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Abstract

This work is a review of regenerative beam ex-
traction for synchrocyclotrons and isochronous cy-
clotrons. The linear and nonlinear theories of the
system for synchrocyclotrons are briefly reviewed.
The problems for the extraction efficiency and ex-
ternal beam quality are discussed. A theory for
isochronous cyclotrons is given. Finally, present
operating features of the systems and future pros-
pects are summarized.

1. Introduction

A main physical problem in the beam extraction
for high-energy cyclic accelerators is getting a
sufficient turn separation at the extraction rad-
ius, to locate a septum or a septum magnet to take
the circulating beam out of the machine. One of
the methods used is the regenerative beam extrac-
tion method, invented for a synchrocyclotron_b
Tuck and Teng1 and developed by LeCouteur.2:5»
This method, now common in synchrocyclotrons, h%s
been applied to the Birmingham 40" cyclotron.?s
A similar system has been tested for the Berkeley
88" cyclotron. ! The feasibility of the system has
been investigated for the N.R.D.L. cyclotron.

Regenerative beam extraction is a type of res-
onance extraction method. By introducing a gradi-
ent field perturbation near the extraction radius
a resonant excitation of radial betatron oscilla-
tions is produced, while keeping the vertical
motion stable. The type of the resonance is mainly
the 2/2 stop band.

The system is generally divided into the linear
regenerative system and the nonlinear one. The
linear system operates in the linear region of the
main field near maximum radius and consists of the
two linear gradient field perturbations which are
separated by an angle <180°. One gives a radially
outward impulse (peeler) and the other gives a
radially inward impulse (regenerator). Often the
regenerator alone is used, with the fast fall-off
of the main field providing the peeler action.

The isochronous cyclotron has higher energy
gain per turn than the synchrocyclotron. Unlike
the synchrocyclotron, it has modulation of the
betatron motion by the sector focusing, and the
effects of nonlinear forces due to sectors. All
of these differences require careful consideration.

In Sect. 2, theories for the regenerative bean
extraction for the synchrocyclotron are reviewed.
In Sect. 3 operating features of the system and
possible improvements for synchrocyclotrons are
discussed. In Sect. 4 the system for isochronous
cyclotrons is described. Through all of the dis-
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cussions, the main emphasis is given to the linear
regenerator, for we can get a much better physical
insight through the linear theory.

2. Regenerative Extraction for the
i Synchrocyclotron

A. LeCouteur's Regenerative Theory

In the linear region of the main field, the
radial and the vertical motion of the particle can
be approximated as simple harmonic oscillations
around the equilibrium orbit. The action of the
peeler-regenerator can be written as a series of
impulses, the strengths of which are proportional
to the penetration into the system. The arrange-
ments are shown in Fig. 1. The operation of the
system is shown in Fig. 2. Here the peeler intro-
duces an outward impulse causing a phase delay,
and the regenerator introduces inward impulse
giving a phase advance. After one revolution, the
amplitude is increased and the phase 1s returned
to the initial phase.

When the radius of the equilibrium orbit is
the same as the radius of the peeler-regenerator,
the action of the system may be described by the
transfer matrix, as LeCouteur aid.=2

sin v £
cos v T L 10
_ T Ve
X' -v_s8in v fcos v fJ|-R 1
r r r
sin v_d
cos v d —Xan X
x r vy 0]
-v_ sin v_d cos v_ dAl\P 1fix'
r r r 0
X
=f {0 (2.1)
(0]

displacement from the equilibrium
orbit
x': (ax)/(d9) angle with the equilibrium
orbit
d: the angle between the peeler and
regenerator
f: £ =214

P = _% gg GP at the peeler, 'peeler

where X:

strength"
R: R == OB 6, at the regenerator
. B E'I—‘ R 2
"regenerator strength"
azimuthal extension of the peeler and

P’ R’
regenerator.
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The matrix element of MT = (7 6) is given by:
Q= cos 2mv_ + - sin 2m_ - S sin v £
roov, roov, r

X cos v.d - EE— sin v.f sin v 4
: r r r

2
v
r
sin 2ﬂvr R
= ————— - — sin v f sin v d
B v 2 r r
T v
r
Y=-v,_ sin2mv_+ P cos 2nv_ - R cos v_T
r r r r

PR .
X cos vd - —cos v f sin v d
r v, r T

R .
d =cos 2y, - — cos v_f sin v _d
r v, r r

_ For the vertical motion, the transfer matrix
My can be obtained by the following changes:

v, = v,
P - -P
R - -R

The stability condition is given by the trace of
the matrix M

o+ %> 2: unstable

a+ d<2: stable

For proper operation of the system, it is necessary
to keep the vertical motion stable and to excite
the radial motion. Then after n turns the radial
motion can be written as:

e (e

0

)

+t K, e v (2.2)

where e and e~™ are the eigenvalues of the
matrix M} and can be found from the trace:

e + e o+ B P-R .
= = + ==
o) 5 cos 2ﬂvr o sin 2ﬂvr

(2.3)

PR .
- 57; sin Vrd cos Vrd

T
and (%) and (%,) are the corresponding eigen-
vectors XO)
!
%o

K., K.2
For a sufficiently large n, the last term.of

1 are determined by
Eq. (2.2) will be damped out, and the phase of the
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oscillation is given by an eigenvector (3). The
node of the oscillation of the :motion between the
peeler and the regenerator is given by

2 sin v (r-a) + 2 gin 2my
T r

2v 2v
cot X = r =) r
sin 2y - — sin v.d cos v f
r v r r
r (2.4)
PR2 sin v_d sin v f v (o#8)" -1
r r

2v
r

. R .
sin 2y, - — sin v d cos v T
r VI‘ r r

where the position of the node X/vr is measured
from the position of the peeler.

One selects the parameters of the system to
minimize the vertical motion. The magnetic chan-
nel is put at 60°-80° from the node of the oscilla-
tion for large x and x' at extraction.

B. The Linear Regenerative Theory for a General
Case

The amplitude of the radial oscillation of the
internal beam is typically a few inches. A parti-
cle with some radial amplitude can reach the peeler-
regenerator at the same radius as a centered beanm
of higher energy. This is shown in Fig. 3. For
this lower energy beam LeCouteur's transfer matgix
should be extended to account for this factor.lt
When we take the difference between the radius of
the equilibrium orbit and the radius of the peeler-
regenerator as Aa,

then
X ) a B (yo)
1 = - Na X (2.5)
x4 Yo Yo
where yo = Pﬁ - R (sin vrf)/(vr)
yO =P® - R cos Vrf

After n turns

X o] ol _ y
(X,) = (X?) -ba (M‘; L+ W1 0
n ¥ 0 Yo
where o B
r |y ®
By explicit uses of the eigenvectors and eigen-
values of the matrix M,
X 4
na 1 u
x’) =e [Kl - la T] ()
n e -1
-nh Aa u'
+e [K2 + =5 12] (1)
Aa u Jay:\ u'
T - 2.6
o (-, () @)
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For a suffleciently big value of n,

x £
(X,)n = eI’l}\. [Kl - Aa e}\%J(i) + Ha (zv)

(2.7)
(1-8) y5 + B ¥}
™

where

(ex+e_ -2
+ - 1
o v ¥+ (1-8) )
- A A
(e )

We may discuss Eq. (2.7) for the following three
typical cases,

+e ) - 2

z
A

e -1
b4 c X
o)y =2a (C)). The (L)) ;
number of turns, and therefore we may define La( ,)
as the new equilibrium orbit with peeler-regener-
ator. The vector Aa($ ) has the maximum positive
displacement just after the regenerator for v, < 1,
and at just before the peeler for v, > 1.
£
b) K, -2a —XE— < 0; for this case, the am-
e -1

plitude is increasing, but with negative displace-
ment. This means the particle will be out of the
system and may precess away. This factor provides
an improvement on the energy spread of the external
beam by keeping away the lower energy beam.

a) Kl - Aa = 0; for this case, then

is independent of the

£
c) K, - la —XE— > 0; for this case, the par-
e -1

ticle is regenerated. But the entrance of the
channel

ax dx

il —_ <

0 0 > [d@ A8=0 when V. 1, through

the term a(gJ. Therefore the different energy of
the particle provides the different (d.x)/d@) at
the same channel entrance and may cause a diffi-
culty for the beam transport.

Finally, for the vertical motion, there is
A.G. focusing when particles enter both peeler and
regenerator, and the motion can be described by
the transfer matrix as mentiones in Sec. 2.A. But
the lower energy particle which has a bilg ampli-
tude of radial oscillation may stay in the peeler
or regenerator for many turns and may not have
A.G. focusing in this period. This may be one of
the main beam losses in this system.

C. The Nonlinear Regenerator

Since the linear regenerator is operating in
the linear region of the main field, the extrac-
tion occurs several inches inside the fast fall-
off region, and the energy is lower than the
maximum possible. LeCouteur?» investigated the
possible operation of the regenerator at the end
of the linear region, getting a peeler action from
the fall-off of the main field. To keep the ver-
tical motion stable and the phase of the oscilla-
tion constant, one should increase the strength of
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the regenerator nonlinearly to match the nonlinear
fall-off of the main field. The maximum radius of
the regenerator should be less than the radius of
the v, = 2v, resonance. For a semi-quantitative
discussion, the linear theory may be used. An ap-
proximate evaluation of the peeler action from the
fall-off of the main fleld can be made. For a de-
sign of a system, all the existing analytical
methods may not be accurate enough, and numerical
integration is required.

5. Operating Features and Improvements for
the Synchrocyclotron

The linear as well as the nonlinear regenerative
extraction system was first successfully operated
at the Liverpool synchrocyclotron” and it is now a
common method in synchrocyclotrons (for example,
Refs. 10, 11, 12). The extraction efficiencies
are about 1-10% and the energy spread of the ex-
ternal beam is about 0.1-1%. Another extraction
method is used at the Tokyo synchrocyclotron.

There the n = 1 resonance gives an extraction ef-
ficiency of about 50%.13 The machine has rela-
tively good internal beam gquality to pass dangerous
resonances, such as v, = 2vz. The regenerative
beam extraction method is a relatively good one
compared to previous systems, such as extraction
by Coulomb scattering. Though the main purpose of
the system was to produce good turn-separation,

the method also gave good beam quality. This might
be a general characteristic of the resonance ex-
traction method.

The low extraction efficiency is mailnly due to
poor internal beam quality, and naturally the ef-
ficlency will be improved by an improvement of the
internal beam. The following are possible reasons
for the low extraction efficiency and the possible
improvements in the extraction system itself.

a) In the synchrocyclotron, individual parti-
cles have good turn separations by the action of the
regenerator, but there is no real turn separation
of the whole beam. Therefore, we inevitably lose
some fraction of the beam by striking the beginning
of the septum. Therefore the efficiency will be
improved by an increase of the ratio between the
turn separation of the individual particle and the
thickness of the septum. But most of the operating
systems are optimized for this and we cannot ex-
pect a major improvement by this change.

b) When we take a group of particles whose
equilibrium radius is the same as the regenerator
radius, all the particles have approximately the
same nodes given by the eigenvector (%) [Eg. (2.4)].
The particles are diverging out of a node and con-
verge into the other side of the node. When we
put the entrance of the magnetic channel at a point
where (dx)/(a0) is positive, the beam is diverging
at this position, and may be partially lost inside
the channel. For an improvement of this factor,
one may introduce a radial focusing element just
before the magnetic channel, or by weakening the
strength of the regenerator at the final part of
the regeneration, or by introducing the so-called
"compressor' behind the regenerator. A regenerator
with compressor gave 15% extraction efficiency for
the G8ttinger synchrocyclotron.l
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¢) As mentioned in Sect. 2.B, a particle of
different energy has a different x' at the en-
trance of the channel and this causes difficulty
of beam transport and loss of beam. To improve
this situation the following system might be used.
We introduce another weak peeler, which is a time
varying perturbation at the regenerator azimuth.
It is at a smaller radius than the regenerator
(Fig. U4). The particle can be accelerated up to
full energy without entering the regenerator be-
cause of the action of the peeler-type field.
When the particle gets the full energy, the accel-
eration is turned off and the peeler type pertur-
bation is slowly decreased. Then the particle will
be slowly pulled to the regenerator side and will
be captured into the regenerator. Since the ener-
gies of all the particles differ only by an amount
due to the phase oscillation, and the perturbation
is well localized in azimuth and radius, all the
particles have approximately the same (dx)/dg) at
the same point of the entrance of the magnetic
channel. ¥For stable vertical motion, the peeler-
type field should be not so strong and the selec-
tion of radius should be careful for a stable off
centered beam. If this idea works, there are
three advantages, namely, a uniform energy, a good
duty cycle, and a higher extraction efficiency.

d) The main loss of beam might be a vertical
loss as described in Sect. 2.B. To improve this,
we should keep the lower energy particle out of
the system. When the particle entered the system
the peeler should act at the same turn with the
regenerator for A.G. focusing in the vertical
motion. The modification which is mentioned in c)
may work for this improvement.

For a conclusion of this section, one should
investigate the reasons for beam losses in a par-
ticular machine. If one loses the beam during re-
generation, it might be vertical loss. If one
loses the beam at the entrance of the channel it
might be radial loss. The above mentioned ldeas
may greatly lmprove present systems.

k. The Regenerator for Isochronous Cyclotrons

The main differences between the isochronous
cyclotron and the synchrocyclotron are, as de-
scribed in the introduction, higher energy gain
per turn, modulation of the betatron oscillation,
and the nonlinear force due to sectors. None of
these effects is negligible, and it requires nu-
merical integration for a design of a system. TFor
a design guidance and’ for a qualitative discussion,
an analytical study may still be helpful.

A. Azimuthal Position of the Peeler-Regenerator

It has been shown that the main harmonic com-
ponent for regenerativg action is the second order
gradient harmonicsi®, 10 and the type of resonance
is the 2/2 stop band. When we analyze the peeler-
regenerator field by a Fourler series, there are
considerable amounts of other harmonics such as
the first and the third.

The betatron motion in the isochronous cyclo-
tron has a modulation due to sectors and these

Reprinted from IEEE Transactions on Nuclear Science NS-13 (4), Aug 1966 (©) IEEE 1966

REGENERATIVE BEAM EXTRACTION 61

harmonics of the modulation may couple to the har-
monics of the peeler-regenerator bump and create a
second harmonic.t The second harmonic of the
peeler-regenerator and the second harmonic from
the coupling may be added together vectorially.
When these two harmonics are in phase, the regen-
eration is stronger, and it 1s weaker when they
are out of phase. But, the regenerative action
can also be treated by a transfer matrix as in the
synchrocgclotron and it 1s obtained by A. A.
Garren.l® The main results are the following:

We take the main magnetic field as

B = B, {1+ hN cos N [8 - X(r)]} (L.1)

The azimuthal positions of the-peeler and regener-
ator are 07 and 8. The trace of the transfer
matrix is given by

e>¥ + e-x =a + 3 = cos 2ﬂvr
sin 2ﬂvr
+— [P(l—dl) - R(l-QdE)]
r
PR . .
- :75 ﬁl-EdQ-le) sin v f sin v d
r

+ (al—ag) sin vr(f-dﬂ (h.2)

(For the vertical motion v, Vv, P>-P, R — -R.)
Where a and d are:

Case 1) When the spiral focusing is dominant

radial vertical

-

v
a - 2r —% 2 cos N(Qi-X)
= h_ tan -y N-boW
! L. (6,-x)
d, —_—— = sin N(O, -X
1 Ng-h N i J
Case 2) When the flutter focusing is dominant
N n
a, 5 3 5 - ; sin N(@.=X)
by (N°-1)(w=-k)  w(w=-19 +
2
d, - ————%——— cos N(6, -X)
No-k 2N(N°-1) +
(.0l

Case 3) When both are about the same strength
Egs. (4.3) and (4.4) should be added, and
tan =r ox
R
From the Egs. (4.2, 4.3, and 4.4) we can see
the best position of the peeler-regenerator is
it
Gi—X =¥
2) flutter focusingf? the center of a valley.

1) spiral focusing: when tan vy z 0

The above discussion was based only on the linear
theory. When we take into account the nonlinear
forces due to sectors, azimuthal position of the
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bump may be quite critical to the amplification of
the radial motion.

B. Radial Position of the Peeler-Regenerator

At the isochronous region, the value of vy is
bigger than unity, and decreases in the fringing
field. One may operate the system at the isoch-
ronous part of the field, but it requires a stronger
system. The vertical motion should be investigated
carefully for the stronger system. When one can
shape the Tield near v, = 1 for a few inches, a
relatively weaker peeler-regenerator may be used.
Finally as in the nonlinear regenerator for the
synchrocyclotron, one may use only the regenerator
at near v, = 1, using the fall-off of the main
field as a peeler. The vertical motion should be
investigated carefully for this case, since the
higher energy gain may introduce the v, = 2v, res-
onance during regeneration.

T

C. Acceleration Effects

The accelerator effects can be neglected during
regeneration for the synchrocyclotron and the sys-
tem is peeling off the particles with the bigger
amplitude of the radial oscillations. In the
isochronous cyclotron, the higher energy gain in-
troduces a number of effects in the regenerative
system. First, the higher acceleration allows
coherent oscillation of the radial motion and the
total phase space area for one energy beam can be
captured into the system in one turn and this im-
proves the energy spread of the external beam in
addition to the effect which is described in syn-
chrocyclotrons. Second, the node of the oscilla-
tion is changing during regeneration by the changes
of the energy and it is hard to predict where the
node is at the extraction moment. Third, the dif-
ferent amounts of energy gain by the difference of
the rf phase during regeneration introduce energy
spread and reduction of the extraction efficiency.
All of these effects require numerical integration.

D. Duty Cycle

When we accelerate the particle by higher dee
voltages, the final energies of the particles and
the rf phase may have a certain relation, and the
duty cycle may be small when the energy of the ex-
tracted beam is analyzed. On the other hand, when
we accelerate the particles by a low dee voltage,
the final energy of the particle and the rf phase
may not have a simple relation, and therefore, the
duty cycle will be increased for an analyzed beam.
For this low dee voltage the regenerative extrac-
tion might be very useful.

E. Present Design Features of the Regenerative
System for Isochronous Cyclotrons

The regenerative systems for the Birmingham
4O" eyclotron and the Berkeley 88" cyclotron are
electrostatic devices. The Birmingham gystem has
the peeler and the regenerator. It may operate at
a radius vy > 1, or at a radius v, < 1. This
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system gave the maximum extraction efficiency of
70% and 0.5 energy spread at the normal operating
condition. In the loss of 30%, 14% was due to
vertical loss and 16% was collected at the first
L" septum.19

For the Berkeley 88" cyclotron, the system has
only the regenerator and operates at a radius
where vy < 1. The system gave about 50% extraction
efficiency and about 0.3% energy spread at the best
condition.T The reason of the loss is unknown yet.

For the N.R.D.L. cyclotron which will acceler-
ate protons up to 100 MeV, the system is designed
for the magnetic peeler-regenerator and the strength
of the system can be changed for the different
energies. The magnetic field at the peeler-regen-
erator is carefully shaped to give about v, = 1.

The powerful system may give the beam out by itself,
though the magnetic chapnel is located for an ef-
ficient beam transport.

5. Conclusion

For the synchrocyclotron, the regenerative ex-
traction method is the most successful method at
the moment, and the system may be further improved
if the quality of the internal beam were improved,
or the vertical focusing were improved at the be-
ginning of the regeneration.

For the isochronous cyclotron, the system may
be very useful when the turn separation by the
energy gain is small. For high dee voltages, it
would be hard to obtain further gain of efficiency
compared to conventional methods.
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Fig. 2. Action of the peeler-re-
generator.
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regenerator. v

General caose

Fig. 3. A general case for the equilib-
rium orbit less than the radius of the
regenerator.
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Fig. 4. An additional perturbation to
improve acceptance and the vertical motion.
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