 mm large [8]. 

Some of the authors have developed a specific acceleration optics considering the effects of relaxation 
mechanisms in the electron beam which minimizes the additional energy spread caused by the acceleration 
transient [9]. Combining this accelerating structure with the photocathode described in this paper an electron 
beam in which potential energy exceeds thermal energy (i.e. the plasma parameter is greater than one) was 
generated [10]. If applied to electron coolers, subthermic beam should improve the efficiency very much. 

2. EXPERIMENTAL SET-UP AND RESULTS 

The activation chamber is at a vacuum level of 10"1 1 and for a long time it has not been opened. The 
activations have been done in a way which is a mixed procedure between the two well known yo-yo and 
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saturation method. The experimental details have been described in Ref.[ll] and the vacuum chamber is shown in 
Fig. 1. 

Caanum 
duptnnr 

Fig. 1- Principal parts of the vacuum chamber in which the GaAs electron source is placed. 

In order to achieve low energy spread of the emitted electrons we have used the laser wavelength in the 775-
875 nm range. During working the photocurrnt's decay has been observed by many experiments and due to this 
large decrease the GaAs photocathode's application is very limited. Here we also studied this behaoir firstly. The 
results are exciting and are described as follows. 

Fig. 2 shows the relation between 400 ̂ A photocurrent and time at an accelerating voltage of 400 V with 
a laser wavelength of 800 nm (curve a) and 875 nm (curve b). 
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Fig. 2- Extracted current as a function of time (lifetime measurement) for two different wavelengthes 
/=800 nm (a) and /=875 nm (b). Curve (b) shows how to restore the initial current by an increase of 
the laser power after that the initial decay has been accomplished. 
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As already mentioned before, a current value as high as 1 mA over a few mm^ is requested by electron 
coolers for replacing usual thermoemissive sources. Therefore, we set the current to this level (Vac=750 V) and 
similar results are obtained(Fig.3). However in this case the decay is shorter and stronger than those of Fig.2. We 
suppose that this is situable for the cooling process. 

1 100 P,=105 mW 
V 

^ 9 0 0 -

3. 
~ 7 0 0 - 1 c 
<u 
L i 
L i 

CJ 5 0 0 -

Pj=71 mW 

X=800 nm 
D \)V) l 1 1 I 1 1 1 0 1 0 30 50 70 90 110 130 150 

Time (hours) 
Fig. 3- Extracted current versus time starting at lac(0)=\ mA. After the first decay a further power 
increase restore the initial value permanently. 

We try to obtain higher current in following experiments, but we fail to realize this due to very rapid 
current decay. The decay is supposed due to gas desorption from the collector as a high pressure (8xl0~8) is 
recorded. Fig. 4 shows quantum yield versus photon energy for a typical activation. 
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Fig. 4- Quantum yield (Y) versus photon energy. The curve is the fit of experimental data through 
the equation Y=a(hn - Eg)J/2. 

302 



The dependence of lifetime on laser wavelangth is shown in Fig. 5. We have not found significant 
difference between laser wavelength of 800 nm and 875 nm. 
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Fig. 5- Lifetime for different voltages and different wavelengthes (875, 850, 825, 800 nm). The laser 
is switched on only during the measurements. 
1) plaser at corresponding wavelenght 46,29,24,22.5 mW; Vac=500 V. 
2) Plasef. 71.5,44.5, 37.5, 34.5 mW; V^lOO) V. 
3) V f l C=2000V. 4) VÛC=3000V. 

3. CONCLUSIONS 

This paper has pointed out that the major drawback of NEA photoemission, namely the rapid current decay 
at relatively high current, has been overcome without feeding cesium and in a stable way. Unlike what was 
known we demonstrated that the lifetime can be very long independent of the exciting wavelength. The reason 
achieving above results are mainly due to very good vacuum ( 1 0 - n mbar ), low-desorption materials used and 
long time of vacuum condition of the chamber. 

The possibilities of this source are not limited to the field of electron cooling. As an example, when the 
photon energy is slightly greater than the semiconductor bandgap, GaAs allows the production of partially 
polarized electron beams (50% theoretically. A polarized electron beam as intense as 1 mA would be an exceUent 
probe for solid state investigations where high current level are requested. A typical example is spin-resolved 
inverse photoemission. 
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ABSTRACT 

The Experimental Storage Ring (ESR) [1], which is in operation at the GSI since 
1990, is equipped with an Electron cooler [2], that is used for fundamental operation 
modes (injection, beam accumulation and extraction) and to deliver a brilliant heavy 
ion beam for experiments. The ions that have been stored cover the region from 1 2 C 
to 2 3 8 U ; the particle intensities vary between a few thousand up to nearly 1 x 10 1 0 . All 
experiments take advantage of the excellent quality of the cooled beam, some of them also 
use the cooler as a free electron target to investigate the interaction between the electrons 
and the ion beam. 

1. I N T R O D U C T I O N 

The heavy ion accelerator facility at GSI is capable to accelerate ions from protons up to 
Uranium to energies that range from the Coulomb-barrier up to relativistic values. 

Figure 1: ESR with beam transfer lines from and to SIS 
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The beam, delivered by a Penning- or ECR ion source, is preaccelerated to 11 MeV/u by 
the UNILAC (in operation since 1975), multiturn-injected in the synchrotron SIS (in operation 
since 1989), accelerated up to a maximal magn. rigidity of 18 Tm (about 1 GeV/u U + 7 2 ) , and 
fast or slowly extracted to the experimental high energy caves and/or the ESR. There are two 
beam lines to transport the SIS beam to the ESR: a direct line, equipped with a stripper target, 
for the injection of up to fully stripped heavy ions and the Fragment Separator (FRS) line, 
designed to inject unstable ions (Fig. 1). Ions up to maximal rigidity of 10 Tm (about 560 
MeV/u U + 9 2 ) are fast injected into the ESR ('Bunch-to-Bucket-Transfer') and accumulated by 
means of RF-Stacking method. 

2. C O O L E R A P P L I C A T I O N S IN E S R - O P E R A T I O N 

Beam accumulation in the ESR is done by combining the conventional rf-stacking method 
with electron cooling; by switching the cooler voltage beam cooling is possible both on the 
injection- and the stack-orbit (Fig. 2). 

Due to the compression of the injected bunches a reduction of losses during the deceleration 
to the stack takes place. As the accumulated ions are permanently cooled on the 'stack-orbit' 
the accumulation process is not limited by the ESR momentum acceptance, because a continous 
reduction of beam momentum spread takes place. 

l*—- dp/p = 1 . 5 * — » w 1 
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, J W T m ^ w 
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Figure 2: Longitudinal Schottky scan of combined RF-stacking and electron cooling 

Especially for high-Z ions the maximum stored beam intensity is defined by the equilibrium 
between the Radiative Electron Capture (REC)-rate in the electron cooler and the accumulation 
rate. With A u 7 9 + at 270 MeV/u, for instance, a saturation current of 1.4 m A, corresponding to 
6 x 10 7 stored ions, was attained. The observed REC loss rate of about 5 x 1 0 _ 4 / s is consistent 
with an injection of nearly 4 x 10 5 ions every 13 s. The REC-process also limits the life time 
of the stored ion beam; by minimizing the electron current this effect can be reduced (with an 
electron current of only 100 mA a life-time of 1 h was achieved for stored B i 8 1 + ). 

The optimal adjustment of the cooler parameters is done with the help of movable, 
position-sensitive particle detectors, that deliver the transverse distribution of ions after ra
diative electron capture in the cooler. For low beam intensities a beam diameter of less then 
1 mm was measured, corresponding to an emittance of 0.05TT mm mrad. 

Due to the permanent action of the electron cooler on the circulating ion beam a continuoiis 
(multi-step) recombination process takes place. Thus different charge states are breeded and 
stored simultaneously, if they fit into the ESR momentum acceptance of about 3 %. As the 
dispersion function in the cooler region is close to zero these additional charges are cooled as 
well (Fig. 3). Because the energy of the different charge states is fixed by the electron cooler the 
relation between the frequency difference of the charge states is only determined by the orbit 
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(1) 

length differences: 
A / _ A C 

As the charge states q aie known exactly and the Schottky frequencies can be measured with 
high accuracy the transition point for the given lattice optics, -yt, can be derived with a precision 
in the ordei of 1 x 10~ 4 . 
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Figuie 3: Simultaneous stoiage and cooling of thiee Bi chaige-states 

The ESR is also designed to woik in the synchiotion mode, which allows beam acceleration, 
deceleiation and both fast and slow extraction. Beam deceleration from 300 to 50 MeV/u was 
already successfully testet. Cooling on the low energy level, that allows to compensate the blow 
up of emittance and momentum spread during the deceleration process, will be possible after a 
ramped mode of the Coolei-high-voltage and the -magnets is established. 

x (mm ) 

z (m) 

Figure 4: Slow beam extraction for recombined A u 7 7 + - and stripped A u 7 9 + - i o n s 

A new type of slow extraction will be testet at the ESR in the neai future. Beam sim
ulations show (Fig. 4), that both recombined ions by the election coolei and stripped ions by 
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the internal target may be deflected into the extraction channel without disturbing the primary 
beam. This kind of slow extraction process will preserve the excellent beam quality in the 
extracted beam. 

A cooled, fast extracted beam is used for the external study of a high intense ion beam 
and for the reinjection back into the SIS. Due to the small beam emittance no beam losses could 
be detected in the extraction channel. 

3. C O O L E R A P P L I C A T I O N S I N E S R - E X P E R I M E N T S 

Whereas all internal experiments benefit from the high phase space density of the cooled 
beam, special experiments in addition use the electron cooler as a free electron target for the 
investigation of interactions between electrons, ions and even photons. 

The Schottky diagnosis is a sensitive tool to detect fragments, that have been produced 
either within the FRS or by scattering of a stored intense heavy ion beam with the internal gas 
target. Due to the extremely small momentum spread of the cooled beam the signal to noise 
ratio of the Schottky spectra is very high, so that fragments with an intensity of less than 100 
particles can be resolved. Mass determination with a rather high accuracy (-^p ~ 1 • 10~ ) can 
be achieved by taking the particle energy, precisely denned by the cooler voltage, into account. 

Y a - - 6 7 . 7 8 OB 
P O W E f ^ S P E C l l O O O A v g O X O v l D H a n n 

- 9 1 . 1 

1 . BB 
/Div 

OBm 

rms 
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Fxa Y O M Z 12Mar92 12: 57 3 9 . S B 5 lOOK 

Figure 5: Longitudinal Schottky scan of stored and cooled nuclear fragments 

Fig. 5 shows different fragments created by the collision between a primary Di-beam and 
an Ar gastarget-beam. The himinosity in this experiment was about 1 x 10 2 cm~ s~ ; the 
calculated cross-section of the visible fragments is in the region of 10 mbarn. It should be noted, 
that internal target experiments are only possible in combination with the electron cooler, which 
compensates for the emittance-, momentum-blow-up and the energy loss, that take place during 
the ion-/ target-interaction. 

The GSI plasmaphysics-group has started to investigate effects of a cooled bunched beam 
with an experiment to achieve high phase space densities by fast bunch compression [3]. By 
quickly ramping the rf voltage from 100 V to 4 kV the bunch performed a synchrotron rotation, 
resulting in a bunch length reduction and an increase of the peak current by a factor of 6. 

By using the electron cooler as a free electron target experimental studies of the interaction 
between the cooler electrons and the circulating ion beam are possible. 

The cooler is equipped with x-ray detectors, that are used in coincidence with recombined 
particle detection for investigation of the REC-process; because of the small temperatures of 
the cooling electron beam and of the cooled ion beam REC in the electron cooler gives rise to 
narrow x-ray lines, which is important to precise spectroscopy. 

The Dielectronic Recombination (DR) experiment [4] investigates the dependence of ex
citation energies (including Lamb-shift) by a two stage transition of electrons in heavy ions. 
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Fig. 6 shows a typical DR-spectrum, measured with Li-like gold, where the count rate of Be-like 
Au is plotted versus the electron energy in the c. m. frame between 0 and 50 eV. The energy 
variation of the electrons is possible by applying a variable pulsed voltage in a range of ± 5 kV 
to a drift tube in the cooler section. 

e + A u 7 6 + (1s22s) - A u 7 5 + (1s 22pnl) 

15000 

0 U000 

CO 

13000 

12000 
0 5 10 15 20 25 30 35 40 45 

Energy (cm.) [eV] 

Figure 6: Dielectronic Recombination with Li-like Au-ions 

In this experiment the cooler served three purposes at a time: it supplied electrons for 
the breeding of Li-like ions from the stored He-like ones, it cooled the beam, and it served as a 
target of electrons with tunable energy. 

This year the first successful experiment of "Laser-Induced electron- ion Recombination" 
(LIREC) took place at the ESR [5]. A two-step laser induced recombination process was 
stimulated at an Ar ion-beam; The recombination of cooler electrons into n = 82 as a first step 
and sequentially to n=36/37 by a second laser frequency was detected. 
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ABSTRACT 
The electron cooler at TARNII has mainly been used for atomic and molecular physics 
experiments since 1991 when fundamental electron cooling tests finished. In this 
paper, some observed results during cooling and their analyses are reported. 

1. INTRODUCTION 

The TARNII is a storage ring [1] having a circumference of 78 m with electron cooler [2]. Light and heavy 
ions are injected from a sector focusing cyclotron with a K-number of 67. The first cooling experiments took 
place in September 1989. The electron cooler has recendy been used mainly for the atomic and molecular physics 
experiments [3,4]. It is used to improve the momentum resolution and to reduce me transverse emittance of ion 
beams. It is also important for the stacking of low-intensity ion beams available from the cyclotron. The 
electrons of the cooler are a good electron target which can be adjusted to a finite velocity relative to the ion 
beams. Although time for studies of electron cooling has been quite limited, there has been some progress 
relating to the electron cooling technique. 

For the parameters of the TARNII ring, the horizontal and vertical beta functions at the cooling section are 
11 and 2.4 m, respectively. The dispersion function at the cooling section is as large as 4.9 m. Typical horizontal 
and vertical tune values during cooling are about 1.7 and 2.1, respectively. Average vacuum pressure is about 
lxlO" 1 0 Torr. So far we stored molecular ion beams as well as atomic ion beams. They are p, d, 3 He + , He + + , N s + , 
N 7 + , H 2

+ , H 3

+ , HD 2

+ , HeH+, HeD+ and CH+. 
The electron cooler has a layout with vertical U-shape. The electron energy and current can be changed over 

a wide range. The cooling experiments, however, have been performed only at the injection energies. So, electron 
energies are typically less than 12 keV and currents are at most 1 A. Electron beam diameter is 50 mm. 

This paper describes typical results obtained in recent cooling experiments and their analyses. 

2. BEAM PROFILE MEASUREMENTS 

An accurate alignment of the electron and ion-beam axes is essential for efficient electron cooling. The 
beam width in transverse direction is very sensitive to such alignment accuracy. In order to observe the horizontal 
beam profile without destructing the circulating ion beam, a residual gas ionization beam profile monitor was 
designed. The ion-electron pairs produced by the impact of the ion beam on residual gas are accelerated in the 
uniform electric field, and the residual gas ions bombard the surface of a micro-channel plate (MCP). MCP event 
location is determined by a resistive anode using charge division or risetime encoding technique [5,6]. One-
dimensional projection of the beam profile can thus be obtained. 

Fig. 1 is a photograph of the profile monitor. A Chevron type MCP with a sensitive area of 100 mm 
(transverse)x 15 mm (longitudinal) and one dimensional resistive anode are mounted together. The resistive anode 
comprises a sheet resistor with a total resistance of 250 kQ. In order to identify the beam position, 4 parallel bars 
with a width of 1 mm are installed on the entrance of the MCP. A uniform electric field used to accelerate ionized 
residual gas was generated by applying a voltage of 10 kV between the upper and lower plates, which was divided 
by a resistor string and also applied to the intermediate electrodes. Since the electric field slightly steers 
circulating ion beams vertically, it is compensated by a reverse electric field formed by the same electrodes 
installed downstream of the profile monitor. 

For position measurements, both charge-division and pulse-risetime methods have been tested. Although 
they gave almost the same position resolutions, the second method can work at higher count rates. Fig. 2 
represents a measured beam profile of 85-MeV N s + ions with and without electron cooling. The beam width 
changed from 60 mm (FWHM) to 1 mm with cooling. This means that the emittnance was compressed from 90 
it mm mrad to 0.025 JI mm mrad after cooling. The profiler is used for the diagnostics of cooling like Schottky 
signal. 
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Fig. 1. Photograph of horizontal beam profile monitor. Horizontal position (mm) 

Fig. 2. Horizontal beam profiles for (a) uncooled and (b) 
cooled 85-MeV N s + beams. The dips in the profile 
result from the shadows of 1-mm thick wires, which are 
inserted to calibrate the beam position. 

3. BEAM STACKING 

The beam intensity stored in the ring can be increased by the repeated mulritum injection with cooling, 
called "cool stacking". In this case, a part of the phase space volume prepared for the multiturn injection is 
occupied by the cooled and stacked beam. Fig. 3 shows an example of the cool stacking for 20-MeV proton beam, 
in which the beam was injected every 4 s and cooled. The intensity of the injected beam is about 10 \iA at a 
multitum batch. The injection and cooling were repeated many times. After 50 injections in a time of 3 min, an 
intensity multiplication factor of about 30 was reached, resulting in the total number of stored particles of 
2.4x 109. The intensity saturates gradually due to finite beam lifetime, increasing beam size and so on. Sometimes 
we observed sudden loss of the beam, probably due to some instabilities. 

4. SCHOTTKY SIGNAL MEASUREMENTS 

The frequency spectra of the cold beam Schottky signals show splitting. The splitting becomes 
remarkable with the increase in number of circulating particles. It is originated from two plasma waves 
propagating parallel and antiparallel to the beam direction with a characteristic frequency fc that is half the peak 
distance (7]. Fig. 4 shows the splitting of frequency spectrum of 61st harmonics of Schottky signal for 16-MeV 
proton beam with electron current of 0.4 A. The spectrum shows splitting even at a low current as 3 p-A. 
Estimated momentum resolution Ap/p (FWHM) is 1.6xl0"s and 4.7xl0 - s at the currents of 7 and 90 uA, 
respectively. The longitudinal couphng impedance (Z„/n), which can be deduced from fc and number of circulating 
particles, is about 1.5 kQ. Sometimes a triple-peak structure was observed, where the central peak position 
corresponded to the position of the harmonics of the revolution frequency. Self bunching of the beam (60 \iA) was 
observed even when we switched off the RF voltage. The Schottky spectrum becomes more stable and sharper 
when we detuned the frequency of RF cavity from the revolution frequency. The improvement of the momentum 
resolution from our previous measurements [2] seems pardy due to the reduction of ripple voltages of the high 
-voltage power supply which accelerates electrons. This power supply has a fast response time of 1 ms and can 
reduce the slow component of ripple voltages to a level to 0.1 V p which is low in comparison with our previous 
ripple level of 3 V p . p . . 
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Fig. 5. Beam lifetime (1/e) as a function of electron 
acceleration voltage for (a) coasting beam and (b) 
bunched beam (voltage: 18 V p . p) measured with a DC 
current transformer. Beam is 20-MeV proton and its 
current is about 40 \iA. Tuned electron voltage (V c o o l) 
and current are 11.218 kV and 0.3 A, respectively. 

5. EFFECTS OF DETUNED ELECTRON BEAM 
An apparent beam loss in time of about 1 s after injection has been observed in a bunched beam cooling 

even with electron energy far detuned from the cooling energy. Such a decrease has been observed by using an 
electrostatic position monitor which is sensitive only to the bunched beam current. However, the current decrease, 
when measured with a DC-current transformer (DCCT) which was recently installed in the ring, was much slow. 
We try to understand the particle behavior when the electron velocity does not match the synchronous particle 
velocity. In order to find the electron cooling phenomenon easily, we used the small bucket with bucket height of 
20 V p . p (for 20-MeV proton) which corresponds to the proton momentum width of Ap/p~0.3x 10 3 . On the other 
hand, the initial uncooled proton momentum width is equal to about lx 10"3. If the electron energy is tuned to the 
bucket center, the injected beam is cooled into the bucket center. This can be observed by the fast increase of the 
AC beam current with time in contrast to almost constant DCCT current. If we now detune the electron energy 
from the bucket center by an amount less than bucket height, a "ring" of beam is formed inside of the bucket [8]. 
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Fig. 6. Beta and dispersion functions (a) without electrons and solenoid field and (b) wim an electron current of 4 
A and a solenoid field of 0.6 kG. Electron cooler locates at the orbit length of about 65 m. 

In this case, the AC and DCCT currents give almost the same results as the above ones. If we further detune the 
electron energy exceeding the bucket height, protons are siphoned out of the bucket, resulting in the fast decrease 
of the AC current after injection. The cooled DC component of the beam, however, still remains outside of the 
bucket, which gives slow decrease of the DCCT current. The experimental findings on the AC and DCCT 
currents behavior in case of the detuned electron energy can qualitatively be explained by such a consideration. 

Fig. 5 shows the bunched and coasting beam lifetimes when the electron energy is shifted from the cooling 
energy. The lifetimes decrease rapidly and then get stabilized as the electron energies move apart from the tuning 
energy. There are minimums at around 0.15 kV. As the dispersion function at the cooling section is large, the 
beam moves horizontally by about the electron beam diameter of 50 mm if its energy is dragged to the one 
corresponding to the electron energy at the minimum. The dips seem to have a relation with such a beam 
movement. The coasting beam lifetime is generally longer than the bunched beam lifetime. The beam lifetimes at 
the far detuned electron energies are by about factor of 2-3 shorter in comparison with the ones without electron 
beam. The ion beam is affected by the electron beam despite negligibly small drag force at large detuning 
energies. 

We try to understand such a phenomenon by taking account of the radial force due to the electron space 
charge. The radial electric field is linear inside the electron beam, while it changes as 1/r outside the electron 
beam. So particles feel different forces inside and outside of the electron beam. If the ion beam comes out of the 
electron beam due to the misalignment of the beams or the larger beam size than the electron beam, a deformation 
of phase space area occupied by the beam may happen. In order to study the behavior of the beam under the 
detuned electron beam, we did simulations using a program in ref. [9], neglecting the drag force under following 
conditions, 

initial tunesiQ^l.TS, Qy=2.15, beta and dispersion functions at cooling section: pV=ll m, p^=2.4 m, T]x=4.9 m, 
electron-diameter: 50 mm, -length: 1 m, solenoid field: 0.6 kG (uncompensated), 
initial beam (20-MeV proton) at cooling section: |x| s 40 mm, |x'|s 3.7mrad, |y| <, 10 mm, |y'| s 4.5mrad. 

In the calculations, the magnetic field produced by the electron beam was neglected as its effect is small. Fig. 6 
shows the differences of beta and dispersion functions with and without electrons and solenoid field which were 
calculated taking account of the linear part of the space-charge force. As can be seen in the figure, they change 
much and the vertical dispersion {r\y) newly appears due to the solenoid field. Tune shifts are AQx=+0.044 and 
AQy=+0.009 which are mainly due to the electron current of 4 A. Fig. 7 shows phase plots for particles with a 
momentum larger than the central particles by Ap/p=+0.2 % at Ie=0, 1 A and 4 A, including linear and non-linear 
space-chargeforces. Particle phases are plotted every 103 turns up to 104 turns altogether on the horizontal and 
vertical phase spaces. As can be seen in the figure, the separatrix becomes unclear and the beam size expands with 
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the increase of electron current. This tendency is especially remarkable for the particles outside of the electron 
beam and those having large momentum deviation. The plots are only 104 turns which correspond to 14 ms. So 
the beam quality becomes much worse in the time of the order of seconds. From these simulation studies, it can 
be concluded that followings are important in order to avoid the beam loss: 1) overlap of electron and ion beams, 
2) compensation of solenoid field, 3) zero dispersion at the cooling section and 4) small beta functions. Although 
this phenomenon is not serious for our ring practically, the simulated results seem to suggest the origin of strong 
"electron heating" observed at CELSIUS [10]. 
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COSY ELECTRON COOLER AND FIRST PROTON BEAM COOLING 

W. Derissen, R. Maier, U. Pfister, D. Prasuhn, W. Schwab, U. Schwarz, M. Sedlacek, 
K. Sobotta, H J. Stein, J. Wimmer, / . Witt and A. Zumloh 

IKP-Forschungszentrum Jûlich GmbH, D-52425 Jiilich, Germany 

Abstract 
The COSY electron cooler has been designed, constructed and tested during 
the years 1989 to 1992. After magnetic field measurements and corrections 
the electron cooler was mounted in a test position outside the COSY ring 
for first electron beam experiments. In February 1993 the electron cooler 
was moved into the COSY ring. First cooling experiments took place 
during spring and summer this year. Results of the comissioning and the 
first cooling experiments will be presented. 

COLLECTOR 
END COIL 

Figure 1: The COSY electron cooler 

317 



1. INTRODUCTION 

The COSY electron cooler is designed to provide high brilliance proton beams at low 
energies between 40 MeV and 200 MeV. This energy regime defines the parameters of the electron 
cooler, 20 to 100 keV electron energy. A maximum electron current of 4 A within a diameter of 
2.54 cm was chosen for fast cooling of high emittance beams. The maximum flux of the solenoidal 
field of the electron cooler amounts to 0.15 T. Results of the longitudinal and transverse magnetic 
field measurements and corrections are presented in Section 2. 

Gun and collector conditioning took place in the test position outside the COSY ring. Results 
of the electron beam tests are described in Section 3. 

The first cooling experiments in COSY were carried out at an energy of 40 MeV protons 
corresponding to 20 keV electron energy. Momentum cooling was obeserved with longitudinal 
Schottky-spectra, the transverse cooling with H°-detectors. Cooling results are presented in 
Section 4. 

2. THE MAGNETIC FIELD 

2.1 The longitudinal field 

The magnetic field configuration consists of three solenoids and two 90° toroids. Fig. 1 gives 
an overview over the magnet system. The solenoids are constructed similar to the IUCF design with 

iron rods as magnetic 
yoke. This design allows 
an easy access to the 
magnets to mount 
additional steeriing and 
correction coils. The two 
90° toroids are splitted 
into a 55° and a 35° 
toroid each. Their 
mechanical layout is 
iden t ica l to the 
CELSIUS toroids. All 
main magnets are 
connected in series to 
one power supply, which 
a l so feeds the 
compensation solenoids 
in the COSY-ring. The 

LONG, POSITION / M final adjustment of the 
different current for each 
of the magnets is done 

Figure 2: The longitudnal magnet field deviations at a level of 1200 T. by active shunts. In this 
way the ripple of the 
main power supply does 

not change the current ratio of the individual magnets, which decreases the requirements for the 
tolerances, especially for the compensation solenoids. 
The expected field decrease in the transition regions between the solenoids and the toroids are 
compensated by separate gap coils. The longitudinal magnetic field was measured with a Hall 
probe drawn through the magnet system [1]. Fig. 2 shows the magnetic field deviations on the 
electron beam axis along the whole magnetic system from the gun to the collector solenoid. The 
active shunts and the gap coils are set to the optimum values for a magnetic field of 0.12 T. The 
field deviations are below 10"2, which is in agreement with the specifications. The large deviation 
at the transition between collector toroid and collector solenoid is due the fact, that we did not care 
about the electron beam quality in front of the collector. Therefore we did not install a gap coil at 
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this transition. The 
remanent field of the 
cooler magnets amounts 
to 1 0 - 4 T, the 
reproducibility of the 
magnetic field after a 
rapid switch-off is better 
than 10-3. 

2.2 The tranverse 
magnetic Held 

- .50 - .25 .00 .25 .50 
LONGITUDINAL POSITION / M 

.75 1.00 

Figure 3: The transverse field component in the drift solenoid, 
uncorrected (dashed line) and corrected (solid line) 

High requirements 
have to be fulfilled by the 
tranverse field in the drift 
region, because any 
angular deviation from 
the pure longitudinal field 
simulates a higher 
temperature of the 
electron beam and 
increases the cooling 
time. For the transverse 
m a g n e t i c f i e l d 
measurements we used 
the same method as was 
used at the TSR cooler in 
Heidelberg [2]. A soft 

iron magnetic needle mounted perpendicular on a small mirror orientates itself freely in space due 
to a cardanic suspension. This mirror was drawn through the drift solenoid by a rod of balsa wood. 
The soft iron needle adjusts itself exactly along the magnetic field lines. An electronic 
autocollimator registers the angle deviations of the mirror. This gives directly the ratio between the 
tranverse and the longitudinal magnetic field at the measurement position. In Fig. 3 the result for 
the uncorrected horizontal field of the drift solenoid is displayed. Though the deviations are already 

in the order of 3-10 -4, we added saddle coils with 
varying angles according to the field 
measurements. The field error coils consist of 3 
windings fixed on a plastic sheet, which could 
easily be mounted onto the coils of the drift 
solenoid due to the "open" construction. With 
these error coils we were able to suppress the 
transverse field component to less than 2-10"5 in 
the effective cooling region of 1.5 m [3]. 

3. ELECTRON BEAM TESTS 

The first electron beam tests were made in 
an offline position outside of the COSY ring. 
This enabled us to check the different electron 
beam conditions without disturbing the 
comissioning of the storage ring itself. The 
vacuum system of the COSY electron cooler is 
not yet baked, so we achieved a vacuum of 
10 - 9 hPa without electron beam, increasing to 
5 1 0 _ 8 h P a with electron beam on. The 
conditioning of the electron cooler was done 

5.00 

.00 .25 .50 .75 1.00 1.25 1.5C 
BEAM CURRENT , 

.75 2.00 2.25 2.50 
A 

Figure 4: Electron loss current as function of 
the electron current, varied are the collector 
anode voltage and the collector end coil 
current. 
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within 2 days, resulting in a stable 
operation at 100 keV and 1.5 A. At 
lower energies up to 25 keV electron 
currents up to 3 A were possible. 
These current limitations are due to 
the pressure increase of the unbaked 
vacuum system. The electron gun 
with the adiabatic acceleration allows 
an indépendant adjustment of the 
electron energy with the acceleration 
voltage and of the electron current 
with the gun anode voltage. The 
measured gun perveance of 0.88 JJ.P 
is in good agreement with the 
EGUN-result [4] of 0.9 |IP. 

Fig. 4 displays the results of our 
collector efficiency measurements. 
We varied the collector voltage 
between 5 kV and 7.5 kV and the 
current of the collector end coil 
between 0 A and 6 A. The collector 
anode voltage was set to the 
minimum value to avoid beam 
reflection. The graph clearly shows a 
possible collector efficiency of better 

than 2-10-4. The influence of the collector end coil is much more efficient than a higher collector 
voltage [5]. 

Figure 5: The electron cooler in its final position in the 
COSY tunnel 

4. COOLING RESULTS 

After the electron beam tests in the offline position the electron cooler was moved into the 
COSY ring during a 4 weeks shutdown in February 1993. Fig. 5 shows the electron cooler and the 
compensation solenoids in their final position in the COSY tunnel. 

Our cooling experiments so far were carried out at injection energy, i.e. 40 MeV protons. A 
few tests were made to check the electron beam conditions after the movement of the electron 
cooler. Then we adjusted the correction steerers and the quadrupoles in the cooling telescope to 
compensate the magnetic disturbance of the cooler magnets to the storage ring. It turned out that the 
steering of the proton beam and the electron beam could be handled nearly indépendant to each 

other. By this it was a rather easy task 
to adjust the proton and the electron 
beam directions to better than 
0.3 mrad. After a fine adjustment of 
the electron energy indications of 
cooling could be detected. Even with 
electron currents between 50 mA and 
250 mA cooling times of 5 to 10 sec 
were observed. The first indication of 
cooling was detected with the bunch 
length reduction observed with the 
sum signal of a beam position 
monitor. The longitudinal Schottky-
spectra indicated a momentum spread 
reduction from 2.5-10"3 to less than 
10"* for 109 protons. Fig. 6 shows the 
longitudinal Schottky spectra for the 
uncooled beam (in logarithmic scale) 
and for the cooled beam (in linear 

LogMag 

LinMag 

C e n t e r : 453 5 1 1 Hz S p a n : 1 2 5 6 Hz 

Figure 6: Longitudinal Schottky spectra of the uncooled 
(logarithmic scale) and the cooled (linea scale) proton 
beam in COSY 
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scale). An increase of the electron 
current to 400 mA lead to proton beam 
instabilities, whereas with 250 mA the 
proton lifetime was increased from 
50 sec without cooling to 5 min. 

After installation of our H°-
diagnostics, a two-dimensional 
multiwire proportional chamber behind 
the exit of the first bending magnet, we 
were able to measure the transverse 
beam profiles in the cooling region. 
Figure 7 shows the horizontal and 
vertical beam profiles Is, 3s and 6 s 
after injection. The horizontal axes are 
calibrated in mm. The cooled beam 
emittance may be calculated according 
to formula 1: 

CHANNEL NUMBER — POSITION [KM; £ = • 
W-< 

Pc + d2/Pc 
(1) 

Here, P c is the betafunction in the 
Figure 7: Horizontal and vertical H°-spectra of the 
cooled proton beam in COSY 

cooling region, 6 m in the horizontal 
and 18 m in the vertical plane, d is the 

distance between cooling region and the H°-diagnostics, for COSY 25 m, and w is the measured H° 
profile width. With these values we estimate a cooled beam emittance of better than 
0.4 % mm mrad. The uncooled beam emitance is in the order of 25 7C mm mrad. 

Detailled measurments of our beam cooling, i.e. drag force measurements, high resolution 
Schottky-spectra etc. are foreseen for the beginning of next year. Acceleration of the cooled beam 
and cooling at higher energies also will take place in spring 1994. 

REFERENCES 

[1] 

[2] 

[3] 

[4] 
[5] 

Derissen et. al., Status of the COSY Electron Cooler, EPAC 92, 
Editions Frontiers (1992), p. 839 
M. Jung, Prazisionsmessung des Magnetsystems der Elektronenkiihlung am TSR, 
MPI H-1989-V34 
W. Schwab et al., Magnetic Field Measurements of the COSY Electron Cooler, 
IKP Annual Report 1992, JUL-2726 (1993), p. 215 
W.B. Herrmannsfeldt, SLAC-226, Stanford 1979 
R. Maier et al., Comissioning of the COSY Electron Cooler - Phase 1, 
IKP Annual Report 1992, JÙL-2726 (1993), p. 212 

321 



ELECTRON COOLING WITH AN ELECTRON BEAM OF 10 meV 
TRANSVERSE T E M P E R A T U R E 

H. Danared 
Manne Siegbahn Laboratory, S-104 05 Stockholm, Sweden 

A B S T R A C T 
The CRYRING electron cooler has recently been rebuilt to accomodate a mag
netically expanded electron beam. Using a new electron gun with a cathode 
that has ten times smaller area than the old gun, and a magnetic field which 
decreases adiabatically after the gun solenoid by a factor of 10, the trans
verse electron temperature has been reduced from 100 meV to approximately 
10 meV. The effect of a reduced electron temperature on cooling and resolution 
in recombination spectra is discussed. Measurements of the drag force and an 
example of the improved resolution in recombination experiments are shown. 

1. I N T R O D U C T I O N 

Most electron coolers are used both for cooling or stacking of heavy-particle beams and as electron 
targets in physics experiments. In both cases, the electron temperature is an important quantity. The 
cooling time or the drag force that the electrons exert on the ions depends strongly on the electron 
temperature, and the resolution in many atomic-physics experiments is determined directly by the spread 
in electron energy. A reduction of the electron temperature thus improves both machine performance 
and experimental resolution [1]. The CRYRING [2] electron cooler [3] was recently rebuilt to accomodate 
a magnetically expanded electron beam, lowering the transverse electron temperature by a factor of 10 
from 100 to approximately 10 meV. This was accomplished by decreasing the longitudinal magnetic field 
by a factor of 10 between the gun solenoid and the small solenoid immediately below it (see fig. 1). At 
the same time, a new gun with 10 times smaller cathode area was installed. 

Fig. 1. Schematic diagram of the CRYRING electron cooler. The electron gun (before the 
cooler was rebuilt) is to the left and the collector to the right. 
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2. ELECTRON TEMPERATURES, COOLING FORCES, A N D 
EXPERIMENTAL RESOLUTION 

The longitudinal electron temperature in an electron cooler is in general quite low due to the 
acceleration of the electrons. At CRYRING, kTe^ = 6 x 1 0 - 5 eV has been deduced from the line 
shapes of dielectronic-recombination spectra for an electron beam of 6 kV and 260 mA [4]. This value 
is in good agreement with the temperature resulting from the transverse-longitudinal relaxation in the 
electron beam [5]. The transverse temperature is unaffected by the acceleration of the electrons and has 
in all coolers been 100 meV (corresponding to the cathode temperature of around 1000°C) or higher. 
Measurements of the drag force created by the electrons have been performed at CRYRING for ions of 
three different charge-to-mass ratios [3]. The measurements agreed well with a transverse temperature 
kTe± = 100 meV. The same dielectronic-recombination spectra as mentioned above gave &Tej_ = 150 meV. 

The simplest calculations of the cooling time use the binary-collision model and assume an isotropic 
electron temperature. If the velocity spread of the ions is smaller than the thermal velocities of the 
electrons, the cooling time is found to be proportional to and the drag force to Te

 3 ^ 2 . For a non-
isotropic electron-velocity distribution, the drag force can be calculated analytically only in a few limiting 
cases. Thus, if the longitudinal temperature is negligible, the longitudinal drag force is proportional to 

« —3/2 
TeJ_ and the transverse force to TeJ_ , still provided that the velocity spread of the ions is smaller than 
that of the electrons. This implies that a reduction of the transverse electron temperature by a factor 10 
(which is the factor that will be considered in the rest of this article) reduces cooling times with a factor 
between 10 and 30 if the electron current can be kept constant. We here neglect effects of "magnetised" 
cooling (adiabatic interactions between ions and electrons in collisions at impact parameters larger than 
the cyclotron radius of the electrons) since they have not been seen at CRYRING. 

This improvement can be obtained only if there are no other contributions to the effective electron 
temperature than the cathode temperature. Transverse electron velocities can be induced by radial 
electric fields in the gun, the bending through the toroids, field errors in the solenoids (particularly the 
cooling solenoid), space charge, etc. Heating in the gun is not likely to be a problem since it is reduced by 
the expansion in the same way as the thermal spread from the cathode. In addition, the magnetic field is 
10 times stronger, whereas the electric fields become larger (due to the reduced size of the gun) by only a 
factor of 10 1 / 2 . Dipole coils in the toroids are indispensable and have to be rather carefully adjusted. The 
same is true for the coils correcting the straightness of the field in the cooling solenoid—the field must be 
straight within 0.1—1 mrad, depending on the ion energy. The transverse drift of the electrons, created 
by the space charge in combination with the longitudinal magnetic field, can become significant for high 
currents. The drift velocity is proportional to the distance from the centre of the beam, however, and once 
the ion beam has started to cool down and shrunk in diameter, this effect becomes less important. Also 
the longitudinal temperature is affected by the space charge. The velocity difference is here proportional 
to the radius squared, making the space-charge effects much smaller longitudinally than transversally for 
small ion-beam diameters. The longitudinal energy spread is generally set by the transverse-longitudinal 
relaxation mentioned above to something in the order of e 2/(4îreo)n e . This value is also larger than 
the extra longitudinal energy spread introduced by the expansion—the expansion transfers the transverse 
electron motion into a longitudinal energy spread. 

The energy resolution in, e.g., atomic-physics experiments such as those studying radiative, disso
ciative, or dielectronic recombination between stored ions and cooler electrons, is sensitive both to the 
transverse and the longitudinal electron temperature. If the relative energy between ions and electrons is 
small, the transverse temperature limits the resolution, while the longitudinal temperature is important 
for high relative energies. More precisely, the transverse temperature gives a contribution to the peak 
width which is independent of the relative energy, whereas the contribution from the longitudinal tem
perature is proportional to (.EVeî ii) [6]. Decreasing the transverse temperature from 100 to 10 meV 
will thus have the biggest effect at relative energies Ere\ < E\/E^, where the resolution will improve with 
a factor of 10. 

3. ELECTRON-BEAM EXPANSION 

The expansion of the electron beam will reduce its transverse temperature if the magnetic field 
decreases adiabatically with respect to the cyclotron motion of the electrons. More specifically, the 
transverse energy of a particle divided by the strength of the longitudinal magnetic field is an adiabatic 
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invariant under changes of the field strength: 

W± 

~s7 « const. 

(The author hereby and for all future apologises for using expressions such as "transverse energy", al
though he knows that energy is a scalar quantity.) 

Adiabaticity requires that the region of decreasing field is much longer than the cyclotron wave
length Ac, which is given by 

A c = 
87r2m. £/, 

B 2 

1/2 

In the case of the CRYRING cooler, the field decrease occurs over approximately 30 cm, and setting 
Ac <C 30 cm gives Uacc <C 500 kV if B = 0.05 T. To obtain more precise numbers, particles were traced 
through a field gradient that was calculated based upon the real cooler geometry. For particles with an 
initial transverse energy of 100 meV, a field in the gun solenoid of 0.3 T and with 0.03 T in the rest of 
the cooler, the transverse energy after the expansion is shown as a function of total energy in fig. 2. It is 
seen that the transverse energy becomes reduced to 10 meV up to an energy of approximately 30 keV, 
and that a significant effect remains up to 60 keV. 

0.12 

40 
Total energy (keV) 

80 

Fig. 2. Transverse energy (i.e., m e t ; 2

± / 2 ) of an electron after the field gradient given in the 
text, as a function of the total electron energy. The initial transverse energy was 0.1 eV. 

The area of the electron beam is inversely proportional to the magnetic field strength, so in order 
to keep the beam diameter unchanged in the cooling solenoid, the gun must be made correspondingly 
smaller in a cooler using an expanded electron beam. A gun's perveance, however, does not change when 
its size is changed, and the current (and thus the current density in the cooling solenoid) can remain 
the same as in a conventional cooler. The only limitation is set by the maximum current density that 
the cathode can deliver, which is several A/cm 2 for dispenser cathodes. For very high expansion factors, 
LaB6 cathodes may be considered. They have a higher operating temperature, but this is more than 
compensated for by their higher emission. 

4. RESULTS 

During the winter and spring of 1993, a new electron gun was built for the CRYRING cooler, and 
it was installed during the summer. It has the same geometry as the old gun, but its linear dimensions 
are reduced by a factor 3.2, giving it a cathode diameter of 12.5 mm. All cooler magnets, including one 
pair of correction dipoles and a compensating solenoid, are connected in series to a single 600-A power 
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supply. The reduction of the magnetic field strength was accomplished by connecting a shunt resistor 
(a solenoid once used for a nuclear spectrometer) in parallel with all magnets except the gun solenoid. 
The resistance of the shunt is such that the field becomes 10 times weaker in the shunted magnets as 
compared to that of the gun solenoid. Since 600 A corresponds to 0.3 T in the solenoids, the field in the 
cooling solenoid is at present limited to 0.03 T. 

A measurement of the drag force between ions and electrons with the new cooler configuration 
was made with a D + beam at 6 MeV per nucléon. The measurement was, as before [3], made by first 
cooling the ions and then changing the electron energy, observing from the Schottky signal how fast 
the ions accelerate toward the new electron velocity. The electron current was as low as 50 mA in 
order to reduce the drag rates, and the magnetic field in the cooling solenoid was 0.025 T. The result is 
shown in fig. 3 together with the old measurements. The theoretical curves are from the binary-collision 
model with a longitudinal electron temperature of 5 x 10~5 eV (the value expected from the transverse-
longitudinal relaxation). Clearly, the new points are consistent with a transverse electron temperature of 
approximately 10 meV. 
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Fig. 3. The drag force created by the electrons on the ions as a function of the velocity 
between electrons and ions. The force is normalised to an electron density of 10 1 4 c m - 3 . 
The open symbols are from measurements with a conventional electron beam, the filled 
squares represent measurements with the expanded electron beam. The curves are from the 
binary-collision model with a longitudinal temperature of 5 x 10""° eV. 

One may argue that the strong drag force can be caused by the interaction with "magnetised" 
electrons. (In fact, taking this effect into account, one would expect an even larger drag force than 
the one observed even for electrons with 100 meV transverse temperature.) The only certain way of 
measuring the electron temperature is therefore to study the peak shapes in, e.g., some recombination 
process. Such a measurement was performed very recently, when dissociative recombination of HeH + ions 
was studied [7]. The spectrum of fig. 4 shows the measured yield of recombined molecules as a function 
of the relative energy between ions and electrons. The sharp rise between 20 and 30 meV shows that the 
transverse electron temperature indeed is close to 10 meV. 

5. S U M M A R Y A N D O U T L O O K 

Although the idea to obtain a lower transverse electron temperature by expanding the electron 
beam has been discussed earlier [8], no attempts to realise such a scheme seem to have been made until 
now. We have shown, however, that this method works according to the theoretical expectations, and 
that a transverse electron temperature of approximately 10 meV can be reached. We have also seen how 
atomic-physics experiments can benefit from the low temperature. Obvious questions are if it can be 
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extended to higher expansion factors and higher energies. 
We believe that expansion factors larger than 10 are feasible, at least at relatively low energies. 

Electron currents will then be limited to values below 1 A (unless LaBg cathodes are used), and a 
superconducting gun solenoid will probably be necessary. Preferably, the gun solenoid should be wound 
in such a way that the transition to the low magnetic field becomes smoother than in the present setup. 
This will also allow higher electron energies. The influence of the various heating mechanisms discussed 
in section 2 must be carefully considered, however. 

At CRYRING we plan to improve the performance of the cooler further by replacing some of the 
parts used at present (magnets, power supplies) with new equipment made specifically for the use with 
an expanded electron beam. 
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Fig. 4. Preliminary data from a recent experiment with dissociative recombination of HeH + 

ions. The figure shows the yield of recombined ions as a function of the relative energy 
between ions and electrons. 
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COHERENT INSTABILITIES AT ELECTRON COOLING 

V. Parkhomchuk andD. Pestrikov 
Budker Institute of Nuclear Physics, 630090 Novosibirsk, Russia 

ABSTRACT 
It is well known that very cooled beams tend to become unstable. Many causes of 
instabilities can be foreseen of which one is described in this paper. 

1. INTRODUCTION 
In the ion storage rings with electron cooling the beam emittance and momentum spread (e, Apjp) can 

reach very small values. Due to its dielectric reactance the electron beam gives additional contributions to the 
longitudinal and transverse impedances. 

These facts generally increase the sensitivity of the cooled beam to various collective effects, including 
the instabilities of coherent oscillations, which can start from unusually small ion beam currents. As is well 
known, the strength of these instabilities is also determined by the so-called longitudinal or transverse coupling 
impedances. 

Preliminary calculations [1,2] have shown that the interaction with the cooling beam can result in the 
damping of transverse coherent oscillations of the ion bunch if its velocity coincides with the average velocity 
of electrons. If, however, the deviation in the longitudinal velocities exceeds the velocity spread of the electron 
beam, this interaction results in the rather fast instability of coherent oscillations of the ion bunch. 

In this report we use a simplified model to calculate the increments of transverse coherent oscillations of 
the ion beam due to interaction with the cooling beam. 

2. SINGLE-ION COOLING 

An interaction of a single ion of mass M with cooling electrons produces the following friction force [3]: 

- 47zZ2eV„ f V F J£A/(5.)rf3u. CD 
m J \V-ve 

where 
n is the density of the electron beam in the phase space, 
Lc is the Coulomb logarithm, 
Z is the ion-charge number, 
n is the electron density, 
e, m are the electron charge and mass (the symbol < > will be used for averaging), 
V,v are the ion and electron beam velocities, 
f(ve) is the electron-beam velocity distribution 

As a function of <V> the friction force attains its maximum value when the velocity deviation 
M = < y > - < C e > occurs near the velocity spread in the electron beam IAI. For higher l« I the friction decreases 
to w2. Then the decrements of betatron oscillations can be estimated using the expression: 

1 r)F f 
Xa = —2 , a = {x(horizontal), z(vertical)} (2) 

M dVa II 

where / is the length of the cooling region and II is the perimeter of the closed orbit. If u < A, the values Xa are 
positive, which corresponds to the beam cooling: 

x = ArmZ1e%i_ ( 3 ) 

mMA3 n 
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Otherwise, u > A leads to beam heating [2] with increments: 

A(a) 
4mZ2e4Lc I 

mMu* IT 
(4) 

3. COHERENT INCREMENTS 

To simplify calculations, we estimate the increments of coherent oscillations of the ion bunch as the 
heating increments of macro-particles which contain Na particles inside a sphere of radius a moving with a 
velocity v>0 in the laboratory frame. This approach can be based, for instance, on the theorem about the sum of 
the decrements of collective modes [4]. Due to the collision with such a macro-particle electrons change then-
momenta by the amount 

Ap = ZeLN„u 
a Vuo 

(5) 

and the average rate of the electron energy growth can be evaluated as follows: 

d E _ ( A P ) 2 „ _ 3 UO 
dt 

-na 
m fi 

Then the decrement of coherent oscillations of the ion beam can be given by the following expression: 

, \ 3 

. = i_dE__nZ2e4N„ 
E dt mMa KvoJ 

= Hu)u3Na 

\VoaJ 

(6) 

(7) 

where the kinetic energy of microparticles AE is expresssed by AE = (Mu2/2)Na. 

If N is the number of ion beam particles, a0 the beam radius, tp the length of the bunch, and N/ital t b 

the ion beam density, then a sphere of radius a contains: 

N=N 
<*o*b 

(8) 

Substituting this expression in Eq. (7) we obtain the increment of the transverse coherent oscillations: 

Xc = A(u)u3N ' ^ 3 

v0 a2otbLc 

(9) 

In a more realistic case, when the electron beam is guided by the longitudinal magnetic field and the 
electron beam is magnetized, Eq. (9) still holds if we replace u by the deviation in the longitudinal velocities. 
The value Xc is positive if u < An. In this case, the interaction with the cooling beam damps the coherent 
oscillations of the bunched ion beam provided that Ac is smaller than the frequency of the synchrotron 
oscillations. In the inverse case, u > AH, the value Xc becomes negative and hence coherent oscillations become 
unstable. Since this instability is due to the space-charge type of wakes, we can expect that the increments of 
the higher-order betatron modes will slowly decay with the increase in the mode number. 

4. CONCLUSIONS 

For usual cooling device with the following parameters: n = 108 cm 3 , u = 2 x 105 m/s, \>o = 108 m/s, 
I = 2m,a0 = 0.02 m, l b = 10 m, L c = 5, Eq. (7) results in 

Ac = TV 5 x 10"7 s _ 1 

For the ring with n = 80 m, dQ/d(lnp) ~ 1 and for Ap/p ~10 3 , the frequency spread of betatron oscillations is: 
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° d(tnp) p 
If we take the value ws = 6 x 103 s_1 as frequency of the synchrotron oscillations, men the comparison of Eqs. 
(10), (11) ans ws gives N,h = 101 0 ions [5]. 

In principle, such an instability may cause the so-called "effect of electron heating" at CELSIUS [4]. 
The increment of the instability in Eq. (9) increases during the beam cooling. Provided that the dipole 

modes are damped by some feedback system, the next unstable will be the quadnipole modes. In the cold beam 
these modes can be stabilized by die frequency spread due to the Coulomb tune shift. In this case, both 
increment of instability and the Landau damping decrement are proportional to the ion beam current. Hence, the 
stability criterion will define the threshold current of the electron beam. 

Note also than the heating of ions due to collisions inside the target will decrease the increments of this 
stability and will increase the threshold current of the beam. 
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W H A T IS E L E C T R O N C O O L I N G F O R H I G H - Z ? 

I. Hofmann 
GSI D a r m s t a d t , Postfach 110552, D-64220 D a r m s t a d t , Ge rmany 

Abstract 
We present a computer simulation of the cooling process for high-Z ions in the 

limit of no magnetic field and of an infinite magnetic field. Special emphasis is on 
the effect of initial conditions, a description of the origin of the cooling force in 
terms of the wake field of the ion, and of the nonlinear response of the electrons 
to the ion potential. We show that the usually assumed Z 2 -dependence of the 
cooling force (and rate) in the linearized theory is modified due to the fact that the 
Coulomb potential of a highly charged ion can induce a strong perturbation of the 
electron distribution, which invalidates linear theory. Our numerical results suggest 
a scaling oc Z15 for Z/Np > > 1, where N^is the number of electrons per Debye 
sphere. Electrons are described here as a collisionless plasma by using a particle-
in-cell code in r-z geometry, with the test ion moving in z-direction. This model is 
appropriate as long as Np is larger than unity, hence Z should be much larger than 
unity to enter into the nonlinear regime. 

1. I N T R O D U C T I O N 

Recent measurements of the cooling force for medium [1] and highly [2] charged heavy ions 
have shown that the cooling force increases weaker than the ^ 2 - l aw suggested by the linearized 
dielectric theory [3] as well as the binary collision model [4]. It is obvious that a theoretical 
description of this phenomenon would be of great importance for interpreting the data as well 
as completing our understanding of electron cooling. Estimates on possible improvements of 
cooling with much colder electron beams than presently used have to take into account nonlinear 
effects, which may lead to a saturation. One aspect of such a saturation has been proposed in 
terms of collectively trapped electrons moving along with the ion and resulting in a considerably 
reduced effective charge of the ion projectile [5]. This effect was essentially due to the initial 
conditions of the ion starting to interact with the electron plasma in a non-adiabatic fashion 
(i.e. not arriving from infinity). An analytical description of the nonlinear plasma response in 
stopping of a negative ion has been performed in a 1-dimensional approximation using charge 
sheets rather than point particles [6]. These authors found that in the limit of small perturbation 
(i.e. linear response) their nonlinear result would lead to twice the stopping force than predicted 
by the linear dielectric theory, where there is no difference between positive and negative ion 
charge. 

A different model has been suggested for the 3-dimensional problem extending the lin
earized theory in first order perturbation theory [7]. This semi-nonlinear treatment lead to the 
conclusion that there is an extra temn oc Z 5 ' 2 for positive ions and a term oc Z3 for negative 
ions in the limit of very small ion velocities compared with the electron thermal velocity. These 
authors found that in both cases the (small) nonlinear terms result in an enhancement of the 
force. 

A full description of nonlinear effects appears to be impossible analytically, hence the re
maining tool is computer simulation. An alternative approch to the (nearly) collisionless plasma 
simulation presented in this paper is the "molecular dynamics" model [8]. This model is more 
appropriate to desribe strong coupling between the electrons for extremely cold electrons. It is 
confined to a relatively small number of electrons (typically 10 2 ) , which are then periodically 
repeated in all spatial dimensions. The particle-in-cell model, on the other hand, ignores colli
sions between the electrons. Its advantage is that one can work with a large number of electrons 
(10 4 to 10 5 ) and thus describe relatively long-range collective interaction adequately (see Debye 
screening length below). 
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2. S I M U L A T I O N M O D E L A N D B A S I C P A R A M E T E R S 

Our goal is to use a self-consistent computer simulation of the interaction process to 
describe the plasma response under the conditions of strong nonlinearity as well as with realistic 
initial conditions. We are using a particle-in-cell code in r-z geometry (SCOP-RZ) with the test 
ion moving in z-direction. 

Procedure : The potential of the test ion is that of a point charge. The plasma response 
to the ion is calculated in a selfconsistent way by solving Poisson's equation on a mesh in r,z. To 
this end we push the electrons for one time step according to Newton's equations, deposit their 
charge on the nearest mesh points ("area weighting") and thus obtain a spatial density on the 
r-z mesh. The electron plasma is actually modelled as a beam, which is rotationally symmetric 
with respect to the z-axis. Electrons are radially confined by a harmonic potential, which is 
equivalent to a cylindrically symmetric smeared out ion background. In longitudinal direction 
the plasma is assumed to have periodic boundary conditions. In order to simulate magnetized 
cooling we have also foreseen the option to freeze the transverse motion, which corresponds to 
an infinite magnetic field. For zero magnetic field we assume that the plasma is isotropic, i.e. 
the transverse temperature is equal to the longitudinal. 

Init ial Condi t ion: At time zero the ion starts interacting with the yet unperturbed 
electron plasma. This abrupt "non-adiabatic" entry of the ion into the electron plasma is 
justified by the small bending radius at which the electron beam merges with the ion beam [5] 

Parameters : An important feature of our model is that the simulation plasma is ex
tended, i.e. large compared with the Debye shielding length describing the effective range of 
interaction of a test particle (here an ion) with the election plasma. For the ion at rest this 
static shielding length is given by 

\ D = "«. .e /Wp, ( ! ) 

where the plasma frequency is defined by wi = • ?- 2 f l- and no is the electron density. In practical 
units we can write 

, JbT(eV)/10- 4 , i / 2 , x ,ns 
A c ^ 1 0 x V » i / 2 (fim). (2) 

no(cm • 5 ) /10 8 

For an ion moving with relative velocity Av > > vih^ ("fast ion") one introduces a dynamical 
shielding length, which is given by the same expression, but with vt^e replaced by Av. It is thus 
necessary to choose the actual size of the simulation plasma large compared with the dynamical 
Aj> We note that for infinite magnetic field the shielding radius is properly calculated by taking 
the parallel election temperature [3]. 

Limit of Appl icabi l i ty: The model of an ideal or collisionless plasma is applicable as 
long as the number of particles per Debye sphere, 

ND = y ^ , ( 3) 

where no is the electron density, is larger than unity. For N& < 1 ("non-ideal plasma") reliable 
results can be obtained with the molecular dynamics method. 

To give an example we find that ND « 1 for n 0 = 10 8 ( c m - 3 ) and kT - 2 x 1 0 - 4 (eV). It 
is easily verified that ND oc n ~ 1 / 2 ( f c T ) 3 / 2 . 

In the simulation we artificially inciease the number of electrons per unit volume, keeping 
the charge to mass ratio invariant. This is desirable to obtain a consistent description of an ideal 
plasma; it also helps to reduce statistical fluctuations, which would cause a large error bai in 
each run. We note that our simulation plasma is not completely collisionless. The area-weighting 
method for density calculations introduces a small diffusion rate depending on the mesh size. 
This is well-known in particle-in-cell simulation; in our context it is even a desired deviation 
from the artificial ideality. 

Nonl inear i ty Parameter: An important question is to define a dimensionless "nonlin
earity parameter". We adopt the suggestion from analytical theory, where the scaled ion charge 
Z/Nn is used. The physical meaning of this is the following: an ion is attracting Z electrons to 
shield its own space charge; as long as Z « Njy the ion shielding is a weak perturbation of the 
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Figure 1: Sca t te r plots of s imula t ion for s t rong nonl inear i ty(^ / iV£)=135) ; left plot real 
space, right p lo t longi tudina l phase space. 

electron density. For Z > > Np the shielding implies a strong perturbation of the local electron 
distribution, hence linearized theory is violated. 

We first present results for the isotropic plasma in the absence of a magnetic field. The 
result of a simulation with 1.3xl0 5 electrons (only 8 x l 0 3 plotted) describing an extended en
vironment of the test ion is shown in Fig. 1. We are using a scaled time; in all examples the 
plasma oscillation period 2TT/WP is 20. The plot shown is at time T=16. The ion is at rest and 
the electron beam is moving to the left. The relative velocity Av is measured in units of the 
electron thermal velocity spread, vthiC, and is chosen 1 in this example. The scaled charge state 
Z/ND is as large as 135 to demonstrate a strong nonlinearity. We note that for the largest phys
ical charge (Z=92) this would mean ND=0.68, which is actually beyond the range of validity of 
the ideal plasma approximation. The electron beam is strongly perturbed by the presence of 
the ion, both in density as well as in local " temperature" . 

3. D E B Y E S H I E L D I N G 

The shielding of an ion with Z/N^=AS is shown in Fig. 2, where we plot the axial electric 
field component in the neighbourhood of the test ion about a plasma period after start. The 
upper case refers to A r = 0 , i.e. static shielding, the center case to A v = l and the bottom case to 
a fast ion with A r = 5 . The ion is attracting a cloud of electrons, which shields the ionic electric 
field. The shielding is symmetric in the static case; for the moving case the shielding is seen 
to be more effective in the wake of the ion (left side). For the fast ion there is practically no 
shielding in front of the ion; the shielding cloud is found further away in the wake, where the 
sign of the bare ion electric field is reversed by it. 

The theoretically expected shielding length (according to Eq. l ) , is 3 scaled length units 
for the static case. This agrees well with the simulation result. 

4 . C O O L I N G F O R C E 

The origin of the cooling force acting on the ion is the electric field produced by the 
electron "cloud" at the position of the ion (see Fig. 2. It is zero for an ion at rest; for a 
moving ion it is nonzero, since the "cloud" lags behind the ion. The shape of the electric field 
distribution indicates the well-known feature that there is a maximum force at an intermediate 
relative velocity, which drops to zero at large relative velocities. The cooling force for A r = l 
as a function of time is shown in Fig. 3 for the strongly nonlinear example of Fig. 1. Besides 
Z/Nz>=lZ5 we also show the result for a negative ion with Z/ND=-135 (unphysical). It is 
recognized that for both cases the cooling force increases from zero during the phase where the 
shielding cloud is formed. The cooling force on the positive ion is considerably larger in the 
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Figure 2: Debye shielding effect for different velocities 

early phase, which we explain by trapping of electrons in the ionic potential. These electrons 
lead to a drag force only in the beginning. It should be noted here that according to Fig. 3 the 
effective cooling force comes to a stationary value only after a sufficient time, hence it may vary 
with the length of the cooler. After 3/4 of a plasma period the forces on positive and negative 
ion are identical. 

It is also observed that the force for the negative ion is much smoother than for the 
positive. This might be connected with the phenomenon of trapping. It is of interest to plot 
the cooling force as a function of relative velocity. This is shown in Fig. 4 for Z/Nr>=4:5. The 
maximum of the force occurs near Au=2, with a linear dependence on velocity for slow ions. 
A comparison with the well-known linearized theory result [3] shows that the maximum force 
is approximately a factor of 4 smaller, which we ascribe to the nonlinear response. For large 
relative velocities the difference vanishes. This is consistent with the observation that Z/Np 
should be calculated with the dynamical screening length entering into N£> according to Eq. 3. 
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Figure 3: Cooling force for s t rongly nonlinear case as funct ion of t ime 
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Figure 4: Cooling force as function of relat ive velocity 

5. D E P E N D E N C E O N Z/ND 

Results of simulations for different values of the scaled charge state Z/Np and Av have 
been obtained. Here Np is defined using the static Debye length. In Fig. 5 we have plotted 
Er/Z, which should be a constant according to linear theory. Since the value At>=l is in 
the linear regime (Fig. 4) the cooling rate is directly proportional to this force (dashed line). 
It is noted that with increasing Z/NQ the force is decreasing for the slow ion, whereas it is 
almost constant for a fast ion with Av~5. The latter case is thus close to the linearized theory 
behaviour (the gentle decrease is explained in linear theory by the decreasing Coulomb logarithm 
with increasing Z). This agreement can be explained by noting that N/j is proportional to (Av)3 

for fast ions, hence the nonlinearity parameter is accordingly reduced. For Z / N c ~ 100 we find 
that there is no difference between the forces on the A Î > = 1 and A v = 5 case. This indicates that 
the pronounced peak in the force for ion velocities near the electron thermal velocity vanishes 
for strong nonlinearity. It should be noted that for the slow ion it is not easy to simulate a case 
with Z/Nr, equal to or smaller than unity, where the perturbation is small and linear theory 
should apply. This is due to the fact that small perturbations fall within the noise level of the 
simulation plasma, hence the error bar on the friction force is large. 

The data of Fig. 5 suggest that for slow ions the cooling force follows an approximate 
scaling with Z1* in the regime 1 < Z/ND < 50, which is about the regime of applicability 
of the ideal plasma simulation. A similar fitted scaling ( Z 1 - 4 3 ) has been obtained recently by 
a molecular dynamics approach [8] in the regime, where strong correlations among electrons 
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Figure 5: Scaling of normalized force Ez/Z 
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Figure 6: Cooling force for infinite magnet ic field a n d A v = l 

play a role. This good agreement suggests that the nonlinear reduction of the cooling force is 
unsensitive to correlations between electrons, but a matter of the strong perturbation of the 
local electron temperature due to the ion potential. 

6. M A G N E T I Z E D C O O L I N G 

We have carried out preliminary studies on magnetized cooling. For this case we have 
assumed the limit of an infinite magnetic field by suppressing the transverse motion of electrons. 
Results are shown in Fig. 6 for Z/Np equal to 15 and 135 and A r = l . We have plotted E z / Z as 
in Fig. 3 using the same scale. The plasma density and (parallel) temperature is identical to the 
isotropic plasma case without magnetic field. We find that for positive ions the force is almost 
a factor of two smaller than without the magnetic field (note that in the latter case we have not 
considered a "flattened" distribution with larger transverse than longitudinal temperature). For 
negative ions it is, however, about a factor of 3 larger, if one ignores the values at early times. 
This agrees well with experimental observations at MOSOL, where an enhanced force was found 
for H~ as compared with protons [9]. The enhancement factor was 3 for 4 kG magnetic field; 
no enhancement was found for 1 kG magnetic field. 

A similar nonlinear force reduction as in the above case is again recognized from Fig. 6, 
where the linearized theory would predict identical values for E r / Z . A comparison of different 
values of Z/Np for Ai>=l confirms that approximately the same scaling oc Z15 applies as in the 
case of no magnetic field, both for positive and negative ions. 
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LASER COOLING OF M MG + 
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ABSTRACT 
Laser cooling of ^Mg* has now begun at the ASTRE) storage ring. In contrast to 
7 Li\ which has been used up to now, it is now possible for the laser to interact with 
all of the beam. In this paper some of the results from the first beam time with ̂ Mg* 
are described. By frequency chirping a single laser, laser cooling has been performed 
on a coasting beam, and first evidence of sympathetic transverse cooling has been 
observed. 

1. INTRODUCTION. 

At the Institute of Physics and Astronomy at the University of Aarhus, the ion 7Li+ has, during the last 
few years, been used to study laser cooling in a stored ion beam [1,2]. A longitudinal temperature of 1 mK 
(Ap/p=1.5-10"*) has been achieved1. However, this ultralow temperature was achieved in a very dilute beam, in 
which the momentum diffusion was dominated by the diffusion due to the laser and not by that due to intrabeam 
scattering. For a more dense beam the diffusion is dominated by intrabeam scattering, and the ultralow 
temperatures cannot be obtained. 

7Li+ is an almost ideal ion for laser cooling. It has a nearly closed transition (branching ratio less than 10'5) 
at a wavelength of 548.6 nm (green light), where CW lasers are very well developed. However, the lower state 
of the cooling transition is the metastable ls2s 3 S 0 state, 60 eV above the groundstate. It was hoped that the 
groundstate ions would be cooled sympathetically due to Coulomb interactions with the coolable metastable ions. 
Measurements have now shown that in the ionsource used at ASTRID, only ~10r* of the ions are produced in 
the metastable state. There is therefore no hope of any significant sympathetic cooling, on the timescales of the 
storage lifetime. The energy which can be removed by the laser is too small to change the velocity distribution 
of the beam as a whole. 

2. LASER COOLING OF MMg+. 

A new ion has therefore been chosen, which has a suitable cooling transition operating directly from the 
groundstate, so that all the ions can be addressed. This ion, MMg\ has a closed transition, with a lifetime of the 
upper state of only 3.5 ns. The short lifetime implies that the maximum cooling force due to the spontaneous 
force can be potentially up to -20 times larger than that in the case of 7Li+. The range of the force in velocity 
is also larger because of a larger natural linewidth. Table 1 summarizes some of the different properties of 7Li + 

and ^Mg*. Unfortunately, the transition wavelength is in the UV at 280 nm, where CW lasers are not very well 
developed, and it has up to now not been possible to produce enough CW UV laser power to use this ion to 
perform laser cooling in a storage ring. 

By the technique of frequency doubling, a tunable CW UV laser system capable of routinely producing 
50-60 mW has been developed at our institute. This power implies that the maximum force on a single ^Mg* 
ion is approximately the same as that on a 7Li* in the metastable state. But because all ions can interact with the 
laser in the case of ^Mg*, the force on the beam as a whole is more than 104 times larger than that in the case 
of 7Li+. This increase in the force has allowed a manipulation of the velocity distribution of the ion beam as a 
whole. 

In Fig. 1 are shown two longitidinal Schottky spectra of a 100 keV MMg+ beam. One (dashed line) is taken 
without laser, and the second (solid line) is taken after a laser scan from -2 GHz (Ap/ps-6.2-10"4) to +12 GHz 
(Ap/p=3.7-10'3) relative to the linecenter. The laser is able to change the momentum by Ap/p = 3.9-10"3, 
corresponding to an energy shift of 780 eV. A slight decrease in the width of the distribution is also seen, but 
this effect has been reduced by the heat up after the laser scan, due to diffusion from intrabeam scattering. Some 
ions are left behind by the laser. This is partially due to intrabeam scattering events in which ions undergo so 
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large a velocity change that they end up on the "wrong" side of the scanning laser and are lost from the cooling 
process. Another reason is that as ions get accelerated their orbits in the ring shifts due to dispersion (Dj=2.7 m), 
and the physical overlap between the laser beam and the ion beam is thus reduced. 

Table 1: Some of the different properties of 7Li + and ^Mg*. 

7Li + w 
Coolable fraction -10"4 1 

Typical saturation parameter3 25 0.25 

Max cooling force on a coolable ion, averaged over the 
ring circumference" 

8 meV/m 42 meV/m 

Max energy change per round trip, averaged over all of 
the beam 

-33 nV 1.7 eV 

Max cooling power, averaged over all of the beamc 1.4 eV/s 38 keV/s 

Typical thermal energy in the beam (in the lab. frame)0 190 eV 190 eV 

Range of force (FWHM Ap/p)c 6-10"6 1.4-10"5 

* The saturation parameter is the ratio between the laser intensity and the saturation intensity for the transistion. A saturation parameter 
of 1 means that the spontaneous force on resonance is half of what it would be with infinite laser intensity. 
b Assuming overlap for 4 m (1/10 of ring circumference) 
c at E=100 keV 
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Figure 1. Two longitudinal Schottky spectra, measured from 0 s to 11.2 s after injection. One is taken without 
laser (dashed line) and one is taken after a laser scan from -2 GHz to +12 GHz. 
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3. LASER COOLING BY FREQUENCY CHIRPING. 

With only one laser, fixed in frequency, no stable point is possible [3]. However, by scanning the 
frequency of the laser, laser cooling is possible by pushing the ions in front of the laser. 

Figures 2 and 3 show the velocity distribution during the last part of two cooling scans. These are 
measured by scanning the voltage on a post acceleration tube, and thereby locally changing the velocity of the 
ions. Looking at laser induced fluorescence, the number of ions can be measured as function of velocity. Figure 
2 shows the result for a low density beam (n=2-105 cm'3), and Fig. 3 shows the result for a higher density 
(n=l-106 cm"3). The scan ranges and the scan rates are the same for the two ((-2 GHz (Ap^-6.2-10"4) to +4 
GHz (Ap/p=1.2-10~3)) and 24 GHz/s), but note the different scale on the X-axis. It is seen that for a low density 
the laser is able to collect all of the ions, whereas this is not possible in the case of a higher density. The reason 
for this is that intrabeam scattering or another diffusive mechanism is stronger for a higher density, and there are 
therefore many more scattering events which will change an ions velocity by more than the capture range of the 
force. For a lower scan rate the capture range is larger [3] and we find that the laser then is able to collect all 
of the ions, even for the higher density. 

From the distance from zero relative velocity (which is at the maximum laser force) to the peak of Fig. 
2 and the scan rate, one can get an estimate of the strength of the laser force. We find this to be -26 meV/m 
averaged over the ring cirfumference, in reasonable agreement with the theoretic value calculated in Table 1. 

4. TRANSVERSE SYMPATHETIC COOLING 

Laser cooling has up to now only been accomplished on the longitudinal degree of freedom of a stored 
beam. The reason that direct transverse laser cooling has not been successful, is that the physical overlap between 
a laser beam propagating transversely to the ion beam will be much smaller than for a laser beam propagating 
parallel to the ion beam. It has long been beheved that by cooling the beam longitudinally, the beam would also 
be cooled transversely, because energy would be transferred from the hot transverse degree of freedom to the 
cold longitudinal degree of freedom by intrabeam scattering. However, up to now no effect of this mechanism 
has been measured. We have now seen evidence for such a transverse cooling. Laser cooling was performed with 
a fixed frequency laser in an RF bunched beam as described in [4]. At a certain time after injection a vertical 
scraper was run into the beam, and the loss of ions was monitored by a neutral particle detector. Assuming a 
Gaussian distribution for the ion beam, the scraper spectra were fitted [5], and the resulting sizes are shown in 
Fig. 4. In Fig. 4 the open circles are the beam sizes measured with the laser blocked and the filled circles are 
with the laser on. Even though there is a large spread in the sizes for the laser on, the sizes with laser on are 
significantly smaller. The averaged difference is -10%. The effect is not very big, and it will certainly be one 
of our goals in future beam times to improve this. 

Laser Cooling by Frequency Chirping 
5 —3 

Low D e n s i t y ( n = 2 ' 1 0 c m ) 
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Figure 2. Velocity distribution measured during laser Figure 3. Velocity distribution measured during laser 
cooling by frequency chirping in a low density beam, cooling by frequency chirping in a higher density beam. 
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Figure 4. The vertical beam sizes measured with and without longitudinal laser 
cooling. The errors are the statistical errors from the fit to the data assuming a 
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5. CONCLUSION 

In this paper we have shown some of the results of our first beam time with ^Mg* in the ASTRID storage 
ring. We measured among other things the beam dynamic and equilibration processes with laser induced 
fluorescence, and we found that the laser was able to perturb and change the velocity distribution of the ion beam. 
In addition we have for the first time laser cooled a stored ion beam bunched by an RF cavity [4], and first 
evidence for indirect transverse cooling has been observed. 

For our next beam time, planned to take place in winter 1993, we will have two UV lasers. We can then 
have one laser copropagating and one laser counterpropagating, which will allow us to have a stable point which 
is fixed in velocity. This will also allow us to get a much higher friction force, and therefore achieve a much 
lower beam temperature. The capture range of the force will also be increase, reducing the loss from the cold 
distribution due to large velocity changes from the intrabeam scattering. Another aspect which will be further 
pursued is the indirect transverse cooling. 
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ABSTRACT 
The ASTRID storage ring has been used to study laser cooling of low energy ion 
beams. We discuss the results of recent experiments involving the ion 2 4 Mg + . We 
have employed a single cooling laser and a radio frequency (RF) cavity to 
demonstrate the first laser cooling of a bunched beam. 

1. INTRODUCTION 

Laser cooling has, to date, been employed in two storage rings, the Test Storage Ring (TSR) in Heidelberg 
[1] and ASTRID [2] in Aarhus. Laser cooling is an attractive technique for beam cooling because of the 
potentially low momentum spreads and high cooling rates obtainable. The possibility of obtaining a crystalline 
ion beam [3] is often closely linked to the strength and speed of the laser cooling process. There are, 
unfortunately, few candidate ion/laser combinations for laser cooling of energetic beams. Following our early 
work using the ion 7 Li + [2,4] and visible lasers, we have developed a tunable UV laser for use in cooling the ion 
^Mg"1" [5]. The advantages of using this ion and tunable lasers are discussed elsewhere in these proceedings [5]. 

Several experimental configurations have been used for longitudinal cooling of ion beams using laser light. 
The first experiments in ASTRID employed two tunable lasers; a co-propagating laser to accelerate slow ions, 
and a counter-propagating laser to decelerate fast ions. This is analogous to the situation in ion or atom traps. 
Some experiments in the TSR employ a single, fixed-frequency laser and an induction accelerator. The 
induction accelerator sweeps ions into resonance with the laser, forming a cold distribution. A single scanned 
laser may also be used [5] in order to form a cold distribution. These last two methods have the disadvantage 
that the stable, cold distribution is only obtainable while the induction accelerator or the laser is scanning. There 
is no fixed stable point for the cooling force. 

We have developed another method for producing a steady-state, cold distribution which combines laser 
cooling with standard RF bunching technique. This method offers the advantage of producing a stable, cold 
distribution with a single cooling laser. A further benefit is the ability to study bunched beam dynamics in a 
very cold beam. 

2. DESCRIPTION OF THE COOLING METHOD 

An RF cavity is used to bunch the injected ion beam. The frequency of the RF potential defines an ideal 
velocity (the synchronous velocity) for ions in the storage ring. For ions having velocity (or phase) errors 
relative to the synchronous particle, the RF potential represents a quasi-harmonic restoring force in longitudinal 
phase space. These particles undergo oscillations (synchrotron oscillations) in energy and phase relative to the 
synchronous particle. 

Figure 1 illustrates, in the longitudinal phase plane, the principle of the cooling method for a single particle. 
A particle having non-zero longitudinal emittance undergoes synchrotron oscillations. Each dot in the diagram 
represents a single revolution. A laser beam, which is co-propagating with the ion beam, is tuned to be in 
resonance with the ion when it has its minimum energy in the oscillation cycle. The particle absorbs photons 
from the laser beam and is accelerated slightly. This alters the phase space trajectory, as shown in the diagram. 
The particle continues to scatter photons until its velocity is changed enough to take it out of resonance with the 
laser light. (The width in velocity of the radiation pressure force, which is determined by the line width of the 
optical transition, is taken to be much smaller than the particle's velocity error. It is, of course, this narrow width 
that defines the very small energy spreads obtainable in laser cooling.) By scanning the frequency of the laser, 
the amplitude of the synchrotron oscillations can be further damped, as illustrated in the figure. 
For a distribution of particles, the method is essentially the same. The laser is initially tuned to be in resonance 
with particles having the largest synchrotron amplitudes. Scanning the laser frequency then damps the 
oscillations of all particles as the laser comes into resonance with particles having smaller longitudinal 
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emittance. The cooling process is stopped by halting the laser scan just short of being in resonance with the 
synchronous particle. The laser can then maintain the cold velocity distribution in the CW RF field. Note that 
the fixed-frequency laser can re-cool particles which may diffuse out of the cold distribution (because of 
intrabeam scattering, for example), since their synchrotron oscillations will periodically bring them into 
resonance with the laser. Note also that, in the projection of the phase space distribution onto the velocity axis, 
the signature of this cooling method is a distribution that narrows symmetrically around the synchronous 
velocity as the laser scans. The width of the distribution at any time should be approximately twice the velocity 
detuning of the laser from the synchronous velocity (if the distribution is broad enough that the transition line 
width can be ignored). 
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Figure 1. Longitudinal phase space plot illustrating the 
principle of bunched-beam laser cooling. Energy 
deviation and time deviation are plotted for a single 
particle in an RF bucket. 

3. THE EXPERIMENTAL SETUP IN THE ASTRID STORAGE RING 

Figure 2 shows the configuration used for bunched beam cooling in the ASTRID ring. The ring itself is 
described in reference [6]. The beam employed consisted of 100 keV 2 4 Mg + ions produced in an ion source and 
electrostatically accelerated. Typical beam currents were of order 1 uA, corresponding to 108 particles stored. 
The initial momentum spread of the injected beam is very low (5P/P-10"5), but the beam blows up rapidly to 
ÔP/P-10'3 (for coasting beam). The RF cavity was operated at the 26th harmonic of the revolution frequency. 
Due to the very low longitudinal emittance of the beam, the RF cavity was operated at very low voltages, 
typically of order 10 V peak. 

The laser employed was a frequency-doubled ring dye laser producing light at about 279 nm in the UV. 
The laser is co-propagating with the beam in one straight section of ASTRID, giving about 4 m of overlap. For 
more specifics of the laser cooling parameters see reference [5], these proceedings. Fluorescence light is 
detected by a photomultiplier tube (PMT) looking transversely at the beam. The beam observed by the 
phototube is passing through a post-acceleration tube (PAT) which is isolated from the vacuum chamber and 
upon which can be placed a voltage. This voltage locally alters the kinetic energy of the ions and therefore can 
be used to determine the velocity class of ions that is locally in resonance with the laser. Scanning the voltage 
on this tube while monitoring the fluorescence light from the beam allows rapid measurement of the ions' 
velocity distribution during the cooling process. The beam can also be observed using a longitudinal Schottky 
detector, but due to the difficulty in interpreting the coherent signals from a bunched beam, we have employed 
the laser fluorescence technique for characterizing the velocity distribution. The time structure of the bunched 
beam has been measured using the sum signal from standard beam position pickups. 
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POSITION OF RF CAVITY 
(NOT SHOWN) 

Figure 2. Layout of the ASTRID storage ring. The 
circumference is 40 m 

4. DEMONSTRATION OF BUNCHED-BEAM COOLING 
A typical cooling cycle starts with DC beam injected into the ring with the RF cavity operating CW. The 

laser is also operating CW at injection and is detuned -3 GHz, that is, initially in resonance with particles having 
5P/P = -lxlO" 3. After à delay of two seconds, the laser is swept in frequency at rate of 3 GHz per second. As 
the laser is sweeping, the post-acceleration tube is scanned rapidly at intervals of 50 ms. The resulting 
fluorescence signal is thus a series of snapshots of the beam's developing velocity distribution as the cooling 
proceeds. Figure 3 shows the time development of the velocity distribution measured in this way. The plot 
shows 15 measurements of the beam's velocity distribution at intervals of 50 ms. The synchrotron period for the 
applied RF voltage is about 60 revolutions, or 2.7 ms (for small synchrotron oscillation amplitude). The 
decrease in peak signal for the scan just before 3.1 s delay reflects the fact that the laser has crossed the 
synchronous energy and has begun to accelerate the beam out of the RF bucket. The laser scan was not halted in 
this measurement. 

Figure 4 shows the velocity widths extracted from the fluorescence signal in Figure 3. In the interval 
recorded, the velocity spread has been reduced by a factor of 10. The minimum corresponds to 5P/P~5xl0"5, or, 
in terms of longitudinal temperature, approximately 1 K. Note that this minimum could be optimized by 
stopping the laser scan at various points before the laser crosses the synchronous energy; this has not yet been 
attempted. 

The other longitudinal phase space coordinate is monitored by measuring the bunch length as the laser scan 
proceeds. Figure 5 shows a typical oscilloscope trace of the signal from the beam pickup. For the low-velocity 
(v~9xl05 m/s) magnesium ions, the bunch lengths are much longer than the time constant of the detection 
electronics. The bunch widths were measured with and without laser cooling for various times. The bunch 
width with no laser cooling is found not to change in the time scale of interest. In Figure 6, the time 
development of the bunch width during the cooling scan is depicted. Each point represents an average over 
many bunches. The bunch length decreases by about a factor of four during the cooling. That this number is 
smaller than the associated decrease in energy spread may indicate that the minimum bunch length is limited by 
the longitudinal space charge force in the bunch [7]. This has not yet been studied systematically. Figure 6 also 
indicates a growth in bunch length (the point to the extreme right of the figure) as the laser crosses the resonant 
frequency corresponding to the synchronous velocity . 
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Figure 3. Time history of the ion velocity distribution during laser cooling. Each peak is an 
independent laser fluorescence intensity vs. velocity measurement. The numbers on the abscissa are 
the laser detuning at the time the measurement is made. The measurements are separated in time by 
50 ms. The beam current is about 0.5 uA. 
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Figure 5. Bunch shapes measured early in the laser scan 
(detuning -2.0 GHz, left) and towards the end of the 
cooling process (detuning -0.3 GHz, right). Both traces 
are l|as/div. and 10 mV/div. 

1.0 

0 . 8 

0 . 6 

0 . 4 

0 . 2 h 

0 .0 
- 2 . 5 

1 1 
- * 

1 1 1 

- x 

* — 

-
* 

-

- * T 
X 

1 1 1 1 1 
- 2 - 1 . 5 - 1 - 0 . 5 

LASER DETUNING GHz 

0 . 5 

Figure 6. Bunch width (FWHM) vs. laser detuning measured during the 
cooling scan depicted in Figure 3. 

5. CONCLUSIONS AND FURTHER STUDY 
We have demonstrated the feasibility of laser cooling of bunched beams in a storage ring. Reduction of 

both beam energy spread and bunch width have been directly observed. Measurement of the beam velocity 
spread by a laser fluorescence technique is shown to be a unique, unambiguous method for diagnosing the 
effectiveness of the cooling. These techniques have great potential for contributing to the study of the dynamics 
of bunched beams in the space charge limited regime, such as observed in the experiment in the IUCF Cooler 
Ring [7]. The laser cooling method also offers considerable freedom in the preparation of a cold bunch, since 
the final momentum spread in the beam can be set by simply choosing the final detuning of the laser relative to 
the synchronous particle (assuming that no competing heating mechanisms are important). 

In the near future, more systematic measurements of bunched beam laser cooling will be carried out in 
ASTRID. Of interest is the dependence of the bunch shape on the beam intensity. The minimum momentum 
spread obtainable must also be determined, and the effect of phase noise heating from the RF system must be 
addressed. The addition of a second UV laser in ASTRID (December 1993) should enhance the cooling and 
diagnostic capabilities in the ring. 
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A B S T R A C T 
Two substantial new effects of intrabeam scattering have been observed 
in a laser-cooled 7.3 MeV 9 B e + beam. A loss of laser-cooled ions out 
of the velocity capture range of the cooling force occurs, which we can 
explain by single binary collisions transfering a large amount of kinetic 
energy out of the transverse motion into the longitudinal one. After a 
certain cooling time, however, this loss is surprisingly found to disappear. 
As a second important effect, we have observed an indirect transverse 
cooling of the longitudinally laser-cooled ion beam. 

1. I N T R O D U C T I O N 

Standard laser cooling techniques applied to stored ion beams allow a very fast reduction 
of the longitudinal beam temperature to extremely low values, but do not directly affect the 
transverse motion of the ions. Therefore laser cooling typically results in a longitudinally ex
tremely cold beam which is transversely still hot. In this pronounced thermal non-equilibrium, 
the connection of the laser cooling process with the transverse ion motion by int rabeam scat
tering (IBS) processes leads to new interesting effects, occuring in addition to a simple heating 
of the longitudinal motion. In this paper, we focus on new surprising findings resulting from 
effects of IBS in a longitudinally laser-cooled beam of 9 B e + ions stored in the Heidelberg Test 
Storage Ring (TSR) at 4.3% of the velocity of light. 

2. LOSSES OF L A S E R - C O O L E D I O N S 

Suitable starting conditions [1] for the laser cooling process are reached by electron pre-
cooling the 7.3 MeV 9 Be+ b eam for about 12 s. This reduces the ion beam diameter to ~ 1 m m 
(FWHM), corresponding to a transverse temperature of Tj_ % 6000 K. Laser cooling of typically 
10 7 circulating ions is then performed in the following way (see also [1]): The ions are decelerated 
by an induction accelerator (INDAC) until they come into optical resonance with the cooling 
laser. Here the laser cooling sets in and the ions are kept in a force balance between the resonant 
accelerating laser force and the constant decelerating INDAC force. The total force acting on 
the ions as a function of the longitudinal velocity is shown in Fig. 1. 

Of crucial importance for the following discussion is the limited velocity capture range in 
this cooling scheme: To be pushed towards the stable point at v* the ion velocity must not be 
lower than v* — A.vc (see Fig. 1). If an ion once enters the region v < v* — Avc it is more and 
more decelerated by the INDAC force and lost for the cooling process. In the following we refer 
to Avc as the critical capture range of the laser cooling scheme. 

When performing a laser-cooling experiment, the laser frequency is chosen in such a way 
that the stable point v* lies below the whole initial velocity distribution determined by the 
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Figure 1: The longitudinal cooling force as a combination of the Lorentzian-shaped laser force and the 
constant counteracting auxiliary force provided by the INDAC. v* is the stable point to which the ions 
are cooled, and Avc denotes the critical capture range for ion velocities below v*. 

Figure 2: Time dependence of the emitted fluorescence light, reflecting the number of ions taking part 
in the laser-cooling process. The dashed line is a fit corresponding to Eq.(2). The sudden drop of the 
fluorescence at t « 1 s is due to the finite ramping time of the INDAC. 

electron precooling. Therefore one would naively expect that all ions, after having reached the 
stable point, can permanent ly be laser cooled. In this case, the fluorescence of the cooled ions, 
being proportional to the number of ions participating in the cooling, could be expected to 
decrease slowly with the beam lifetime (about 10 s). In practically all our experiments, however, 
we observe a different behavior: The fluorescence of the laser-cooled ions decreases much faster 
than one would expect from the beam lifetime. A typical example is shown in Fig. 2. 

The observed decrease of the fluorescence light is due to a substantial loss of ions out of 
the velocity capture range, not obeying an exponential decay law. We a t t r ibute this behavior 
to IBS: A single scattering process between two ions diverts transverse momentum into the 
longitudinal degree of freedom. An electron-cooled 9 B e + - b e a m still has a transverse temperature 
of T± « 6000 K, resulting in a mean velocity of (v±) « 2300 m / s . Therefore, after such a collision, 
a change of the longitudinal velocity that is large compared to the critical capture range At; c 

(typically being in the range 10-100 m/s ) is no surprise. This loss due to single binary collisions 
of two ions can be described in a simple model by the the differential equation: 

dN 
dt 

-rN2 

(1) 

where r denotes the loss constant. If the laser cooling s tar ts at t = t0 with the initial particle 
number No, the solution is 

N(t) = (T*(t- t0) + l/No)-1 . (2) 

This nicely fits to the experimental behavior (ses dashed line in Fig. 2), at least within the 
ramping t ime of the INDAC. 

We have systematically investigated the loss process by measuring the loss constant r a s a 
function of the critical capture range Avc for various laser intensities. The corresponding data 
are displayed in Fig. 3(a), assuming N0 = 1.0 X 10 7 . 

Following the IBS-theory of [2], one can calculate the cross section for a binary collision 
and the resulting loss constant r for the escape of one of the ions out of the given critical capture 
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Figure 3: (a) The loss constant r and (b) the number of laser-cooled ions after the disappearance of 
the loss measured as a function of the critical capture range Ave for various values of the laser power 
(D - 20mW, o - lOmW, A - 5mW, O - 3mW, large * - 2mW). The solid line in (a) is the result of an IBS 
calculation assuming single binary collisions. 

range Avc of the cooling force. Under the assumption tha t bo th ions initially have the same 
longitudinal velocity v* (stable point) , one finds in the limit (uj.) 3> Av c : 

The constant A is determined by the specific ion species, the ring latt ice and the transverse 
beam temperature and, for our experimental parameters , is calculated to A = 9 X 1 0 - 3 m 2 / s 3 . 
As shown by the solid line in Fig. 3(a), this agrees quantitatively with our experimental data 
for Avc > 25 m / s . At lower values of the critical capture range the loss is much stronger 
than we can understand by single binary collisions. We are presently investigating whether this 
can be explained by multiple scattering processes leading to a longitudinal diffusion or by the 
longitudinal heating caused by the laser itself. 

Although the loss process described by Eq . ( l ) nicely fits to all our previous experiments, 
we have observed significant deviations in the most recent beam time, where the laser cooling 
process was greatly improved by much better optimizing the overlap of ion and laser beam. In 
these recent experiments longitudinal cooling rates (typically Ay ~ 1 0 4 s - 1 ) about a factor of 
ten higher than in previous beam times were applied to the ion beam. 

The typical behavior observed in these improved laser-cooling experiments is shown in 
Fig. 4. The inital loss stops after some time and the flourescence exhibits a plateau showing 
a constant number of laser-cooled ions. In practically all experiments of this last beam time, 
a significant loss occured only in the beginning of the cooling process; there, however, the loss 
was found to still follow the loss equation (1) in a wide parameter range. This suggests that we 
still understand the nature of the loss process by single binary collisions, but tha t something 
happens in the beam in addition to tha t . Another interesting experimental finding in this context 
is the number of laser-cooled ions after the disappearance of the loss: Fig.3(b) shows that for 
Avc > 25 m / s , where the binary collision model well explains the loss, the number of cooled ions 
was observed to be independent of both the critical capture range At7c and the laser intensity. 

The explanation for this surprising behavior might be connected with an indirect transverse 
cooling of the ion beam by a heat transfer via IBS out of the hot transverse degrees of freedom 
into the cold longitudinal one. If this leads to a reduction of the transverse velocities to values 
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Figure 4: A typical result from the last beam time showing the time dependence of the emitted fluores
cence during the laser-cooling process. 

less than the (longitudinal) critical capture range Avc, then binary collisions can hardly lead to 
an escape from the capture range and the loss must stop. Simulations using an IBS computer 
code [3] confirm that an indirect transverse cooling should in fact occur; for our experimental 
parameters and a typical longitudinal cooling rate of Ay = 10 4 s _ 1 , however, a strong transverse 
cooling effect within ~ 200 ms, as necessary to explain the disappearance of the loss in Fig. 4, 
would require an initial transverse beam temperature below ~ 1000 K [3]. As another possible 
explanation, one could also imagine that a longitudinal ordering might set in which leads to 
an additional suppression of the IBS. Quite surprisingly, the constant number of laser-cooled 
ions observed after the disappearance of the loss in a wide parameter range corresponds to the 
maximum number of ions which can form a simple linear chain: For the relevant parameter, the 
dimensionless linear particle density A defined in [4], we can derive A = (0.5 ± 0.2) in comparison 
to A < 0.71 for a string of ions. On the other hand, the maximum A for which a strong suppression 
of intrabeam scattering was observed during electron cooling at the NAP-M ring [5] was about 
4.0, which roughly corresponds to the region where a transition from a one-dimensional structure 
to a three-dimensional structure (A = 3.1) occurs. Since the loss process in laser cooling and 
the onset of strong heating during electron cooling are quite different processes, the observed 
particle thresholds may be quite different, but both point to one-dimensional beam structures. 

3. INDIRECT TRANSVERSE COOLING 

In the last beam time, we have begun to investigate the indirect transverse cooling expected 
as a result of longitudinal laser cooling in connection with IBS. The standard laser cooling 
procedure with counteracting INDAC force was applied to the electron precooled beam for 10 s 
with a longitudinal cooling rate of Ay % 1 0 3 s _ 1 . In the last 5 s of the laser cooling process 
the vertical beam profile was measured by the TSR beam profile monitor [6]. In corresponding 
reference measurements, the same procedure was performed with both the laser and the INDAC 
switched off. Fig. 5 shows the summarized results of several pairs of cooling and reference 
measurements. The beam profile with laser cooling (bold line) is clearly narrower than the 
reference profile (thin line). Taking into account the resolution of the beam profile monitor of 
0.6 mm (full width at half maximum), we derive a reduction of the transverse temperature from 
6000 K to about 4000 K. This observation is close to the results of the IBS computer simulations 
presented in [3]. 
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Figure 5: First observation of an indirect transverse laser-cooling effect. The vertical beam profiles 
recorded with and without laser cooling are displayed by the thick and thin line, respectively. 

4. C O N C L U S I O N 

Our experimental results on 7.3 MeV 9 B e + ions demonstrate the strong influence of IBS 
processes in laser cooling of stored ion beams. For the typical situation of the longitudinally 
extremely cold but transversely still hot beam, two important consequences of IBS have been 
identified: (i) Single binary collisions kick laser-cooled ions out of the capture range of the cooling 
force so tha t they are lost for the cooling process, (ii) The ion beam is also cooled transversely, 
as we have observed for the first time. 

In the near future, our investigations will concentrate on the dynamics and the limits 
of the indirect transverse cooling. This should also clarify in how far this effect or a possible 
longitudinal ordering is responsible for the surprising disappearance of the IBS losses observed 
after a certain cooling t ime. 

This work was supported by the Bundesministerium fur Forschung und Technologie under 
contract No. 06HD525I. 
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ABSTRACT 
By means of appropriately shaped and biased drift tubes and a collinear 
cw laser beam an adiabatic inversion of fast stored ions can be realized. 
Experimental results obtained at the TSR with 13.4 MeV 7 L i + ions are 
in good agreement with theory. The force resulting from the adiabatic 
excitation offers new possibilities for laser cooling in storage rings. A 
stimulated force may be created allowing for cooling via weak optical 
transitions. Furthermore this force provides a very large capture range 
which is essential for effective indirect transverse cooling. 

1. INTRODUCTION 

The so-called adiabatic inversion [1] is a well-known process, which allows to obtain a nearly 
complete population inversion in an optical transition. This process is based on a frequency 
sweep through resonance and is not very sensitive to the exact laser frequency and intensity. 

Adiabatic excitation of an ion beam can experimentally be achieved in a simple way: a 
cw laser counterpropagating to the ions and an appropriately shaped and biased drift tube are 
necessary. The local acceleration inside the electrostatic potential induces a velocity change and, 
via the Doppler effect, the required laser frequency sweep in the ion rest frame. The excitation 
process is inherently connected with a momentum transfer of %k. For ions in a storage ring the 
force created in this way offers new and interesting possibilities for laser cooling. 

2. OBSERVATION OF ADIABATIC INVERSION 

In a recent experiment at the Test Storage Ring (TSR) in Heidelberg we have investigated this 
scheme with metastable 7 L i + ions stored at an energy of 13.4 MeV. 7 L i + provides a closed tran
sition 2 3 Si (F=5/2 )^2 3 P 2 (F=7 /2 ) at a wavelength of 548.6 nm and a lifetime of r=43 ns. The 
electrostatic potential was realized with a drift tube array consisting of six parts, which could 
invidually be connected to different voltages and which created a potential as shown in figure 1. 
The slow increase was designed to realize a smooth frequency sweep leading to an excitation by 
adiabatic inversion, whereas the steep drop is crucial to avoid a subsequent deexcitation of the 
ion which would cancel the net momentum transfer. The total length of the potential of 200 mm 
was chosen to be shorter than the distance of 840 mm an ion travels during one lifetime so as 
to minimize the effect of spontaneous emission. 

The ions were first electron cooled to reduce the transverse temperature and afterwards 
laser cooled with the usual scattering force. This force was created by an argon-ion laser whose 
514 nm line matches the Doppler-shifted resonance frequency and it was counterbalanced by 
an auxiliary force provided by the induction accelerator. In this standard laser cooling scheme 

'permanent address: Institut of Physics, University of Arhus, DK-8000 Àrhus C, Denmark 

354 



Û.2U0 0.5U 0 U0 

o 
Z> 

- U 0 - 0 . 5 U 0 - 0 . 2 U 0 

x [cm] 

Figure 1: Electrostatic potential to achieve an excitation by optical adiabatic inversion. The potential 
is created by a drift tube array consisting of the six parts sketched on top of the potential curve. 

the longitudinal width of the ion distribution was reduced to TM < 350 mK. The practically 
monoenergetic ion beam prepared in this way was subjected to a transient interaction with 
a counterpropagating intensive tunable ring dye laser inside the electrostatic potential. With 
a photomultiplier situated right behind the drift tubes we detected the rate of spontaneously 
emitted photons, which is proportional to the excitation probability. To avoid modifications of 
the velocity distribution due to the interaction with this strong laser, it was chopped with a 
frequency close to 600 Hz and at a duty ratio of 1:25. The background due to scattered light 
was strongly reduced by synchronously gating the detection and by blocking the cooling laser 
during the short intervals of transient interaction. The experiment was performed for a variety 
of potentials and laser intensities. The latter determine the Rabi frequency which is the charac
teristic parameter for all optical interactions of ions with laser light and which is proportional 
to the square root of the laser intensity. An absolut calibration was provided by a measurement 
with grounded drift tubes. As the transition was strongly saturated the heigth of the saturation 
broaded line defined an excition probability of 50% whereas its width supplied the effective Rabi 
frequency. 

For a saturation parameter of G=2000 (which corresponds to a Rabi frequency of w r = 
31 T - 1 ) and a potential of U o=800 V applied to the drift tube array the measured excitation 
probability is shown in figure 2(a). For comparison the saturation-broaded line obtained with 
grounded drift tubes is added with a thin line. One observes an excitation extending over an 
nearly three times larger detuning range with the potential applied. Furthermore the maximum 
excitation probability approaches 80%, i.e. a clear population inversion can be observed. The 
two peaks correspond to an adiabatic excitation in the negative and the positive part of the po
tential respectively. At zero potential the ions are in resonance with the laser field over several 
meters, all over the magnetic field free region of the experimental section, and the steady-state 
excitation of 0.5 is detected. The result of a numerical solution of the Optical Bloch Equations 
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Figure 2: Excitation probability as a function of the detuning of the laser frequency v with respect to the 
Doppler-shifted resonance i/o- The saturation parameter is G=2000 and the applied voltage [/o=800 V. (a) 
experimental result and (b) numerical calculation based on the Optical Bloch Equations. For comparison 
the saturation-broaded line measured with grounded electrodes is drawn with a thinner line. 

with the realistic potential, shown in figure 2(b), is in good agreement with the experimental 
data. 

The process of adiabatic excitation may also be described in the "dressed states" pic
ture [2]. The "dressed states" are energy eigenstates of the coupled atom-field system. They 
coincide with ground- and excited state for large detunings and form an avoided crossing at 
resonance. The probability for adiabatic transitions from the ground- to the excited state and 
vice versa is given by the Landau-Zener-formula: 

p = 1 - exp(- -7T-
2IA 0 (1) 

As <J% ~ G and the sweep ra te |À| ~ Uo a scaling law of the formp = fijj-) = 1 - e x p ( - c o n s t ^ ) 
is expected. This could indeed be verified for a large number of sa turat ion parameters and 
potentials, see figure 3 . The dot ted line describes the probability for an adiabatic excitation 
in the smooth part of the potential . For high saturation and low potentials however a finite 
probability for adiabatic transitions back to the ground state induced inside the steep drop of 
the potential occurs. This effect has been accounted for by the curve displayed with a solid line. 
The two constants, which depend on the gradient of the potential at the avoided crossing, have 
been determined by a least-square-fit to the experimental data. 

3 . N E W L A S E R C O O L I N G S C H E M E S 

A stimulated force may be created using two counterpropagating lasers alternately exciting and 
deexciting the ion, see figure 4 (a) . In each cycle 2 hk are transfered to the ion, the first one 
related to the absorption of a photon and the second one due to recoil in connection with the 
deexcitation stimulated by the counterpropagating laser beam. Such a st imulated force is of 
particular interest for laser cooling of heavy and highly charged ions, where only weak optical 
transitions are within the wavelength range accessible with lasers. 

Adiabatic excitation is also important for improving ordinary cooling via strong E l tran
sitions. A simple cylinder can be used for this purpose. The idea is to adiabatically excite the 
ions in the increasing field and to let them decay spontaneously in the field free region. The 
next adiabatic excitation can then be performed when the ions leave the drift tube, see figure 4 
(b). 

In the next beamtime this scheme will be realized with 9 B e T at the TSR. The high decay 
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Figure 3: Maximum excitation probability as a function of G/Uo- The dotted curve describes the 
excitation probability for the case of a single adiabatic excitation inside the smooth part of the potential. 
At higher intensities and lower potentials adiabatic transitions in the steep part become relevant. This 
is taken into account by the curve drawn with a solid line. 
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Figure 4: New laser cooling schemes based on adiabatic excitation. The velocity of ion on its way across 
the experimental section is displayed (thin line). By using two counterpropagating lasers (a) a stimulated 
force may be created which can further be increased by the use of several drift tube arrays. On the 
contrary, if the lifetime of the excited state is short enough, simple cylinders can be used, allowing for a 
spontaneous decay of the ion between subsequent excitations in the fringe field of the drift tube (b). 
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Figure 5: Calculated ring-averaged force on 7.5 MeV 9 B e + under realistic conditions as it results from 
an adiabatic excitation in the electrostatic field of four cylinders and the scattering force in the field free 
area. The saturation parameter is G=30 (u>T = 3.8 r _ 1 ) and the applied potential £/o=0.3 kV. The force 
is given in units of photon momenta per round trip T. The capture range of this combined force is much 
larger than the one of the scattering force alone, thin line. Note that the force is ring-averaged so that 
the scattering force is stronger in the case of grounded drift tubes where the interaction length is larger. 

rate of the closed transition in this ion of 7 — 2-K X 19.4 MHz implies that all four drift tubes 
available in the experimental section of the TSR may be used. The ring-averaged force resulting 
from this scheme has been calculated for realistic parameters and is shown in figure 5 (thick 
line). With an auxiliary force of up to 2.5 hk per roundtr ip the capture range is considerably 
larger than the one of the scattering force alone (thin line). For laser cooling of 9 B e + , where a 
strong loss of ions from the cooling process has been observed in recent experiments at the TSR 
[3], this feature is very much requested. One might even think of a two-step-process, where the 
potential is switched off and the auxiliary force encreased as soon as all ions have been cooled 
by the force due to adiabatic excitation. Indirect transverse laser cooling is expected to become 
much more efficient with this new force. 
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THEORY OF LONGITUDINAL SCHOTTKY SPECTRA 
OF ORDERED ION BEAMS IN A STORAGE RING 

V.V.Avilov* and I.Hofmann 
GSI Darmstadt, D-6100 Darmstadt, Germany 

Abst rac t 
The longitudinal Schottky spectrum of an ultra-cold ion beam in a storage ring 
is calculated in the frame of harmonic oscillations of a Id Coulomb lattice. It is 
assumed that the extremely high cooling rate required to bring the beam into a 
one-dimensional ordered chain can be provided by electron or laser cooling. The 
Schottky spectrum measured by the pick-up system consists of bands located 
near the harmonics of the revolution frequency of the beam. The total intensity 
of each band characterizes the temperature distribution of the phonons in an 
ionic chain. The amplitude and the width of the peaks in the spectrum are a 
function of the strength of relaxation processes (cooling and heating) as well as 
the Coulomb correlations, rsp. ordering. It is suggested that a careful analysis 
of these spectra could be a signature of the presence of Id ordering in the beam. 

1 Introduction 
Electron cooling experiments at Novosibirsk [1] and more recently in the TSR storage ring at 
Heidelberg [2] aud in the ESR storage ring at GSI [3] have shown that extremely small momentum 
spreads (below 1 0 - 6 ) are possible for small intensities (typically 10 5 —106 ions). The temperatures 
of such beams is of the order of a IK in beam direction, but several orders of magnitude higher 
transversely. Even lower temperatures (tens of mK) can be achieved with laser cooling, which works 
in the longitudinal direction [4, 5]. The dimensionless parameter that determines the conditions 
for ordering is the ratio of the Coulomb energy of the lattice to the longitudinal temperature T 

r = &Z (i) 
dT ' K ) 

where Z is the ion charge and d the interionic distance. 
Computer simulation using molecular dynamics indicates that for T > 170 there exists a 

longitudinal ordering [6]. 
If the number of particles in the storage ring is below a certain threshold an ordered structure 

could be a simple linear chain of ions. For observation it is necessary to determine the temperature, 
energy distribution and structure of the ion beam. The most useful method of beam diagnostics 
is the analysis of the Schottky spectrum measured by a pick-up system. 

The aim of the present paper is to calculate the Schottky spectrum of beams with external 
ordering. We must take into account some peculiarities of the phonon spectrum of the ordered 
ionic chain: 

(a) the interaction of the ions is described by the Coulomb, which is a long-range force; 
(b) the ion beam in a storage ring is not an infinite chain, but a circle of typically 10 5 or more 

ions; 
(c) this system can have distinct temperatures longitudinally and transversely; the temperature 

of the transversal motion can be up to 10 3 times greater then the temperature of the longitudinal 
motion; 

(d) from a thermodynamical point of view, the state of a typical ion beam is far from equilibrium 
and we must take into account that the cooling of the ion beam by an electron (or laser) cooler 
is accompanied by heating of the beam due to intrabeam scattering (transfer of temperature from 
the transverse to the longitudinal direction), which increases with the density of the beam and the 
charge state of the ion. 

Our treatment is based on the harmonic approximation for an JV-ionic periodic chain with 
interionic distance d in equilibrium and circumference L = Nd. 
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2 Longitudinal pick-up diagnostic of the ion beam 
In the pick-up (PU) system a beam of N ions with the coordinates z, produces a signal 

TV 

j(t) = j0Lj2<K*i(t) + "ot). (2) 

where Zj(t) is the coordinate of j-ih ion in a system that moves with the mean velocity of the beam 
v0 relative to the PU, <f>{z) is the normalized sensitivity function of the PU, / <fi(z)dz = 1. The 
mean value j(t) is j 0 . As we will see later if the frequency w is small enough, the Fourier transform 
of the PU signal J(w) is sum of nonoverlapping bands located near harmonics of the ion beam 
revolution frequency u0 = 2irv0/L. The mean square of J(u) (the Schottky power spectrum) is 

< | J(u) \2>= £ <l JM(" - Mw0) \2> (3) 
M 

where < ... > denotes a thermal averaging. There is a direct relation between the M-th band of 
the Schottky power spectrum and the dynamical structure factor (see [7]) 

< | JM{VM) | 2 > = 2wNj2

0t0(4>ML)2S(QM, n * ) . (4) 

where QM — « — Mu„ and QM = 2nM/L is the wave number of the M-th harmonic, <J>M is the 
M-the Fourie transform of <j>(z), ta is the time of the measurement. The dynamical structure factor 
is determined as 

S(Q,Q) = 1 / eiCU J2 < e - ^ ^ ' ' ) - ^ ' » > £-. (5) 

In the rest of the paper we calculate the contribution of an isolated M-th band and can omit the 
index M in QM and QM-

3 Phonons in a two-temperature Id Coulomb lattice 

The phonon amplitude a(q, t) is determined as a Fourier transform of Uj(t) (j = 1,.., N), the ionic 
displacements from the equilibrium [8]. The longitudinale phonon frequency u(q) is determineed 
as 

w2(«) = è f> -cos (^)FW (6) 
(=-oo 

Here U{z) is the modifide Coulomb potential of the interionic interaction, m is the ion mass. A 
firs modification is the effective screening by the charges induced on the metallic vacuum chamber 
of a storage ring, which limits the interaction to a maximum screening length D of the order of 
the diameter of the vacuum chamber. We take the effectic screening factor as exp(—z/D). 

The finite amplitude of transversal thermal oscillations aj. also modifies the potential of the 
interionic interaction at distances of the order of a±. This rather anharmonic system may be 
described within the method of self-consistent phonon approximation. In the description of a 
slow system (longitudinal phonons) we can use the potential averaged over the motion of a fast 
subsystem (transversal motion). The transversal focusing potential of the ion beam £/j(r) = 
muj2.r2/2 is characterized by the betatron frequency wj. The distribution of radial charge density 
can be assumed to be a Boltzmann distribution with the transverse temperature T±. 

where ax. = (T±/(mu^))1^2 is the amplitude of transversal oscillations. The potential of interaction 
of two "charged disks" (as proposed to explain the observations of the Novosibirsk experiment [1]) 
can be evaluated by using the Fourier transform technique. It provides 

oo 

2 ( e ^ / ( H W d ) , 1 é"°*~ cos(g<f) - 1 
W mtP J Lexp(cf/Z} + w) - 1 e*WD+*) - 2ed/D+w cos(gd) + 1 J K ' 
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Typical longitudinal phonon spectra are shown in Fig. 1. 

Fig. l Typical longitu
dinal phonon spectra w(g) (in units 
of Z/lmd3)1^) of the I d Coulomb 
crystal for some values of the ampli
tude of transversal oscillations aj_. 
All curves are calculated for the ra
tio of the interionic spacing to the 
radius of effective screening of the 
Coulomb interaction d/D = 1 0 - 3 . 

0.50 0.75 100 

qd/Tt 

The phonon frequency tends to zero at small q as 

w ( s ) « c , | g | , where c2 = 2{eZ)2K/(md). (9) 

Here A the logarithm of the ratio of the screening length D to max{d, a x } . In any case typical 
values of A don't exceed 10. 

We can use the phonon formalism to calculate all thermally averaged characteristics of the 
ion beam. The use of the basis of phonon amplitudes is preferable because on this basis the 
total potential energy is a simple sum of terms, each related to a single q and there are no terms 
containing the product of phonon amplitudes with distinct q. The mean square of the phonon 
amplitude is [8] 

<\a(q,t)\2>= _ _ . ( 1 0 ) 

From Eq. (9) it follows that in thermal equilibrium the maximum of the phonon amplitude corre
sponds to the phonons with smallest q. 

4 The dynamical structure factor of an ion beam 
To obtain the mean value of exp(-tQrf/ - iQ[uj+,(t + f) - «,(«')]) in Eq. (5) we can perform 
independent thermal averaging of each phonon mode q. The detales of calculation of the dynamical 
structure factor are published in [7]. In the case of an ion chain with no dissipation 

S{Q,Cl)= Yl BkS(Q-kQs), (11) 
k= — co 

where Qs = 2ircs/L is the revolution frequency of a sound wave in the storage ring, 

if M±k are even numbers (12) 

and Bk = 0 if M ± k are odd numbers, 

H(k) = 
Isf** 

(-k/a+i*a/2)3 

x [erf(i/o - mx/2) - erf(*/a + tax/2)] , (13) 

and a2 = M2/{2TAN). 

363 



0.015 

Typical profiles of the dynamical structure factor are presented in Fig. 2. 
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Fig.2 Typical plots of the dynamical structure factor of a Id ordered, beam in a storage 
ring without dissipation. Profiles have a 6-peak structure with spacing 2 f i s between peaks: 
(a) in the "high-temperature" ( a > 1) case with M = 16, a = 1.6 the envelope curve of 
5-peaks is a product of two Lorentzians; 
(b) in the "low-temperature" (a < 1 ) case: M = 4, a - 0.4 there are two main peaks at 

Jl = ±w(Q) . 

In the general case our ion beam is not an isolated system but rather interacts with cooling 
and heating baths through rates i>c(q) and vh(q). The form of the function vc(q) depends on the 
details of the cooling force. The longitudinal heating is a result of collisions of the ions, which are 
supposed to have a transverse temperature (emittance). 

For the PU diagnostic it is important to consider a case of small enough M ( M 2 <C 3rAJV/(27r2)) 
or a <C 1. We simply denote this case as the low-temperature case, where a also depends on both 
T and M. 

L27rAF(Q)J (Î23 - w 2 (Q)) 2 + J / 2 ( Q ) Q 2 
(14) 

The plots of the dynamical structure factor for this case of small a are shown in Fig. 3(a,b) for some 
values of v. In the case of v < u(Q) the profile has two well distinguished peaks at Q = ±u(Q) 
with the width of the order of v. If v > u(Q) then the profile has a central diffuse peak. The total 
power of the Af-th band of the Schottky spectrum is related to the static structure factor 

S(Q) = Js(Q,n)dQ = Q2 <| a(Q,t) | 2 >= 
2r(Q)A' 

(15) 

where we have taken into account that T my be a function of Q. The static structure factor 
is independent of v and may be used for a direct measurement of the temperature distribution 
function T(Q). The information on the relaxation frequency is available from the width of the 
peaks of S(Q, Ù) in Fig. 3. 

In the opposite "high-temperature" case, a >• 1, 

S(Q, Q) = 
4c, fl 
*d b2

Q + (csQ + Iî)*][72 + (c,Q - £2)2] ' 
(16) 

where 7c = dcsQ
2/(4AT). A typical plot of S(Q,Q) for this case is presented in Fig. 3(c). The 

profile has two well-distinguished peaks at Q = ±csQ with width JQ (the ratio of 7 to Qc, is equal 
to (Qd)/(4Ar) < 1). In the case of large relaxation rate v > JQ the width of these peaks is of the 
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order of v. 
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Fig.3 Plots of the dynamical structure factor S(Q, ft), for some values of T , M and i>: 
(a) at a -C 1 and v < Q c â there are two well distinguished peaks located a t ft = ±Qcs 

with the widths of the order of v\ 
(b) at a < 1 but v > Q c â there is only a central peak with the width Sus « Q2<?sjv; 
(c) in the "high temperature case" ( a > 1) the width 73 of two peaks located at CI — ±Qcs 

does not depend on v. 

It is interesting to compare the Schottky spectrum of a strongly correlated phonon system with 
the case of the ideal gas. Each band of the spectrum of the harmonic system has a width of the 
order of 2Qc, whereas the width of peaks in the case of an ideal gas is of the order of 2Qvth- From 
Eq. (9) it follows that v%h/c% = 1/(TA) and in our case T > 1 we have vtn <C c,. For a system with 
T > 1 and not too large M (i.e. a < 1) the form of the Schottky spectrum depends on M, if the 
cooling rate is large enough. A single-peaked spectrum at low M is changing into a double-peaked 
at a sufficiently large M. This is opposed to the ideal gas case, where one expects that the two 
peaks merge into one peak due to a reduction of c, for short wavelength. It is proposed that this 
dependence on M can be used in the experiment as a signature of correlations or ordering. 
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CRITICAL TEMPERATURES FOR CRYSTALLINE BEAM* 

Jie Wei, Brookhaven National Laboratory, Upton, New York 11973, USA 
Xiao-Ping Li, Rutgers University, and Andrew M. Sessler, .Lawrence Berkeley Laboratory 

ABSTRACT 
Based on the previously derived equations of motion in the beam rest frame, 
we study the melting conditions of the crystalline beam confined in an actual 
alternating-gradient (AG) focusing storage ring. The temperatures defined in 
the rest frame are directly related to the transverse emittances and momentum 
deviation conventionally used in the accelerator community. Using molecular 
dynamics (MD) method, we obtain the critical emittances and momentum 
deviation as functions of beam density and machine parameters. 

1. INTRODUCTION 

The ground states of crystalline beams were studied, first in seminal work by Schiffer and his col
leagues,[1] and then by others[2]. Recently, we derived equations of motion in the rotating beam rest 
frame taking into account the time-dependent AG focusing force and the effect of the bending curvature.[3] 
We include in the formalism that the particles are confined by the guiding and focusing magnetic fields, 
and that they are confined in a conducting vacuum pipe while interacting with each other via a Coulomb 
force. Numerical simulations using MD methods has been performed to obtain the equilibrium crystalline 
beam structure. The effect of the shearing force, centrifugal force, and azimuthal variation of the focusing 
strength are investigated. It is found that a constant-gradient (weak focusing) storage ring can not give 
a crystalline beam, but that an AG structure can. In such a machine the ground state is, except for 
one-dimensional (1-D) crystals, time dependent. The ground state is a zero entropy state, despite the 
time-dependent, periodic variation of the focusing force. The nature of the ground state, similar to that 
found by Schiffer et ai[l-2] depends upon the density and the relative focusing strengths in the transverse 
directions. At low density, the crystal is 1-D. As the density increases, it transforms into various kinds of 
2-D and 3-D crystals. In both 2-D and 3-D cases, the time-dependent crystalline structure has the same 
periodicity as that of the focusing forces. The crystal "breathes" transversely with no shearing and almost 
no oscillation in azimuthal direction. However, if the energy of the beam is higher than the transition 
energy of the machine, the crystalline structure can not be formed for lack of radial focusing. 

In this paper, we study the melting condition of the crystalline beam. In section 2 we summarizes 
the previously derived equations of motion and the ground-state results. Section 3 describes the method 
used for determining the critical temperature. The critical temperatures, also expressed in terms of beam 
emittances and momentum deviation, are obtained in section 4 as functions of density and storage ring 
parameters. With this information, suitable cooling system can be designed in order to achieve crystalline 
beams. Discussions and conclusions are given in section 5. 

2. E Q U A T I O N S O F MOTION A N D THE G R O U N D STATE 

The motion of the particles under Coulomb interaction and external electromagnetic forces can be 
most conveniently described in the rotating rest frame (x,y, Z,T) of the reference particle of which the 
orientation of the axes are constantly aligned to the radial (r) , tangential (z) and vertical (y) directions 
of the motion, with r the proper time. Within this frame, particle motion becomes non-relativistic, and a 
periodic state simply corresponds to the desired crystalline state. 

For simplicity but without losing generality, we assumed in the following discussion a circular storage 
ring with no straight sections. The beam is guided by a bending field Bo, and focused by a quadrupole 
field of gradient B\ 

Bx = Biy, By = B0 + BlX, Bz=0, (1) 

* Work performed under the auspice of the U.S. Department of Energy, supported by NSF Grant DMR-91-15342, and by 
the DOE, Office of Energy Research, Office of High Energy and Nuclear Physics, under Contract No.DE-AC03-76SF00098. 
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where B\ may vary for different piece of magnets, and the field variation at the magnet end is neglected. 
Assume that there exists no electric field so that the particle beam is not focused azimuthally. The 
magnitude of the So is determined by the velocity /3c and the bending radius R of the reference particle 
as eBoR = moc2Pj. For the convenience of later analysis, we express the equations of motion in terms 
of dimensionless variables. Let n = —B\R/BQ represent the strength of the focusing magnetic field, and 
£ (with £ 3 = r0R2/(32y2) be a characterization of the inter-particle distance in the presence of Coulomb 
interaction in the storage ring, where ro = Z2e2/moc2 is the classical radius of the particle. Express 
the time t in unit of R/Pjc, the spacial coordinates x, y, and z in unit of £, and the energy in unit of 
f32y2Z2e2/£,. The Hamiltonian H(x, Px,y,Py,z, Pz;t) becomes in these reduced units 

H = \(P2 + P2 + P2) ~yXPz+

l-[(l-n)X

2

 + ny2]+-^-2Y: „ ,. , * „M( „ (2) 

where the cross term —yxPz describes the coupling between the tangential and normal motion that leads 
to shearing. The equations of motion are given by the Hamilton's equations 

dvc 

x = Px, Px = 7P2 - ( i - n ) x - — ± , 
y = Py, Py = -ny - -^-, (3) 

z = Pz-7x, P , = - ^ 
OZ 

where the Coulomb potential Vc is the last term in Eq. 2. With Eq. 3, we have studied the ground state of a 
crystalline particle beam under time-dependent, realistic storage ring environment. It has been shown that 
in a weak-focusing storage ring, the crystalline beams can not be formed for lack of transverse focusing. 
In an AG focusing ring, on the other hand, the crystalline beams can exist in spite of the variation in the 
focusing strengths, as long as the energy of the beam is less than the transition energy of the machine. If 
7 is higher than JT , the crystalline structure again can not be formed for lack of radial focusing. 

We tested the effectiveness of the conventional cooling method by simply reducing, in our simulation, 
the momentum deviation Ap/p of the particles by a certain fraction. It has been found that 1-D, 2-D, 
and 3-D crystals can all be formed depending on the beam density. The particles self adjust under the 
Coulomb interaction and the cooling effect (reduction of Pz in the rest frame) to form a certain structure. 
The actually required cooling rate, however, depends upon the noise level in the system. 

3. METHODS FOR DETERMINING CRITICAL TEMPERATURES 

We seek numerical solutions using molecular dynamics to the Hamiltonian in Eq. (2). Since Coulomb 
interaction is long ranged, an Ewald-type summation has to be performed to calculate the energy and the 
forces. To simulate a real storage ring, we consider a bunch of charged particles confined in a perfectly 
conducting, infinitely long pipe. The periodic boundary condition is used only in the z direction, where 
the "supercell" of length L (in unit of £) repeats itself to infinity. The integration used for evaluating the 
image-charge potential is performed by a 15th order Gauss-Laguerre method. The equations of motion in 
Eq. (3) is integrated by the 4th order Runge-Kutta algorithm. The storage ring is assumed to consist of 10 
identical focusing-drift-defocusing-drift (FODO) lattice cells. Within each cell, the lengths of the F, O, D, 
and 0 elements are assume to be 15%, 35%, 15%, and 35% of the cell length, respectively. The focusing 
and defocusing gradients n are set to be 50 and —50, respectively. This arrangement results in transverse 
tunes i/ r = 2.7 and vy—2.Z in the absence of the Coulomb interaction. The transition energy fr is about 
2.5. The energy 7 of the reference particle is set to 1.4. The time step for the integration is 1/20 of the 
period Tc of the focusing field. 

Notice that the Hamiltonian we are solving is time-dependent, therefore the total energy is not a 
constant of motion, and the "temperature" as conventionally defined is no longer meaningful. On the other 
hand, since the ground state structure has the same periodicity as that of the focusing forces, we can define 
the relative "temperature" Tx, Ty, and Tz as 

Tx = ((APX)2), Ty = ((APy)2), and Tz = ((APZ)2), (4) 

where A denotes the deviation from the ground-state value, and { ) denotes the average both over different 
particles and over a time period that is long compared with the focusing period but short compared with 
the total time of observation. 

Initially, the ground-state crystalline structure is obtained for each density after 20,000 time steps (or 
1,000 FODO cells) of simulated cooling and stability testing starting from randomly chosen positions and 
momenta of the particles. Then, particles are perturbed in certain direction x* (x;=x, y, z) by randomly 
adding a 6PXi to its momentum PXl. The average of 6PXi over all the particles is zero, and the r.m.s. of 
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Figure 1: Two-body correlation function G2(2) for a) ground state; b) non-zero temperature solid state; 
c) liquid state; d) gas state for the case N = 100 and L — 100. 

6PXi is chosen according to the desired initial temperature. Thereafter, particles are tracked for another 
10,000 time steps when the temperatures are controlled within the desired range by simulated cooling or 
heating. The simulated cooling is achieved by, at the end of each focusing period, imposing the periodic 
condition on all the positions and momenta of the particles, while the simulated heating is achieved by 
randomly perturbing the momentum in a certain direction. The ordering of the system is determined 
after an equilibrium state is reached by evaluating the correlation functions. The critical temperatures are 
obtained when the beam structure transforms in z from long-range (solid) to short-range ordered (liquid) 
state, and also from short-range to random (gas) state. 

The ordering in azimuthal direction can be characterized by the two-body correlation function G2{z) 

Gi(z) = (TT2 
1 

N 

£ 
« , j = i , « # j 

Hz-^-zA)) (5) 

where ( ) | ( denotes the average over time after the thermal equilibrium is reached. Figs, la-d show 6*2(5) 
of various states for the case N = 100 and A, = L/N = 1. The beam is long-range ordered in z in solid 
state, short-range ordered in liquid state, and randomly distributed (except for the effect of the repulsive 
Coulomb force) in the gas state. 

The ordering in transverse directions may be described by the deviation from that of the ground 
state the time-averaged density distribution functions G(p) and G(4>), 

' t = i ^ ' 1 ' ==1 

(6) 

where fa is the polar angle of the ith particle. These functions have been used for determining the melting 
in the transverse directions. 

The relative temperatures T x , defined in the beam rest frame by Eq. 4 can be expressed in terms of 
the quantities in the laboratory frame. In the conventional case where the transverse velocity is much less 
than the longitudinal velocity in the laboratory frame, the momentum Px, Py, and P, in the rest frame 
are related to the transverse velocities x' = dx/ds, y' 
laboratory frame by the equation[4] 

dy/ds, and the momentum deviation Ap/p in the 

>y r 
Ap 

R :Pz,Py,yP:] (7) 
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Figure 2: a) Azimuthal critical temperatures for solid-liquid and liquid-gas transition in 2 as functions 
of the inverse of the beam density, b) Transverse critical temperatures for solid-liquid transition in z as 
functions of the inverse of the beam density. A, is the line density in the laboratory frame. 

where 5 is the azimuthal distance. Define the transverse emittances tx = f3x(x'2) and ty = /3<,(y'2), with 
/?x,y the effective Courant-Snyner parameter. The temperatures can be expressed in terms of the deviation 
in emittances e x y and momentum using Eq. 7 

AtX,A(y, 
P 

il e PxTx,ippvTy,^(\/Tz (8) 

where TTiVii have been defined by Eq. 4. 

4. N U M E R I C A L RESULTS 

Because of the time-dependent focusing force, we obtain the equilibrium state by numerically it
erating the equations of motion Eq. 3. At each iteration step, the Coulomb potential including image 
charges has to be numerically integrated and summed.[3] This time-consuming process limits the number 
of particle used for MD calculation. In the following, we report results calculated with N = 100 with the 
size L of the supercell ranging from 50 to 1600. The ground state is 1-D at low density (A* > 1.2), 2-D at 
intermediate density, and 3-D at high density (A z < 0.5). 

The short-dash line in Fig. 2a indicates the critical temperature in azimuthal (z) direction when the 
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beam transforms in z direction from liquid to gas state. The approximate relation 

(Pj) « 0.6/A, (9) 

implies that the melting in azimuthal direction occurs when the average kinetic energy is comparable to 
the potential energy difference needed for some of the particles to traverse a significant fraction of the 
distance A 2 . The long-dash line in Fig. 2a indicates the critical temperature when the beam transforms 
in z direction from solid to liquid state. When Tz is lower than the critical temperature, particles vibrate 
azimuthally around their ground-state positions. Almost no thermal energy is transferred into y direction, 
and very little is transferred into x direction (due to x — z coupling). In the 1-D case, the vibrational 
frequency wz(fc) in z direction can be derived from Eq. 3 as 

2 4 v^ 1 4 -sr-^ cos(mkAz) ix , 7r 
Wz = -Z%7 —^.--^.7 o • —J- < k' < IT ( 1 0 ) Af ^> m 3 A? ^ m 3 A z ~ Az ' z m z m 

where k is the crystal momentum. On the other hand, when Tz is above the liquid-gas critical temperature, 
thermal equilibrium is reached in all the directions after the thermal energy in z is transferred into transverse 
directions. 

Fig. 2b indicates the critical temperatures Tx and Ty in radial (x) and vertical (y) directions when the 
beam transforms in z direction from solid to liquid state. The fact that Tx and Ty increase with decreasing 
beam density can be understood in the low-density regime as the following. The melting in z occurs when 
the thermal energy (Eq. 9) in azimuthal direction reaches the critical value. When the particles are mainly 
perturbed in transverse directions, the amount of Coulomb energy that can be transferred into azimuthal 
direction to cause melting corresponds to a transverse displacement dxy ss Az. On the other hand, the 
vibrational frequencies ux<y{k) in transverse directions 

i , •> , . 2 v ^ 1 2 v—•> cos(mkAz) , , 2 v—«, 1 2 v-r cos(mkAz) 
A? ^ m 3 A? ^ m 3 y » A ? ^ r a 3 A ? ^ m3 

z m z m z m z m 

are mainly determined by the external transverse focusing in the low-density case. Therefore, the critical 
temperatures Tx y are approximately proportional to A z . The fact that Tx is lower than Ty is partly due 
to the coupling between x and z motion. The results of the calculation has been verified by comparing 
cases with different L and N (N =10, 20, 50, 100, and 200) while keeping the density A j 1 = N/L constant 
(A 2 = 2). 

5. CONCLUSIONS A N D DISCUSSION 

In this paper, we have studied the melting conditions of crystalline particle beams of different 
density under time-dependent, realistic storage ring environment. The temperatures defined in the rest 
frame are directly related to the transverse emittances and momentum deviation conventionally used in 
the accelerator community. Using molecular dynamics method, we obtain the critical emittances and 
momentum deviation as functions of beam density and machine parameters. 

Consider the storage ring example discussed at the beginning of section 3 with IwR =24 m and 
Px.y « 10 m. Therefore, £ is equal to 1 .8x l0 - 6 m for proton, and is equal to 2 . 2 x l 0 - 5 m for electron. 
Hence, the condition to form the crystalline beam is 

A p \ / ( 0 . 8 x l O - n T x , 0 . 9 x l O - n r y , 1 . 3 x 10- 6 v^7) (proton) . 
A€x,A£ y i p J < | j L 2 x 1 0 - 9 T r l 3 x 1 0 - 9 T B J 2 . I x 10- 5v/77) (electron) K^> 

where Tx, Ty, and \fT~z are given by Fig. 2. In order to achieve this condition of crystallization, cooling 
techniques have to be applied to the beam. 
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ABSTRACT 
A feasibility study of a storage ring dedicated to crystallize ion beams is actually in 
progress at the LNL Legnaro Laboratory. As result of computer simulations, a 38 m 
circumference storage ring with six super-periods was selected among other possible 
configurations. Simulation programs suggest the possibility to use such a storage 
ring in order to study ordered beam structures (string, zig-zag, helix, shell). The 
problems connected to the shear forces induced in the dipoles have been taken into 
account and are still under study. 

1. INTRODUCTION 

After the advent of efficient electron coolers the possibility of generating crystallised ion beams has gained 
the interest of particle accelerator physicists [1,2]. 

In addition, new cooling methods like laser cooling gives a further opportunity to reach ultracold system 
of particles in which ions can have a state transition to the crystalline phase. 

The reason for the interest in crystalline beams has many aspects: for example the fascination of a new 
research field or some of the applicative potentials which are connected with this subject would justify a careful 
investigation of this kind of beams. 

Apart from the pioneering work performed by E.N. Dementiev et al. in 1980 [3], no further indication 
about crystalline beams have been found in a storage ring. 

During the last decade computer simulations have been carried out whose results describe the structure of 
crystalline beams. 

Very recently two relevant experiments have been done: H. Walther et al. [4] achieved the crystallisation 
of ions in a small ring-like ion trap by employing laser cooling; while [5] A.V.Aleksandrov et al. have 
produced, for the first time, an electron beam where the potential energy exceeds the thermal energy, thus 
obtaining a liquid-like phase in the electron beam. These efforts are very promising for further experimental 
investigations in this direction. 

At present, a feasibility study of a dedicated storage ring (CRYSTAL) for ion beam crystallization is in 
progress at the Laboratori Nazionali di Legnaro (LNL). The existing facilities, the XTU Tandem [6] and the 
ALPI superconducting post-accelerator [7], can be used as Heavy Ion Injector systems for the CRYSTAL Storage 
Ring. 

Heavy ion beams of different charge states and kinetic energies can be injected in an indipendent way, 
either directly from the XTU Tandem or from the ALPI post-accelerator, following the requirements of the 
experiments. 

The first step is to store in the ring all stable ion species with kinetic energies and intensities produced by 
the accelerator facilities. The stored beams will be cooled by electron and laser cooling methods in order to induce 
the phase transition from the gas state to the crystalline one. Several ordered structures (string, zig-zag, helix, 
multishell ) will be studied accumulating many pulses in order to increase the beam density. 

The CRYSTAL Storage Ring is planned to be housed in an experimental area located close to the ALPI 
building as shown in Fig. 1 
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Fig. 1 - The LNL accelerator complex. 

2. THE CRYSTAL STORAGE RING 

2.1 Lattice and general layout 

The overall size of the storage ring has been determined by some general considerations such as the largest 
specific kinetic energy of the ions which have to be stored, the matching with the heavy ion injector systems and 
the avaible space in the Laboratory. The kinetic energy depends on the ion species extracted from the XTU 
Tandem/ALPI complex; the maximum specific kinetic energy for fully stripped C is about 24 MeV/u and 3.90 
MeV/uforU 5 4 +. The shape and symmetry of the ring is determined by a compromise between an ideal circular 
machine where the beam is preserved from external perturbations and the need of several straight sections where 
to accomodate injection, extraction, cooling and diagnostic devices. 
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Fig. 2 - A scheme of the CRYSTAL Storage Ring. 

The storage ring is conceived as a fully symmetric six super-periods alternating gradient focusing machine 
with an hexagonal geometry. The lattice has a sixfolded symmetry and general considerations on technical 
feasibility and machine operation make the choise of the betatron tunes Q n v = 1.8 the preferable ones. 
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The storage ring has a total length of about 38 metres and is schematically shown in Fig. 2. The 
magnetic lattice consists of six 60 degrees bending magnets and six drift sections 4.0 metres long in which 
electron and laser cooling devices can be installed. Moreover, correction coils, conventional diagnostic devices 
and special systems for crystalline beams will be located in the drift sections as well. Twelve couples of focusing 
and defocusing quadrupoles are placed near each end of the bending magnets. Lattice and dispersion functions are 
displayed in Fig. 3 for one sixth of the machine. 
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S'x 3«r.dtng Magnat Crystal Lottie* 
VAX - VMS v i f t lor B.9 /0 

n n 
2 8 / 0 B / 9 3 19.0«.,Q7 

Fig. 3 - The lattice and dispersion functions of the CRYSTAL Storage Ring. 

The transition energy y t = 1.6 has a large value which keeps the machine operating well below it. The main 
characteristics of the storage ring are given in Table 1. 

Table 1 - Main characteristics of the CRYSTAL Storage Ring. 

Perimeter [m] 38 Max. hor. beta function [m] 5.2 

Magnetic rigidity [Tm] 3.0 Max. vert, beta function [m] 5.2 

N. of dipoles 6 Dispersion [m] 2.4 

N. of quadrupoles 24 Gamma transition 1.6 

Hor. and vert apertures [cm] 10 Straight section length [m] 4.0 

Hor. and vert, tune 1.8 N. of super-periods 6 

2.2 XTU Tandem and ALPI post-accelerator injection complex 

Beam injection of heavy ions takes place in one of the drift sections as shown in Fig. 2 . Injection 
can be done in a single turn in case of low intensity operation or in several beam turns in order to reach higher 
beam intensities. After injection the beam is self-debunched in a few turns and the storage ring operates with a 
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coasting beam. An estimation of the injection parameters for different ion species and injector type are 
summarized in Table 2. 

Table 2 - Beam parameters at the exit of the XTU Tandem and ALPI post-accelerator. 

Ion species C S Cu I Au U 

XTU 

Tandem 

Charge state - 9 11 12 13 13 XTU 

Tandem 3(v/c) - 0.103 0.0808 0.059 0.0494 0.045 

ALPI 

Post-accel. 

Charge state 6 16 27 40 51 54 ALPI 

Post-accel. 3(v/c) 0.22 0.185 0.148 0.114 0.099 0.091 

Energy spread 10"4 

Emittance 1 71 mm mrad 

2.3 The cooling systems 

Very efficient phase-space cooling is required to attain crystalline ion beams, i.e. a beams with very small 
temperature (in the rest frame system), compared to the average Coulomb interaction energy. Electron cooling 
and laser cooling techniques are foreseen to be applied in the CRYSTAL Storage Ring to attain beam 
crystallisation since they have complementary features. 

Electron cooling provides a phase-space contraction for an ion beam, through the overlappping of a 
ultracold electron beam, continuously renewed. Coulombian scattering between ions and electrons, in force of 
their different masses, allows a transfer of a net amount of thermal energy from the ion beam to the electrons. 
Afterwards the electron beam is removed and a relatively low momentum spread, Ap/p = 10"̂  •*• 10"°, is attained. 

Laser cooling acts by virtue of momentum exchange between an ion beam and laser light whose frequency 
is chosed in correspondence of high values of the electric dipole for the stored ions. Photon excitation and 
subsequent re-emission causes, in princicle, longitudinal momentum Ap/p even three orders of magnitudine 
lower than in the electron cooling case. This latter method has a working regime that recommends a precooled 
ion beam; the former can therefore be considered as complementary to the laser cooling. Furthermore laser 
cooling acts only along the longitudinal axis, so that transverse cooling is determined by the electron cooling 
efficiency. It is also clear that the laser cooling imposes a selection on the kind of ion to be employed. Thus, 
electron cooling reduces emittance and momentum spread without decreasing the ion current, allowing the 
application of laser cooling on a dense ion beam with still enhanced efficiency. 

The devices for cooling are housed in two different drift sections, as schematically shown in Fig. 2. The 
possibility to operate the laser cooling in some straight section of the CRYSTAL Storage Ring is outlined. 

3. SIMULATION OF CRYSTALLINE BEAMS 

The lattice design and the possibility to obtain crystalline structures in the CRYSTAL Storage Ring has 
been investigated by computer simulation codes. 

An intense low emittance beam in presence of space charge, to simulate a space charge dominated 
crystalline beam, has been used in order to study the lattice parameters matching the beam. The used code 
(TRACE-2D) is an interactive, first order, envelope-tracing, beam-dynamics program in which space charge 
forces are linearized [8]. TRACE-2D calculates the beam envelope and shows (Fig. 4) that the beam is stable for 
different emittances. 

A dedicated computer cod© (LICCRY: Liquid Coulomb CRYstal) to study the detailed behaviour of a 
crystallized beam in a storage ring is under development. At present, a two dimensional version is ready and an 
initial study concerning the interaction of a crystalline beam with a storage rings magnetic structure has been 
performed. The trajectories of the particles in a beam cell are determined using a straightforward ray tracing 
method (Runge-Kutta). The space charge effect is computed before each step of trajectory calculation. A 
coulombian particle-particle interaction is considered in a static approach (non-relativistic approximation). A 
coasting beam is simulated by calculating the electric field contribution from all particles in the beam within a 
cell length distance. 

The computer simulation of a zig-zag cell configuration passing through a super-period of the storage ring 
has shown the possibility to match the beam not only to achieve symmetry in dimensions and divergencies but 
also to reconstruct the same internal beam structure. In addition, the simulation shows that the initial structure is 
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preserved between the dipoles and has a behaviour similar to a laminar "Liquid Coulomb Crystal" flow. This 
phenomenon is very sensible to the interplay between space-charge and focusing forces. 

Fig. 4 - Beam envelop for different emittances; a) 0.1 mm mrad, b) 0.001 mm mrad. 

The possibility to obtain ordered structures in the CRYSTAL Storage Ring has been investigated by the 
computer simulation code PARMTRA [9]. This is a Monte-Carlo program to simulate the transport of an ion 
beam through a system of optic elements under space charge condition. Coordinates and momenta are transformed 
around the ring by matrices incorporating the effect of quadrupoles and dipoles. 
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Fig. 5 - Computer simulations of several crystalline beam configurations: a) string, b) zig-zag, c) shell, 
d) multishell. Horizontal and vertical dimensions are in centimetres. 
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Coulomb forces between all particles of a beam sample can be calculated at arbitrary step and added to the 
magnetic element matrix. The simulation code is configurated in order to model the appropriate Coulomb force 
of a continuous coasting beam. 

Several kinds of ordered structures (string, zig-zag, one shell, multishells) have been studied suggesting 
that the CRYSTAL lattice could be consistent with the formation and maintaining of such kind of structures. 
Results of computer simulations are shown in Fig. 5; in all examples the ion is Au**+ with |J = 0.1 and the 
number of particles varies according to the structure configurations. 

Being the cooling system the main tool to obtain ordered ion beam, the corresponding parameters have to 
be chosen in an appropriate way. The cooling forces, applied in one straight section of the storage ring, reduces 
the beam temperature by a certain factor that, for the most simple structure configurations, it is consistent with 
the realistic case. Actually, while for string and zig-zag configurations realistic cooling forces have been used, for 
more complex structures the cooling forces were chosen on the base of theoretical estimations [10] because of the 
very long computer time required for simulations. 

Since the single elements composing the storage ring influences the crystalline beam its behavior has 
been investigated when the beam is passing through each element. The bending magnets are the most important 
elements to be investigated, in fact the ordered structures can be prevented from the viscous heating due to the 
shear induced in the bending dipoles of the ring. Shear will transfer some of the energy of coherent motion to 
thermal energy and may prevent reaching the very low temperatures required for formation of the ordered state. 
Computer simulations [9] for the CRYSTAL Storage Ring shown that the shear effect can be rather small and 
that the ordered structure seems to be quite elastic to compensate such an effect conserving the initial order in the 
beam. 
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ABSTRACT 

In the case of stripping injection, electron cooling enables the IUCF Cooler to accumulate 
beam currents about 10 times higher than what can be obtained without cooling; in the case 
of kicked injection of fully-stripped beams, this ratio is greater than 1,000. Paradoxically, the 
electron cooling system also appears to be responsible for limiting the peak current in the ring 
at 45 MeV to about 6 mA; this limit is more than an order of magnitude below what we might 
expect without cooling. Thus the tool which allows us to accumulate beam also prevents us 
from accumulating more beam. 

1. INTRODUCTION 

The maximum cooled proton beam peak current stored in the IUCF Cooler at 45 MeV is about 6 mA 
(i.e., coasting beams of 6 mA, and 1 mA of rf—bunched beams with bunching factors [BF = Ij^JI^^g^ °f 
about 6). These currents have been obtained using a combination of stripping injection with electron cooling 
accumulation and transverse beam damping. This performance limitation appears to be similar to that 
reported at other laboratories operating with similar beams: 

—The LEAR ring has stored coasting cooled beam currents of up to 3 mA using both electron cooling 
and dampers[l]. 

—CELSIUS has been able to accumulate 2 mA using the electron cooling accumulation mode of 
injection and dampers[2]. 

The un-cooled beam limit in the Cooler, however, may be 1 to 2 orders of magnitude higher. 
CELSIUS, for example, has accumulated and accelerated 40 mA (corresponding to 200 \iA assuming a 
bunching factor of 5) using stripping injection without cooling[3]. This is about 40 times greater than what 
has been achieved at IUCF; the principal reason being the higher CELSIUS injector current, = 75 jiA as 
compared to = 0.75 \iA at IUCF. 

At this point we do not know what causes this intensity limit, nor do we have any techniques to raise 
this limit. We hope that discussion of these limitations at the workshop will provide us will ideas which can 
bring back to IUCF. Below we summarize what we know about this intensity limit. 

2. INTENSITY LIMITATIONS 

2.1 Peak Current Limitation 

As might be expected, the intensity limit in the IUCF Cooler is a peak current {1^ limit, rather than 
an average current (/^J limit. Since to first order we expect the bunch length to vary as l ^ n in the space 
charge dominated regime[4][5], where V^ is the rf voltage, it can easily be shown that 1^ should vary as V^~"2 

for a constant peak current. Such is the case in the Cooler, as illustrated in Figure 1, where we plot the 
measured average current as a function of the h = 1 rf voltage (h is the harmonic number). This does, 
however, suggest an operating mode to maximize /„,, without actually addressing the Ip€ak limit: 1^ should vary 
as hm for constant V^. Since the required bucket area for cooled beams is so small, the rf voltage 
requirement is almost entirely determined by the required energy gain per turn; we thus operate in a regime 
where V^ is not a function of h, and should be able to increase J K by a factor of 2 to 3 by operating with a 
larger value for h (we presently operate at h = 1 for historical reasons). Instituting a "parabola" at the 
beginning of ramping would also lead to increased / ^ without increasing 7^,,. 
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Figure 1. Imc vs. V^ (h = 1) in the IUCF Cooler. 

2.2 Injection Efficiency 

As also might be expected, the Ipat limit is 
independent of the amount of injected beam current, as 
well as, within limits, the repetition rate at which we 
inject beam. We can thus conclude that the limit is not 
related to beam lifetime. This is illustrated in Figure 
2 which shows the stored average current as a function 
of time during the process of cooling accumulation 
using stripping injection. The beam current does not 
increase to its maximum value as / ^ / l — e— , / T), 
where r is the beam lifetime; rather the current 
increases with no apparent change in rate until just 
below the limiting current. More detailed information 
on how cooling is used as an injection aid can be found C0TJH i m e 

in another contribution to this workshop[6]. 

2.3 Increased Transverse Beam Size 

One could conjecture that the intensity limit is 
due to an increase in the beam size. Such a conjecture 
is supported by the large decrease in the geometrical 
constant g[4], which is proportional to the natural 
logarithm of the beam radius to the vacuum chamber 
radius for a centered beam inside a round pipe, as 
shown in Figure 3. This conjecture was tested by 
measuring the effective ring aperture as a function of 
beam current. The aperture was "measured" by exciting 
a coherent betatron oscillation with the injection pulse 
kicker magnet and observing the percentage loss of 
beam. The results, shown in Figure 4, however, would 
seem to indicate the opposite: that the available 
aperture in the machine increases with beam current! 
This is a mystery, and the explanation could be quite complicated. We do know that at high beam currents 
the decoherence of both longitudinal and transverse coherent oscillations is suppressed, so very different 
things happen to the beam in the low and high current regimes when a coherent oscillation is excited. 

Figure 2. Beam current as a function of time 
during stripping injection with cooling 
accumulation. 
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Figure 4. Percentage beam loss as a function of 
beam current for a fixed kicker strength 
corresponding to 10 itjim (non-normalized). 
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We could also conjecture that if the beam size increased substantially as the current increased, a limit 
might be reached due to a sudden beam loss at injection due to the stacked beam striking an aperture when the 
injection magnets are pulsed. This also does not appear to be the case; Figure 5 shows the stored beam current 
as a function of time between injection cycles. A sudden beam loss at injection is not observed; instead the 
beam current smoothly decreases between injection cycles. 

2.4 Beam Lifetime as a Function of Intensity 

The manner in which the beam intensity approaches its limiting current can be explained by the beam 
lifetime being a highly nonlinear function of the beam intensity. This is illustrated in Figure 6 which shows the 
beam current as a function of time after the injection system is turn off. However, the mechanism responsible 
this behavior in unknown. 

Figure 5. Iave(t) between injection cycles; 50 /tA, Figure 6. Beam current as a function of time after 
50 ms per div ( / a v e f l B 0 W = 1 . 5 mA). the injection system is turned off. 

2.5 Coherent Transverse Instabilities 

Although coherent transverse instabilities have been observed, they do not appear to be a limit[7]: 
— Coherent transverse instabilities are usually observed only when the Cooler is operated in a non 

standard mode (i.e., cooling the beam after injection for many seconds before beginning acceleration). 
- A transverse feedback (damping) system can damp these instabilities at rates up to two orders of 

magnitude faster than the measured growth rates. 

2.6 Space Charge Effects 

The limit appears to be due to space charge effects. Space charge effects in synchrotrons are usually 
quantified by the space charge tune shift, AQSC which can be expressed as: 

BFInrCr 
A ^c = A Z i 

where IDC is the average beam current, C the ring circumference, r the classical proton radius, e the proton 
charge, c the speed of light, 0 and y the usual relativistic parameters, and eN the normalized rms beam 
emittance. A Q 5 C is the amount the incoherent betatron tune is reduced due to defocussing effects from the 
beam space charge. We note that AQSC is not directly measured; the tune shift is a mathematical quantity 
which can be exactly calculated but does not necessarily accurately represent what is happening physically. 

In order to estimate the value of AQSC it is necessary to measure eN ; this quantity is usually determined 
by measuring the beam size in a region with known beta functions. An emittance dominated model is then used 
to determine the beam emittance. We note, however, that as the longitudinal beam size is not a measurement 
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is not a measurement of the longitudinal emittance, but rather the beam current, so too the transverse beam 
size may not be a measurement of the transverse beam emittance if the beam properties in the transverse 
plane are also space charge dominated. Previous measurements[8] using the emittance dominated optics 
model indicated that the space charge shift may be as high as 0.3, corresponding to what is typically 
considered to be the practical space charge limit. 

It is easy to understand how a large A g J C can lead to emittance growth: the small amplitude particles 
have the largest tune shift and could be shifted onto a major resonance line. It is less easy to understand why 
instead the high tune shifts should lead to a beam loss. It may be mat the particles with high amplitudes are 
lost; these particles experience a smaller tune shift, but also experience more nonlinear fields which may drive 
higher order resonances. 

We have observed that very small (< 0.01) changes in the coherent betatron tunes can make greater 
than order of magnitude changes in the equilibrium beam intensity; this is somewhat unexpected for situations 
in which the incoherent tune shift is presumed to be more than an order of magnitude larger. 

2.7 Beam Heating? 

e « 

10" 

10 ' 

T 

At present we have not found a technique which will preserve the beneficial aspects of electron 
cooling, thus allowing us to accumulate beams, while alleviating the detrimental effects (presumably very small 
beam emittances). In the future we will try various "heating" mechanisms, which have been tried without 
success in the past, though not under controlled conditions. 

In the past we have tried heating the beam using white noise applied to a transverse kicker. To first 
order there was no change in the beam emittance (as measured by a "flyingbeam" scanner) but a large 
change in the beam lifetime. At high intensities we found this noise, to first order, merely excited coherent 
transverse instabilities and decreased the beam current. It turns out to not be such an easy problem to 
increase the beam emittance — at high intensities, coherent oscillations tend not to decohere as rapidly as 
would be expected with an emittance dominated beam. In the future we will try using high frequency white 
noise (such that the beam wavelength is much longer than the noise wavelength) in conjunction with a 
coherent transverse damping system. The equilibrium proton beam emittance can be increased by 

mis-aligning the electron and proton 
beams in the cooling region[9] (Figure 7). 
We have demonstrated that the highest 
stored beam currents are obtained when 
the electron and proton beam are not 
exactly aligned so as to maximize the 
measured cooling forces. We do not, 
however, think that there is a lot to be 
gained here — the operators routinely use 
the stored beam current as feedback in 
adjusting the beam alignment. 

We will also try heating the beam 
using multiple scattering from an internal 
target, though we do not expect this 
technique to have great potential. One 
can show that, for a zero-emittance beam, 
the small angle multiple scattering beam 
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Figure 7. Proton beam H and V angular divergences in the 
cooling region vs. the H angular alignment between the beams. 

lifetime is = 0.2Z/(Z + 1) times the single scattering lifetime. We would consequently expect that the single 
scattering lifetime will be = 0.1 s x AI e^ where A is the ring acceptance and e^ is the equilibria emittance. 

3. CONCLUSIONS 

We have just begun to explore means for increasing the stored beam limitations. Thus far, we have 
identified no techniques which can substantially increase the limiting beam current without compromising our 
ability to quickly accumulate beam. There are many unanswered questions and mysteries. In early November 
we will systematically explore the beam transverse equilibrium using a flying wire profilometer; the 
information from this monitor should answer many of our question. In the meantime, we are beginning to 
take more seriously the possibility of drilling a small hole in the center of the cathode! 
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EXPERIENCE AT IUCF WITH ELECTRON COOLING AS AN INJECTION AID* 

R. E. Pollock 
Indiana University Department of Physics and IUCF, Bloomington, IN, USA 47405 

ABSTRACT 
Methods have been developed to use electron cooling to assist in beam 
accumulation, both for stripping injection of unpolarized beams and for rf stacking 
of polarized beams, in the cooling ring-synchrotron at the Indiana University 
Cyclotron Facility (IUCF). In both modes, stored currents in excess of 0.5 mA are 
obtained, about one thousand times the cyclotron output current. Cooling-assisted 
injection is sensitive to the strength of the cooling force. New measurements of the 
longitudinal cooling drag rate are presented and some details of the stacking process 
are compared to numerical simulations. Limits to the performance in these injection 
modes are discussed. 

1. INTRODUCTION 

The IUCF Cooler [1, 2], a cooling ring-synchrotron of 3.6 T-m maximum rigidity has been operating, 
primarily for internal target experiments in nuclear and particle physics, since 1988. The low peak beam 
current, from the CW accelerator complex (the IUCF cyclotrons) used for injection, requires a current gain by 
beam accumulation of order one thousand to obtain useful event rates in experiments. Methods have been 
developed to use electron cooling to assist in the accumulation process, both for stripping injection of 
unpolarized beams and for rf stacking of polarized beams. In the stripping mode, an FL + beam of 90 MeV from 
the cyclotron is employed. A stored proton beam current up to 1 mA at 45 MeV can be obtained after a few 
seconds of injection. Following acceleration, this beam can give a cycle-averaged luminosity approaching 

31 2 1 10 cm s" with a hydrogen jet target in threshold meson production experiments [3, 4]. Cooling during the 
experiment counteracts emittance growth from target scattering, with the transverse cooling rate setting the 

3 i i upper limit to target thickness [5]. Stored beams of deuterons and He are prepared also by this method. 
Because polarized ions with attached electrons are not presently available from the IUCF accelerators, 

the stripping mode cannot be employed to accumulate polarized beams. A more intricate method which 
employs fast kickers, rf manipulations and cooling has been developed [6]. The current state of this method is 
summarized in Section 4. Injecting polarized protons at 198 MeV, a current of 0.56 mA has been reached, and 
accumulation rates in excess of 2 |iA/s have been observed. The slow build-up of stored current by stacking 
makes this mode useful primarily for experiments with very much thinner targets than are used with stripped 
injection. Filling and measurement portions of a run cycle are then measured in minutes rather than seconds. 
Polarized beam-polarized target experiments, for example, have been carried out with cycle-averaged 

29 2 1 luminosity of 10 cm" s" . Polarized deuteron beams are also being delivered by the cooling-assisted stacking 
method. 

The prospects for further improvements to IUCF Cooler injection methods are of considerable interest to 
our user community. Studies of limiting phenomena continue to be pursued. Some comments on the present 
state of our understanding are presented in Section 7. 

2. RELEVENT MACHINE PARAMETERS 

Typical cyclotron beam current is about 0.5 |i.A. The time microstructure is a stream of ±0.2 ns pulses 
normally spaced at 1/6 of the Cooler ring circumference. The beam normalized emittance is about 1 JC \im and 
the momentum spread about ±0.03%. Beam is often directed to other users between Cooler injection pulses. 

Work supported in part by the U. S. National Science Foundation under grant NSF PHY 90-15957. 
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The IUCF Cooler, for economy of design, has a small phase space volume for beam storage. The 
acceptance in each transverse plane is about 16ft |im, while the momentum acceptance is ± 0.2%. The uniform 
length of the confinement solenoid of the electron cooling system occupies about 2.5% of the 87 m ring 
circumference. The electron beam is 25 mm diameter and operates at currents up to 2.5 A at 100 keV, a limit 
set by a collector power dissipation of 20 kW. The electron system can cycle between two energies so cooling 
is available at injection and again after synchrotron acceleration. Protons up to 415 MeV have been cooled. 

3. STRIPPING MODE 

18 2 
A carbon foil, of nominal thickness 10 atoms/cm is mounted above the closed orbit, with its lower 

edge unsupported. A macropulse of a few ms duration is split from the cylotron output beam, directed down the 
injection path, into the ring and onto the foil edge. A set of bumper magnets with about 20 ms rise and 0.5 ms 
fall times raise the ring closed orbit locally at the foil, so that the stripped beam lies within the ring acceptance 
in transverse phase space, but cooled beam from prior injection cycles is below the foil edge. As soon as the 
beam pulse ends, the closed orbit is lowered and transverse cooling begins to reduce the emittance of the halo of 
freshly-injected particles. After about 0.4 s, the process is repeated. The measured beam lifetime while 
intercepting the foil is 3 ms, about 3000 turns. Both emittance growth and energy spread contribute to the loss 
rate. The stored current increase per bump is about 0.1 m A or 200 times the cyclotron ion current. This 
indicates a rather low proton injection efficiency of about 3%. However, the stored current limit set by beam 
stability is reached after a few repetitions, so the filling time is comparable to times for acceleration and high 
energy cooling, and performance is not very sensitive to this efficiency factor. 

The cooling-assisted stripping process is found to be very sensitive to the exact position of the closed 
orbit with respect to the foil edge, because of the limited acceptance of the storage ring. Macropulse width and 
repetition period are other tuning variables. Higher electron beam currents permit higher repetition rates. 

Filling rate in the stripping mode improved in 1992 after a chance observation with a new diagnostic [7] 
that the cooled beam was being decelerated when brought close to the foil edge. The flat top of the bump pulse 
was then reduced from about 50 to about 5 ms. This smaller time for interaction of the beam distribution tail 
with the foil led to an increase in the added stored current from about 0.04 to about 0.1 m A per bump, probably 
by permitting a more efficient sharing of the available transverse phase space during the macropulse. 

4. STACKING MODE 

The rf stacking mode employs a single turn of beam, placed onto the closed orbit by a pair of fast 
kickers. The aperture function [3 is 1.8 m at the injection point and 11 m at the matched kicker pair at ± 90° of 
phase advance from that point. The "fast" kicker pulses have 0.1 jos rise and fall times, adjustable duration 
and amplitude, and may be synchronized to ring or cyclotron rf systems. The kickers produce an 8 mm local 
orbit excursion at the injection septum in a region with 4 m dispersion. By lowering the momentum after 
injection by 0.2%, the new beam can survive subsequent kicks. To prepare the beam for rf deceleration, a 
debunching 90° rotation in the longitudinal phase space is performed, turning the subnanosecond time spread of 
the cyclotron microburst into a momentum spread of less than 0.005%, so that a small bucket can contain the 
decelerating beam. Rf synchronization and careful matching of the cyclotron orbit radius at extraction to the 
Cooler radius is essential in avoiding dilution in the debunching step. The sixth harmonic rf system of the 
Cooler ring performs the debunching phase space rotation on the kick-injected pulses. This requires an 
amplitude of about 1 kV and a duration of about 0.1 ms. The amplitude is then reduced to about 50 V to match 
the bucket volume to the cyclotron pulse. A pause of 5 ms is inserted to allow the operator to view the intensity 
at this stage as a tuning aid. The deceleration begins with a phase jump, and takes about 15 ms. The rf 
amplitude is turned off to release the beam near the stack momentum. Electron cooling then slowly contracts 
the phase space. After a 0.1 s delay, the kick/debunch/decelerate/cool cycle can be repeated. 

A limit to this process is set by the action of the kickers on a coasting stack. Despite careful matching to 
produce a purely local orbit excursion, there is some transverse beam heating from the residual mismatch. Slow 
time drifts due to kicker thyratron temperature changes are particularly troublesome in maintaining an optimum 
match over long runs. If the cycle repetition rate is too high, emittance growth overwhelms the transverse 
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cooling rate, signalled by a reduction in beam lifetime with kickers firing. Since the tail of the beam is being 
removed, the loss rate increases if target material in the path of the beam regenerates tails. 

Beginning in 1991, the stacking method has been improved by employing two rf cavities, one for 
debunching and deceleration and a second for bunching of the cooled stack. The kicker fire is synchronized to 
this second cavity to ensure that the cooled bunch is centered on the kicker pulse flattop. The main part of the 
stored beam does not then see the edges of the kicker pulses and time matching becomes much less critical. 
With this change, the optimized performance has increased from a kicker loss rate of about 10 /kick at a 2 Hz 
rate to about 10" /kick at a 10 Hz rate. The rate limit is no longer set by transverse cooling and kicker 
mismatch but by the time needed for longitudinal cooling into the stack bucket Beam which has not cooled 
enough before the next kick is vulnerable and a loss of injection efficiency is observed if the repetition rate is 
too high. Phase displacement would set a separate limit if the decelerating buckets were larger. The optimum 
repeution rate increases with electron current so that we now operate at 2.5 A (0.5 A/cm ) to reach 10 Hz. 
Stored current increasing at 2 pA/s may be obtained under these conditions, corresponding to about 40% 
efficiency in transfer of one turn's worth of 200 MeV polarized cyclotron output into the cooled stack pulse. 

5. NUMERICAL SIMULATIONS 

The suite of programs developed to study and optimize the debunching procedure [6] has been extended 
to observe details of the capture by cooling in a small first harmonic bucket. It was found that the simplified 
step cooling force used in this earlier work underestimated the time delay in the formation of narrow time 
structure. When a more realistic velocity-dependent drag rate was incorporated, the simulation began to show 
good qualitative agreement with observations. A sample of the simulation output is given in Fig 1. 

Figure 1. An ensemble of particles with a random distribution of initial phases and identical initial 
momenta is drawn down into a first harmonic stacking bucket by electron cooling. The simulation cooling rate 
is higher by a factor of 8 than in our ring. The three cases represent slightly different electron momentum 
relative to the momentum defined by the bucket rf frequency. On the left is shown the time evolution of the 
peak in the power spectrum at the eighth harmonic of the orbit frequency. Note the precursor peaks which are 
visible before the narrow time structure of complete cooling has developed. A peak occurs when the shrinking 
ellipse width passes a sub-multiple of the bucket width. On the right is a cumulative phase space plot of particle 
positions recorded at equal intervals of time. Note that the phase space spiral for all particles passes near the 
unstable fixed point on entering the bucket. This region is vulnerable to kicker transverse heating. 

Precursor peaks which appear in a spectrum analyzer display at higher harmonics are quite similar to 
those observed in the simulated power spectrum. Understood as a consequence of the cusped projected density 
distribution of the shrinking hollow ellipse, which produces a peak at harmonic h when the two cusps are 
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separated in phase by 2?t/h, the time delay before observation of peaks at different h can be used to extract a 
cooling rate. See next section. Figure 1 shows that the process is not strongly sensitive to changes in electron 
momentum of ± 0.01%. It is interesting that the phase space trajectory for any initial phase passes close to the 
unstable fixed point as each particle enters the bucket. If the kickers are fired for the next injection cycle while 
particles from the previous cycle are slowly passing this point, transverse heating through kicker time mismatch 
may reduce the injection efficiency. 

6. DRAG RATE MEASUREMENTS 

A method of measuring the longitudinal drag rate as a function of relative velocity while stacking has 
been developed. The if deceleration is interrupted after a selected fraction of the frequency change is 
completed, leaving much slower cooling to finish the velocity change. The time delay between injection and 
cooled bunch formation is measured. The change in delay per unit energy change is the inverse of the 
longitudinal drag rate, shown as a function of relative velocity in Fig. 2. This data is supplemented in Fig. 2 by 
the drag rate at very low relative velocity extracted from the delay in precursor peak formation for h = 2 . . 24, 
as shown in Fig. 3. 
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Figure 2. The large squares are 45 MeV proton data [8]. The small squares are a four parameter analytic 

expression fit to this data which is useful for longitudinal simulations. The filled diamond and + symbols show 
measurements from the time delay in the power spectrum for injected beam of 200 MeV. Data are normalized 
to 1 Ampere of electron current (25 mm cathode diameter) and to E/mc = 1. The solid circles are normalized 
drag rates extracted from the precursor peak delay. See Fig. 3. 

Agreement between data sets is reasonable at large relative velocity but the stacking method data near the 
peak drag rate are seen to fall below the cooled equlibrium data. This is attributed to the short time delay which 
has not allowed the freshly injected beam to cool transversely to equilibrium emittance. Minimizing this delay 
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is a useful tuning aid in matching the injection 
trajectory to the closed orbit. There is a significant 
disagreement in slope at low relative velocity. The 
cooled equilibrium data show a drag rate 
proportional to v11 where the best fit has n = 0.7, 
while the stacking data are consistent with n = 1.05 
± 0.15. The low relative velocity region is known 
to be sensitive to power supply ripple [8], which 
has not been cancelled in stacking operation, as 
well as to magnetized cooling. These data may 
well indicate the strong influence of incomplete 
transverse cooling for low relative velocity. 

7. FUTURE PROSPECTS 

The proton current in stripping mode would 
benefit most from raising the cooled beam stability 
limits. Active damping of transverse instabilities 
and flat-bottomed buckets for reduced tune shifts 
are under investigation. For other stripped ion 
species, more development effort may be expected 
to yield an improved transfer efficiency between 
cyclotron and Cooler. A thinner stripper foil 
would be helpful for these beams. 

The stacking mode, with its higher injection 
energy, would seem now capable of reaching 
several mA of polarized beam. Multiplication of an observed filling rate of 0.12 mA/min with a best observed 
lifetime while kicking of 1 hour would give 7 mA. However the best stored current to date with this mode is 
lower by an order of magnitude. There is evidence for a stored-current-dependent loss of transfer efficiency 
with a threshold near 0.4 mA. Longitudinal space charge effects [9] may play a role by limiting the time 
contraction. Other physics cannot be excluded at this stage. A more intense polarized beam source coming into 
operation in the next few months will allow more rapid exploration of the phenomena setting the present limit. 

The present performance of the stacking mode is critically dependent on good cooling. Drag rates above 
1 MeV/s and longitudinal cooling time of 60 ms are being exploited with electron beam power densities of 55 
kW/cm . It is not clear that much better cooling is to be expected. Further injection improvements must be 
obtained instead by improvements to or radical changes in the procedures preceding the cooling step. 
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ABSTRACT 
The use of low energy electrons, in the energy range of < 300 keV, for cooling 
^ 550 MeV/nucleon ion beams, is a well-developed technology. In the past 5 years, 8 
systems have been commissioned[l],[2] in the U.S. (1), Europe (6), and Japan (1). In 
all cases, these systems are functioning splendidly, allowing accumulation of polarized and rare 
isotope beams, and providing beams of unsurpassed quality for high resolution atomic, nuclear, 
and particle physics research. We believe that intermediate energy electron cooling, in the 
electron energy range of 1 — 10 MeV for cooling 2 — 20 GeV/nucleon ion beams, would be 
exploited on a similar scale today if the technology were available. Such systems could 
enhance the performance of light and heavy ion colliders, provide the same opportunities for 
performing high precision nuclear and particle physics in a storage ring environment as are 
available now at lower energies. These applications are discussed in the following section. 
Above electron energies of about 500 keV, however, the traditional approach of using a 
Cockcroft-Walton power supply and a magnetically-confined electron beam becomes 
impractical. A non-magnetically confined electron beam generated and collected in the 
terminal of a Pelletron accelerator, however, seems ideally suited for these higher energy 
systems[3]. Although this technology has been partially developed, order of magnitude 
improvements in the performance demonstrated to date are necessary to exploit this 
technology. This paper will outline the design considerations behind the system and the 
current status of the project. 

1. MOTIVATION AND APPLICATIONS 

1.1 Increasing the luminosity of light ion colliders 

The luminosity, L, of a bunched-beam collider depends upon the ion beam current, /, and normalized 
rms emittance, e, as fie; the space charge tune shift, (AQSC) limit, however, varies as I/e. Consequently, when 
pushing colliders to higher luminosities after the tune shift limit has been reached at low energies, / and e are 
usually increased together, keeping the quantity I/e constant, resulting in L « /. 

Another possible approach is to reduce e after acceleration in lower-energy injector. Since AQSC is 
usually only significant in the lowest energy synchrotron, smaller values of e may be allowed later in the chain 

"This work was supported by the TNRLC under grants RGFY9158 & RGFY9258. Additional support by 
Indiana Univ. and NEC. 

390 



of accelerators providing the beam—beam tune shift is not a limitation (AJ2SC

 œ C/72 where C oc -y is the ring 
circumference; thus AQSC « I/7). Stochastic cooling is not able to quickly increase the already high phase 
space density of beams in synchrotrons fed by modern sources, but such beams are just "cold" enough for rapid 
intensity-independent electron cooling. Such an approach could provide increased luminosity via operation with 
the same beam current and reduced emittance, or provide the same luminosity via operation with a reduction 
in the beam current and a greater reduction in emittance[4]. There are advantages resulting from either 
reduction: the lower beam current reduces radiation damage and synchrotron radiation at very high energies; 
the lower beam emittance reduces the aperture requirements in all the following machines — a very considerable 
economic benefit. Since luminosity is a direct measurement of the physics research potential of a machine, the 
1 — 10 M$ electron system cost makes intermediate energy electron cooling a very economical option in light 
of the capital and daily operating costs of large colliders such as the SSC and DESY. 

Although AQSC > 0.3 for the 0.6 GeV beam injected into the SSC LEB, AQSC ~ 0.06 at injection into 
the MEB[5] at 12 GeV; consequently the beam emittance could be reduced by up to a factor of 3 — 4 at this 
point. An electron cooling system installed in an available straight section of the SSC MEB without lattice 
modifications could reduce larger-than-design beam emittances by an order of magnitude in about 26 s, and thus 
not significantly increase the SSC filling time. The cooling rates could be over an order of magnitude higher 
in the MEB if lattice modifications were made to incorporate electron cooling as an integral component. 

The emittance of proton beams in HERA is limited by space charge effects in the first 
synchrotron[6], DESY HI. In the following ring, PETRA U, AQSC « 0.03; consequently the emittance could 
be reduced by approximately a factor of 10. An electron cooling system installed in an available straight section 
could attain this reduction in about l/10th of the ring cycle time of 240 s. 

The benefits of electron cooling in high energy colliders would be even more dramatic if the machines 
were operated with less bright polarized beams, or with heavy ion beams. 

1.2 Increasing the luminosity of heavy ion colliders 

The beam emittance in heavy ion storage rings and colliders is often limited by intrabeam scattering, 
IBS, the rate for which scales as Z?/A2. In very high energy colliders electron cooling can reduce the beam 
emittance before acceleration in the final machine, compensating for IBS at low energies. For colliders operating 
with beam energies less than 30 GeV/nucleon, the colliding beams can be continuously electron cooled. 

The electron cooling time would be as low as 0.1 s for the 4 — 7 GeV fully-stripped gold beams in the 
proposed KEK-PS[7] heavy ion collider due to the AÏË scaling of the cooling time and relatively low beam 
energy. Since the space charge and beam-beam tune shifts are estimated to be < 10"3 and 10"5, respectively, 
the beam emittance could potentially be reduced by over a factor of 100, resulting in a 10 to 100 fold luminosity 
increase. 

1.3 Improving the performance of light ion storage rings 

Using a storage ring with internal targets and cooled beams has proven to be a far superior environment 
for many classes of experiments[8]. At IUCF the possibility of extending this technology from the 500 MeV 
energy limit of the IUCF Cooler ring to 15 GeV energies (in a conceptual ring called "OSS" — the Light Ion 
Spin Synchrotron) is currently being explored[9]. 

An electron cooling system installed in one of the 4 straight sections reserved for stochastic cooling in 
the 2.5 GeV CoSy ring in Jûlich could provide order of magnitude higher cooling rates than can be achieved 
with stochastic cooling at a fraction of the cost. 

2. TECHICAL PROJECT OVERVIEW 

This project, which began in April 1991, has two principal goals: (1) to determine the feasibility of 
electron cooling the 12 GeV/c beams in the SSC MEB; and (2) to develop and demonstrate the necessary 
technology, leading to its commercial availability. The first goal has been completed. In the attached recently-
completed design report[10] we have shown that all the necessary subsystems are technically feasible; 
potential problems have either been determined to be unimportant, or straightforward solutions have been 
identified. 
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2.1 Demonstration of electron recirculation 

The work thus far, however, still leaves unresolved the primary problem, which is to convincingly 
demonstrate that such a system as a whole can indeed be built and made to operate reliably. The principal 
technical problem is to demonstrate successful recirculation of a dc, multi-MeV, multi-ampere electron beam. 
The recirculation principle is shown schematically in Figure 1. The primary current path is from the cathode 
(at the high voltage terminal potential) to ground (where the electron beam interacts with the ion beam and 
cooling takes place), then to the collector located in the terminal, and finally through the collector power supply 
back to the cathode. 

High Voltage 
Pelletron 
Terminal 

Electron 
Beam 

+ _ ^ _ 5 MV 

Cool ing S e c t i o n 
< T-TT 

loss current 

Figure 1. Simplified electrical schematic of the electron recirculation system. 

Recirculation allows recovery of « 99.9% of the beam energy. By illustration, if the terminal 
potential, W, (beam energy/e) were 5 MV, the beam current, lt = 2 A, and the collector power supply voltage, 
V"̂  = 5 kV, although the imaginary beam power would be 10 MW (W* Q, only 10 kW of real power (V„, • Ie) 
would be needed to recirculate the beam providing no current were lost to ground, 7 t e J = 0. 

Collection inefficiencies, ô = 7 t o / / „ in the present low energy ( < 0.3 MeV) electron cooling systems 
are typically » 10""*, though values as low as 1 X 10"* have been demonstrated[ll] at IUCF. We estimate 
that collection inefficiencies must be in the range from 10"5 to 10"4 for the higher energy systems for manageable 
power dissipation. To date the necessary electron collection efficiencies have been obtained in beam tests at the 
National Electrostatics Corporation (NEC), though with insufficient (0.12 A) current[12]; the required 
currents have been obtained ( > 6 A) in a system used as a free electron laser driver at the University of 
California - Santa Barbara, though only in a pulsed mode with insufficient collection efficiencies[13]. Our 
goal is to demonstrate reliable high efficiency dc recirculation of a 2 A electron beam using the 2 MV Pelletron 
accelerator at NEC. 

2.2 Plans to achieve stable high efficiency recirculation 

The electron recirculation system design incorporates many improvements based upon the experience 
of previous work. Some of these improvements include: 

—Improved beam diagnostic systems. The previous system tested at NEC had no working beam 
diagnostic systems for beam currents exceeding 10"4 A. The present system design includes specially-designed 
diagnostics to allow measurement of the beam position and beam profile for currents in the range from 10* to 
10' A. 

—Improved electron collector. Our collaborators from Novosibirsk have already demonstrated an 
electron collector suitable for this application. IUCF is also building a collector which includes a dipole 
suppressor which may allow ô as small as 10"6. 

—Improved electron gun. The present gun design will produce a much smaller beam emittance and has 
true Pierce geometry in the gun region. 
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—Ion clearing électrodes. These high-intensity, low-emittance electron beams have space charge, rather 
than emittance, dominated optics. The system pressure will be improved using nonevaporable getter pumps, 
and ion clearing electrodes will be employed to prevent space charge neutralization. 

The beam optics have been calculated from the gun through to the collector as a function of electron 
beam current, and all the ion optical elements have been field mapped. This preparation, together with a 
computer control system, ion clearing and improved vacuum systems, and beam diagnostic systems, (all of which 
were lacking in the previous system), will allow systematic comparison of the calculated and measured beam 
optics as a function of current; such a systematic approach was not possible in the past. It will thus be possible 
to understand problems as they inevitably arise during the commissioning of this system. 
Technical details on the design of the electron gun, acceleration system, recirculation beamline, electron 
collector, beam diagnostic systems, etc. may be found in the MEB E-Cool Design Report (Ref. [10]) and in 
Ref. [14]. 

2.3 Project Status and Schedule 

Nearly all components for the electron recirculation beamline have been procured. The magnets have 
been machined, assembled, mapped and shimmed. Figure 2 shows the schematic status of the procurement 
process. The Pelletron accelerator has been raised to allow more room for the beamline and alignment systems, 
and concrete radiation shielding has been poured around it. The Pelletron has been refurbished and operated 
at the design voltage and the radiation monitoring system and power supplies have been installed. 

Acceleration Tube 

E x ] Solenoid (SZ) 

NIC HoiHiox 

BPH 

Solenoid (S3) 

Roughing Port 

Cote Voire 

Firing Wire Sconner 

NEC Wire Scanner 

Clearing Electrode 

Dlpole (Bl) 

Figure 2. Schematic of recirculation system beamline procurement. 

The schedule for the completion of this project is divided into two principal parts. During the first 10 
months the procurement, assembly, and system checkout will be completed. The following 14 month period 
will be devoted to operation and modifications of the recirculation system. We expect stable low current 
( < 0.1 A) operation within the first three months; at that time the low-current beam diagnostic (rotating wire) 
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systems will be replaced with higher current (residual-gas ionization detection) systems, and the remaining 11 
months will be devoted to operation at high currents (up to 2 A). 
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Abs t r ac t 
The temperature of heavy ion beams in equilibrium between electron cooling and heating by intra-

beam scattering has been measured over a large range of ion and electron beam intensity. Momentum 
spread and emittances increase with the ion beam intensity and decrease for stronger cooling with 
higher electron currents. The dependence of the ion beam temperature in equilibrium on the ion 
charge is not very pronounced. A comparison of cooling forces at small relative velocity for C 6 + , 
T i 2 2 + and A u 7 9 + shows a strong increase with the ion charge which however favours a proportion
ality to Zl's rather than a Z2- dependence which is expected from a straightforward theoretical 
estimate. Longitudinal cooling rates determined from the cooling force are in reasonable agreement 
with measured heating rates by intrabeam scattering. 

1. I N T R O D U C T I O N 

The electron cooling system of the heavy ion storage ring ESR [1] is designed for cooling of heavy 
ions from the variable injection energy of the heavy ion synchrotron SIS [2] down to the minimum energy 
tha t can be achieved after deceleration. Moreover it opens a large field of atomic physics investigations 
concerning the interaction between bare or few electron ions and free electrons. Studies of radiative elec
tron capture and associated X-ray emission, dielectronic recombination and laser induced recombination 
have already been performed successfully [3]. Cooling of stored beams which are heated by the internal 
gas target particularly in connection with radioactive beams is another application of electron cooling 
with growing importance. 

2. S T A T U S O F T H E E S R E L E C T R O N C O O L I N G S Y S T E M 

Several problems with respect to the ambitious objectives of electron beam operation at high 
energy, strong magnetic guiding field and intense electron beam have been faced. Design parameters for 
the electron cooler can be found elesewhere [4], therefore only a short s tatus report is given here. The 
operation voltage was limited by an unsuitable connection tube between high voltage platform and power 
transformer. First tests after replacement of the troublesome connection and separate tests of most of 
the components raise expectations to be soon able to achieve stable conditions for voltages up to 250 kV. 
Operat ion at very low energies after ion beam deceleration seems to be restricted by a fast regulation 
ripple (in the range of a few kHz) at voltages below 50 kV. Beam experiments have to show whether this 
ripple on the order of ± 5 V (compared to ± 1 V" for voltages above 50 kV) is adequate for beam cooling 
or whether a scheme with an addit ional power supply for better energy stabilization has to be considered. 

Although the cooler has been tested off line with electron currents up to 3 A the cooling current is 
usually less than 0.5 A as the high recombination rate in the cooler determines the lifetime of cooled heavy 
ion beams. Moreover fluctuations of the electron beam energy due to varying space charge compensation 
have been observed for higher electron currents. A proper electrode system for clearing or t rapping such 
ions is desirable to achieve for currents in excess of 0.5 A the same level of energy stability (6E/E « 1 0 - 6 ) 
t ha t was observed in cooling experiments with electron currents below 0.5 A. An improvement of the 
current collection efficiency of the collector system has already been achieved by reduction of the length of 
the collector entrance electrode resulting in a current collection efficiency better than 0.9998 for electron 
currents up to 1 A and better than 0.9995 up to 2 A. 

The magnetic field is at present limited to 1.1 kG because of an underdesigned power supply 
for the ion beam correction. Electron beam tests have shown that operation with higher magnetic field 
(B > 1.0 kG) may be limited by discharge phenomena most likely occurring in the gun region. Installation 
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of a screening electrode to avoid a field configuration in which slow electrons can be trapped is expected 
to be a cure for such discharges. 

First tests to decelerate ions in the ESR were successful, but cooling of decelerated beams will not 
be available before installation of the control hardware for ramped cooler operation. Modification of the 
existing control hardware for ramped operation is foreseen for early next year. 

3. COOLING TO EQUILIBRIUM 

Beams of bare ions from C 6 + to U 9 2 + have been stored and cooled in the ESR, but also some 
partially stripped ions have been prepared for atomic physics experiments. The energy was determined 
by the injection energy from the synchrotron SIS between 150 and 300 MeV/u with the maximum 
energy corresponding to the high voltage limit for reliable operation of the cooling system. The major 
concern of the cooling experiments was the attainable phase space density of heavy ion beams with 
electron cooling. The momentum spread of the ion beam in equilibrium was determined either by FFT 
analysis of the Schottky noise or BTF measurements with the standard ESR diagnostic system [5], 
emittances were determined with charged particle detectors measuring the transverse distribution of 
down charged ions produced by radiative electron capture in the cooling section [6]. All measurements 
were routinely preceded by a procedure to minimize angular misadjustments of electron and ion beam [7]. 
Fig. 1 exemplifies the dependence of the ion beam emittance (2a) and momentum spread (FWHM) for 
a medium and a very heavy ion beam ( T i 2 2 + and A u 7 9 + ) as a function of the number of stored particles 
under constant cooling conditions. The increase of the ion beam temperature with the particle number 
can be well explained with stronger intrabeam scattering in an ion beam of higher intensity. In all 
experiments by now a ./V1 ̂ -dependence of the momentum spread on the number of stored particles N 
has been observed. For the transverse emittance results varied in the range JV 1/ 3 to N2/3 [7] indicating 
a high sensitivity to the actual cooling conditions. 

< 

1 0 " 1 

10-2 

0.50 

0.10 

0.05 

Ti< 250 MeV/u 

I,, = 250mA 

< 

10 ' 10° 

number of stored ions number of stored ions 
Figure 1: Ion beam momentum spread and emittances as a fuction of the number of stored particles for 
a lighter ( T i 2 2 + ) and a heavier ( A u T 9 + ) ion species. 

Assuming a balance between cooling and heating rate by intrabeam scattering the equilibrium 
state must depend on the electron beam intensity which determines the cooling rate. Higher electron 
currents result in an increased cooling rate which corresponds to a lower equilibrium temperature of the 
ion beam. Calculations for the gun design indicate no considerable dependence of the quality of the 
electron beam on the electron current up to 1 A. The equilibrium beam temperatures as a function of the 
electron current are shown in Fig. 2. The systematic decrease for higher electron currents is attributed to 
a cooling rate that increases proportional to the electron current. The momentum spread dependence in 
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all experiments was close to I ^ 0 ' 3 , the decrease of the horizontal and vertical emittance can be described 
by a /^"-dependence with a ~ 0.1 - 0.5. The vertical emittance usually shows a weaker dependence on 
I e; and is also less sensitive to the vertical alignment, since the profiles of down charged ions which are 
utilized for the optimization procedure are within a range of ±1 mrad not affected significantly by angle 
misadjustments. 
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Figure 2: Equilibrium temperature of two ion species ( T i 2 2 + and A u 7 9 + ) descends as a function of the 
electron current due to stronger cooling. (Ion currents as indicated.) 

The dependence of the equilibrium temperature of the ion beam on the ion charge and mass for 
constant cooling current is not very expressed as can be derived from Figs. 1 and 2. This is clearly 
indicated by the dependence of the momentum spread as a function of the particle number shown in 
Fig. 3 which includes additional results from experimental runs. Only Schottky spectra without strong 
indications of collective beam behaviour were analysed for this comparison because the analysis of such 
spectra has caused discrepancies which are not in agreement with the systematic temperature dependence 
on the ion number and the electron current. Small variations over the large range of charge states in 
Fig. 3 indicate that the higher intrabeam scattering rate for higher charged ions is nearly balanced by the 
larger cooling rate. The iV1 ̂ -dependence seems to change for low particle numbers to a JV1 ̂ -dependence 
explicable by reduced intrabeam scattering from the transverse to the longitudinal degree of freedom. The 
observed lower limit for detectable beam momentum spread Ap/p = 7 • 1 0 - 7 at small particle numbers 
is likely to be caused either by power supply ripple of the main ring magnets or by the energy stability 
of the electron beam. 

The amount of data for the transverse degree of freedom is not so abundant, but the dependence on 
the ion charge can be deduced from a comparison of the two ion species in Fig. 1 or when properly scaled 
also from Fig. 2. The results for the equilibrium emittance agree quantitatively for both ions indicating 
an almost neglible variation of the equilibrium ion beam emittance for constant ion and electron beam 
intensity with the ion charge or mass. 
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approximately oc J V 1 ' 3 . Ion species, ion energy and cooling current according to inscription. 

4. C O O L I N G F O R C E A N D I N T R A B E A M S C A T T E R I N G 

The two determinant quantities for the quality of electron cooled ion beams the cooling force of 
the electron beam and the intrabeam scattering rate of the dense ion beam were investigated in separate 
experiments. For lack of adequate diagnostics for the transverse degree of freedom the experiments were 
concentrated on longitudinal cooling force, cooling rate and longitudinal heating rate. For measurements 
of the longitudinal cooling force at small relative velocities between electron and ion beam the cooled 
beam was heated by white noise and the cooling force of the electron beam was determined according to 
F • v0 = D • dil>(E)/dE • é~l with the diffusion coefficient D and with the energy dependent distr ibution 
function ip(E). The measurements shown in Fig. 4 were performed with an electron current of 50 mA, an 
ion current of approximately 100 (iA and an identical set up for longitudinal beam excitation. Although 
an absolute calibration of the diffusion coefficient is not yet finished this comparison allows a s ta tement 
on the ion charge dependence for the investigated ions C 6 + , T i 2 2 + , A u 7 9 + . 
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Figure 4: Longitudinal cooling force of a 50 mA electron beam determined for 100 /zA ion beams of 
C 6 + , T i 2 2 + and Au79+, respectively. Straight curves are mesurements with simultaneous rf noise heating. 
Fit t ing of the Ti curve to da ta points from HV stepping allows an est imate of the absolute value of the 
cooling force at small relative velocity. 
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The increase for the three ion charges can be described by a proportionality to Z 1 ' 5 which can 
be determined without knowledge of the absolute value of the diffusion coefficient. This is in agreement 
with a previous result [8] comparing N e 1 0 + and B i 8 2 + but contradicts a simplified model predicting a 
Z -dependence. More elaborated theories are obviously required for highly charged ions. For relative 
velocities v* > 2 • 10 4 m/s the cooling force for T i 2 2 + was measured by high voltage stepping. The 
measurement for T i 2 2 + in the low relative velocity regime was fitted to the absolutely known cooling 
force for larger relative velocities originating from measurements with an electron current of 250 mA 
which are scaled down to 50 mA. 

Longitudinal heating rates by intrabeam scattering can be determined by FFT analysis of Schottky 
noise. The Schottky noise signal is analysed within a time interval of 16 ms typically which is delayed 
with respect to a fast cooler switch off. The cooling action is interrupted by fast detuning of the electron 
energy (5 kV step in less than 5 ms) which causes instantaneous growth of the momentum distribution. 
Fig. 5 shows the increase of momentum spread for a 0.4 mA T i 2 2 + beam cooled with a 100 mA electron 
beam. The initial growth rate compares after scaling to 50 mA and regarding the ratio of cooler length to 
ring circumference r\ = 0.0185 reasonably with the previous cooling force measurement. The cooling force 
gives a cooling time of 5 ms for the central part of the particle distribution whereas the initial intrabeam 
scattering rate corresponds to a cooling time of 4 ms which has to be considered as a satisfactory result 
regarding the accuracy of the applied methods. 
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Figure 5: Increase of the momentum spread after cooler switch off for a 0.4 mA T i 2 2 + beam. Electron 
beam (100 mA) was switched off the cooling energy by a fast 5 kV step of the accelerating voltage. 
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A B S T R A C T 
We investigate growth of the emittance in intense, strongly coupled heavy ion 
beams. A set of coupled differential equations is developed which describe the 
dynamics of the beam's envelopes and the emittances. The emerging estimates 
of emittance growth are compared with numerical results from molecular dy
namics computer simulations. 

1. I N T R O D U C T I O N 

In most applications of high-current beam transport, a good quality of the beam and thus low 
emittances are desired. So, in these cases one has to deal with both the strong coupling between the ions 
and space charge effects. The usual treatment describes the dynamics of the beam's spatial extension 
through envelope equations which require the emittances as input (usually treated as constant). We aim 
to develop an extension of the envelope equations which allows to describe the coupled dynamics of the 
envelope and of the emittance. To this end, it is necessary to include collisional effects which play an 
important role in beam transport at high phase-space densities. The derivation of the extended envelope 
equations is presented in the following steps: 
We first recall the well-known envelope equations in their special form when the beam's cross section 
is elliptic. We then give a schematic outline of our model and derive a set of temperature-relaxation 
equations which extend the envelope equations. Finally, we derive formulas for the averaged emittance 
growth rates and compare the predictions of our model with results derived from molecular dynamics 
(MD) simulations. 

2. COLLISIONLESS BEAM T R A N S P O R T 

We investigate a beam in a periodic quadrupole channel. Here, the external transversal forces Fx 

and Fy are proportional to the displacements x and y from an ideal trajectory. We will derive all our 
results in the rest-frame of the beam. We parametrize all quantities by means of the elapsed time t = ^-, 
where s is the distance along the accelerator and vz is the mean beam velocity. Usually, the beam's 
transversal dimensions vary rather slowly in z-direction of beam propagation. Thus we can assume 
that the external forces act uniformly on the beam over its whole length and are switched on and off 
periodically. In space-charge-dominated beams one describes the beam dimensions in terms of the second 
moments (x 2) and (y2) where the brackets denote avaraging over the whole phase-space: 

2 Jd3rjd3vn{v,v)x2 

{ ' Jd3rjd3vn{r,v) K ' 

We further assume, that the beam's cross section is elliptical and that the density is homogeneous. 
We derive the equations of motion for x r m s = \/{x2) and yTms = \J{y2) by the second time-derivative of 
Eq. (1) and inserting the equations of motion for the phase-space density n(r, v). This yields the envelope 
equation [1] 

i 1 0 ^ e ^rms.OÎ/rms.O J- , ^ r m s . r in\ 
^ r m s — ^ext . r -Crms ~T" ~"~ "t~ 3 \^) 

SQTTI ^ r m s 1 J/rms *^rms 

where fcext]r describes the external forces, Ze and m are the ions charge and mass, no is the beam density, 
and z r m S ) o and yrmSto are the x- and y-envelopes at t = 0. The quantity 

= ^{x2){x*)-(xx)2 (3) 
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is the root-mean-square emittance of the beam in x-direction. An analogous definition exists for the 
j/-direction. The emittances £ r ms,x and £ r m s , y of the beam remain constant if the total forces Fx and 
Fv acting on an ion are proportional to its displacements x and y. In that case the equations for the 
envelopes are complete and one can solve them numerically where one looks in particular for solutions 
which are 'matched', which means that they have the same periodicity as the focussing structure. 

3. TEMPERATURE OSCILLATIONS 

We consider a FODO-section, where the beam is focussed and defocussed alternatingly. 

L = v . T 

Figure 1: Lens arrangement of a FODO-section in 
the x-z-plane. L is the length of one focussing period. 

Fig. 1 shows the arrangement of the lenses in the x-2-plane. A corresponding arrangement exists for 
the y-z-plane such that the beam is defocussed in y-direction when it is focussed in x-direction and vice 
versa. Now consider point a) in Fig. 1. There, the x-envelope is large and thus the y-envelope must be 
small. The phase-space volume in x-x- and y-y-space is approximately conserved, and consequently, the 
width of the phase-space density must be small in x-direction and large in y-direction, delivering a small 
kinetic energy in x-direction and a large one in y-direction. Relating a temperature to the kinetic energy, 
one can interpret this as a temperature anisotropy in x- and y-direction driven by beam guiding fields. 
Collisions between the ions drive towards thermal equilibrium, diminishing the anisotropy, increasing the 
entropy, and also increasing the emittance. The repeated deformation of the beam will then lead to a 
steady growth of the emittance. 

4. TEMPERATURE-RELAXATION EQUATIONS 

We define the local beam temperature in x-direction from the kinetic energy as 

Tx(v) = —(x - x(r)) 2 

where the bar denotes averaging over the velocity space 

T fd3vn(r,v)x 
X(T) = -Hi } r 

Jd°v n(T, v) 
In the case of linear external forces the correlation between x(r) and x is linear and we can write 

x(r) = 
{xx} 

(4) 

(5) 

(6) 

In addition, we assume that the beam temperature varies little over r such that we can approximate the 
local temperature by its global value 

Tt = 
Jd3rn(r)Tx(r) m (x 2)(x 2) - (xx)2 _ m 4ns,* 

fd3rn(r) ks <*2> kB (x 2) (7) 
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This establishes a relationship between beam temperature, emittance and envelope. As discussed above, 
there are two mechanisms which change the temperature: 

1. envelope oscillations cause the temperature to oscillate with the squared inverse envelope as 

T - —r2 —— - -—ci ^ (9C\ 

2. collisions diminish the temperature anisotropy. We describe this with a relaxation ansatz: 

Ti.rei = -D [(Tx -Ty) + (TX- T,)] (9) 

where D is an inverse relaxation time. 

The total time derivative of the temperature is thus Tx — TXtOSC-\-TXiK\. This is inserted into Eq. (7) and 
yields the time evolution for the emittance 

do „ 
—s = -D 
dt r m s ' r <x2} . (10) 

Analogous results are obtained for £ 2

m s „ and ( i ) 2 . The envelope equation (2) together with the emittance 
equation (10) and with the analgous equations in y- and z-directions form a set of coupled differential 
equations taking care of space-charge as well as collisional effects. The inverse relaxation time D is a 
parameter of the model. The dielectric theory predicts for weak coupling [2] 

D o c u v r 3 / 2 l n A (11) 

where uip = i / " ' ^ is the plasma frequency and In A oc ln3 —lnT is the Coulomb-logarithm. In practice, 

we adjust D to data from MD simulations. 

5. AVERAGE EMITTANCE GROWTH 

The total emittance efms = £ 2

m S ] X £ 2

m S ) ! / { i 2 } , serves as a measure of total phase-space volume. Its 
time derivative is | £ p m s as: 

-e6 = -Dee \ 4ns> 2 ) 4ns,*fa2)\ | 2 (i 2)(* 2) 4,s,x 

(12) + {2_(J2l(y2) £;W 

The terms in the round brackets are each of the form 2 — - — c < 0 and thus the total emittance is 
C — 

monotonously increasing, 

| A . > 0 . (13) 
similar as the entropy. In order to estimate the average growth of the emittance, we approximate the 

beam's envelopes as 

{*2)(t) = r 2 ( l + A s i n ^ (14) 

2 \ / . \ 9 / , » • 27TÏ \ (y 2}(0 = r 2 ^ l - A s i n — J . (15) 

It turns out, that the emittance growth is dominantly driven by the oscillations of the envelopes. Inte
gration of Eq. (12) over one period yields 

4 ( ' o + T) = 4 M 1 + 6DT1 vT-TÂ^) ' ( 1 6 ) 

And thus the average growth of the emittance can be written approximately as 

A£rms = £rms(<0 + T) - £ rms(*o) « DT £rms(*o) • ( l 7 ) 
v l — ̂  
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6. NUMERICAL RESULTS 

The results from MD-simulations for the envelopes and emittances in x- and y-direction are shown 
in Figs. 2 and 3. The emittances oscillate as discussed in section 3. For example, if the x-envelope is larger 

Figure 2: Envelopes in x-direction 
(solid curve) and in y-direction (dashed 
curve). 
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Figure 3: Emittances in x-direction 
(solid curve) and in y-direction (dashed 
curve). 

than the y-envelope, then the emittance in x-direction increases because the temperature Tx is lower than 
the temperature Ty. Similar patterns are obtained by solving the extended envelope equations. Note that 
the emittance increases on the average because the relaxation process is irreversible. This is in accordance 
with the result of Eq. (17) from the extended envelope equations. The development of the emittance over 
a long distance of about 350 focussing structures is shown in Fig. 4, for the MD-simulation (solid curve) 
as well as for a solution of the extended envelope equations (dashed curve). 

0 50 100 150 200 250 300 350 
t/T 

Figure 4: Emittances drawn from MD-simulations 
(solid line) and from a solution of the extended en
velope equations 

The beam parameters were identical in both calculations. The relaxation coefficient D in the extended 
envelope equations was fitted to reproduce the initial emittance growth of the MD simulation. The Fig. 4 
shows that the temperature model provides an appropriate description of the general trend and order of 
magnitude, but it underestimates the emittance growth somewhat in comparison to the MD-simulation. 

403 



Finally, we want to discuss the dependence of the emittance growth rates on the plasma frequency u>p 

and the plasma parameter T of the beam. According to Eqs. (17) and (11) one expects ^£ r m s/£rms to 
be proportional to w p r 3 / 2 l n A . We test this hypothesis against the results of full MD simulations. 

.1 . 2 . 3 .4 . 5 . 6 . 7 

I"-5 • inA 

s 6: Emittance growth rates versus 
a parameter (arbitrary units). 

The dependence of | £ r m s / £ r m s versus LOP for fixed T is shown in Fig. 5. The linear dependence on w p 

as predicted by the dielectric theory is nicely visible. The dependence of J^£rms/£rms on r 3 / , 2 l n A for 
fixed Lop is shown in Fig. 6. The growth rate increases with increasing r 3 / 2 l n A , but there remains a 
non-zero intercept at r 3 / 2 l n A = 0 deviating from the dielectric prediction. The most probable reason 
is that the dielectric theory overestimates the relaxation coefficient D at high T. Moreover, our starting 
configuration for the MD-simulation (elliptical cylinder with sharp edge in ordinary space and Maxwellian 
in velocity space) may lead to a transient softening of the beam edge at high temperatures (i.e. low T) 
which causes an additional emittance growth. 

7. CONCLUSION 

We have shown that the envelope oscillations produce emittance growth in space-charge-dominated, 
strongly coupled heavy ion beams. The MD-simulation results confirm the prediction of our simple model 
based on a temperature anisotropy and equilibration. 
The emittance growth rates increase with increasing T. Therefore, we think that this effect must be 
taken into account in attempts to produce crystalline ion beams with a more complicated structure than 
a linear chain. 

REFERENCES 

[*] Supported by the "Gesellschaft fur Schwerionenforschung" (GSI), Darmstadt. 
[1] F.J. Sacherer, IEEE Trans. Nucl. Sci. NS-18, 1105, (1971). 
[2] S. Ichimaru, Basic Principles of Plasma Physics ( Benjamin, Reading, Massachusetts, 1973 ). 

a ls"l 

Figure 5: Emittance growth rates versus 
plasma frequency (arbitrary units). 

1 .8 

1.6 

1.4 

1.2 
M 

^ 1 . 0 -

I 8 
•8 

* - .6 

.4 

.2 

0. 

! 
Figu 
plasr 

404 



THE INVESTIGATION OF SPACE CHARGE DOMINATED 
COOLED BUNCHED BEAMS IN A SYNCHROTRON 

Sergei S. Nagaitsev, Timothy J. P. Ellison, MichaelJ. Ellison, Daniel Anderson 
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ABSTRACT 
The longitudinal equilibrium distribution of electron-cooled protons stored in a synchrotron 
ring is well described by theory based on the Fokker-Plank equation. Having made the 
assumption that the longitudinal coupling impedance is almost completely space charge 
dominated one can find the relative momentum spread of the beam and longitudinal space 
charge impedance by two independent methods. The first method relies upon fitting the 
measured longitudinal bunch shape to the theoretical one. The second method finds the 
momentum spread and impedance by analyzing the frequencies of the dipole and quadrupole 
longitudinal bunch modes. In this paper we present the results of bunch shape and bunch 
oscillation measurements as a function of proton beam current in the IUCF Cooler ring. A 
comparison of these two methods is also presented in this paper. 

1. INTRODUCTION 

Knowledge of the longitudinal momentum spread of an electron-cooled proton beam is important for 
experiments which rely on the unique properties of this beam. Since the rf cavity produces a conservative force, 
it cannot change the beam longitudinal phase density. Consequently, for a known rf voltage, the beam time 
spread normally provides a direct measurement of the beam momentum spread. An electron-cooling 
system[l], however, can reduce the ion beam emittance to extremely small values. In this regime the ion 
beam, interacting with its surroundings, generates the longitudinal self-fields which significantly modify the 
bunch shape[2]. It can be shown that for ion beams below transition, the most significant part of this interaction 
comes from the electrostatic repulsion between the ions within the bunch. Since in all cases of interest the bunch 
lengths are much greater than the radius of the surrounding vacuum chamber one can treat the beam as a thin 
thread and, consequently, reduce the electrostatic problem to one dimension. Further, the Vlasov technique must 
be used to find the self-consistent longitudinal particle distribution function[3]. The simplest solution for a 
linear rf force in the presence of space-charge is given in Ref. [3] and has a parabolic line density function with 
bunch length determined by the rf amplitude, space charge impedance and longitudinal momentum spread. The 
measurement of the bunch length, however, does not allow the determination of both momentum spread and 
longitudinal impedance. One needs another independent measurement to complete the system and eliminate this 
ambiguity. Section 3 discusses a possible solution to this problem. For electron-cooled ion beams, one needs 
to modify Vlasov equation to include both damping and diffusion[4]. The implication of cooling on the 
distribution function will be described in section 2. 

To avoid confusion in the following sections, we would like to explain some notations we use. We 
define three rf voltages V0, V^ and V^ as follows: V0 is the rf voltage amplitude measured across the rf cavity 
gap, Vj is the rf voltage amplitude determined from the synchrotron frequency (see section 4) and V^ is the 
effective rf voltage amplitude inside the bunch in the presence of space charge. V^ data were not available for 
the measurements, described in the section 2, therefore we assume V^ = V„ there. 

2. FOKKER-PLANK EQUATION 

Although a cooling force is generally a complex function of proton momentum[5], one can consider 
the cooling force to be a linear function of the relative proton momentum à, if it is smaller than the relative 
longitudinal momentum spread of the electron beam. The latter is typically determined by the high-voltage 
power supply ripple, which for the IUCF Cooler is « J V m at 22 kV. This implies that the linear approximation 
is valid for a < 1.1 X lO4, where a is the relative rms proton momentum spread. The modified Vlasov equation 
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then can be written in a Fokker-Plank form: 

dt + S ds ' dô dô [ 2 dô) 
(1) 

Here ¥ = ¥(t,s,ô) is the longitudinal distribution function, t is time, 5 the longitudinal coordinate, X the cooling 
rate, d the diffusion rate and the dot indicates the derivative with respect to time. The equations of motion for 
a particle experiencing synchrotron oscillations within the stationary bucket can be written as: 

s =/„ 
P2E \R) P ds 

s = InRtif.à 

(2) 

(3) 

where E = yMê is the energy of synchronous particle, p = fiyMc is its momentum, f0 its revolution frequency, 
7 and./? are the usual relativistic parameters, c is the speed of light, e is the ion charge, V^is the amplitude of 
rf voltage, h is the harmonic number, R is the radius of synchrotron storage ring ( « 13.8 m for the IUCF 
Cooler ring) and ij = -ùf/f£ is the phase slip factor ( ~ -0.86 for the IUCF Cooler ring). The potential energy 
due to space-charge interaction is: 

U(s) = ?é-efgRp(s) (4) 

where Z„ = 377 0, g is a geometrical factor (= ln(pipe radius/beam radius) + 1/2 for a perfectly conductive 
cylindrical vacuum chamber) and p(s) is the longitudinal linear charge density. The bunch is assumed to be 
moving in a perfectly conducting smooth vacuum chamber therefore no other longitudinal self-fields are taken 
into account. For a stationary distribution, the time dependence of ¥ vanishes and the solution of (1) in the case 
of linear rf voltage can be written as[6]: 

1 
7(s,Ô) ,-*n<? 

(2*) 1/2, 
Pis) (5) 

where a2 = d/2\ and p(s) is given by the expression: 

p(s)e-">® = p((S)e-"«®e-sW' ( 6 ) 

The value of p(0) must be chosen so that p(s) is normalized to eN, where N is the total number of particles per 
bunch. The constants a and os are given by the expressions: 

Zo8 ef0 R 
a = 

fPEp2 o>n 

o. = 
2np2\r}\ E 

eV. rf} 

1/2 
Ra 

(7) 

(8) 

Equation (6) has two unknowns: a and g. The first 
is a measure of the longitudinal beam temperature, 
the second is a measure of potential energy. For 
small a (resulting from large a or small g), the 
linear density p(s) is Gaussian with the rms bunch 
length given by Eq. (8). On the other hand, if the 
beam is cooled, the linear density becomes a more 
complex function of * with a well defined parabolic 
central part and Gaussian-like tails (Fig. 1). One 
can now fit the measured longitudinal density to the 
theoretical prediction, given by Eq. (6) to obtain 
the values of a and g. A comparison between the 
predicted, Eq. (6), and measured bunch shape is 
presented in Fig. 1. The fit and measured data are 
difficult to resolve in Fig. 1 except near the tail of 
the bunch. With two unknowns, the fit is 
unambiguous, because the value of g influences the 

I 
I 

- 3 5 0 

Tail 

250 350 

Figure 1. Measured(solid) and theoretical(dashed) linear 
density. 7=800 fiA, Vj=10 V, g=1.3, cr=5.7xi0° 
Parabolic fit with g0=1.8, a=0 is also presented. 
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Figure 2. Proton beam rms momentum spread vs. 
total beam current at 45 MeV. Vrf = 10 V (n), 
V r f = 126.4 V (A). 
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Figure 3. Proton beam rms momentum spread vs. 
proton peak current. V r f = 10 V ( • ) , 
V r f = 126.4 V (A). 

width of the central part, whereas a defines the tails. In Figs. 2-4, the geometrical factor g and the rms 
momentum spread a are shown for two different rf voltages. One can also fit the measured longitudinal density 
to a parabolic function by setting a equal to zero. It requires larger values of g (Fig. 1) because the space-
charge force in this case completely compensates the rf force. In fact, by fitting both with finite momentum 
spread and without momentum spread (a = 0) one can obtain the ratio of the rf voltage, reduced by presence 
of space charge, to the rf voltage in the cavity: 

<# _ 1 J. 
8o 

(9) 

where g0 is the value of g, obtained by fitting the bunch shape with a = 0. In Fig. 5 this ratio is shown as a 
function of proton beam intensity. 
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Figure 4. Geometric factor g vs. proton beam 
current. V r f = 10 V (• ) , V r f = 126.4 V (A). 
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Figure 5. Ratio of the effective rf voltage to the 
applied rf voltage derived from the bunch shape 
fitting. V r f = 10 V (•) , Vrf = 126.4 V (A). 
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3. BUNCH MODES 

Once the stationary solution of Eq. 1 is found, one can look for a time dependent solution. Eq. 1, 
however, does not have a simple analytic time dependent solution, and a perturbation approach, developed in 
Ref. [7] must be used. Nevertheless, if the synchrotron frequency, us, is much greater than X/2 (typically, 
X ~ 40+60 Hz for the IUCF cooler), the damping and diffusion in Eq. 1 can be neglected and the Fokker-Plank 
equation becomes the Vlasov equation, the time dependent solution of which for a parabolic bunch density was 
derived in Ref. [3]. Following Ref. [3] we shall write the solution of Eq. 1 in the form of an envelope equation: 

2nfo\v \ 2 

fi hi? 
AL (10) 

where L = cTj^^/R is the unitless full width at half max bunch time spread, e = Lbprnm is the unitless 
longitudinal emittance, I is the proton current per bunch and the constants A and 10 are given by: 

A = 
W4 

2n\r\\E 
(11) 

where rt is the classical electron radius and m is its mass. In a stationary case, the bunch length can be found 
by setting the right-hand side of Eq. 10 equal to zero, but unlike the situation in section 2, one cannot obtain 
both the momentum spread, ô^^a*, and the geometrical factor, g, simultaneously, because we have only one 
equation for the stationary bunch length, L0, and two variables to satisfy it. A second constraint equation can 
be obtained by measuring the frequency of small bunch length oscillations. Assuming, that L(t) = L„ + x(t), 
where x(t) < L0 one can rewrite Eq. 10 after linearization: 

x = -<y„ x « 
2*/,, H 

fi <i 
2 / À + A 

L}1„ 
(12) 

The expression for wq in Eq. 12 can be now used to eliminate one of the variables. Using Eq. 10 with RHS 
set to zero L0 satisfies the equation: 

AL: S2 L - — = 0 
I 

(13) 

one can obtain a simple relation for the bunch length (quadrupole) oscillation frequency: 

( \ 2 

Ù) 

V */ 

= —2 + 3 

where w, is the synchrotron (dipole) frequency given by: 

S •* Of 

heVf\V\ 

(14) 

(15) 
\ InpE 

In the absence of space-charge interaction (V^ = V^) u>q = 2u>s, which simply corresponds to the rotation of the 
bunch in the longitudinal phase space, whereas in the case of the zero momentum spread (V^ = 0) uq = V3ur 

4. EXPERIMENTAL RESULTS 

Experimental measurements of bunch profiles and bunch oscillation modes were performed in the IUCF 
cooler ring at the energy 45 MeV for various rf voltages and beam currents. To measure the bunch shape, a 
broad band-width longitudinal pick-up electrode was used together with a digitizing scope (10-bit full scale 
resolution, 1 GSample/sec). Data were then transferred to a PC computer for offline analysis. A parametric 
current transformer was used to measure proton current with 1 /iA precision. The rf cavity voltage was 
measured both with an rf probe, coupled to the cavity, and by measuring the frequency of 20° p-p synchrotron 
phase oscillations (Eq. 15). These oscillations were excited by nonadiabaticaly shifting the phase of the cavity 
voltage by 10° in less than 40 jtsec. Together with this phase jump, the amplitude of the rf voltage was 
incremented by a fixed value ( « 6 V) to excite the bunch length oscillations. The frequency of the bunch length 
oscillations was measured by monitoring the power in one of the higher revolution frequency harmonics as a 
function of time. The harmonic number (typically 20-r40) was chosen to be sensitive to the bunch length 
changes. The intervals between measurements were long enough to ensure sufficient cooling time. The electron 
current in all measurements was kept at 480 mA. Improved electronics overcame the difficulties, encountered 
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in the previous experiments, connected with the filtering, AC coupling and cable losses. 
After analyzing the experimental data, it was found that the amplitude of the rf voltage, measured in 

the cavity, was different from the voltage derived from synchrotron frequency (Eq. 15). While the value of the 
former was independent on beam intensity, the latter showed a noticeable current dependence. The synchrotron 
frequency, w,/2ir, and the corresponding rf voltage as a function of proton current are shown in Figs. 6 and 7. 
For all cavity voltages, V,,, used in the experiment the value of the rf voltage derived from Eq. 15 satisfies the 
empirical relation: 

V^« V- 3 k Q / _ (16) 

It is not clear to the authors how the dipole oscillation frequency can depend on the proton current when the 
measured voltage across the rf cavity gap remained constant. 
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Figure 6. Synchrotron frequency (a)/2ir) as a 
function of proton beam current. 
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Figure 7. Amplitude of the rf voltage as a function 
of proton beam current. 
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Figure 8. Ratio of quadrupole frequency to 
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Figure 9. Ratio of effective rf voltage to applied rf 
voltage derived from the ratio of the frequencies. 

The ratio of the bunch length oscillation frequency to the synchrotron frequency (Fig. 6) is shown in 
Fig. S. Using Eq. 14 the amplitude of the effective rf voltage within the bunch was derived. Fig. 9 shows the 
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ratio of this voltage to the rf voltage (Fig. 7). While this ratio is in reasonable agreement with the ratio derived 
from bunch shape fitting (Fig. 5), the direct comparison of these two figures is difficult for two reasons. The 
first reason is that once the cavity voltage was increased to excite quadrupole oscillations, it remained at this 
increased level. These oscillations were, therefore, around a slightly different equilibrium determined by the 
new rf voltage. Secondly, the rf voltage depends on beam intensity, whereas we used a constant value of V0 

for the bunch shape fitting. 

5. DISCUSSION 

We presented in this paper two methods of determining the momentum spread of bunched beams. Both 
methods indicate that the voltage inside the bunch is significantly reduced by the presence of the space charge. 
The monitoring of the bunch modes has the potential to be used online in future experiments which require 
knowledge of the momentum spread. Figure 4 indirectly indicates a strong dependence of the beam size on the 
beam intensity. In upcoming experiments we shall measure the transverse profile together with the longitudinal 
properties of the beam to verify this dependence. If a correlation between the geometrical factor g and the 
transverse beam size were to be found, one could imagine having a powerful tool to measure 6-d beam 
properties by merely the fitting bunch shape or by exciting bunch oscillations. We shall also continue the 
measurements of the longitudinal properties of the beam as a function of beam energy and internal target 
thickness. 
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LEAD ION ACCUMULATION SCHEME FOR LHC 

P.Lefèvre,D.Mohl 
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ABSTRACT 
After a summary of the beam qualities required for LHC as lead ion collider, the 
reasons for accumulation and cooling of ions at low energy are given. A description 
of the scheme and the expected beam qualities are indicated. The performance 
limitations are listed. 

1. INTRODUCTION 

The accumulation of heavy ions at low energy is part of the scheme adopted in the LHC project 
proposal [1]. The basic idea is to use a ring like LEAR with strong electron cooling to cool and accumulate the 
pulses from the heavy ion Linac 3 [2] during the time of a PS cycle thus increasing the intensity to be 
accelerated via the PS by an order of magnitude. In fact the operation of the LHC with Pb ions is limited by the 
requirement to have a sufficient beam lifetime in the presence of nuclear effects in the beam-beam 
interaction [3]. This leads to an upper limit for the luminosity per bunch (3.6 10 2 4 cm' 2 sec"1). However the 
corresponding phase space density cannot be reached with conventional beams like those foreseen for the 
standard CERN Heavy Ion Facility, under construction for fixed target experiments at the SPS. The missing 
factors in intensity and luminosity are in the order of 30 and 103 respectively. The stacking scheme aims at 
gaining back these factors by means of cooling and accumulation. 

The scheme is based on the accumulation of Pb53"*" at 4.2 MeV/u in the cooling ring with a stack of up to 
12 109 ions per batch. Then with about S00 bunches per LHC ring the total luminosity is close to the desired 
2 1027cm-2s-1. 

To fix ideas we consider the conversion of LEAR "in situ" into a Low Energy Accumulator Ring. This 
is a possibility only, should the antiproton programme be wound up in a few years from now. In the opposite 
case a new dedicated ion accumulator can be built. Most of the following considerations pertain to both 
alternatives. 

We limit the presentation to Pb ions, but the case of lighter ions (Nb, Ca, O) has been also investigated in 
the more detailed feasability study [4]. 

2. THE BASIC SCHEME FOR LEAD IONS 

The Linac 3 parameters are given, in table 1. Using LEAR in situ the transfer to the accumulation ring 
proceeds via the existing loop (E0) and injection line (E2), Fig. 1. The injection is a classical horizontal 
multitum scheme with an orbit bump decreasing in about SO us (i.e. over 20 turns) from typically SO mm to 0 
amplitude at the septum. Up to 20 turns are injected around the dense cooled stack. Fig. 2. They are transferred 
into the stack by the electron cooling system before the new pulse arrives. Cooling times fast enough to 
accomplish this during 100 ms must be obtained. 

After 2 sec of stacking the required intensity of 1.2 109 ions (6.4 10 1 0 charges) is reached and the beam 
is bunched at harmonic number 4 (frf « 1.4 MHz), accelerated and transferred to the PS at 654 MeV/c per 
charge (14.8 MeV/u), close enough to the present 609 MeV/c used for antiproton transfer. The time available for 
acceleration is about 1 s. The full LEAR-cycle is matched to a standard PS-cycle with a length of 3.6 s. 

The train of the 4 bunches is transferred into matched PS buckets (h = 32). After acceleration to 
258 MeV/u, the 4 bunches are gradually stepped down from h = 32 to 28,24,20 and finally 16. Thereafter the 
acceleration continues at h = 16. 

Ejection and full stripping to Pb82"1" are done at 3078 MeV/u (= 10 Gev/c per charge after stripping). At 
this energy the bunch separation (135 ns at the B = 0.97) matches both the 200 MHz rf structure in the SPS and 
the bunch harmonic number of 660 in the LHC [3]. 
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Table 1 : Source and Linac 3 parameters 

1. General Parameters 
Pulse length < 100 us 
Repetition rate 10/s 

2. Ion source 
Ion species 208pt,28+ 
Output energy 2.5 keV/u 
Transverse emittances (la), normalised 0.07 ^m 
Pulse current 80 HA 
Corresponding flux dN/dt 1.8 10 7 ions/us 

3.RFQ 
Output energy 250 keV/u 
Transmission efficiency 0.9 

4. LINAC 
Output energy 4.2 MeV/u 
Transmission efficiency 0.9 

5. Stripping foil ( Carbon) 
Charge state selected after stripping 208pb53+ 
Stripping efficiency 28+ to 53+ 18% 

6. Beam at injection to LEAR 
Pulse current (after stripping) 2 2 MA 
Corresponding flux 2.6 10 6 ionsAis 
Transverse emittances (la) 

physical eh = £v 2.1 M™ 
normalised e*h = e*v 0.2 Mm 

Momentum spread a p after debunching <0.2 10- 3 

Prior to acceleration in the SPS 32 PS trains of 4 bunches are stored at injection energy (3078 MeV/u). 
The holding time of about two minutes is sufficiently short compared to the time constant for blow-up by intra-
beam scattering. 

The distribution of the 660 bunch places in LHC for the 4 bunch basic scheme is summarised by the 
formula : 660 = [(4 + 1) 32 + (5)] 3 + [(4 + 1) 28 + (25)] where the filled bunch places are underlined, the empty 
ones are needed to avoid losses during kicker rise and fall times and if acceleration in the SPS. 

This leads to a total of 496 bunches per LHC ring from 4 SPS pulses. With a 3.6 s LEAR and PS cycle 
and 10 s for acceleration in the SPS the filling time per LHC ring is then about 8.1 min. The LHC parameters for 
this operation are given in table 2. 

Table 2 : LHC parameters for operation with 208pjj82+ 

Number of ion/bunch 0.94 10 8 

Luminosity/bunch (cnrV l) 3.6 1 0 2 4 

Normalised emittances at collision 
e*h = (P?K/Ph (Mm) 1.5 

< = (PYK/PV (Mm) 1.5 
E* = 4 7 i a T / A - o t (eV-s/u) 0.8 
Collision energy (TeV/u) 3.1 
Injection energy (GeV/u) 118 
Bunch harmonic number 660 
Bunch spacing (ns) 134.7 
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Fig. 1 : Ion scheme for LHC with accumulation in LEAR 
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Fig. 2 : Multitum injection (for QH - 2.30) 

3. INJECTION AND COOLING 

Multiturn Injected bean around t h e 
s t acked cooled circulating bean 

3.1 Aperture and stacking considerations 
The acceptances of LEAR are given in table 3. We assume that for multitum injection and stacking with 

cooling an effective space of ± 3 standard deviations (i.e. an emittance in phase space of 9 times the rms 
emittance of the beam) is required to accommodate each incoming turn. Then from tables 1 and 3 one concludes 
that ideally about 10 turns fit into the horizontal acceptance. In reality, with an overall efficiency of 50%, about 
20 turns are needed to reach the intensity gain of 10. Thus to some extent the vertical acceptance, too, has to be 
used for multiturn stacking. 

Table 3: LEAR acceptances 

Acceptances Theoretical Practical 
horizontal, A n 

vertical, A v 

momentum, Ap/p 

200 
60 
±5 

150 
40 
±3 

|im 
|xm 
10"3 

The 20 turns are injected around the stack in much the same way as in a classical multiturn injection. 
Then, to improve the efficiency, some controlled amount of coupling is used to transfer particles from the 
horizontal into the vertical phase plane, where "spare" acceptance is available. The coupling can be provided by 
the solenoidal fields of the electron cooling device and possibly by skew quadrupoles [5]. The electron cooling 
system is working continuously to merge the injected beam into the stack. After 100 ms, when the next pulse is 
available the particles must be contained in an r.m.s. phase space emittance of a few |im. 

In principle the injection scheme can be achieved with the existing elements, namely the fast bumpers to 
be relocated in section SS11 and SS12 with the addition of a third one in SS42 or in SLl and the DC magnetic 
septum in SLl. 

Nevertheless the multitum injection efficiency will suffer due to the magnetic septum thickness (9 mm), 
a higher efficiency could be produced by using a thin electrostatic septum (<01mm). 

Additional longitudinal stacking which could improve the transverse scheme will be investigated. 

3.2 Electron cooling times 
The cooling times are discussed in ref. [6]. The problem is different from the cooling of a normal beam 

as pulses have to be transported from injection orbit into the stack. To estimate the time for this we write the 
cooling rate for the amplitude of betatron oscillation as: 
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k A c c e p e p V e 3 

with : k (=0.16) : a constant, depending on the distribution of ions and electrons; TJC (= 0.018) : the fraction of 
the circumference occupied by the cooling device; L c = 10 : the Coulomb logarithm; r e = 2.8 lO^cm and 
r p = 1.5 10_1^:m : the classical electron and proton radii; j (= 0.02 Amp/cm2) : the current density of the 
electron beam; e = 1.6 10 - 1 9 C and 8 (= 4 mrad) : the angular spread between the electron and the ion beam. 

We then obtain a time constant of 65 ms, for the charge state Q = 53 and the mass number A = 208. 
In summary we expect that horizontal and vertical cooling in 0.1 s, to clear space for the new pulse, can 

be achieved. In a first phase one might use a slower filling rate with a linac pulse every 0.2 s. This would 
increase the LHC filling time to about 14 instead of 8 minutes. 

Beam properties expected at the end of stacking are summarised in table 4. 

Table 4: LEAR batch (coasting beam) at the end of stacking. 

number of ions 1.2 109 

normalised emittances 
En* dim) 
e v* (um) 
ei (eV-s/u) 

momentum spread, coasting beam Op 

1. 
0.5 
0.05 

5 10-4 

3.3 Beam lifetime limitations in LEAR. 
To estimate charge exchange with the residual gas, we use Franzke's formula for the electron caputre and 

loss cross sections [7]. For the LEAR vacuum of 10~12 Torr N2 equivalent, the resulting losses are less than 2%. 
To estimate the recombination with cooling electrons we scale the observed proton recombination with 

Q 2 . The resulting beam lifetime (about 200 s for the conditions of the upgraded LEAR cooler) is sufficiently 
long even if mechanisms other than radiative capture increase the cross section by an order of magnitude. 

The intra beam scattering times, worked out using the computer code INTRAB, are long compared to the 
electron cooling times and thus can be neglected. 

The maximum space charge tune shift of the bunched beam is close to 0.1 which may well be the limit 
for the proposed scheme. 

As to longitudinal stability, for the wall impedance IZn/nl = 100 Q of LEAR the "Keil-Schnell" criterion 
requires a a p > 2 10"4 which is safely below the expected 5 10"4. The direct space-charge impedance of about 
5 kQ is not important as for capacitive impedance die stability zone is much larger than predicted by the simple 
"Keil-Schnell circle". 

4. CONCLUSIONS 

The use of LEAR or a LEAR-like machine with strong electron cooling opens up the possibility of 
obtaining the desired luminosity with lead. More work is necessary to reach the level of a design study. 
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Physikalisch.es Institut der Universitât Heidelberg and 
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ABSTRACT 
The longitudinal friction force on heavy ions in charge states between 1 and 
16 was measured using the electron cooler and the induction accelerator of 
the Heidelberg Test Storage Ring at a beam energy of 6.1 MeV/u. At higher 
relative velocities, typical for the cooling of a newly injected ion beam, very 
good agreement with the usual linear theory was observed for all charge states. 
At low relative velocities close to the equilibrium, the agreement with the linear 
dielectric theory of 'magnetized' electron cooling was reasonable for q = 1, but 
at higher charge states the measured force came short of the predicted value 
by up to 60%. The observed cooling force close to equilibrium scales with q3?2 

rather than q2 predicted by the linear theory. 

1. INTRODUCTION 

Electron cooling of ion beams is based on the energy loss of an ion in the electron gas formed 
by a collinear, velocity-matched electron beam superimposed on the ion beam. Usually the dominant 
part of this energy loss is caused by "distant" electron-ion collisions. For these, the Coulomb interaction 
represents only a small perturbation of the relative motion so that the momentum transfer increases 
linearly with the strength of the interaction, that is, proportional to the ion charge number q and inversely 
proportional to the impact parameter 6. Considering the integrated effect of such collisions, the friction 
force should increase proportional to the ion charge squared. This is expected also in the presence of the 
magnetic guiding field of the electron beam applied in beam direction in most electron cooling devices. 

In this paper, however, we present experimental investigations of a regime where the dominant 
part of the energy loss is caused by "close" collisions for which the condition of a small perturbation of 
the electrons by the ions no longer holds and thus deviations from the q2 scaling of the friction force are 
observed. In particular, we consider the "magnetized electron cooling" effect [1] where the magnetic field 
causes a strong enhancement of the friction force as compared to the case without a magnetic field. In 
the equilibrium of an electron-cooled ion beam, this leads to very low effective temperatures of both the 
electrons and the ions, and predictions of the friction force using the assumption of a linear scaling of 
the momentum transfer with the strength of the interaction are expected to fail, especially for higher ion 
charges q^> 1. 

2. NON-LINEAR EFFECTS IN 'MAGNETIZED' ELECTRON COOLING 

For a situation in which the distant collisions are dominant, the deviations from the scaling of the 
friction force oc q2 can be estimated by considering the relative importance of close collisions, for which 
the condition of a small perturbation of the electron-ion relative motion no longer holds. The electron-ion 
distance d which marks the onset of close collisions is that for which the Coulomb interaction potential 
qe2/d reaches the order of magnitude of the initial kinetic energy of the relative motion, mv2/2, where 
m is the electron mass and v the relative velocity. Conventionally, twice the kinetic energy is set equal 
to the potential energy and the resulting length d = qe2/mv2 is called the collision diameter. (By this 
definition d is the impact parameter at which the electron deflection angle becomes 90° in a Coulomb 
collision with a heavy ion.) 

Let us first consider the case without magnetic field. For the typical parameters of an electron 
cooler, i.e., a relative energy corresponding to the electron temperature of 0.1 eV and an electron density 
of ne = 3 x 10 7 cm" 3 , the collision distance d = q • 7 x 10~ 7 cm is 4-5 orders of magnitude smaller 
than the Debye screening length A = 6 x 1 0 - 2 cm. The usual integration of the momentum transfer over 
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the impact parameters between d and A then leads to a large Coulomb logarithm Lc » 10 — In g and 
correspondingly [2], a reliable prediction of the friction force can be made even for high ion charges q. 

In a magnetic field, the dynamics of the electron-ion collisions is essentially modified for those 
electrons that always stay further away from the ion than the adiabatic distance r\ = u/u>c. Here, 
u is the relative velocity between the ion and the guiding center of the electron motion, and OJC = 
eB/mc is the electron cyclotron frequency for the magnetic field strength B. The distance 2irri is the 
displacement of the ion with respect to the electron after a full cyclotron revolution. For collisions at 
b >> 7*i ("slow collisions") the velocity u, obtained by neglecting the electron motion in the transverse 
direction, represents the effective relative velocity. On the other hand, for b <C r\ ("fast collisions") 
the collision dynamic is essentially not modified by the magnetic field and the effective relative velocity 
continues to be given by v. 

The magnetic field strength applied in typical electron coolers is of the order of 0.1 T. The related 
cyclotron frequency uc is higher than the plasma frequency ujp = (4ve2ne/m)1/2 by about one to two 
orders of magnitude. Hence, r\ is considerably smaller than the Debye screening length A = u/uip [2] 
and the range of impact parameters for "slow" collisions extends over one to two decades. On the other 
hand, the size of the associated Coulomb logarithm is typically only between 2 and 4, which requires a 
more careful treatment of screening than for the unmagnetized case [2]. 

The typical longitudinal velocity spread in the electron beam of average velocity VQ is given by 
Att|| = {(u|| — VQ)2}1/2 « 10 6 cm/s, whereas the average transverse electron velocity (corresponding to the 
temperature of 0.1 eV at the cathode) is A^x = ( v l ) 1 / ' 2 = 1-9 x 10 7 cm/s. For decreasing ion velocity 
V in the comoving frame, the friction force is first dominated by the fast collisions as long as V > Av± 
and increases oc V~2. In the range Av\\ < V < Avx the contribution due to fast collisions decreases, 
being strongly influenced by the transverse velocity spread of the electrons [it is in fact suppressed by a 
factor of (V/Av±)3], whereas the contribution from slow collisions continues to rise as V decreases; the 
increase is oc V~n with 1 < n < 2, as numerical calculations [2] show. For V « Av\\ the friction force 
reaches its maximum; it is now mainly due to slow collisions occuring at a distance b > r\. For V < Awy 
the longitudinal electron velocity spread finally counteracts any further increase and the force becomes 
oc V, leading to an exponential damping of the ion velocity towards V = 0. 

Let us now make a rough estimate of the 'collision diameter' d s l o w = qe2 /mu2 for the slow collisions, 
which represents the distance at which the potential energy is of the order of the kinetic energy of the 
guiding-center motion. As u decreases, d s l o w can become larger than r-y so that we have to consider also 
for 'magnetized' collisions the situation where the assumption of a small perturbation of the electron-
ion relative motion no longer holds. Obviously, a close Coulomb collision in a magnetic field is much 
more difficult to handle than one without external fields. The velocity u\ at which <i s I o w = ry can be 
expressed in terms of the classical electron radius re as «i /c = [qr^uic/c)]1'2. Its numerical value of 
m = [q • ( B / T ) ] 1 / 3 • 3.545 x 10 6 cm/s is of the order of 106 cm/s for the typical magnetic field strength 
in electron coolers and q — 1. The ion velocity in the comoving frame is likely to become lower than 
Av|| in the equilibrium of electron cooling (at least for not too dense ion beams), so that average relative 
velocities u « Av\\ < u\ should be reached especially at higher ion charge q. Finally, the collision diameter 
can exceed even the screening distance A; the velocity u^ where this occurs is lower than u\ by only a 
factor of (cjp/wc) 1/ 3 which lies in the range of 0.25-0.5. 

'rev— Vl( beam profile 
induction \ monitor ^ - - - V i . 

Fig. 1: Experimental setup for cooling force measurements at the TSR observing the equilibrium between 
the energy change at the induction accelerator and that in the electron cooler (A£"ind + A£"ECOOL = 0). 
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3. EXPERIMENTAL METHOD 

We have performed measurements of the longitudinal friction force on ions with charge numbers 
between 1 and 16 in the Test Storage Ring (TSR) at the Max-Planck-Institut fur Kernphysik in Heidel
berg. Fully stripped ions with a charge-to-mass (q/A) ratio of 0.5 (d, 6 L i 3 + , 1 2 C 6 + , 1 6 0 8 + , 3 2 S 1 6 + ) were 
stored at a specific energy close to 6.1 MeV/u, keeping the magnetic field of the storage ring elements and 
the parameters of the electron cooling device practically fixed for all ions. The longitudinal friction force 
was measured with an induction accelerator [3] in which a constant and well-defined acceleration can 
be applied to the circulating ions during time intervals of some seconds, ramping the excitation current 
around a large iron core as sketched in Fig. 1. The voltage induced in a monitoring loop around the iron 
core yields a direct absolute measurement of the acceleration applied. The average relative longitudinal 
velocity of the ions with respect to the electrons is derived from the Schottky noise spectrum of the ions, 
representing the ion revolution frequency and hence their velocity. After cooling to the equilibrium, a 
specific constant acceleration is applied and the shift of the average revolution frequency of the ions is 
extracted from the noise spectrum. This yields the longitudinal ion velocity V\\ (in the comoving frame) 
for which the friction force is equal in size and opposite to the ring-averaged accelerating force. Probing 
the frequency shift for different values of the inductive acceleration yields the longitudinal friction force 
as a function of the longitudinal ion velocity Vji. 

Since only minimal changes of the electron-beam energy (3.4 keV) are required and the magnetic 
settings of the storage ring are not touched at all, a direct comparison of the friction force as a function 
of the ion charge can be performed. However, in order to compare the different measurements, also the 
average transverse velocity V± of the ions in the electron cooler must be monitored. This is accomplished 
by the residual-gas ionization beam-profile monitor [4] of the TSR (see Fig. 1), which yields the horizontal 
emittance of the ion beam. In fact, the transverse emittance increases with the stored ion current. Using 
the information on the transverse emittance. the longitudinal cooling force Fy is thus obtained as a 
function of Vy and Vj. and can then be compared to corresponding theoretical calculations of F||(Vj|, Vj_). 

Results for the longitudinal friction force as a function of Vj| for different ions but for average 
transverse velocities Vj. equal within ±10% are shown in Fig. 2. For normalization the measured force is 
divided by q2; thus, the results for the different ions should coincide in the graph if the scaling oc q2 is ob
served. The data measured with the method described above are all in the velocity range < 10 6 cm/s, i.e., 
below the expected longitudinal electron velocity spread Av\\. Measurements at higher relative velocities 
were performed by a different method, changing the average electron velocity by applying a step of the 
electron-beam acceleration voltage and then finding the inductive acceleration which exactly compensates 
the drag force seen by the ions in the electron beam; for details see Refs. [4,5]. All measurements were 

10 10 10 10 
Longit, velocity [ cm/ s ] 
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c 
2; 

10 K|, = 2.4 x 107 c m / s 
Vj| = 3.4 x 107 c m / s 
V = 4.8 x 107 c m / s 

x ~ 2 - - -

10 

io u IO 1 

Ion charge 

Fig. 2: Measured normalized longitudinal cooling 
force F | | / [ g 2 (n e / 10 8 cm - 3 ) ] as a function of the lon
gitudinal ion velocity Vj| for average transverse ion 
velocities in the range V± - (0.59±0.05) x 106 cm/s 
(ion current 11±2 fiA), ne = 0.72 x 10 7 cm~ 3 . The 
calculated curves are discussed in the text. 

Fig. 3: Normalized longitudinal friction force as a 
function of the ion charge number q at high relative 
velocity for three values of Vj|. The curves repres
ent the charge dependence expected because of the 
variation of the Coulomb logarithm. 
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performed a magnetic field strength of B - 0.042 T. The time of passage of an ion through the electron 
beam was 50 ns, whereas the plasma period w~l was shorter by a factor of 8 or 16 at the two electron 
densities of 0.72 and 3.4 x 10 7 c m - 3 , respectively. 

4. RESULTS 

4.1 High relative velocities 

As seen in Fig. 2, results for ions of different charge numbers are available for various values of 
the average longitudinal velocity Vj| close to Av±. These relative velocities are typical for the cooling 
of a newly injected ion beam at moderate beam velocity (v0 < 0.4 • c). The longitudinal force in this 
relative-velocity region is mainly given by the effect of fast collisions (6 < n), which can be calculated in 
a straightforward manner by averaging the l/v2 behaviour of the friction force over the flattened electron 
velocity distribution [2, 6]. The absolute size of this force contribution is obtained from the Coulomb 
logarithm Lc — ln(ri /d), which was directly calculated from the known parameters of the electron beam 
and the relative velocity v (lower dashed line in Fig. 2, for q — 1). At Vj| < 107 cm/s, an additional 
contribution due to the slow collisions shows up, which was calculated [6] using the dielectric approach 
and the impact-parameter subdivision proposed by S0rensen and Bonderup [2]. This yields the full curve 
in Fig. 2 which was also directly calculated from known parameters without any fitting. In particular, 
the transverse velocity spread At'j_ was taken from earlier measurements [7] of dielectronic recombination 
in the TSR at similar electron beam parameters. 

Very good agreement between the measured and the calculated cooling forces is observed. The 
Coulomb logarithm introduces a slight dependence of the normalized force F\\/q2 on the ion charge, since 
d <x q. This is illustrated by Fig. 3, which shows the q dependence of the normalized force at three 
relative velocities. The calculated curves represent the decrease of the Coulomb logarithm [Lc(q) = 
Lc(q — 1) — lng] and are in good agreement with the data. Thus, the present measurement enables us 
for the first time to perform a precise and detailed verification of the theoretical model used to describe 
the friction force in this range of relative velocities. 

4.2 Low relative velocities 

Whereas the longitudinal electron velocity spread Any and the transverse ion velocity V± can be 
neglected at high velocity Vj|, they are essential at low velocity for a comparison of the data with theory 

10 6 10 e 10 e 10 6 ' 10 e 

Average t r a n s v e r s e veloci ty [ c m / s ] 

Fig. 4: Normalized cooling decrement a / [ (ç 2 /yl)(n e /10 8 c m - 3 ) ] as a function of the average transverse 
ion velocity V± measured for ions of different charge, (a) Electron density ne = 0.72x10' c m - 3 , theoretical 
curve (full line) for Av\\ = 0.86 x 10 6 cm/s: (b) electron density ne = 3.4 x 10' c m - 3 , theoretical curve 
(full line) for Av\\ - 1.03 x 106 cm/s. The dashed curves are explained in the text. 
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Fig. 5: Normalized cooling decrement a/[(q2/A)(ne/108 cm - 3 ) ] at an average transverse ion velocity 
V± — 0.5 x 10 6 cm/s as a function of the ion charge number q for the two electron densities of Fig. 4. 
(For the lines see text.) 

and for extracting the variation of the friction force with the ion charge. The upper dashed curve in 
Fig. 2 shows the influence of Auj| on the longitudinal friction force at low relative velocity; it has been 
obtained from folding the full line, representing -F||(Vj|, V±) from the dielectric theory [2, 6] for the given 
fixed transverse velocity V±. with a Gaussian distribution of standard deviation Av|| = l x 10 6 cm/s for 
the longitudinal electron velocity. A more detailed comparison with theory at low velocity is presented in 
Fig. 4. Here, the decrement a has been determined by fitting a straight line defined by Fj| = — (Ma)Vjj to 
the measured cooling force at low velocity, where M is the ion mass; the result has then been normalized 
to unit charge, to ion mass number A = 1, and to an electron density of 10 8 c m - 3 . 

As seen in Fig. 4, the normalized cooling decrement decreases not only for increasing transverse ion 
velocity but also for increasing ion charge. Comparing the results for q = 1 with the theoretical curves 
from the folded dielectric theory, we obtain a good fit of the data when values close to 1 x 10 s cm/s, as 
given in the caption of Fig. 4, are chosen for Av\\. These values of Avy are close to those determined 
independently for the TSR electron cooler [7], and as expected a slightly higher value is obtained at the 
higher electron density. The functional depence of the cooling decrement on V± is thus well represented 
by the linear dielectric theory. On the other hand, this theory does not predict any dependence of the 
normalized decrement on q. 

In order to extract from these data the g dependence of the normalized cooling decrement, we have 
first multiplied the curve obtained from the linear theory by a factor independent of V±, chosen to fit 
the data for each q as shown by the dashed curves in Fig. 4. This allows us to find interpolated values 
of the normalized cooling decrement at a fixed average transverse ion velocity V± for all q, presented in 
Fig. 5. For high ion charge, the decrement and hence the friction force is up to 60% lower than predicted 
by the linear theory. Looking for a simple power law describing the decrease of the normalized cooling 
decrement as a function of q, one finds that a dependence oc q~ll2 (indicated by the dashed line in Fig. 5) 
fits the data well. Theoretical calculations on the friction force in the non-linear regime presented at this 
conference [8,9] in fact predict quite the same power law. and also the first electron cooling experiments 
at very high ion charge [10] indicate that the friction force increases oc q3^2 rather than oc q2. 

In Ref. [8] a nonlinearity parameter was defined as the ratio of the ion charge number q to the 
number Np of electrons in the Debye sphere, given in terms of the Debye screening length A as ND = 
(4x/3)A 3 n e . This parameter is related to the ratio of the 'collision diameter' d s l o w to the screening length 
A discussed in Section 2 (q/No — 3dsiow/A). We obtain ND — 4.3 and 5.5 for the higher and the lower 
electron density, respectively; hence, the data represent the range of q where nonlinearities are expected 
to become significant (q/No — 1 for q s» 5). A similar nonlinearity limit is considered in Ref. [9]. 

Based on the discussion of Section 2, we could also directly consider the variation of d s l o w with q and 
describe its influence on the cooling force by a reduction of the effective Coulomb logarithm for the slow 
collisions. In the linear dielectric theory used in Figs. 3 and 4, no Coulomb logarithm occurs explicitly; 
however, from the spatial region around an ion considered in this approach [2], the approximate value 
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of the effective Coulomb logarithm can be estimated to be ln(A/ri) = ln(w c/w p). Taking into account 
the lower cutoff due to the 'collision diameter', this transforms into L ^ o w = ln(A/cP l o w). Now for the 
present experimental conditions, dsloVi « rj. for q = 1; thus we can write the effective Coulomb logarithm 
as Ls

c°w(q) K, \n(uc/u>p) — Inc. The decrease of the normalized cooling decrement for increasing ion 
charge with respect to the result at q = 1 is then given by the factor L^ o w(g)/ln(u; c/<jp) (full lines in 
Fig. 5). This description, suggested in similar form also by Ref. [1], is in reasonable agreement with the 
data except for q — 16, where In g = 2.77 is already very close to ln(we/wp) — 3.11 (or, equivalently, 
d s l o w K, A). Thus, the logarithmic dependence at lower q possibly merges into the q~lt2 power law for the 
normalized friction force as q increases further and the collision diameter d s l o w approaches the screening 
length A, or as q/Np > 1. 

5. CONCLUSION 

We have explored the charge dependence of the friction force in electron cooling of heavy ions, 
performing high-precision measurements of the longitudinal drag force in different ranges of the relative 
velocity. The results at high relative velocity confirm the cooling-force calculations based on the linear 
theory and thus demonstrate the accuracy of the experimental method. At low relative velocity, where the 
interaction between ions and 'magnetized' electrons yields the dominant contribution to the cooling force, 
a few basic estimates show that for q > 1 the linear description will no longer be appropriate. In fact, the 
available linear dielectric theory of the friction force turns out to be in reasonable agreement with the data 
for g = l , but it cannot explain the observed variation of the friction force with q, which approximately 
follows the power law oc ç 3 / 2 . Remarkably, already simplified theoretical models, developed recently to 
describe the friction force in the nonlinear regime, predict a similar scaling behaviour. 

To arrive at a proper description of the electron cooling force at high ion charge and low relative 
velocity, it appears necessary to consider the Coulomb interaction of an ion with several surrounding 
electrons in a magnetic field for a strong perturbation of the electron orbits by the ion. This situation 
may also lead to the formation of bound electron orbits around the ion. The possible influence of such 
processes on the recombination of electrons and ions in the electron cooler is being investigated at the 
TSR by measuring spontaneous and laser-stimulated electron-ion recombination rates [11]. 

This work has been supported by the German Federal Minister for Research and Technology 
(Bundesministerium fur Forschung und Technologie) under Contract No. 06HD 5251. 
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A B S T R A C T 
The concept of the Dubna project of two coupled storage rings intended to 
provide cooled beams of short lived exotic nuclei is briefly described and the 
evaluated luminosity values are presented. As the first stage of the project 
the construction of one of the rings is proposed. Due to the high peak beam 
intensity of the injector cyclotron U400M this ring will give high luminosity 
exotic beams. 

1. DESCRIPTION OF THE PROJECT 

TREBLe is a modification of the Dubna project of the heavy ion storage ring complex K4-K10 [1, 2, 3]. 
The specific feature of this modification is to provide high precision beams of exotic nuclei with mass 
numbers of A<50 in the energy range from few MeV to about 200 MeV/amu. We preserve the principal 
concept of the K4-K10 project (see Fig. 1). The first ring is intended to accumulate the primary heavy-
ion beam from the JINR sector focusing cyclotron U400M, to cool this beam and to increase the energy 
up to about 120-170 MeV/amu. The primary beam obtained as a result of fast extraction from the first 
ring is used to produce the exotic beam which, after separation by an energy loss achromat. is injected 
into the second ring. The nuclei with the lifetime of > 1 s can be cooled and accumulated on the ring 
orbit and their beam energy can be controlled. For the short lived nuclei (T!/2<1 s), a target irradiation 
will be preferable immediately after cooling. The cooling time in the second ring will be of the order of 
50 ms. This very short cooling time can be obtained due to a low initial phase space of the secondary 
beam. The small transverse emittance is resulted from the fact that the secondary beam is produced 
after focusing the high quality primary beam onto a very small target spot of less than 1 mm in diameter. 
The longitudinal emittance of the secondary beam is also considerably reduced due to the possibility to 
extract from the first ring the high quality primary beam in the form of very short (20 ns) bunches. 

2. I N J E C T O R CYCLOTRON U400M 

The sector focusing cyclotron U400M is a new machine which being tested during the 1993 commis
sioning cycle proved its ability to produce, with a PIG ion source, high intensity beams of ions ranging 
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V>MMM/M#M»tarA m%. 

Fig.l - Diagram of the complex K4-K10. 
1-injection beam line, 2- production target. 3-separation channel. 

Table 1 - Peak Beam Intensities of U400M 

ION 
NUMBER OF IONS PER ifjS ENERGY 

MeV/amu ION 
ECR Laser 

source PIG 
ENERGY 
MeV/amu 

14 c+4 
15N+5 
18^+6 

2 0 N e + 7 

3o S i +7 

36o+8 

40 A r+10 

46 T- +12 

4 8 P +10 
La 

4*10 9 

3*108 

2*108 

10 8 

4*10 7 

109 

10 8 

8*108 

109 

3*108 

3*108 

5*10 8 

10 7 

43 

56 

56 

59 

31 

29 

35 

38 

27 

from carbon to neon. Table 1 gives 
the intensities of some of the beams 
in terms of the number of ions which 
will be produced by the cyclotron 
within one microsecond, i.e. the 
time interval of the order of one pe
riod of beam revolution on a ring 
orbit. The da ta for the ECR ion 
source are from li terature [4]. The 
numbers for the laser plasma ion 
source are obtained in experiments 
carried out at the sector focusing cy
clotron U200 [5]. The program of 
installation of an ECR ion source is 
running in 1993 as an essential part 
of the funded U400M project. The 
routine operation of the cyclotron 
with this ion source will begin in 
1994. Specially for the project TRE
BLe the work on a new version of the 
laser ion source for U400M is carried 
out in 1993. The tests are planned 
for 1994. 

3. C O O L E R R I N G S 

The ring K4 described in [1] meets the conditions imposed on the first ring in TREBLe . Its basic 
parameters are listed in Table 2. Two beam injection schemes foreseen for this ring are considered in 
detail in our previous papers [1, 2, 3]. Both schemes, the injection by ion stripping and multiple single 
turn injection, provide for the fast primary beam accumulation and cooling. This can be accomplished 
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Table 2 - Basic Parameters of the Ring K4 

Ring K4 
B P m a x • T * m 4 
Ci rcumfe rence , m 83.11 
Acceptance £ . , 7 7 * m m * m r a d 35 
( A P / p ) m a * • * 1.0 
Cooling electron maximum 
energy , keV 
Length of the cooling 
section , m 

100 

3 
Electron maximum 
current , A 5 
Cathode diameter , cm 3 
RF amplitude, kV 14 
Range of the RF 
frequency , MHz 0.5-3.4 
Vacuum, Pa 10" 8 

Table 3 - Some exotic beams at t inable at TREBLe 

BEAMS T 1/2 
(sec) 

|N-N I 
1 drip' 

Ein j . 
(MeV/amu) 

F 
u m a x . 

(MeV/amu) 

NUMBER 
OF IONS 
ON ORBIT 

LUMINOSITY 
( s cm ) 

He 0.808 2 105 175 1 0 7 1 0 2 7 

8He 0.122 0 110 120 1 0 5 10 2 5 

yLi 0.178 2 110 175 1 0 ' 10 2 7 

"Li 0.009 0 110 120 1 0 4 1 0 2 4 

"Be 13.8 3 125 210 1 0 7 10 2 7 

u Be 0.05 0 120 130 1 0 2 10 2 2 

1 2B 0.02 5 85 265 1 0 8 1 0 2 B 

1 7B 0.006 0 120 140 i o 2 io~ 2 

l b c 0.75 6 115 220 1 0 6 10 2 6 

i b c 0.1 4 120 175 1 0 3 1 0 2 3 

1 4 0 70.6 9 110 455 1 0 8 1 0 2 8 

2 2 0 0.76 9 120 210 1 0 4 1 0 2 4 

2 4 N e 225 8 125 265 i o B 10 2 8 

z 8 Ne 0.014 2 120 200 i o J 10 2 3 

44™Sc 2*10° 9 110 335 1 0 1 0 1 0 3 0 

( J p = 6 + ) 

within 100 ms for 1 0 n and 
10 1 0 ions of carbon and cal
cium, respectively, accumulated 
and cooled on the orbit of the 
ring. Formation of 20 ns bunches 
on the K4 orbit will cause some 
increase of the beam momen
tum spread while it does not af
fect the small transverse emit-
tance of the cooled beam. A 
beam having the transverse emit-
tance of 1 IT mm*mrad and mo
mentum spread of ±0 .2% will 
be easily focused onto a produc
tion (beryllium) target of a di
ameter of 0.8 m m . The beam 
of exotic nuclei produced on this 
target will be separated and fo
cused by the ion optical system 
of the fragment separator shown 
in Fig.l . The separator is de
signed to manage, for the injec
tion into the second ring, with 
the exotic beam having the mo
mentum spread of ± 0 . 5 % and 
emerging from the target within 
a solid angle of about 3 msr. 
The maximum magnetic rigidity 
of the second ring is not speci
fied at this stage. Other essen
tial parameters can be borrowed 
from the K10 ring described in 
[1]. In Table 3 we show, for some 
exotic nuclei, the evaluated num
bers of ions on the orbit of the 
second ring and the luminosity 
values which will be at tainable in 
experiments carried out with in
ternal ring targets. We assumed 
that a long term irradiation will 
be possible in the case when the 
thickness of the target does not 
exceed 1 0 M a toms per c m 2 and 
that the beam accumulation t ime 
of up to 1000 s will be possible for 
the long lived nuclei. 

4. F I R S T S T A G E O F T H E P R O J E C T 

We determine the first stage of the project realization which implies the building of the first ring 
K4. The peak primary beam intensities presented in Table 1 give us favorable conditions to produce the 
beams of exotic nuclei suitable for accumulating and cooling in the ring K4. Immediately after splitting 
(see Fig.2), the beam is focused on a target (diameter of 1 mm), and secondary beams are produced. 
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Fig.2 - First stage of TREBLe. 

The secondary beam emerging from the target within the solid angle of 3.5 msr will be captured 
by this separation channel and injected into the K4 ring. To widen the accessible m o m e n t u m range of 
the beam accumulated in the ring a beam debunching (see Fig.3) will be provided before the injection. 
This reduces, by a factor of about ten, the initial momentum spread (±1.0%) of the secondary beam. In 
Table 4 we give the parameters of some exotic beams which will be obtained after the completion of the 
project first stage. 

Table 4 - Exotic Beams in K4. 

BEAMS Tl/2 
(sec) 

|N-N . I 
1 drip 1 

E inj. 
(MeV/amu) 

£J max. 
(MeV/amu) 

NUMBER 
OF IONS 
ON ORBIT 

L 
(s cm ) 

He 0.808 9 42 80 io 4 10 2 4 

8 U 
He 0.122 0 43 50 

2 
10" 10 2 2 

8Li 0.84 3 41 105 io 4 10 2 4 

9 Li 0.178 2 44 80 1 0 3 1 Q 2 3 

"Be 13.8 3 44 100 1 0 5 1 0 2 5 

1 2 B 0.02 5 40 125 10° 10"° 

1 6 C 0.75 6 42 105 10 J 

10 2 3 

140 70.6 2 36 225 1 0 5 1 0 2 5 

2 4 Ne 225 8 20 125 10 6 10 2 6 

Mg 
4 

7*10 12 20 130 10' 10 2 ? 

38S 1*10 4 14 17 130 10 7 10""' 

4 4 m S c 2 * 1 0 5 9 22 160 io 8 1 0 2 8 

(JP=6+) 
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Fig.3 - Schematic diagram illustrating the production and debunching of a secondary beam. 

One of the authors (G.M.T.-A.) acknowledges the fact that Dr. B. Franzke (GSI Darmstadt) attracted 
his attention to the advantage of the radioactive beam debunching in the ring injection li line. 
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REPORT OF THE WORKING SESSION ON 
CYCLOTRON MASER COOLING 

D. Môhl and A. M. Sessler*) 
CERN, PS Division, CH - 1211 Geneva 23 

ABSTRACT 
A report is presented of the Working Sessions on Cyclotron Maser Cooling in 
which the concept is presented, various comments upon it are reported, and it is 
concluded that there is no cooling. 

1. INTRODUCTION 

The Working Sessions on Cyclotron Maser Cooling (CMC) met on Monday evening, October 4, and on 
Tuesday afternoon, October 5. The total time was about 3^2 hours. Presentations were made by 
Hidetsugu Ikegami, David Whaley, Erkki Brandas, Takeshi Katayama, Simon van der Meer, Gerald Jackson, 
and Igor Meshkov. There was ample discussion and the audience reached a number of general conclusions. 

In this report we shall, very briefly, describe the contributions of each of the people listed above and then 
present the general conclusions. 

2. HIDETSUGU IKEGAMI 

The concept of Cyclotron Maser Cooling (CMC) recently also referred to as Coherent Microwave 
Cooling, is due to H. Ikegami [1] and is described in the Proceedings of this Workshop [2]. Particles circulate in 
a storage ring which contains a cooling section consisting of solenoids, deflecting magnets, and rf cavities as 
shown in Fig. 1. The beam is deflected transversely and its transverse energy changes in time according to 

dy L _ l 
dt ~ 2 m0cyx 

\ 
TF(x), (1) 

where 
E^ = electric field amplitude, 
T = a quantity which H. Ikegami calls the damping time of the oscillator, 
F(x) = [1/d+x 2)] + [2ax/(l+x2)2l 
X = 2T[C0jy± - COrf], 
corf = angular frequency of the rf, 
coc = cyclotron frequency (y= 1) of the particles, 
a = 2 © C T [ 1 - l/yj. 

Considering the case when a» 1, H. Ikegami concludes that not only does a particle's transverse energy, 
characterized by y 1 , get reduced in time, but a collection of particles will have its spread in yL reduced. The 
cooling time for this process is given as 

T = «*> j J ^ l \ Kt , ( 2 ) 

where 
B0 = solenoidal magnetic field. 

nr0I((orf)\l<aet) ( 1 - 0 ^ ) ^ - 1 ) 

*) Visitor from Lawrence Berkeley Laboratory, Berkeley, California 94720, USA. 
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r 0 = classical particle radius, 
/(<%) = intensity of the rf, 
t = "time in the cooler section", 
fa = propagation velocity of the rf field. 

The phenomenon is purely classical, although stimulated radiation is a key element. 
H. Ikegami has performed an experiment on CMC using the apparatus shown in Fig. 2. He has obtained 

a number of results; a typical set is shown in Fig. 3. 

Fig. 1 - A basic configuration of a facility for coherent microwave cooling. 
C: rf cavity for stimulating emission or absorption of photons; D: small 
deflection magnet; L: solenoidal magnet; RF: accelerating rf system. 
Elements without abbreviation are lattice magnets and r and s are the 
transverse and longitudinal coordinates, respectively. (Figure and caption 
from Ref. [2].) 

Fig. 2 - Experimental arrangement. 
G: electron gun; D: dual deflector system; E: end plate of 
magnet; C: rf cavity; F: conducting ZnS screen; Y: magnet 
yoke; S: solenoidal coil; V: vacuum enclosure; M: moni
toring system. (Figure and caption taken from Ref. 2.) 
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Fig. 3 - Comparison of the Larmor radii arising from heating and absorptive cooling of electrons. 
The patterns depicted on the ZnS screen for rfon and rf off at (ûjln = 2.16 GHz and 
(ojln = 2.09 GHz for the initial transverse kinetic energies: (a) 8 keV, (b) 10 keV, (c) 
12 keV. The sharp outer circles correspond to the electron energy of 23 keV, which were 
observed without accompanied by the broad band of inner circles when the longitudinal 
drift energy spread was reduced. (Figure and caption taken from Ref. 2.) 
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3. DAVID WHALEY 

A presentation was given of the numerical simulation work of the Ecole Polytechnique Fédérale de 
Lausanne [3]. Their work is described in the Proceedings of this Workshop. They consider a rectangular cavity 
excited in the TE102 mode. Particles are sent through the cavity with typical results as shown in Fig. 4. A 
careful study reveals that there is no CMC cooling. Similar results have been obtained by B. Karlsson in 
Uppsala and are described in the Proceedings of this Workshop [3]. 

> 

I d 

0 20 40 
t (ns) 

60 

Fig. 4 - Energy vs. time trajectories of beam during passage through resonant 
cavity. Simulation begins with 50 injection particles distributed randomly 
in phase with respect to the RF waveform. Beam parameters: £^t = 50eV 
and£ i - -10 keV (from Whaley et al., [3]. 

4. ERKKI BRAN DAS 

A general quantum mechanical formalism was presented and it was shown that in the classical limit there 
is no CMC cooling [4]. E. Brandas has determined the form of a term in the density matrix which would give 
cooling, but no physical relation has yet been developed between CMC and the required term. 

5. TAKESHI KATAYAMA 

A presentation was given of an analytic analysis of the cyclotron motion. Proceeding by considering 
cyclic motion in the beam reference frame he has: 

432 



Cyclotron frequency 

m y, 

m0 

Larmor Radius: 

mv v 
i i_ 

eB0 Q, Ey = E0 cos fcoUcf) 

Equation of Motion 

— = e[E + vxB] 
Ht V / dt 

dP, \e\EQ . 
~t 2 Sm(¥) 

dy_ _ f f l fl0| |e|£o 
dt r x 2P± 

y/ = ax-<l)(t) + 8 

cos(v) 

"Modified Phase Equation" 

He concluded that since he is dealing with a conservative system there is no cooling or heating. The 
"coarse grained density", however, always decreases so that, in practice, whether there is deceleration or 
acceleration there is heating, as shown in Fig. 5. 

6. SIMON VAN DER MEER 

Simon van der Meer presented general arguments [6] showing that in jx-space Liouville's Theorem will 
be valid under the conditions where coherent cyclotron maser radiation is created, i.e. that there is no CM 
cooling. The basic reason for the absence of cooling is that there are no short range forces which vary over a 
length of the order of the inter-particle spacing. 

7. GERALD JACKSON 

G. Jackson focused on the experiment discussed in H. Ikegami's paper [2]. Following the remarks of 
others in the audience he emphasized that it is necessary to measure phase-space before and after the CMC 
section. A reduction of only the transverse velocity is, clearly, no proof of phase-space cooling. 

He then developed an analogue where the bunching in the CM section is compared to rf motion in a 
storage ring. The wide and the narrow rings observed in the experiment can then be well-explained as due to 
some particles trapped inside the rf bucket and some particles moving outside the bucket Clearly, there is no 
phase-space cooling in these circumstances. 
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Fig. 5 - Phase space for cyclotron resonance 

8. IGOR MESHKOV 

Igor Meshkov realised independently the same analogue as presented by G. Jackson. In addition he 
proposed an improvement of the experiment consisting of a beam deflection and emittance measuring device to 
determine phase space prior to and after the CM section. 
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9. CONCLUSIONS 

At first, in the discussion, questions were raised, and comments were made, on the various presentations. 
Some of the more salient points were: 
1. It was not clear to the audience how there is phase-space cooling in CMC. Everyone agreed that a deflected 

beam, characterized by 71, would change its energy as suggested by Eq. (1). It was, however, most unclear 
how this process would lead to a damping of energy spread. In particular, people felt that there was "a jump 
in logic" between Eqs. (1) and (2) in the sense that loss of energy does not automatically imply loss of 
energy spread. 

2. None of the analytic work of H. Katayama, or the numerical work of D. Whaley and M. and D. Tran as well 
as that of B. Karlsson, includes stimulated cyclotron radiation. This stimulated radiation into a state 
characterized, say, by wave vector k and polarization e, would only occur if that state is already occupied by 
photons. If there are n photons in that state then the transition probability to the state is (1+n), which for 
n » 1 can be very large. 
The presented work has the interaction of particles with a single rf mode (for which n is very large indeed), 
but no stimulated emission in any other mode. It was generally felt that stimulated emission needs not be 
included. 

3. Only for short wavelengths can one "beat Liouville's Theorem", as discussed in the first paper [9] presented 
to this Workshop and re-empasized by S. van der Meer. Thus, in order to have fast (n » 1) cyclotron cooling 
one would need many photons in states of very short wavelengths (wavelength « inter-particle spacing). 
That, however, is not the case in cyclotron masers, which is why stimulated emission has not been -quite 
properly— included in the work cited above. 

4. The experiments reported by H. Ikegami were not considered to be definitive, as they could be explained in 
alternative (non-cooling) ways. For example, when the injection is changed, corresponding to non-central 
orbits in the rf cavity, only the narrow circle (made by increased energy electrons) shifts back to the cavity 
center while the broad circles of heated electrons (of low energy) remain displaced. This can be explained in 
terms of trapping and non-trapping, rather than being compelling evidence for cooling. 

Following these detailed comments, there were general discussions and the group agreed (although, of 
course, no note was taken and there was no call for position) upon the following: 
1. The derivation of cyclotron maser cooling is not compelling. 
2. The experimental evidence for cyclotron maser cooling is not convincing. 
3. There are analytic calculations, numerical simulations, and general arguments all of which say that there is 

no cyclotron maser cooling. 
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REPORT OF THE WORKING SESSION ON 
STOCHASTIC COOLING 

T. Katayama 
Institute for Nuclear Studies (INS), Tokyo, Japan 

M. Chanel 
CERN, Geneva, Switzerland 

ABSTRACT 
A report is presented of the overview talk by John Marriner on Monday, October 4 
and of the Working Session on Stochastic Cooling which met on Wednesday 
morning, October 6. Presentations were made by Gerald P. Jackson, Jie Wei and 
Fritz Nolden. Summaries of discussions on the Fokker-Planck equation and cooling 
systems above 10 GHz are also presented. 

1. HISTORY AND PRESENT STATUS OF STOCHASTIC COOLING 

The idea of stochastic cooling, which was given first by S. van der Meer in 1968, was soon followed by 
the observation of proton-beam Schottky noise at the CERN ISR. In 1975 the first experimental demonstration 
was performed at the Intersecting Storage Rings (ISR) at CERN, and a proposal for a pp collider with stochastic 
cooling was immediately presented. Thereafter, stochastic cooling experiments were extensively performed at 
CERN, FNAL and INS-Tokyo during the years 1977-1983. In 1982, the CERN p accelerator complex projects, 
AA, SPS collider and LEAR started and, in 1986, the p-source project was started at FNAL for the Tevatron 
collider. As the culmination of the stochastic cooling, in 1984, the Nobel Prize was awarded to C. Rubbia and 
S. van der Meer. After this work for the p ring, the application of the stochastic cooling is at present prepared or 
planned for the low-energy light-ion cooler ring at Jiilich, and for the pre-cooling of hot fragments of heavy ions 
at GSI-ESR and at several heavy ion laboratories. The suppression of emittance growth due to the intra-beam 
scattering at the Relativistic Heavy Ion Collider (RHIC, BNL) is planned with the stochastic cooling device. 

Twenty five years have passed since the beginning of stochastic cooling and much experience has been 
accumulated along with the development of physics of cooling itself and the industrial engineering, especially 
on digital and analogue electronic devices. In this sense, stochastic cooling is mature, steadily progressing on 
the theoretical and technological aspects. 

2. KEY ISSUES OF STOCHASTIC COOLING 

2.1 Bandwidth, Pick-ups and Kickers, and Low-Noise Amplifiers 
The crucial parameters of stochastic cooling are: 

1) The system bandwidth W, characterising principally the cooling time. At the early experimental rings such 
as ICE and TARN, it was around 0.1-0.2 GHz, while recently it has become an order of magnitude larger 
from 1-8 GHz according to the development of microwave technology and accelerator designs. Cooling 
people are now discussing the possibility of 30-100 GHz, mm wavelength range frequencies. 

2) The structure of pick-ups and kickers with high pick-up sensitivity and shunt impedance is the main concern 
for the cooling technology. At present, most of high-energy stochastic cooling systems employ the A/4 
strip lines while loop couplers or slow-wave structures such as helical-type couplers are used for low-energy 
cooling. 

3) In order to get a good signal-to-noise ratio, the cryogenic pick-ups and pre-amplifiers with low-noise figure 
should be used, especially at the cooler ring of small number of stored particles. 

2.2 Review 
In the present Workshop, an excellent review of the theory and technological implementation of the 

stochastic cooling was excellently given by J. Marriner (FNAL), who explained the simple theoretical model of 
betatron and momentum cooling, stressing the importance of the design of the cooler ring with proper lattice 
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structure to ensure the "good mixing" from kicker to pick-up, and the "bad mixing" from pick-up to kicker. 
Concerning the technological aspects, he described the design of pick-ups and kickers which have a similar 
structure due to Lorentz reciprocity theorem, especially on XIA strip-line structures currently used in most of the 
cooler rings. To get a good signal-to-noise ratio, arrays of 100 or more pick-ups are used. The output power of 
two pick-ups is combined in a transmission line of the same characteristic impedance of the pick-ups. The 
cascading transmission line of proper impedance transformation can effectively transfer the beam signal to a pre
amplifier. These are implemented for a bandwidth of an octave, i.e. the upper frequency is twice the lower 
frequency, such as 4-8 GHz, using micro-strip circuit board techniques. 

One of the key issues, which determine the cooling rate and the equilibrium emittance or momentum 
spread, is the ratio of the thermal noise to Schortky noise. The thermal noise comes from two sources, one is 
due to the terminating resistor R of the pick-ups where the thermal noise voltage is V„ = -JkTR at the 
temperature T. In order to reduce the thermal noise, the pick-ups including resistors are cooled to cryogenic 
temperature. The second factor is due to the noise figure of the pre-amplifier. At present, low-noise amplifiers 
are made of GaAs devices used for stochastic cooling such as amplifiers, filters, delay lines for low-loss skin 
effect and an amplitude modulator of a laser coupled to an optical fibre followed by a demodulator using a photo 
diode. J. Marriner mentioned the measurement techniques such as open-loop gain measurement, Schottky signal 
suppression, beam profiles and beam instabilities which are commonly used in most of the storage rings as a 
standard beam diagnostic method. 

3. REPORTS FROM LABORATORIES 

3.1 Gerald Jackson (FNAL) reported on the plan and some preparatory works on the bunched beam 
cooling at the Tevatron collider. The purpose of this plan is to suppress the emittance growth and resultant 
luminosity decrease induced mainly by the noise and ripple of power supplies. The emittance growth rate is 
measured at 0.3?rmmmrad/h and then the cooling time is specified as 50 h for protons and 18 h for antiprotons. 
These long cooling times are a compromise between the beam-beam tune shift (already -0.01) and the integrated 
luminosity lifetime. The major difficulties in the bunched beam transverse cooling are the unwanted/unexpected 
large signals at just the harmonics of the revolution frequency related to the coherent synchrotron beam motion. 
A number of techniques have been tried for the solution of this problem. The adjustment of positions of pick-up 
arrays, transversely and longitudinally, was tried with an inchworm motor with a step size of 1 (xm. Another 
innovative technique reported is a new hybrid system to detect closed-orbit information except for betatron 
oscillations, where they use the photon storage ring which exponentially averages away the betatron 
modulation. 

3.2 J. Wei (BNL) discussed the plans for the 4-8 GHz bunched-beam stochastic-cooling system for RHIC 
which will compensate the deterioration of luminosity due to the intra-beam scattering (DBS). The growth rate of 
the rms betatron amplitude axy and the fractional deviation ap are inversely proportional to the 6-D phase 
volume and proportional to Z4N/A2 where Z is the charge state of ion, A the mass number and N the number of 
ions. At the typical operation of RHIC, Au beam of 100 GeV/u iv" = 109 is expected. The transverse cooling rate 
(l/&)(d<7/dt) = 0.1/hr could give the equilibrium emittance of 30K mmmrad balanced with IBS growth rate. 
Using the 4-8 GHz stochastic cooling for both the transverse and longitudinal directions could improve the 
integrated luminosity by a factor of 2 over the entire 10-hours storage period. To accommodate for the future 
upgrade of the beam intensity, the bandwidth of 8-16 GHz is desirable and detailed technical aspects are to be 
examined. 

3.3 F. Nolden (GSI) explained the concept of cooling system for the 500 MeV/u secondary fragment 
beam which is injected on the injection orbit of ESR with a momentum spread Ap/p = ±0.35% and a transverse 
emittance of 20^ mmmrad. The bandwidth is from 0.9 to 1.7 GHz and the Palmer method is conceived for 
longitudinal cooling because the Schottky bands will overlap due to a large momentum spread and to the ring 
dispersion parameter TJ = 0.25. The number of particles of fully stripped, highly charged heavy ions is around 
108, and the thermal noise is negligible. The cooling time is estimated to be of the order of seconds. 

3.4 F. Caspers et al. (LEAR) reported the present status of the stochastic cooling scheme at LEAR 
which provides antiproton beams from 61 MeV/c to 2 GeV/c. To accommodate the beam cooling for a wide 
range of energy, a number of techniques are implemented. Now the pick-ups and kickers are of the loop-coupler 
type with precisely variable delays between each coupler for the adjustment of the signal propagation velocity to 
be matched with the beam velocity. The bandwidth extends from 5 MHz to 1.1 GHz. The upper limit of the 
frequency range is limited by the Schottky band overlapping at high frequency due to a large momentum spread 
Ap/p = 0.6%. Digital system delays using 16-bit data word can be varied in steps of 41 ps. Non-cryogenic low-
noise pre-amplifiers of 1.4 dB noise figure are used for the high-momentum lines, and the head amplifiers at 
80 K physical temperature are used for the low-momentum system along with the 20 K cooled termination 
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resistor (50 Q). They use 12 pick-ups of plate pairs connected to form a travelling wave structure with precisely 
adjusted delay lines. The other slow-wave structures, helical and meander types, were tested but with moderate 
success. At high-momentum (1 to 2 GeV/c) operation, the stochastic cooling is used for the retrieval of the 
diffused particles at the ultra-slow extraction, and for getting a very good beam quality at the jet gas target 
experiments, namely beam emittances less than 3n mmmmrad for both vertical and horizontal directions and 
the momentum spread less than 0.2%. At low-momentum (105-609 MeV/c) operation, the stochastic cooling is 
used to reduce the beam dimensions before deceleration and to compensate the adiabatic emittance increase. The 
cooling system is also used for counteracting the diffusion mechanism such as intra-beam scattering during the 
slow-extraction process. Better wide-band power amplifiers, BAW (bulk acoustic wave) filters and printed 
structures of pick-ups and kickers are envisaged for future improvement. 

Specifications of the stochastic cooling 

Tevatron RHIC LEAR ESR ADRIA 

T (GeV) 1000 100 0.006 to 1.4 0.5 1 
Beam p-p Au 7 9 + 

P Fragments Fragments 
W (GHz) 4-8 4-8 0.01-1 0.9-1.8 1-2 
JV (109) 120/40 1 0.1-50 -0.1 -0.1 
T (sec) 18/50 h 16 h 100-500 - 1 - 1 
Ap/p (%o) 0.14 1 3 3.5 4 
e (mm-mrad) 20?r 30?r 207T 20;r 20ff 
de/dt 0.3/h 0.1/h 5^-20œ'nr^ 
Purpose Constant luminosity Low emittances Pre-cooling 

4. DISCUSSION MEETINGS 

Two discussion meetings took place during the Workshop, one about the Fokker-Plank (FP) equation and 
the other on the pick-ups and kickers for 30-100 GHz and beyond. 

• The subject of the former meeting (proposed by A. Gerasimov and moderated by D. Môhl) was the FP 
equation which can well describe the cooling process evolution not only of the longitudinal cooling process 
but also of the transverse cooling process. From the beginning of the stochastic cooling history, the 
longitudinal cooling has been well explained by the FP equation with the measured cooling coefficient F and 
that of diffusion D. Could we reliably extend that approach to a 4-D or 6-D cooling process, especially in the 
case of dominant diffusion term of intra-beam scattering in a heavy ion collider or in the case of cooling of 
horizontal and momentum cooling of large momentum spread. During the discussion, A. Ruggiero explained 
his idea of the FP equation for the bunched beam cooling, numerically applied to the RHIC gold beam. The 
participants agreed that, up to now, there is no reliable formulation of the FP equation describing the 4-D or 
6-D beamssatisfactorily; however, efforts are in progress at GSI and BNL, and their results should be 
compared to the experimental and tracking simulation results. 

• The second brain storming meeting on pick-ups and kickers at high frequency was proposed by F. Caspers 
(CERN). The following subjects were discussed: at present, slot structures, printed loops and slot lines are in 
preparation or in use up to a frequency of 16 GHz. Printed loops or slot lines seem to be possible up to 30 
GHz. What kind of structure could be envisaged for the bandwidth 30-100 GHz and beyond? The detailed 
technological problems discussed are: What are the frequency limits for printed metal structures due to 
metallic losses? Can we use high Tc superconductors for pick-ups and kickers on dielectric substrata instead 
of copper? Does the beam pipe become an over-moded wave guide for such a high frequency? The beam may 
be several wavelengths away from the pick-up surface, so there is no longer a near field. In this case, would a 
kicker be a "far field accelerator" or is the Lorentz reciprocity theorem valid outside the near field? When do 
we get into the regime of "quantum noise"? Are materials available for mm-wave integrated structure in an 
accelerator environment (e.g. vacuum, radiation)? 

All the problems are related with high-level microwave engineering which is rapidly developing in 
connection with industrial requirements. During the meeting, several solutions and suggestions were presented. 
However, it seems too early to draw conclusions here. The more concrete plans for the 30-100 GHz bandwidth 
are expected to be deliberated at the next beam cooling workshop. 
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CRITICAL ISSUES IN MUON COLLIDERS - A SUMMARY 

S. Chattopadhyay* W. Barletta, S. Maury,** D. Neuffer,*** 
A. Ruggiero,**** A. Sessler 

Lawrence Berkeley Laboratory, University of California, 
Berkeley, CA 94720, USA 

ABSTRACT 
We present a brief summary of the current state of conception and understanding of 
high-energy muon colliders, associated technological challenges and future research 
directions on this topic. 

1. MOTIVATION AND CHALLENGES 
It is well known that multi-TeV e+-e~ colliders are constrained in energy, luminosity and resolution, 

being limited by "radiative effects" which scale inversely as the fourth power of the lepton mass [(E/me)4]. Thus 
collisions using heavier leptons such as muons offer a potentially easier extension to higher energies [1]. It is 
also believed that the muons have a much greater direct coupling into the mass-generating "Higgs-sector", which 
is the acknowledged next frontier to be explored in particle physics. This leads us to the consideration of TeV-
scale n+-fi' colliders. However, with the experimental determination of the top quark being heavier than the Z 
boson, there is increasing possibility of the existence of a "light" Higgs particle with a mass value bracketed by 
the Z-boson mass and twice that value. This makes a 100 GeV j±+ <8> 100 GeV fi' collider as "Higgs Factory" an 
attractive option. The required luminosity is determined to be 10 3 0 cnrV 1 . We note that the required luminosity 
for the same "physics reach" scales inversely as the square of the lepton mass and implies a significantly higher 
luminosity required of a similar energy e+-e" collider, in order to reach the same physics goals. 

The challenges associated with developing a muon collider were discussed at the Port Jefferson workshop 
[1, 2], subsequent mini-workshops at Napa [3], Los Alamos [4] and at the present workshop [5, 6]. Basically, 
the two inter-related fundamental aspects about muons that critically determine and limit the design and 
development of a muon collider are that muons are secondary particles and that they have a rather short lifetime 
in the rest frame. The muon lifetime is about 2.2 |j.sec at rest and is dilated to about 2.2 msec at 100 GeV in the 
laboratory frame by the relativistic effect. The dilated lifetime is short enough to pose significant challenges to 
fast beam manipulation and control. Being secondary particles with short lifetime, muons are not to be found in 
abundance in nature, but rather have to be created in collisions with heavy nuclear targets. Muon beams produced 
from such heavy targets have spot size and divergence-limited intrinsic phase-space density which is rather low. 
To achieve the required luminosity, one needs to cool the beams in phase space by several orders of magnitude. 
And all these processes - production, cooling, other bunch manipulations, acceleration and eventual transport to 
collision point - will have to be completed fast in 1-2 ms and there lies the challenge. Bunch manipulation and 
cooling of phase space are some of the primary concerns. In the following section, we describe the two 
scenarios, and associated parameters being considered at present for muon colliders. 

2. SCENARIOS, PARAMETERS AND COMMENTS 

Basically, there are two scenarios that have been considered to date for muon colliders. These two 
scenarios start with very different approaches to the production of the secondary muon beam from a primary 
beam hitting a heavy target. The subsequent acceleration, cooling, stacking, bunching and colliding gymnastics 
are all dictated and differentiated by these production schemes, which are very different. We consider them in 
sequence in the following. 
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The first approach considers production of the muons starting from a primary "proton" beam hitting a 
heavy target according to the following reaction: 

p + N -» n + X 

Since proton bunches are typically long (few ns), one basically obtains long bunches of low phase-space 
density, unless further phase-space manipulations are done to bunch and cool the beams. The situation is similar 
to the use of the Proton Ring as a pion source in the Los Alamos Meson Physics Facility (LAMPF-II) or 
conventionally considered kaon factory sources, for example. In order to reduce the length of the produced muon 
beam bunches, considerable gymnastics is required of the proton ring rf system. Ultimately, of course, a bunch 
rotation in the longitudinal phase space to reduce bunch length comes at the expense of the relative momentum 
spread, (Ap/p), which could be as high as 5%. The produced muon bunches will need to be cooled longitudinally 
from (Ap/p) of 5% to about 0.1% in order to have acceptable spectral purity at the collision point. In addition, 
the muon bunches will have to be cooled in the transverse phase space by a significant amount in order to meet 
the luminosity demand at the collision point. The cooled muons are subsequently accelerated and injected into a 
100 GeV /x+-jU" collider where the bunches collide in at most a few hundred to a thousand turns (the number of 
turns, n - 300B [Tesla]). Clearly the constraint of short muon lifetime puts a premium at every stage on 
minimizing the time for production, cooling, acceleration and bunch processing, so as to still leave a few 
hundred turns in the collider to produce luminosity. Thus, it is clear that high field magnets play crucial role in 
the collider. Details of this scenario have been considered by D. Neuffer [5]. In Fig. 1, we depict schematically 
the scenario of a muon collider based on production via protons [5]. 

Hadron accelerator 

p A-»n 
^ - * - l 7-^ 

Target 

L ^ 

[i Cooling system 

—*-i t < I IP 

High gradient linac 
(or other accelerator) 

Fig. 1 - Overview of a ii+-^i~ collider, showing a hadronic accelerator, which produces its on 
a target, followed by a /x-decay channel (it -» /J.v) and /x-cooling system, followed by 
a ^-accelerating linac (or recirculating linac or rapid-cycling synchrotron), feeding 
into a high-energy storage ring for n+-/J.~ collisions, (from Ref. [5]) 

A second approach considers production of the muons starting from a primary "electron" beam hitting a 
heavy target according to the following reaction: 

e + N-*e + N + y 

In this electro-production scenario, one obtains short bunches most naturally, since it is compatible with the 
normal mode of operation of high energy linacs. Although one obtains the "optimum bunch format" naturally, 
one has to consider unprecedently high power and high repetition rate electron linacs, not explored before in 
order to meet the required collision luminosity. This is so because of the rather low yield of muons per electron, 
even at the optimum energy of incident electrons of 60 GeV, and the difficulty of packing more electrons per 
bunch in the linac. The low transverse phase-space density of the muons will require significant improvement 
via cooling, similar to the proton production scenario, and, in addition, calls for a non-trivial beam stacking 
scheme before collision described in Ref. [6]. Details of this scenario have been considered by Barletta and 
Sessler [6]. In Fig. 2, we depict schematically the scenario of a muon collider based on electro-production [6]. 
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Fig. 2 - A muon collider scenario with electro-production of muons, (from Ref. [6]) 

Table 1 presents a comparison of parameters for the above two scenarios for a 100 GeV fx+ <g> 100 GeV 
/r collider, with an average luminosity of 10 3 0 cnrV 1 . We assumed a collider scenario with a low beta at the 
collision point of 1 cm, about 1 000 bunches colliding in the ring and muon production limited by a 5 MW 
power at the target. It is clear that while powerful pion sources, bunch compression and cooling are essential for 
the proton-production scenario, high current electron linacs, cooling and stacking are essential for the electro-
production scenario. It is fair to say from an inspection of Table 1 that, fundamentally, both scenarios are 
equally amenable to a muon collider configuration with comparable luminosities, given the fact that in both 
cases equally difficult and challenging technological problems will have to be addressed and solved. 

Table 1 - Parameters for a muon collider 
100 GeV ® 100 GeV 

N+NJ 
L = M- • 2 „ - l 7 ~ 10* cm"zs 

M = 1 000; 7= 1 000; p* = 1 cm; P = 5 MW @ target 

Production via Electrons Production via Protons 

£*or„(GeV) 60 30 

Intensity 5 x l 0 n / p u l s e 1014/pulse 

# pulses 100 (stacked later) 1 

Repetition rate (Hz) 10 10 

V G e V ) 40 1.5 

e# (rcm-rad) 2 x 10"3 2 x 10"2 

Ap/p ±3% ±3% 

(jile) ox ([Up) 4 x 10"3 io- 3 

Ionisation cooling e{ = 2 x 10"5TT m-rad e{ = 2 x 10 - 5TT m-rad 

Bunch Rotation Factor None 100 

The most difficult and challenging of these technological problems is probably that of "ultra-rapid" 
phase-space cooling of "intense" bunches. One can consider radiation cooling via synchrotron radiation which is 
independent of the bunch intensity. However, it is too slow for our purposes. Stochastic cooling rate, on the 
other hand, depends on the number of particles per bunch and, although too slow usually, can be made 
significantly faster by going to an extreme scenario of a few particles per bunch with ultra-fast phase mixing or 
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an ultra-high bandwidth (-10 1 4 Hz) cooling feedback loop. Both the latter cases will require significant 
technological inventions. A promising scheme that is both "fast" and "intensity-independent" is that of 
"Ionization Cooling", which looks feasible in principle. We have assumed ionization cooling in arriving at the 
parameters of Table 1. We discuss cooling considerations briefly in the next section. 

3. COOLING OF MUONS 

The cooling of the transverse phase-space assumed in Table 1 is of the kind known as "Ionization 
Cooling". In this scheme the beam transverse and longitudinal energy losses in passing through a material 
medium are followed by coherent reacceleration, resulting in beam phase-space cooling [5-7]. The cooling rate 
achievable is much faster than, although similar conceptually to, radiation damping in a storage ring in which 
energy losses in synchrotron radiation followed by rf acceleration result in beam phase-space cooling in all 
dimensions. Ionization cooling is described in great detail in Ref. [5] in these proceedings. It seems that the time 
is ripe to make a serious design of an ionization cooling channel, including the associated magnetic optics and rf 
aspects, and put it to real test at some laboratory. 

Exploration of the alternate cooling scheme of stochastic cooling takes us to a totally different regime of 
operation of the collider, determined by the very different nature and mechanism of cooling by an electronic 
feedback system. Here, the muon lifetime and the required low emittance demanded by the luminosity 
requirements determine the necessary stochastic cooling rate of the phase space. This rate scales directly as the 
bandwidth (W) of the feedback system and inversely as the number of particles (N) in the beam (stochastic 
cooling rate <* W/N). If we limit our consideration to practically achievable conventional feedback electronics, 
amplifiers, etc. with bandwidth not exceeding 10 GHz, the number of particles per bunch must be less than a 
thousand (1 000) in order to meet the desired rate. This then would imply a very different pulse format. This 
alone drives all the parameters back to the source and issues of "targetry" and "muon source", etc. are not 
critical. The critical issues for stochastic cooling are: (1) large bandwidth, (2) ultra-low noise, as the cooled 
emittance reaches the thermal limit of the electronics, (3) rapid mixing and (4) bunch recombination techniques. 

Critical issues in the stochastic cooling scenario are discussed by Ruggiero [8], where he also explores a 
conventional cooling scheme with modest bandwidth but with a special non-linear (magnetic) device that stirs 
up the phase space rapidly and provides "ultra-fast mixing". It is clear that we need new technical inventions in 
stochastic cooling for application in a muon collider. Another novel scheme [9] being explored currently is that 
of "optical cooling" where one detects the granularity of phase space down to a micron scale by carefully 
monitoring the incoherent radiation from the beam, which is a measure of its Schottky noise, then amplifying 
this radiation via a laser amplifier of high gain and bandwidth (107,100 THz) and applying it back to the beam. 
Various issues regarding quantum noise and effective pickup and kicker mechanisms will have to be understood 
before it can be considered for a serious design. 

4. SUMMARY AND OUTLOOK 

As we have seen, both scenarios - production of muons from protons and electro-production of muons -
are competitive but very ambitious and challenging. Production of muons from protons will clearly require non-
trivial and sophisticated target design and configuration. In addition, in order to match the bunch length of the 
colliding (but secondarily produced) muon beams to the low-beta function at the collision point, the primary 
proton beams must be bunched by a large factor (-100). The complicated bunch rotation and rf manipulations 
are cumbersome and must be done at the low-energy proton end before the target, which implies art associated 
increase in the relative momentum spread, (Ap/p). On a positive note, however, targetry with protons and rf 
gymnastics with proton beams are relatively familiar affairs at hadron and kaon facilities, albeit at a lower level 
of power and rf manipulation of the bunches. Electro-production of muons, on the other hand, requires high-peak 
current, high-repetition rate linacs, so far unexplored, in order to meet the luminosity demand. Besides, 
"stacking" of many electron bunches from a linac into a single bunch poses a non-trivial problem. The 
significant and most attractive feature of the electro-production scenario, however, is that the "optimal pulse 
format" is produced directly at the target by electrons from a linac, without complex bunch compression 
schemes in a ring. 

No matter what the optimal scenario would turn out to be, should the muon collider concept turn into 
reality, further consideration of such a collider at 200 GeV center-of-mass energy with an average luminosity of 
~103" cnrV 1 would have to assume major advances in an eventual operation of: (1) megawatt muon targets, (2) 
multi-kiloampere peak current electron linacs, (3) efficient transfer, compression and stacking schemes for 
charged particle beams, (4) high-field magnets and (5) most importantly, feasible phase-space cooling 
technologies with low noise and large bandwidth. While "Ionization Cooling" looks promising, it needs 
experimental demonstration. A possible feasibility test of muon production and ionization cooling at existing 
facilities, e.g., CERN, FNAL, etc. would be highly desirable. The "stochastic Cooling" approach, however, 
would need fundamental invention of a new technique, as elaborated earlier. The emerging new ideas of "Optical 
Stochastic Cooling", "Ultra-rapid Phase-Mixer", etc. are ambitious, but may hold the key to the success of such 
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high-frequency stochastic cooling. Finally, the synchrotron radiation and muon decay in the coluder ring vacuum 
chamber and detector area pose issues that cannot be overlooked. 

In conclusion, surely a muon collider is exotic! But even as we contemplente the value, utility and 
eventual realizability of such a collider in future, there is no doubt that the necessary conceptual and 
technological explorations forced upon us by these considerations are much too valuable to many fields to be 
simply passed up. 
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V. Parkhomchuk 
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ABSTRACT 
In the following summary each of the 11 papers (7 oral presentations, 4 posters) is 
discussed individually. This is because the subjects treated in the presentations are 
rather different, and a global evaluation is nearly impossible. 

1. INTRODUCTION 

The Working Session on Techniques and Technology met on Tuesday morning, October 5, and the 
Poster Session on Tuesday afternoon. Oral presentations were made by Evgeny Syresin, Gérard Tranquille, 
Jacques Bosser, Dag Reistad, Dietrich Habs, Sebastian Zwickler, and Bernd Hochadel. Poster presentations were 
made by Alexander Shemyakin, Alexander Sharapa, Vincenzo Guidi (represented by Bin Yang), and 
Michel Chanel. 

2. ORAL PRESENTATIONS 

2.1 Evgeny Syresin 

The optical analyzer [1] consists of a cutting diaphragm followed by a luminescent screen and an 
observation microscope (Fig. 1). The device is operated in a pulsed mode by switching the steering electrode 
potential with a pulse of 20-50 us. The screen shows an "electro-optical" image of a small hole (diaphragm). 
Transverse temperatures evaluated with this technique are in the range of 0.1-0.3 eV. This method is a direct way 
to measure transverse energies. An analysis was carried out for energy spreads in a parameter range corresponding 
to the operational condition of the new LEAR gun. 

i =1*1=3: £> 

Fig. 1 - The schematics of the optical analyzer (Figure 1 of Ref. [1]). 
1) the gun cathode, 2) the steering electrode, 3) the cutting 
diaphragm, 4) the luminescent screen, 5) the microscope. 
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2.2 Gérard Tranquille 
The initial transverse emittances of 45n mm-mrad were cooled to about 4-67C mmmrad within 30-60 s 

[2]. The possibility of controlling the beam current opens new options for electron cooling at ultra-low energies 
and is useful for optimisation of the cooling system. The measured H° profiles from the recombination of 
protons and electrons have been recorded by a CCD camera, viewing a screen at the end of the straight beam-line 
section containing the electron cooler. 

2.3 Jacques Bosser 
A relative flight-time measurement for the electron beam through the cooling section was carried out [3] 

by means of a vector network analyzer (Fig. 2) with a short-term stability and time resolution of about 1 ps. 

E-GUN 

\Unl 
(Externalfig) 

COLLECTOR 

lUn2 ^.UnA ±.Un3 
(Internai Elg) (Infernal Etc) (External Etc) 

Fig. 2 - Principle of the flight-method time (Figure 2 of Ref. [3]) 

Space-charge variations as a function of time due to neutralization of positive, ions are clearly visible. 
Neutralization levels of 60% have been obtained. As an independent tool to measure the neutralization, 
momentum changes in the proton beam were observed. A servo-system (Fig. 3) to stabilise the proton-beam 
momentum during electron-beam current changes and neutralization fluctuations, has been tested successfully. 
The system shows a response time of about 2 s. 
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Fig. 3 - Principle of the servo-system (Figure 4 of Ref. [3]) 
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2.4 Dag Reistad 
The CELSIUS electron cooler [4] is used to reduce the momentum spread and transverse emittances of 

protons and deuterium ions. A comparison of measured data from CELSIUS, with electron coolers in several 
other laboratories, shows similar results. However, very short lifetimes have been observed for injected 25 mA 
proton beams with high-emittance values. With an initial lifetime of 0.5 s most of the beam has been lost very 
quickly. A thorough study of this phenomenon did not lead to a complete understanding of all mechanisms 
involved. One hypothesis is electron heating due to higher order resonances driven by non-linear electric fields 
from the electron beam; as an alternative theory electron hearing linked with coherent effects is under discussion. 
Over a current range from 4 to 25 mA no large differences in lifetime have been observed. For the future, new 
solenoids on the electrons gun and collector are foreseen, allowing the adjustment of a variable diameter electron 
beam. 

2.5 Dietrich Habs 
One important design feature of this contribution [5] is the electron gun (Fig. 4) to be immersed in a 

high-magnetic field of a superconducting solenoid. An adiabatic transition to the lower magnetic field in the drift 
region and adiabatic expansion of the electron beam permits the maintenance of low-transverse temperatures in 
the order of 1 to 10 meV. Transverse momentum can be converted into longitudinal momentum in a diverging 
magnetic field. For the optimum design of this configuration four adiabatic invariants have to be taken into 
account Adiabatic expansion has been practised in order to measure transverse electron-beam temperatures. 

Fig. 4 - a) Present gun solenoid of the TSF cooler, b) New technical design with superconducting magnet and 
old solenoid. The electron gun is separated by a valve from the rest of the cooler (Figure 1 of Ref. [5]). 

Fig. 5 - a) Longitudinal B-field distribution on the axis and typical electron trajectories, b) Radial 
velocity for an electron ray starting 1 mm of axis with an energy of 30 keV (Fig. 3 of Ref. [5]. 
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2.6 Sebastian Zwickler 
GaAs photocathode [6] activated by cesium and NF3 layers exhibits negative electron affinity. However, 

the lifetime of this cathode for high (-0.1 m A/cm2) current density levels may still be improved. Measurements 
are presented on the longitudinal and transverse momentum spread for different current densities and various 
longitudinal magnetic fields, respectively. The accuracy of the transverse energy amounts to 3 meV 
independently of space charge and relaxation effects. 

Fig. 6 - Experimental setup with electron gun and retarding field energy analyzer (Figure 1 of Ref. [6]) 

2.7 Bernd Hochadel 
The studies of intrabeam scattering at TSR [7] showed results in good agreement with data obtained from 

IBS computer code simulations, assuming strong coupling between transverse degrees of freedom. Evidence of 
linear ordered structures has been observed on laser-cooled Be-ion beams (7.29 MeV ̂ e*). After initial electron-
beam cooling subsequent laser cooling leads to further and very fast decrease of emittance. According to 
predictions for N < 2 x 106 particles, a strong suppression of IBS, linked with the appearance of linear ordered 
structures should occur. 

Fig. 7 - Dependence of the equilibrium temperatures Tneq and T^ on the particle number N 
for a laser cooled 9Be + beam assuming a cooling constant of X\\ = 3 x 104. Also 
shown is the critical temperature TCT discussed in the text (Figure 6 of Ref. [7]). 
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3. POSTER SESSION 

3.1 Alexander Shemyakin 

This paper [8] describes an interesting system to reduce current losses on the electron-beam collector, 
linked to secondary electron emision (SEE) and capture. The influence of electrostatic and magnetic "mirrors" 
on the collector SEE coefficient has been investigated both experimentally and theoretically. The experiments 
indicate good agreement with the theoretical model proposed. 

rcl mn ) i 1 1 1 1 1 1 1 1 1 

352 .0 -

Figure 8 - Drawing of the recuperator being tested. 1) Solenoid; 2) Vacuum chamber; 3) Sup
pressor; 4) Collector: Trajectories 5-8 illustrate the movement of the particles inside the 
collector for a case of an equipotential space, computer simulations for HQ = 0.06 T, 
U c oi = 3kV; 5) Boundary trajectory of the primary beam, 6) and 8) Trajectories of the 
secondary electron with û > t?c; 7) The same for û > t?c (Figure 1 from Ref. [8]). 

3.2 Anatoly Sharapa 

It is shown [9] that the most effective solution for configuration of the collector electrodes is similar to a 
Pierce electron gun. Then along the beam the minimum potential exists but the conditions for trapping ions 
will not be met. 

3.3 Vincenzo Guidi (represented by Bin Yang) 

Lifetimes of GaAs cathodes of about a hundred hours with currents close to 1 mA have been demonstrated 
[10]. 

3.4 Michel Chanel 

Longitudinal and transverse BTF measurements on dense cooled proton and p beams have been carried 
out [11]. The results are discussed and permit an analysis of stability conditions, momentum distribution and 
impedance of the transverse feedback systems. To improve the effectiveness of this system (damper), the 
transverse stochastic cooling has also been operated with reduced gain like a damper. The influence of both 
systems on the beam was studied. 

448 



4. CONCLUSIONS 

The fast development of beam cooling techniques over the last 20 years was clearly demonstrated at this 
Workshop on "Beam Cooling and Related Topics". The first electron-beam cooler NAP-M became operational 
in October 1973. It is interesting to display the improvements obtained on different cooling parameters. 

2. 

3. 
4. 

NAP-M (1974) Ratio Now (1993) 

Electron energy 30keV 0.07 - 10 2 keV (LEAR) 
300 keV (CELSIUS) 

Cooling time 3 s 1/30 T ± = 0.1 s (TSR) 
1/300 

2/30000 
\ = 0.01 s (TSR) 

T L a s e r = 20 ms (TSR) 

Ion current 
Electron beam perveance 
Initial ion beam emittance 

0.02 raA 
1 laA/V3/2 

107: mmmrad 

1200 25 mA (CELSIUS) 
SnA/V^OJEAR) 

lOOrt mmmrad (LEAR) 
Cooling temperature 2000 K 1/20 = 100 K = r x 

1/(2x10*) = 0.1 K = r , 
l/(2xl0 5) = 0.01 K = TlLaser 

It is clearly seen that most parameters have improved by a few orders of magnitude. 
Problems for future developments not solved up to now: 

The secondary ions and electrons linked to high-intensity beams, for example at LEAR. The system of 
electron cooler can trap secondary electrons which oscillate from gun to collector or inside a specific 
electrode with maximum potential. These electrons can produce uncontrolled fluctuation of space charge. 
The problem of "electron heating" and beam intensity losses due to non-linear resonances and coherent 
instabilities as seen at the CELSIUS experiment. 
The cooling near gamma transition. 
The combination of electron cooling and subsequent laser cooling methods. Ordering effects for extremely 
cooled ion beams. For example, crystallisation may be soon an experiment. 
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SUMMARY TALK ON LASER COOLING 

Ove Poulsen1 

Mikroelektronik Centret, DTH, Blgd. 345e, 2800 Lyngby, Denmark 

ABSTRACT 
Beam cooling methods like stochastic- and electron cooling play an increasingly 
important role in the utilization of stored beams for molecular, atomic and nuclear 
physics. Whether it be excited nuclei or rotationally cold molecules, a succesful 
control of the phase space of the particles often directly influences the outcome of 
a given experiment. A third cooling scheme, laser cooling, has been developed 
extensively in the atomic physics community. Compared with the two beam cooling 
methods, laser cooling is not universal. Laser cooling requires an electronic 
transition for optical excitation, thus limiting the method to cooling of only a few 
selected elements. This restriction is amply compensated for by the strong cooling 
force, its excellent velocity control, and the ultra low cooling limits. Laser cooling 
must therefore be viewed as a test methods for studying the dynamics of stored 
beams in its extreme limits, the ultimate limit of beam cooling, an ordered 
"crystalline" array of particles, being the final goal. 

1. INTRODUCTION 

Today lasers are routinely used for manipulation and cooling of free atoms and ions. In high precision 
spectroscopy the detrimental Doppler effect can be eliminated to first order only by applying non-linear 
spectroscopic methods. The ultimative resolution limits will eventually be given by the second-order Doppler 
broadening. This observation led to the development of laser cooling of both atoms [1] and trapped ions [2]. This 
field has experienced an explosive development. New cooling principles have been introduced, and temperatures 
have dropped steadily. Doppler cooling is still the workhorse as a precooler, allowing temperatures in the mK-
range. Temperatures in the |j.K-range are obtained by newer cooling methods like polarization gradient cooling 
and velocity-selective coherent population trapping [3]. 

New phenomena occur at these low temperatures. Optically induced potentials become larger than the 
kinetic energy of the particles, resulting in trapping of "free" atoms in optical potentials. One and two-dimensional 
atom lattices have been created [4] and solid state properties of these cold "solids" have been studied by non
linear spectroscopy [5]. By optical potential engineering, slow atoms can be deflected, focused and velocity 
dispersed. The traditional role between matter and light is thus reversed in this new field known as atom 
optics [6]. 

A similar rapid development has been realized in the field of laser cooling of trapped ions. The plasma 
physics properties of ultra-cold ions have been studied [7] and the ultimate state of the field-matter interaction, 
that of a single ion cooled to the vibrational ground state of the external electrostatic trapping potential, has been 
observed [8]. Of special interest to the storage ring community is the observation of shell structures in 
magnetically confined strongly coupled plasmas [9]. 

It is in the perspective of this rapid development that laser cooling of stored ions must be summarized. 

LASER COOLING OF FAST AND STORED BEAMS 

The possibilities of laser cooling stored fast beams was recognized early and discussed briefly from a 
spectroscopy point of view [10]. The fast beam laser cooling scenario was subsequently analysed theoretically 
[11], followed by an experimental demonstration of laser induced acceleration of a fast beam in a single-pass 
experiment, using a traditional low energy accelerator [12]. 

'associated with ACAP, Aarhus University, 8000 Aarhus C, Denmark 
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The advent of storage rings drastically changed the perspectives of laser cooling fast ion beams. In 
addition, the field was dramatically accelerated by the discussions on the ultimate cooling limits or ordered 
"crystalline" beams [13,14]. 

Laser cooling of stored ions are pursued at only two laboratories, the Max planck Institute fiir Kernphysik 
at Heidelberg (the TSR storage ring) and at the ASTRID storage ring at Aarhus University. Shortly after the 
completion of these facilities, laser cooling was succesfully demonstrated, first by the TSR-group [15], who laser 
cooled a 13 MeV Li+-beam and shortly thereafter by the ASTRID-team, who laser cooled a 100 keV Li + beam 
[16]. Temperatures in the range 1 mK - 1 K were experimentally observed, the temperature strongly depending 
on the density of the stored beams. 

This summary will focus on the progress achieved since these initial experiments were performed. At this 
Workshop four areas of importance to further progress in the field were presented. Development of new cooling 
methods for obtaining a stronger cooling forces, development of new lasers for efficient cooling of new ions, laser 
cooling in a rf-bucket and new tantalizing evidence for a laser cooled low dimensional structure. 

LASER COOLING BASED ON ADIABATIC OPTICAL EXCITATION 

"Conventional" laser cooling is limited in several ways. The laser force is limited by the spontaneous emission 
rate y as F< îiky, where k is the wavenumber of the photon. Another limiting factor in laser cooling is the small 
capture range Avc = (Vl/I^) y, leading to intra-beam scattering (DBS) scattering losses. During the Workshop these 
points were made by Rudi Grimm, who then described a new method for laser cooling of stored beams. The 
aggressive environment found in storage rings necessitates a continuing development of novel laser cooling 
schemes and, in particular, to avoid the problem of a small spontaneous emission rate. Rudi Grimm discussed 
laser cooling based on adiabatic optical excitation in the dressed atom picture using the Landau-Zener picture to 
calculate the transition probability in frequency chirped fields. The fast beam environment is particularly suited 
for such excitation schemes due to the precise time and spatial control of the stored ions. 

In a normal cw excitation of an atomic system, the rate of stimulated processes equals the rate of 
absorptive processes when 50% of the upper level is populated. By applying frequency chirped fields the Landau-
Zener picture in an avoided crossing scenario allows a full inversion of the population of a quantum system. This 
well known effect has been applied to the TSR-ring at Heidelberg. Experimentally, more than 80% of the initial 
state of a 13 MeV Li+ beam was transferred to the excited state utilizing a custom tailored electrostatic potential 
for optimizing the adiabatic excitation probability. 

This cooling scheme has several attractive features. The cooling force has a range substantially larger than 
"normal" Doppler cooling and the process can be repeated several times in a straight section. Rudi Grimm 
discussed a multi-electrode geometry, with longitudinal dimensions tailored to the spontaneous decay of the stored 
ion. The problems of IBS losses will be greatly reduced with this new cooling scheme and the transverse 
sympathetic cooling will be more efficient due to the size and the range of the force. 

NEW LASERS AND COOLING OF MAGNESIUM IONS 

A different way of obtaining stronger cooling is by a careful selection of ions with a fast spontaneous 
scattering rate. One of the best ions for laser cooling is magnesium. This ion was, so far, avoided due to the 
difficult excitation wavelenght of 280 nm. J0rgen Nielsen presented a solution to this problem: a highly effective 
external cavity second-harmonic generation unit, capable of generating up to 100 mW of radiation at 280 nm. 
This has been possible by two recent developments, a new super effective dye at 560 nm and the construction 
of external ring cavities, fully coma and astigmatic compensated and electronically servo-locked. 

With this laser system J0rgen Nielsen laser cooled Mg+ with only one frequency chirped laser. Injecting 
108 ion in ASTRID, he reported temperatures around 1 K, while higher temperatures were observed at higher 
densities. He demonstrated a good cooling efficiency, with only a modest loss of ions during the laser cooling 
process. In addition to cooling experiments, J0rgen Nielsen described heating studies, using laser induced 
fluorescence as a tool for measuring the longitudinal temperature as function of storage time and of density of 
the ions. Such data are of importance in understanding the dynamics of cold stored ionbeams. A result of these 
studies, revealing a strong, probably coherently driven, initial heating, points towards the low intensity regime 
as the best starting point for obtaining a condensed beam. 

One of the most difficult aspects of laser cooling of stored ion beams is the transverse degree of freedom. 
Laser cooling is only effective at cooling the longitudinal degree of freedom in a fast beam. IBS is one 
mechanism coupling the transverse (hot) and longitudinal (cold) movement of the ions. The picture is by no 
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means simple due to betatron oscillations and loss mechanisms. J0rgen Nielsen presented data, indicating a 
transverse sympathetic cooling. Transverse temperatures were measured as a function of injection (cooling) time 
using a scraper to determine the transverse size of the beam. A 15% effect was reported, but conclusive evidence 
for sympathetic transverse cooling is still pending in the ASTRID experiment. 

LASER COOLING IN A RF-BUCKET 

Laser cooling experiments in storage rings are traditionally performed on coasting beams. This corresponds 
to a two dimensional confinement of the ions. They are bound by the quadrupole fields in the x-y plane, while 
they are freely propagating in the z-direction. Laser cooling of fast stored ions therefore requires two opposing 
forces in order to achieve stable cooling around a fixed velocity. The first experiments, at the TSR-ring [15] and 
at ASTRID [16], were performed using two counterpropagating lasers. Adding two counterpropagating laser 
fields, a resulting dispersion-like cooling force results due to the directionality of the photon recoil and the 
different Doppler shifts. 

In later experiments the TRS-group introduced a new element, an induction accelerator (INDAC). The 
circulating ions constitute the secondary loop in a transformer. Applying a time varying flux at the primary loop, 
the beam energy is conviniently tuned. The INDAC provides a convinient holding force, which together with an 
opposing laser cooling force, provides a stable cooling point. The electron cooling force has been employed in 
a similar scheme, again by the TSR-group. 

At the Workshop Jeffrey Hangst of the ASTRID team reported experiments on laser cooling in a rf-bucket. 
This experiment is conceptually different from the previously reported laser cooling experiments at storage rings, 
because of the 3-dimensional confinement of the ions in the bucket. The experiment effectively turns a storage 
ring into a trapping facility. ASTRID is equipped with a tunable rf-gap for accelerating the ions. This rf-device 
was excited by only a few volts of rf-pover, tuned for the 26 t h harmonic of the revolution frequency. A single 
laser was applied in another arm of the ring. Jeffrey Hangst showed a simulation of the particles "trapped" in the 
rf-potential, subjected to a laser cooling force. Both cooling and localization was simulated. This simulation was 
confirmed by experiments, showing effective laser cooling of a 100 keV Mg+ beam in rf-potentials as low as 
5 V. Jeffrey Hangst showed cooling results with a scanned laser and 109 particles injected. The velocity 
distribution of the ions was measured as function of storage time, showing warm ions trapped in the rf-bucket 
effectively being cooled as function of cooling time. The experiment, however, was limited by the bandwidth 
of the Schottky reciever. Beam pick-up signals showed distinct narrowing of the bunches due to laser cooling. 

TRANSVERSE COOLING AND (NEW) LOW DIMENSIONAL STRUCTURES 

Dieter Habs of the TSR-team gave an inspiring contribution on some of the outstanding challenges of laser 
cooling of fast stored ions, that of transverse cooling of the final low temperature state of a cold beam. 

By careful measurements of the diffusion coefficients, obtained by heating curves and by measurements 
of the longitudinal laser cooling force, temperatures in the low mK-range are derived for a Be+ beam of 8xl0 8 

particles. This temperature was found to be in agreement with a direct temperature measurement by laser induced 
fluorescence. Based on this good understanding of the longitudinal degree of freedom, Dieter Habs proceeded 
by showing evidence for transverse (sympathetic) cooling. Without laser cooling a transverse temperature of 6000 
K was found, whereas longitudinal laser cooling resulted in a transverse temperature of only 3800 K. This 
reduction of temperature corresponds to a reduction of the radius of the stored beam of 15%. 

The most fascinating aspect of the laser cooling section of the Workshop was the discussion on the final 
low temperature state of a stored beam. Dieter Habs presented results, which clearly point towards new and 
puzzling horisons. Using the full power of the INDAC and the laser cooling force, the Heidelberg-group measured 
longitudinal temperatures as a function of the density of the beam. By changing the laser cooling force and thus 
the capture range of the force, a naive consideration would predict more ions cooled. Quite the opposite, the TSR-
team reported a constant number of particles cooled above a certain laser cooling force. Dieter Habs discussed 
the possible scenarios implied by this observation, the most intriging being the creation of a string of ions 
embedded in a halo of warm ions. To verify this scenario, careful transverse temperature measurements must be 
carried out and better beam diagnostics employed. 

Another way of studying such phenomena is by numerical simulations of cold beams. Dieter Habs showed 
IBS studies of laser cooled beryllium beams. Assuming temperature equilibrium, sympathetic transverse cooling 
was investigated, as was longitudinal cooling. Careful loss measurements supported aspects of these simulations. 
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OUTLOOK AND CONCLUSIONS 

During the workshop "laser coolers" and "beam crystallizers" met to discuss the present state-of-affairs. 
One question concerned the optimum strategy for obtaining a 3-dimensional cold beam. The ASTRID-team has 
started with a dense and very cold beam. Strong coherent and DBS heating is observed resulting in a low density, 
longitudinal very cold beam, as a result of laser cooling. The TSR-team traditionally has worked with less dense 
beams, resulting in a week initial coupling between the longitudinal and transverse degrees of freedom. They have 
overcome this problem by electron pre-cooling. 

During the discussions at the Workshop it was agreed, that an optimum strategy must avoid too dense 
beams, as the dynamics of these strongly coupled and coherently excited beams was not understood. To 
succesfully use a low density beam as the starting point for obtaining a low dimensional coupled state requires 
development of "seeding" schemes. The use of rf or laser stacking to slowly add particles to a cold system is an 
intriguing possibility. 

Finally, the "laser coolers" need better diagnostics. Longitudinal and transverse Schottky pick-ups are 
urgently needed in order to study the plasmas allready produced. With lower temperatures and higher densities 
of the beams, the need for new advanced (low noise, high bandwidth) pick-ups is high. An alternative scheme, 
based on the correlation between neutralized particles escaping the ring, is another interesting possibility for 
detecting a possible ordering of the beam. 

Based on the presentations at the Workshop, new and dramatic progress is expected. New cooling schemes, 
new lasers, cooling in rf-buckets and new tantalizing evidence from the beryllium experiments at the TSR-ring 
all clearly point towards a rapid development towards crystalline beams. 
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SUMMARY TALK ON BEAM CRYSTALLIZATION 

/ . P. Schiffer 
Argonne National Laboratory, Argonne, IL 60439 U.S.A. 

ANt-P-21.227 

The logical ultimate limit of beam cooling leads to an ordered "crystalline" array of particles. It should occur 
when the thermal energy (not counting collective oscillations) becomes much less than the Coulomb energy stored 
between two neighboring particles in the beam: 

kTjacoh. « q2/a 

where "a" is a parameter reflecting the interparticle spacing. As cooling techniques improve this limit is gradually 
coming within grasp. In fact, some think that it perhaps had already been reached in Novosibirsk [1] over a decade 
ago, but the evidence on this is not clear. 

In this summary I would like to give a brief primer on what has been done in this area, indications from 
simulations of what one might expect in such a crystalline beam, and where some of the problems may be. I would 
like to fold in the contributions we heard and saw at this Workshop, give an assessment of where we now are, and of 
what the future may hold. 

The idea and first simulations of a crystalline beam occurred around 1986 [2], and were then developed 
further and presented at the Wertheim Workshop in 1988 [3]. It was clear that the lowest energy configuration of 
particles, traveling in a focusing field that was cylindrically symmetric and constant in time, would be as is shown 
schematically in Fig. 1. The configuration depends on the linear density of particles. But since several small storage 
rings are similar in their size and focusing properties, we may here refer to these densities in terms of the 
approximate total number of particles N for a typical small storage ring. For N < 106 stored ions, the particles, when 
absolutely cold, would settle in a string. Then, as the density of particles increases so that the interparticle Coulomb 

forces became stronger than the focusing force, the 
particles would undergo dimensional phase trans
itions, first breaking out of a line into a two-
dimensional zig-zag pattern around N = 106, then into 
various three-dimensional helical configurations on 
cylindrical surfaces above about N = 2x106, and for N 
> 107 into several concentric shells. For the larger N 
values these shells are equally spaced, with the 
surface density of particles on each shell the same, 
and thus the number of shells proportional to VN. 

But one has to deal with reality, both in the 
focusing method, and in considering the curvature 
inherent in a storage ring. What can one say about 
the best focusing scheme for a crystalline beam? One 
can obtain constant focusing in a weak-focusing 
betatron ~ could this be the right method? At 
Wertheim some thought that this was a solution, most 
others thought otherwise, but at the present Workshop 
Ruggiero [4] has shown rigorously that weak focusing 
cannot work, strong focusing is absolutely needed for 
this ordered regime. 

Can this ordering survive an alternating 
focusing field? At Wertheim, some simulations were 
discussed [3] that indicated that with the alternating 
field and with only longitudinal cooling, the early 
simulations assumed ideal cooling in both transverse 
and longitudinal directions. These simulations 
indicated that the beam did seem to remain in a 
multiple shell structure, very similar to the static case, 
but undergoing small shape oscillations. At the 
present Workshop Wei, Sessler and Li [5] presented 

wuuuuuuuuuwuua 

Fig. 1 Schematic representation of particles in a 
cold beam at various particle densities. The 
top view corresponds to one-dimensional 
order expected for N < 106, the next to a 
two-dimensional zig-zag, then to a helix, and 
at the bottom to multiple shells. 
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simulations that included explicitly repeating FODO cells and bending, as well as vacuum chamber image charges 
that had not been considered in the earlier work. They also assumed cooling to constant angular velocity. Their 
systems for N < 107 undergo simple oscillations and settle into a mode that requires no further cooling. Results 
were also shown [6] for larger (N «= 108) systems that indicate no problems with alternating focusing, even if the 
longitudinal cooling is applied only once per orbit 

Next is the question of curvature. Since present beam cooling techniques force particles to travel with the 
same linear velocity, this introduces a problem when the particles are forced into a curved orbit with dipole elements. 
An ideal case was presented in the poster by Labrador, et al. [7] for a two-dimensional zig-zag pattern that was bent 
just the right amount for particles on the two strips of the zig-zag to move over by one spacing. This is a very special 
case. One would like to see a scheme in which the particles are "cooled" into a mode where they all travel with the 
same angular velocity, as was assumed in the contribution by Wei, et al. [5]. Note that this would imply a large 
coherent momentum spread across the beam, which could be as much as Ap/p = 10"4. Also, if the bending is not 
continuous, (continuous bending was assumed in Ref. 5) even a constant angular velocity beam would be subject to a 
longitudinal shear oscillation that may disrupt the order, particularly if individual elements bend by angles > 60°. 

For normal cooling to constant linear velocity, one may still wonder whether the interparticle forces within an 
ordered beam might be sufficient to resist shear. Simulations shown at Wertheim indicated that, not surprisingly, the 
amount of shear a given density of particles could resist depended on the ratio of the focusing force to die curvature 
of the storage ring, which is just the betatron tune. For the small storage rings, with betatron tunes around 2.5, only 
the lowest density ordered beams would survive the shear the one-dimensional string, which of course is not subject 
to shear, the zig-zag pattern and perhaps some of the simplest helical systems. The larger multi-shell systems would 
be too fragile and be disrupted by shear. Storage rings with large radii and large betatron tunes could sustain the 
more complex patterns of larger particle density because the shear would be smaller. The number of particles that 
can sustain bending should increase roughly as the 4th power of the betatron tune [6]. 

We need more realistic simulations however, that combine the periodic focusing with periodic bending, in 
order to better understand the limits at which cooling to fixed linear velocity might produce structures that can 
survive bending with conventional cooling schemes. 

Where do we stand with results? At the time of Wertheim the only data in existence was the original 
Novosibirsk measurement. Since that time considerable progress has been made at a number of facilities, and at this 
Workshop very low temperatures have been reported both at the TSR and the ASTRID rings. We heard of the 
measurements at the TSR in Heidelberg from Habs [8], and they suggest that some sort of a limit may be approached 
at around 2xl0 6 particles - which is tantalizingly close to the limit to shear estimated earlier [3,6]: a one- or two-
dimensional beam. It will be interesting to hear whether slight modifications in the tune of the ring modify this 
limiting number. Hangst [9] reported on measurements at Aarhus in ASTRID where low longitudinal temperatures, 
in much more dense beams of ~ 109 particles, show instabilities ~ which conceivably could also be related to such 
problems. 

Perhaps in these rings it would be best to focus on the low densities, N < 107 particles, as an initial goal. But 
at these low densities it is important to understand how long it takes to equilibrate longitudinal cooling with the 
perpendicular temperatures T x . This may be a difficult issue to treat conecdy in simulations [10] and the test against 
reality is going to happen soon. 

Diagnostics are a major issue in this regime. We heard a paper by Avilov and Hofmann [11] on the Schottky 
spectra to be expected for one-dimensional beams — but the relatively easy transition between one- and two-
dimensional configurations may complicate matters. 

We heard about a possible new dedicated facility for crystalline beams from Tecchio: the CRYSTAL storage 
ring project at Legnaro [12]. This project has the potential of learning from and building on the detailed experiences 
at the existing small storage rings: the TSR and ASTRID, and mus optimizing their design for a new generation of 
specialized rings. 

What does the future hold for this area? My guess is that within the next two years the evidence for ordering 
in one- and two-dimensional beams will become firmer at the storage rings with laser cooling. Beyond N = 10 7,1 
would guess that mere will have to be some conceptual technical developments that would allow beams to attain 
constant angular velocity rather than constant linear velocity, before these forms of order may be realized in storage 
rings. But in the meantime many diagnostic questions need to be assessed. For instance, some thought and ideas are 
needed on how to separate the transverse beam temperature from coherent oscillations that are inherent to the beam 
and that do not disrupt order. And the consequences of the issue that was already mentioned, that the momentum 
spread in a crystalline beam must be quite appreciable - though coherent, need to be considered. 

Finally, one is confronted with me question: "What are crystalline beams good for?" I would like to answer 
this on three levels. 

On the level of "basic science" these systems represent a unique form of condensed matter, that is some 15 
orders of magnitude less dense than "normal" forms of matter in the solid state. Some of the features of such matter 
can also be studied in ion traps. But others are unique to beams. For instance, the one-dimensional Coulomb system 
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the focusing field was continuously alternating between the horizontal and vertical directions, to approximate the 
alternating focusing in a real storage ring. For this simulation the system was cooled only in the longitudinal 
direction, and the longitudinal velocities were scaled down only once every 2.5 betatron period, to simulate the once-
per-turn cooling in a storage ring with a betatron tune of 2.5. As is seen, the system does settle into a multi-shell 
structure very similar to the one obtained in a static field, though it undergoes collective oscillations, both of the 
radial type (with the frequency of that normal mode) and a shape oscillation (with the driving frequency of the 
repeating cell of the alternating focusing field). Clearly the "crystallization" is not appreciably inhibited by the 
alternating focusing [4] though the "crystal" is oscillating in time. The residual oscillations depend on details of the 
simulation, such as the size of the system and the period of the repeating focusing cell compared to the betatron 
period. 

The next problem has to do with the inevitable curvature of orbits in a storage ring. Since all present cooling 
techniques force beams to travel with the same linear velocity in the longitudinal direction, and since in the 
condensed state the Coulomb interactions between particles will prevent orbits of adjacent particles from crossing, it 
follows that horizontally adjacent particles may not complete an orbit in the same time. The appropriate motion for 
the lowest state would be constant angular velocity, instead of constant linear velocity. What does this imply for 
the ordering phenomena discussed above? 

In the co-moving frame of particles with constant angular velocity, a cooler that imposes constant linear 
velocity represents a shearing force, that pushes particles ahead on the inside of the curved orbit, and pushes them 
backward on the outside. The first question is whether the interlocking lattice has enough rigidity to withstand this 
shearing effect Simulations were carried out for various systems in order to determine the force constant resisting a 
shear displacement in these lattices [4,5], The test system was subjected to a small shear displacement and then the 
motion of the particles was followed in time to determine the period of a shear oscillation c o ^ . The condition for a 
given system to withstand the shear is that this frequency be higher than the frequency driving the shear the 
cyclotron frequency. 

shear cyclotron 

At the same time we note that, because of the nature of the Coulomb force, all the elastic forces in the 
condensed structure scale with the focusing force, or the betatron frequency. Thus the relevant parameter must be 
the ratio of the cyclotron to the betatron frequency, which is the betatron tune v p for the ring. 

The results of these tests are shown in Fig. 5. Simulations do show a shear oscillation frequency, though it is 
not a very simple mode, especially for the larger systems. The results indicate that the system is more and more 
likely to break up from shear as the number of particles is increased. In fact, in the small storage rings with betatron 
tones around 2.5, the simplest three dimensional structures can barely survive, and the order may be constrained to 
one- and two-dimensional systems. Clearly, to attain a three-dimensional structure, one needs to think hard to find 
schemes that may allow this problem to be circumvented, for instance by cooling particles to a constant angular 
velocity [4,6]. The problem is much less severe when the radius of the storage ring (and the betatron tune) are large. 

Alternatively, one may look at what happens if the system is allowed to shear. Here, if cooling to a linear 
velocity is imposed continuously (rather than once per turn as was done in the simulations discussed above), the 
particles eventually settle into a new form of order a set of strings that are continuously sliding with respect to each 
other, and the strings themselves arranged in a pattern of equilateral triangles as is shown in Fig. 6. It is not clear 
whether realistic cooling forces will permit this intriguing form of order to be realized in real storage rings. 
„ , / v > ™ s research was supported by the U.S. Department of Energy, Nuclear Physics Division, under Contract W-
31-109-Eng-38. 
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REPORT OF THE WORKING SESSION ON 
HEAVY IONS AND HIGH-ENERGY COOLING 

D. Koshkarev 
Institute for Theoretical and Experimental Physics (ITEP), Moscow, Russia 

/ . Bosser 
CERN, Geneva, Siwtzerland 

ABSTRACT 
A report is presented of the Working Session on Heavy Ions and High Energy 
Cooling. 

1. INTRODUCTION 

The Working Session on Heavy Ions and High-Energy Cooling met on Wednesday morning, October 6. 
Presentations were made by Robert Pollock, Tim Ellison, Markus Steck, Michael Seurer, Pierre Lefèvre, 
Andreas Wolf, and Gurgen Ter-Akopian. 

The contributions of this session can be divided into three groups: 
a. new projects with electron cooling, 
b. new applications of the electron cooling, 
c. experimental and theoretical investigations of the electron cooling physics. 

2. NEW PROJECTS WITH ELECTRON COOLING 

2.1 LHC Project 

In this group the possibility is examined of using electron cooling for the storage of more intense heavy 
ion beams in order to enhance a luminosity. 

The one proposed for the LHC scheme is based on the accumulation of Pb 5 3 + at 4.2 MeV/n in the 
cooling ring with a stack of up to 1.2 x 109 ions per bunch. When, with about 500 bunches per LHC ring, the 
total luminosity is close to the desired 2 x 1027 cnrV 1, asolution based on the performances achieved with an 
ECR source is the conversion of LEAR into a Low-Energy Accumulator Ring. The beam lifetime limitation in 
LEAR is carefully estimated taking into account the intra-beam scattering ion recombination with cooling 
electrons, charge exchange on the residual gas, microwave instability, and space-charge tune shift 

2.2 K4-K10 Project TREBLé 

The aim of the Dubna project of heavy ion storage rings complex is to provide high precision beams of 
exotic nuclei with a mass number <50 in the energy range from a few MeV to about 200 MeV/u. The first ring, 
K4, is intended to accumulate the primary ion beam from the JINR sector focusing cyclotron U400M, to cool 
this beam and to increase the energy up to 170 MeV/u. After cooling the beam is ejected and used to produce the 
exotic nuclei which are injected into the second ring. The nuclei with a lifetime >1 s can be cooled and 
accumulated in the ring and their energy can be optimized. For the short-lived nuclei (lifetime <1 s), a target 
illumination will be preferable immediately after cooling. 

At the first stage of the project only one ring (K4) will use the exotic nuclei for injection and cooling. 
Then the luminosity will be of 2 or 3 orders of magnitude less. 

3. NEW APPLICATIONS OF THE ELECTRON COOLING 

3.1 New Applications at the IUCF 

Some new applications of the electron cooling have been developed in the cooling-ring synchrotron, at 
the Indiana University Cyclotron Facility (IUCF). 
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Methods have been developed to use electron cooling to help in beam accumulation, both for stripping 
injection of unpolarized beams and rf stacking of polarized beams. 

Typical cyclotron beam current is about 0.5 uA. The beam normalized emittance is about 1 Jim and the 
momentum spread of about 0.03%. After a few seconds of injection a stored proton current up to 1 uA at 
45 MeV can be obtained. Multiplication of an observed rate of 12 mA/min with a best observed lifetime while 
kicking of 1 hour would give 7 mA. However, the best stored current to-date with this mode is lower by an 
order of magnitude. There is evidence for a stored current-dependent loss of transfer efficiency with a threshold 
near 0.4 mA. Longitudinal space-charge effects may play a role by limiting the time contraction. Other physics 
also cannot be excluded. The present performance of the stacking mode is critically dependent on a good cooling. 

IUCF is also studying a new project: the development of the technology for electron cooling in the 2-
20 GeV/n energy range. 

3.2 The Development of the Technology for Electron Cooling in the 2-20 GeV/n Range 
Two principal goals are defined: 

1. to determine the feasibility of the electron cooling the 12 GeV/c beams in the SSC Meadl Energy Booster 
and 

2. to develop and demonstrate the necessary technology, based on High-Voltage Pelletron Accelerator, leading 
to its commercial availability. 

Above electron energies of about 500 keV the traditional approach of using a Cockroft-Walton power 
supply and a magnetically-confined electron beam becomes unpractical. A non-magnetically confined electron 
beam generated and collected in the terminal of a Pelletron accelerator seems ideally suited for these higher 
energy systems. 

The first goal has been completed. Remains the last main problem-collection 6 (8 is the inefficiency) 
which must be in the range lO'MO"4. [5 = JwT e ) 

The following improvements may be useful: 
a) Improved diagnostics systems 
The previous system did not work for beam currents exceeding 10"4. The present system design might 

allow measurements of the beam position and profile for currents in the range 10"6+10° A. 
b) Improved electron gun 
The present gun design will produce a much smaller beam emittance and has true Pierce geometry in the 

gun region. 
c) Improved electron collector 
IUCF is building a collector which includes a dipole suppressor which may allow 5 = 10 6. 
d) Ion clearing electrodes 
The system pressure will be improved using non-evaporable getter pumps, and ion clearing electrodes 

will be employed to prevent space-charge neutralization. 
The author expects that collection inefficiencies will be in the range 10"5-104 for the higher energy 

systems for manageable power dissipation. 

4. THE EXPERIMENTAL AND THEORETICAL INVESTIGATIONS 
OF THE ELECTRON COOLING PHYSICS 

Experimental and theoretical investigations on the beam cooling parameters have been made at IUCF. 
Assuming that the longitudinal coupling impedance is almost completely space-charge dominated, one can find 
the relative momentum spread of the electron-cooled proton beam and the longitudinal space-charge impedance. 

Two independent methods have been used: 
• fitting the measured longitudinal bunch shape to the theoretical one found from equilibrium the solution of 

the Fokker-Planck equation for the electron-cooled case. 
• analyzing the frequencies of the dipole and quadrupole longitudinal bunch modes. 

The results of both methods coincide with a satisfactory accuracy and show the presence of the significant 
space-charge forces. 

Both methods may be useful, but the first one seems to be not very reliable because of difficulties to 
measure exactly the tails of the bunch longitudinal density. 
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The last two papers are devoted to a detailed examination of the physics of electron cooling for heavy 
ions (up to Au 7 9 +). 

At GSI, in Darmstadt (Germany), the temperature of heavy ion beams in equilibrium between electron 
cooling and heating by intra-beam scattering has been measured over a large range of ion and electron beam 
intensities. A comparison of cooling forces at small relative velocity for ions C 6 +, Ti 2 2 + and Au 7 9 + shows a 
strong increase with the ion charge which, however, favours a proportionality to Z 1 > 5 than Z 2 . In all 
experiments by now a N1/3-dependence of the momentum spread versus the number (N) of stored particles has 
been observed.. For the transverse emittance results varied in the range N 1 / 3 to N2*3 note that the observed lower 
limit for the detectable beam momentum spread 7 x l(r7 is likely to be caused either by the power supply ripple 
of the main ring magnets or by the energy instability of the electron gun. 

Moreover, the cooling force of the electron beam and the intra-beam scattering rate of the dense ion beam 
were investigated in separate experiments. Because of lack of adequate diagnostics for the transverse degree of 
freedom the experiments were concentrated on longitudinal cooling force, cooling rate and longitudinal heating 
rate. For measurements of the longitudinal cooling force at small relative velocities between electrons and ions 
the cooled beam was heated by white noise and the cooling force of the electron beam was determined according 
to 

F = D .„-i£!E£) 
Y dE 

where D is the diffusion coefficient and y'the energy-dependent distribution function. 
For three ion charges, 6+, 22+ and 79+ increasing of the longitudinal cooling forces can be described by 

a proportionality =Z 1 > S. Note that this law can be determined without knowing the absolute value of the 
diffusion coefficient D, and that the same charge dependence of the electron cooling force was measured at the 
TSR ring in Heidelberg for D +, Li 3 +, C6*, 0 8 + and S 1 6 + ions. 

5. CONCLUSIONS 

1. The new heavy ion projects (CERN, Dubna) show that it is practically impossible to obtain the designed 
high luminosity without electron cooling. 

2. The technology of electron cooling of high energy ions has been developed. It will open new feasibility in 
very high-energy project. 

3. As a result of new experimental investigations (GSI, Heidelberg, IUCF) the electron cooling physics for 
heavy ions has been understood in more details. 
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