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Abstract

Pion collection after the target is considered using solenoids. Two collection systems,
involving solenoids, the quarter wave transformer and the adiabatic lens, widely used
for the positron collection in linear accelerators, are described. Their main features,
such as the acceptance volume in transverse phase space, the maximum source
radius, the maximum transverse momentum acceptance, are described. The results
are presented for the phase space associated with the canonical variables as well as
for the trace space concerning the geometrical variables. The energy acceptances for
both systems are presented and compared. Some special properties of the solenoids
are then outlined.

1 Introduction

Solenoids are widely used in capture systems associated with positron sources(l).
This device being achromatic, with respect to quadrupole systems, it is partic-
ularly suited for the capture of energy dispersed particles. A unique solenoid
is not the best solution to capture and transport a beam from the source to
the end of the machine. As the acceptance is proportional-in one phase plane-
to the magnetic field the improvement of the acceptance leads to the increase
of the magnetic field over large distances. A suitable solution is, hence, to
transform the beam emittance (large angles or large transverse momenta and
small dimensions) at the target into a matched emittance (smaller angles or
smaller transverse momenta and large dimensions) in the accelerator channel.
Such a beam is easier to transport.

Two solutions involving the use of solenoids may then be considered:

• the quarter wave transformer
• the acliabatic device.



2 The Solenoidal matching systems

2.1 Dynamics of a particle in a. solenoid

Considering canonically conjugate variables (x,px; y,py), the equations of mo-
tion in a magnetic field B are given by (1):

—v ~ — ^ (1)
dzPx~ 2 dz {i)

d eBdx
( 2 )

It is more convenient to handle these equations in a rotating frame having the
Larmor frequency eB/2P, where P is the scalar momentum. The new variables
are then:

(Z,Pf,ViPv) (3)

In this new frame, the equations of motion are decoupled and we have with
this new system of variables:

These represent one-dimensional equations of simple harmonic oscillators. We
can associate with the variables (£, p$, rj,pv) the Hamiltonians:

eBc \eB 2

eBc \eB

It is then possible to describe the particle motion in a one-dimensional plane.
For a constant field B, these equations are those of a simple harmonic oscillator
of frequency eB/2P.



2.2 Quarter Wave Transformer(1)

A Quarter Wave transformer (QWT) uses a high field (over a short length)
followed by a low field (over a large length) generally superimposed on the
accelerating electric field (see figure 1). The acceptance condition in the ac-
celerator channel of radius a, is given by:

(a; + y ) < « (8)

The maximum source radius associated to the QWT is given by:

r0 = —a (9)

The maximum transverse momentum is expressed by:

(10)

where Bi and B2 are the magnetic field values for the short and long magnetic
fields, respectively (see figure 1).

B(z)

Fig. 1. The Quarter Wave transformer

The maximum allowed emittance in the target phase plane is presented in
figure 2, using the canonical variables. The difference between the canonical
momentum (px,Py) and the transverse momentum is due to the contribution
of the potential vector A. This point will be emphasized when considering the
effect of the solenoid fringe field.

The acceptance volume of the QWT, in the (x,px;y py) hyperplane is given by
the expression(l):

2TT2

1 - 1 -
1

3/2'

sin2xi cos2xi
(11)
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Fig. 2. The target phase plane (QWT)

where \\ represents the Larmor angle followed by the particles in the first
lens (xi = eB2pl) where Li represents the short lens length and P the par-
ticle momentum). It is obviously momentum dependent. For given magnetic
field values the acceptance volume is a function of the initial particle mo-
mentum. Use of a high Bi field (20 Teslas) with 16 cm length and a ratio
Bx/B2 = 5, provides a FWHM momentum acceptance of 100 MeV/c, cen-
tered on 300 MeV/c. The FWHM acceptance is an increasing function of the
parameters (Bi,Li) of the strong magnetic field.

2.3 The Adiabatic system (1; 3; 4)

The Adiabatic system was first proposed by R. Helm for the SLAC positron
source(3); it has also been studied and installed at Orsay (1; 4). Such a system
uses a slowly varying magnetic field followed by a long solenoidal magnetic field
extending over some accelerator sections. Between the maximum (Bo) and the
minimum (Bs) the magnetic field tapers adiabatically (Figure 3) : this means
that the adiabatic invariant:

f Y,Pid(ii = eB
(12)

(where (qi,pi) are the canonical variables and pj_, the transverse momentum),
is conserved. This also expresses the conservation of the magnetic flux through
the beam section. The equation of motion in the rotating frame:

2 ) P

YJ ~P

(13)

(14)



are integrated using the WKBJ method(l). A parameter of "smallness",

P clB
e = eB2 dz

(15)

is denned. It must be much smaller than unity to ensure adia.baticity. The
magnetic field law associated with such a field is given by (1; 3):

B = (16)

with a = Mp0- where PQ is a "central" momentum value.

B,

Fig. 3. The Adiabatic matching lens

The maximum accepted source radius is expressed by (1; 3):

(17)

and the maximum transverse momentum (for a target inside the field) is given
by:

eJBQBs.a (18)

The maximum allowed emittance in the target phase plane (canonical vari-
ables) is represented in figure 4.

The acceptance volume of the adiabatic system is given by(l):

UBsa
2

(19)

and is independent of the particle momentum. So, this system has wide band
momentum acceptance. However, care must be taken in order to respect the



adiabaticity condition: for over energetic particles the parameter of smallness
is too high and the Adiabatic device acceptance is affected (4). Generally,
the parameter of smallness should not exceed 0.5; that puts a limit on the
acceptable particle momentum. The lower limit is given by the acceptance
conditions in the pion linac, where particles with low momentum undergo
important phase shifts, with respect to the reference particle, due to the helical
motion in the solenoidal fields and could, then, be lost.

Fig. 4. The target phase plane (Adiabatic device)

2-4 Comparison between the two systems

^ — Bo

Bs—B,

Fig. 5. Comparison between the QWT and the adiabatic device

If we assume Bo=Bi and Bs=B2, we notice that:

• the radial acceptance is larger for the Adiabatic device,
• the angular acceptance is larger for the QWT,
• the momentum acceptance is much larger for the Adiabatic device. As a

consequence, the accepted yield is higher.

Most of the positron sources dedicated to the future linear colliders have chosen
the Adiabatic device in order to collect the positrons at the target exit.



2.5 Some remarks concerning the fringe fields

It is important to recall that the canonical momentum used in our phase space
representations is given by:

Pcan =Px+eA (20)

where A is the potential vector. At the beginning and at the end of the fringe
field, i.e. at the entrance/exit of a solenoid the canonical momentum is the
same: it is not affected by the fringe fields, whereas the transverse momentum
is affected(l).

• (a) At the entrance of the solenoidal field the transverse momentum is in-
creased by a value of eBa/2 (equal to the potential vector contribution)
Correspondingly the emittance is increased by a value: eBa2/2. The param-
eter a being the radial aperture and B the field value just after the entrance.
(See(5)).

• (b) At the exit of the solenoidal field the transverse momentum is decreased
by a value of eBa/2 (equal to the contribution of the potential vector) and
so on for the emittance which decreases by an amount of eBa2/2. B is here
the field value just before the exit.

When putting the target inside the adiabatic solenoid, the maximum trans-
verse momentum to consider is twice the canonical momentum i.e.
ey/BoBs.a,; it takes into account the particles emitted at the geometrical limit
of the aperture, that means at yo= yjf-d- and xo = 0 with p^,, = 0 and
px'omax = e.\/BoBs.&. For particles emitted on the axis, the maximum trans-
verse momentum to consider is: e.^BoB"a- In the accelerator channel after the
solenoid the reduced emittance value eB£a is to be taken into account to
determine the acceptance.

3 Short review of pion collection studied in the muon collaboration

The use of solenoids with an adiabatic device has been mainly considered.

(a) Robert Palmer et al.(6) proposed a solenoidal system made of :
- a 28 Tesla solenoid, with a radial aperture of 7.5 cm, surrounding the

target,
- a tapered magnetic field decreasing from 28 to 7 Teslas over one meter of

length,
- a long (350 meters) solenoidal decay channel (7 Teslas) with a R —15 cm

radial aperture.



(b) A slightly different solution has been proposed later by Robert Palmer et
al. with a maximum field of 20 Teslas and a minimum field of 5 Teslas(T).

(c) Comparison of different values of the maximum field (28 and 22 Teslas),
keeping the same minimum field (7 Teslas), has been investigated by
M. Green(8). He showed that lowering the maximum field from 28 Teslas
to 22 Teslas led to a 6 % loss in capture efficiency.

Considering these field values and more precisely the case (a), we can
estimate the maximum transverse momentum, for a target inside the high
field solenoid, to be 630 MeV/c, for a maximum radius of Ro=7.5 cm. For
particles emitted on the axis, the maximum accepted transverse momentum
would be 315 MeV/c.

4 Some problems associated with the use of solenoids

• The solenoids accept both TT+ and w~. The separation may be realized in
the following way, suggested by R. Palmer:

(a) Breaking the proton bunch into two parts impinging on the target one
after the other and adjust the R.F phases in a proper way, i.e., differently
with respect to each other,

(b) or separating the pions of each charge prior to RF acceleration and feeding
them into different channels.

• The pions and muons have a rather large energy spread. It would be difficult
to transport efficiently such a beam in the remaining part of the accelerator.
A phase rotation in the longitudinal phase space may help.

• The spiralling of pions in the solenoidal channel leads to bunch lengthening
due to different paths of pions of different transverse momentum. This puts
an additional limitation on the acceptance.

5 Summary and Conclusions

The use of solenoids seems suitable to collect the pions, having at the target
exit a broad momentum spread. Among these systems the Adiabatic device
offers the best possibilities with respect to the accepted yield. Encouraging
experience has been gathered with positron sources using the same device, as
at SLAC. The Quarter Wave Transformer may be interesting if, provided the
accepted yield is sufficient, it is necessary to restrict the accepted pion beam
momentum dispersion for easier transport. Some problems, concerning beam
dynamics associated with the use of solenoids are already known and their
cures have been studied.
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