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CHARGE EXCHANGE INJECTION FOR NUCLOTRON
AND NUCLOTRON BOOSTER

D.Dinev1, V.Mikhailov2

The acceleration of polarized beams is between the major items in the JINR LHE's
heavy ion superconducting synchrotron Nuclotron research programme. One effective
way to increase the intensities of polarized deuteron beams is the application of the
charge exchange injection into the Nuclotron.

The paper represents the results of a new analytical description of the heavy ion
stripping injection based on the Boltzmann kinetic equation. Expressions for the ion
density evolution in the transverse phase plane, for the emittance growth due to the elastic
scattering and to energy losses in the stripping foil and for the number of successfully
stored particles have been derived. These results have been applied to the stripping
injection of polarized deuterons into the Nuclotron as well as to the stripping injection
of heavy ions into the now under consideration Nuclotron rapid cycling booster. It has
been shown that an estimated 40-fold intensity gain could be achieved for the stripping
injection of polarized D~ into the Nuclotron and that an effective stripping injection of
light and medium ions into the booster could be realized.

The investigation has been performed at the Laboratory of High Energies, JINR.

IIepe3apaaHasi HHJKCKUHH AJIH HyKJiorpoHa
H SycTepa

, B.Muxaujioe

n0JiapH3OBaHHbix nymcoB — BaacHbifi nyma Haywoft nporpaMMbi Ha
cBepxnpoBOflsmeM CHHxpoTpoHe T»>Kejibix HOHOB J IB3 OHflH — HyooTpoHe. OflHHM H3
3tp(peKTHBHbix nyreft noBbiuieHHa HHTBHCHBHOCTH TJDKenwx HOHOB aBJiseTca npHMeHeHHe
nepe3apaflHOH HH>KeKUHH B HymioTpoH.

craTbH npeacTaBJiaeT pe3yjibTaTbi HOBOTO aHajiHTHqecKoro ormcaHHH HH-
c o6nHpxoH TH>Kejibix HOHOB, ocHOBaHHbie Ha peuieHHH KHHeTHHecKoro ypaB-

EoJibiunaHa. riojiyneHbi Bbipa)KeHHH ana 3BOJIK>UHH IUIOTHOCTH HOHOB Ha dpa3OBOH
ruiocKOCTH, pocTa 3MHTTaHca H3-3a ynpyroro pacceaHHa u 3HepreTHiecKHX noTepb npn
npoxo»meHHH o6flHpoHHoft cpojibra, a TaKxe (popMynbi ana KOJinnecTBa HaKormeHHux
HacTMu. 3 T H pe3y;ibTaTbi npHMeHHMw KaK ana HHXCKUHH C nepe3apsimcoH nojiapH3OBaH-
Hbix aeflTpoHOB B HyKJioTpoH, TaK H ana HHxeKUHH c nepe3apHflKOH Ta>Kenbix HOHOB B
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проектируемый в настоящее время быстроцикличный бустер нуклотрона. Показано,
что увеличение интенсивности примерно в 40 раз может быть достигнуто с помо-
щью перезарядной инжекции поляризованных D~ в нуклотрон и что эффективная
инжекция с перезарядкой легких и средних ионов в бустер может быть реализована.

Работа выполнена в Лаборатории высоких энергий ОИЯИ.

1. INTRODUCTION

The superconducting heavy ion synchrotron Nuclotron uses an Alvarez type linac capable
to accelerate ions with 0.28 < Z/A < 0.5 up to 5 MeV/u and protons up to 20 MeV as an
injector [1]. The available ion sources are: duoplasmatron for producing protons, deuterons
and a particles; a laser ion source for producing heavy ions; an EBIS ion source for producing
high charge state ions, and a cryogenic polarized deuteron source «Polaris». The laser and
EBIS ion sources generate short beam pulses with duration comparable to the revolution time.
Hence the single turn injection is the appropriate injection method and it has been used at the
Nuclotron since 1992.

The acceleration of polarized particles is one of the major items in the Nuclotron re-
search programme. The first test runs of polarized deuteron injection and acceleration in the
Nuclotron have already been carried out.

It is important to increase the intensity of polarized beams. As the emittance of the
injected beam is comparable with the Nuclotron acceptance no multiturn injection can be
applied. In this paper we study the possibility to use the charge exchange injection to store
polarized deuterons in the Nuclotron.

A more fundamental way to increase the intensity of Nuclotron beams is the use of a
booster synchrotron injector [2]. The booster lattice can have large enough acceptance which
will allow a multiturn injection to be applied. The high vacuum in the booster ring will reduce
the beam losses due to interactions with the residual gas to a great extent. The booster will
also raise the final energy of ions applying ion stripping before the injection into the main
ring.

In this paper we study the injection of heavy ions into the booster synchrotron by means
of ion stripping.

Proposed by G.I.Dimov in Novosibirsk in 1969 [3], nowadays the charge exchange, or
stripping, injection is a preferred injection method for proton machines due to its relative
simplicity and a very high intensity of stored beams. Recently this injection method has been
successfully applied for light ion storage in CELSIUS [4].

In this paper we develop an analytical approach to description of the stripping injection.
It is based on a kinetic treatment of the injection process. Analytical expressions for the
particle density evolution in the transverse phase space, for the emittance growth due to the
elastic scattering and to energy losses in the stripper and for the number of successfully stored
particles have been derived.

2. PROCESSES IN CHARGE EXCHANGE INJECTION

A comprehensive review of the processes taking place during the heavy ion charge
exchange injection could be found in [5]. Here we will summarize only those results which
are of importance for the following description.
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As the beam travels through the stripping foil the relative content of ions in different
charge states changes due to the processes of electron loss and of electron capture. For thick
enough foils the charge state distribution reaches an equilibrium [6]. This equilibrium distri-
bution is independent of the charge state distribution in the incident beam and is determined
only by the relations between different charge-exchange cross sections and by the ion velocity.

The equilibrium charge state distribution is well described by a Gaussian [7]:

(1)

In (1) «3>g denotes the relative content of ions in the charge state q, q is the average charge
state (generally not integer) and a is the standard deviation of the charge state distribution.
Formula (1) is valid for 1 < q < Zpr - 1.

Several semiempirical formulae have been proposed for the average charge state q, for
example, the Nikolaev-Dmitriev formula [8]:

— = (1 + X~os)~os, (2)

where

X = -nHa*i> v> = 3-6 • 1Q8 c m / s - 0 )

In (2) and (3) v is the ion velocity and Zp r is the projectile atomic number.
For the standard deviation of the distribution Nikolaev and Dmitriev propose the following

expression [8]:

\
1 - 1 ^ V (4)

Two processes are of big importance for the charge exchange injection: Coulomb elastic
scattering and ionization losses of ion energy.

The Coulomb elastic scattering causes a change in the ion trajectory slope. In [9] the
following experimental formula for the heavy ion multiple scattering mean square angle in
solid foils is given:

(A0 2 )= 0.250 Z t ( Z ] + 1 ) & , (5)

where the scattering angle 9 is in mrad, the stripper thickness t is in /xg/cm2 and the projectile
energy Epr is in MeV.

The distribution of the multiple scattering angle could be approximated with good accu-
racy by a Gaussian.

The losses of the ion energy in the stripping foil are due to the excitation and ionization
of the foil atoms. Mean losses are described by the well-known Bethe-Bloch formula [10].

The ionization losses straggling is distributed according to Landau's, Vavilov's or normal
distributions depending on the ion velocity. In practice the straggling is small and could be
neglected.
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3. EQUATION OF MOTION

The Floquet normalized coordinates are the most convenient for the description of the
kinetics of charge exchange injection. In this paper we will use

i) generalized azimuth <fi as an independent («time») variable

0

ii) normalized transverse displacement

iii) conjugate momentum

du (ax + px'

ds
(6)

The coordinates u and pu have dimensions
In the above formulae x denotes the horizontal coordinate, s — the longitudinal coordinate

along the reference orbit and a, 0, 7 are the well-known Twiss functions. We will use «/»
for the differentiation with respect to <j>.

Taking into account the process of elastic Coulomb scattering and of ionization losses of
energy in the stripper, we can write the following equation of motion describing the behaviour
of heavy ions passing through the stripper:

(9)

where

0 1

The function f(<fi) describes linear perturbations causing the closed orbit distortion:

(12)

The function g{<p) is connected with the dispersion:

£3/2
9(4) = • (13)
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In the above formulae AJ5 denotes field errors, 5 — the relative momentum spread and
p — the radius of curvature.

In (9)

V {<!>)= Yl QVP~t&dk5{<j>-2iTk). (14)

The random kicks A9f. which particles undergo in each passing the stripper are due to
the Coulomb scattering. They are uncorrelated, with zero mean values and equal dispersions
(A6>2). The function V(<fi) is consequently a white noise with intensity

n

v(4>) = ^ < ? 2 / ? ( ( A 0 2 } < 5 ( ^ > - 2 7 T A ; ) , (15)

fc=i

where n = [</>/2TT] is the number of realized turns and [ ] denotes the integer part of the
number.

The above equation of motion is a linear stochastic differential equation. Its solution is

u = U/3 + uc o + DUS + u s c . (16)

In (16)
i) up is the general solution of the uniform equation and describes the betatron oscillations:

u0 = K(<f>,<pQ)u0, (17)

where

^o) ^ Sin

QsinQ(<t>-<t>o) co

is the Cauchy matrix for the differential equation normalized to the unity matrix at <f> = <f>o
and u0 is the vector of initial conditions;

ii) uco, the normalized closed orbit, is a private, periodic (with period 2TT) solution of the
nonuniform equation u" + Q2u = Q2f((p):

0 + 27T

Q f
~ 7^ I f{4>) cos Q\4> + 7T - <p)d<p;
sin TTQ J

uco = — — — I /(</>) cos Q{<j> + 7T - <p)dip; (19)

iii) Du, the normalized dispersion, is a private, periodic (with period 2TT) solution of the
nonuniform equation u" + Q2u = Q2g(cf>):

<P+2TT

Q f 03/2

Du = - o • ~ / ^ — cos Q(4> + 7T - <p)dtp. (20)
2 sin nQ J p
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The ionization energy losses in the stripper increase the relative momentum spread ac-
cording to

where

Ap _ 7

Ar>
— , (21)
P

(22)

AT being the change in the ion kinetic energy which is well described by the Bethe-Bloch
formula for ionization losses;

iv) usc is a private solution of the nonuniform equation

u" + Q2u = y~] Qy/%A8k5{<p - 2-nk)

and describes the elastic scattering in the stripper:

u s c = [ K(4>,<p)cV(<P)d<t>, (23)

which after substituting for the Cauchy matrix K and the function V(<f>) gives

Ok s in Q{<t> - 2-rrk), (24)

i.e. MSC is a sum of elementary random functions.
It is the mean square value of usc which is of interest. From (24) one could calculate

<us
2
c) = &(A02) ] T s i n 2 Q ( ^ - 2 7 r / c ) « i n A < A 0 2 ) . (25)

4. THE BOLTZMANN EQUATION

Let us consider the evolution of the particle density in a thin slice of the beam.
In the consecutive moments </> = 0,2ir,4n,... the slice will pass through the stripper and

the particles in the slice will undergo elastic Coulomb scattering. The elastic scattering results
in kicks in the slope of the particle trajectories — AO.

A bit earlier new portions of particles are injected into the accelerator. As we will see,
not all of the particles which have passed the stripper will be accepted by the accelerator;
(1 - $2)f(u,u',<t>) of them will be lost.

Summarizing these three effects, we can write the following kinetic equation for the
distribution function f(u,pu, <f>) in the transverse phase plane:

?source-9clrain, (26)
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where hk (<f>) is a unity pulse from 2-7rfc to (2irk + A<j>), with A<p being the phase thickness of
the stripping foil (A(f> <C 2TT):

hk(4>) = e{4> - 2-Kk) - e(4> - (2irk + A</>)), (27)

where e(<p) is the unity step function (Heaviside's function).
The second and the third members in (26) describe betatron oscillations while the fourth

member reflects the Coulomb scattering.
In equation (26) Source denotes the power of sources of particles. If /o (u, v!) is the

distribution function in the injected beam we could write for the power of sources

Source = J2 Mu,u')5(4>-27rk). (28)

In equation (26) Qdrain denotes the power of drains of particles. In order to obtain an
expression for (farain we will use the following assumption.

First of all we consider here the machine as being able to accelerate only ions in the
equilibrium charge state (q) ((q) is an integer closest to the parameter q in (1)). Ions in
charge states different from the equilibrium one will finally be lost on the vacuum chamber
walls.

When the injected beam, which contains ions in the charge state qo, crosses the stripper
a whole chain of electron losses and captures occurs. As a result, the beam will embrace a
spectrum of charge states behind the stripper. Only the part $x of injected ions will go to the
charge state (q).

On the other hand, the circulating beam contains ions in the charge state (q) and with the
same energy as the injected ions. When it crosses the stripper the part #2 of ions go back to
the charge state (q).

Generally speaking, $1 ^ <&2, but if the foil has equilibrium thickness $ ! = <E>2. In
this case the charge state distribution behind the foil will not depend on the charge state
distribution in the incident beam.

Under all these assumptions we can write for the power of particle drains

<?drain = (1 - $ l ) ^

(f(u,u',2Trk + A4>-O)-fo(u,u'))5(<j>-(2TTk + A<f>)). (29)
r

The Boltzmann equation (26) contains the random function

k(4>) (30)

and is in essence a stochastic PDE. Our first step will be to cope with this stochasticity. In
order to do this we will try to find an equation for the particle density {/) averaged over the
realization of £(</>)• The PDE for the averaged particle density was derived in [11]:

0<k<4>/2ir

(31)
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This PDE is already free of any stochasticity. From this point further we will omit the ugly
brackets, writing / instead of (/).

We must solve equation (31) under zero initial and boundary conditions.

5. SOLUTION OF THE KINETIC EQUATION

We will reason that particles in the injected beam have normal distribution in the trans-
verse phase plane (u, pu):

AN _Q*u*+f
- • - A i V - e ~2Q^T, ( 3 2 )

where AN is the number of particles injected into the considered beam slice (AN — IQ At =
IQAS/VS = IQ(3A(J)/VS; IQ being the injected current, vs being the longitudinal velocity of the
synchronous particle).

We will work with the accuracy O ( \ai ) • As we will see later, this means that we
consider the emittance growth Ae in single stripper crossing much smaller than the initial
emittance Ae/e <^L 1.

It can be shown that the solution of equation (31) consists of the main stationary part,
which represents a sum of Gaussians, and a small (of order po(A02)/2al) ^-dependent part
with more complicated structure [11].

For the stationary part of the solution we can obtain

with

\ . (33)

In equation (33) n denotes the number of realized injection turns. The meaning of this formula
is as follows: a portion of AN particles with normal distribution fo(u,pu) ~ AT(O, cro) ' s

injected into the accelerator; passing through the stripper the distribution gets wider in u'
direction, i.e. the RMS is replaced by a —* a + a/a; the following betatron oscillations
spread this widening also to the coordinate u; a part (1 - $2 ) / of these particles goes to
charge states different from the equilibrium charge state {q) after the stripping foil and is cut
later by the accelerator, so only $ 2 / of the slice survives. This process repeats n times.

For the variable with <p part of the solution we can obtain

fcO l 0
'u'2-Q2u2\

Y I cos 2Q{4> -(i + k)2ir) + Quu' sin 2Q{<j> - (i + k)2n)

The stationary part of the distribution function is normalized, while the integral of the variable
part over u and vl from —00 to +00 is equal to zero.
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6. PARTICLE STORAGE

Integrating (33) over u and vl from (-co) to (+oo) and over the azimuth from 0 to 2TT,
we receive the number of particles successfully injected in the accelerator

N = Noo(l - ^~1), (35)

where

% (36)Woo = hT-%-,

T being the period of the synchronous particle.
The above formula is valid for relatively large acceptance of the machine, when the new

emittance still remains smaller than the acceptance.
In the case of aperture limitations on the beam we could modify it in the following way.

It is known that for a beam with Gaussian distribution in the phase plane the part p of the
beam that lies outside an ellipse with surface ep is given by

2<rp

p = e~ £KMS . (37)

Applying this we reach the following expression for the stored beam:

N = ^ i J o T ^ l ^ l l + $£2*3,2*2 + ». + *£n*3 i n *r ' ) . (38)

where the new «aperture» factors $A,k are given by

(39)

A being the acceptance.
For the case of nonzero dispersion in the stripper, (33) is generalized to

with
Q2(u-D5k)

2 + (u'-D'Sk)
2

^2
k = 4 + -k(3t{Ae2), 5k = 50 + kA5. (40)

For the number of stored particles we can use again formula (38), but now in (39) stands
the reduced acceptance Ak instead of A. The reduced acceptance Ak is given by

(41)
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7. EMITTANCE GROWTH

The diffusion in the stripper due to the Coulomb scattering leads to transverse emittance
growth.

There are different definitions of the beam emittance [12]. Here we will use the RMS
emittance which for a beam with two-dimensional Gaussian distribution is given by £RMS —
4axcrx> = 4cr^. In the charge exchange injection we have on the orbit simultaneously particles
which have passed through the foil n times, (n — 1) times and so on up to one time.

If we consider the maximum (not the averaged) emittance we must take the standard
deviation of the particles having crossed the foil n times.

It follows from (33) that

= 2n0t(A82}. (42)
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8. CHARGE EXCHANGE INJECTION OF DEUTERONS INTO THE NUCLOTRON

A natural development of the JINR LHE spin physics programme will be the acceleration
of polarized beams of deuterons in the Nuclotron.
The scheme of acceleration covers a cryogenic source
of polarized deuterons «Polaris», a 5 MeV/u linac,
charge exchange D~f—* D + | injection into the Nu-
clotron and acceleration in it up to 6 GeV/u.

Using the above derived formulas, we have stud-
ied the possibility to apply the method of stripping
injection to the storage of polarized deuterons in the
Nuclotron.

Figs. 1 and 2 show the emittance growth due to
the elastic Coulomb scattering in the stripping foil.

Fig. 3 shows the process of deuteron storage.
An estimated 40-fold intensity gain could be

achieved for a 100-turn stripping injection.

20 40 60 80
Number of turns

100

Fig. 1. Horizontal emittance growth for
charge exchange injection of deuterons
into the Nuclotron
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Number of turns

100 20 40 60 80
Number of turns

100

Fig. 2. Vertical emittance growth for charge exchange injection of deuterons into the Nuclotron

Fig. 3. Storage of deuterons in the Nuclotron by means of stripping injection
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9. CHARGE EXCHANGE INJECTION OF HEAVY IONS INTO THE NUCLOTRON
BOOSTER

As a second example we will describe in brief the stripping injection of heavy ions into
the Nuclotron booster. This will be a superconducting synchrotron with circumference of
84 m capable to accelerate ions with Z/A = 0.5 up to 250 MeV/u [2]. The now in operation
linac LU-20, which accelerates protons up to 20 MeV and ions with Z/A = 0.5 up to 5 MeV/u
will be used as an injector into the booster. The booster will increase the beam intensities in
the Nuclotron more than ten times, will raise the final energy of ions applying ion stripping
and will improve beams quality by electron cooling.

50 -

150

100

50

Vertical emittance

20 40 60 80

Number of turns

100 20 40 60 80

Number of turns

100

Fig. 4. Horizontal emittance growth due to the elastic Coulomb scattering for heavy ion stripping
injection into the Nuclotron booster

Fig. 5. Vertical emittance growth due to the elastic Coulomb scattering for heavy ion stripping injection
into the Nuclotron booster

Figs. 4 and 5 show the emittance growth due to the elastic Coulomb scattering in the foil.
Fig. 6 shows the growth of the relative momentum spread due to energy losses in the foil.
Fig. 7 shows the process of ion storage in the booster.
It is seen from Fig.7 that only light ions could be successfully stored in the booster.
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C 1 2 +
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Fig. 6. Relative momentum spread growth due to energy losses in the foil for heavy ion stripping
injection into the Nuclotron booster

Fig. 7. Ion storage during charge exchange injection of heavy ions into the Nuclotron booster
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Fig. 8. Standard deviation vs. ion en-
ergy; approximately all the ions below
the horizontal straight line could be suc-
cessfully stored

The following general considerations concerning
the ion storage can be expressed. In order to have
successive ion storage, <3>i and $2 should be large
enough. This means that the spectrum of charge states
should be narrow, i.e. a should be small. It follows
from (2) and (4) that small a requires large q, i.e. q
close to Zpr. For a given ion (Zpr) this is achieved
for large enough energy. The figure of merit is the
parameter X (3). On the contrary, for a given ion
energy (T/A) only light enough ions could be stored.

This is illustrated in Fig. 8, in which standard de-
viation vs. energy is plotted for several ion atomic
numbers. Approximately all the ions below the marked
horizontal straight line can be stored in the accelerator,
i.e. heavy ions with Z up to 14.

Inj. beam, q. Septum
magnet

Stripper

Circulating
beam, qc

Bml Bm4

Bm2 Fixed field dipole

Fig. 9. Stripping injection of heavy ions into the Nuclotron booster

ay+fiy' Stripper

Fig. 10. The use of betatron oscillations to
reduce the number of foil crossings

Heavy ions which change their charge from
1.3 to 1.7 times in stripping foil crossings could
be injected into the booster through a four-magnet
closed orbit bump (Fig. 9).

As the ratio of the booster acceptance to the
beam emittance is rather small, Ax/ex = 8 and
Az/sz = 7, a simplest painting scheme making
use of the fact that the fractional part of the be-
tatron tune is equal to 0.75 is proposed (Fig. 10).
The number of foil crossings will be reduced due
to betatron oscillations and correspondingly the in-
tensity will increase by a factor of two (taking into
account the emittance growth).

A promising way to increase the intensity mul-
tiplication factor is to combine charge exchange
injection with electron cooling. This kind of injec-
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tion was successfully applied to TSR [13] and CELSIUS [14]. The principle of the method
is explained in Fig. 11. The phase space already filled with particles is shrunk by electron
cooling thus making available space for injection of a new portion of particles. A new orbit
bump with appropriate amplitude reduction follows so that the already stored beam is not
displaced into the stripper foil.

With this injection method the intensity multiplication factor could be increased al least
by one order of magnitude.

Injected beam

Stripper

Beam emittance
increased by
scattering

New portion
of particles

ay + fry'

Phase space,
available
for new

I particles

Beam,
compressed
by electron
cooling

b

Stripper

Fig. 11. Combination of stripping injection with electron cooling
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