Proceedings of the International Conference on Isochronous Cyclotrons, Gatlinburg, Tennessee, 1966

106 IEEE TRANSACTIONS ON NUCLEAR SCIENCE

August

SOME STUDIES ON REGENERATIVE BEAM EXTRACTION IN SYNCHROCYCLOTRONS

$. Kullander®, S. Lindbick, A. Svanheden
The Gustaf Werner Institute,
University of Uppsala, Sweden

_Abstract

In this paper it is shown that the extrac-
tion efficiency in a synchrocyklotron can be in-
creased considerably by selecting proper values
for the internal circulating beam parameters. A
good energy homogeneity and a high microscopic
duty cycle can be achieved simultaneously. A cal-
culation for some relevant radial amplitudes and
energy gains/turn gives the energy diagram in fig.
11. From this it can be found that, if the inter-
nal beam is composed of 0.4 — 0.6 cm incoherent
radial amplitudes and if the useful acceleration
voltages are 7.2 - 10.6 kV, the gross extraction
efficiency is 40 7 for an energy spread of 300
keV. The duty cycle will be about 20 7. These re-
sults are valid if the vertical amplitudes are
small so that the median plane motion program is
correct.

Introduction

In a regenerative extraction system1 5) the
extraction efficiency, n , depends critically on
the quality of the internal circulating beam, In
a synchrocyclotron n is usually very low. It has
been found, however, that thig)extraction method
can give a duty cycle of 25 % and7?n energy
spread of 0.2 MeV (FWHM) at 185 MeV'’ protons.

In order to study the influence of radial
and phase oscillation amplitudes on the regenera-
tive process and to find suitable dee-voltages,
computer calculations have been performed in which
the particles were followed during the whole ex-
traction process. Below will be given explanations
for the behaviour of the particles during the ex-
traction process and for the chpression of the
energy spread that takes place ' . Finally it will
be shown how a large gain in extraction efficien-
cy, keeping the small energy spread, can be accom—
plished by an adequate choice of the internal cir-
culating beam parameters.

The beam extraction of the Uppsala synchro-
cyclotron

In 1955 the beam was successfully extracted
from the cyclotron by adopting a non-linear re-
generative system. The extraction was considered
to start at a radius r_ = 100 cm, and the beam
had to pass a magnetic ridge of about 12 em radial
width b&fore it could spiral out. The maximum use-

%) At present at the European Organization for
Nuclear Research (CERN)
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ful radius was 102 cm where the field index n =
0.2. After passing a magnetic channel at r = 108
cm the phase-space distribution of the beam was
changed by two "focusing channels" in the fringing
field, as is shown in fig. 1. The extraction sy-
stem is found to be very energy selective and only
a small fraction of the internal circulating beam
passes, Typically, the energy spread is 13 MeV
FWHM at 180 MeV, as was measured by using the cy-
clotron magnet as a 180° analyzer. The energy
spread in the external beam has been measured to
be not more than 0.2 MeV FWHM, and the extraction
efficiency is normally 1 7. However, by changing
the ion source conditions yielding a reduced in-
tensity of the internal circulating beam, the ex-
traction efficiency can be increased to a few per—
cent. Separate measurements have shown that the
energy spread in the internal circulating beam is
decreased under these conditions. These measure-
ments indicate that the extraction system accepts
only relatively small amplitudes of the radial
oscillation, as will be shown to some extent be-
low. The external cyclotron beam is brought through
an evacuated tube of about 20 meters length to the
experimental area, where the beam can be focused
by a gquadrupole pair to a cross section of about
10 mm“. The emittance is about 230 mm.mrad in 10
both planes, and the intensity is normally 5.10
protons/sec.

Median plane motion

Assume that the regenerator field and the
fringing field start at the same radius r_. The
radius of the equilibrium orbit for a pargicle mov-
ing in the field, and the amplitude and angular
frequency of the betatron oscillation are denoted
by Tos P and W respectively, where W, is given

w, = m(l-n)]'/2 (1)

The maximum radial outswing (to + pm) at azimuth
6 will precess around the magnetic centre of
the cyclotron and the same holds for the orbit
centre P. The locus of the precession of P is
essentially a circle with radius p_ (1-n).

As soon as the regenerator field sParts to in-
fluence the particle motion for some value

6 <8 _, 6_ being the regenerator azimuth, there
is a certain increase in p_ per turn, as is showm
in fig. 2. If the particlemhas not penetrated
enough, P will "slip" past the regenerator azi-
muth and p_ starts to decrease. Due to the succes—
sive increase in r_ caused by the acceleration,
the regenerator action is on the average stronger
for 6 > 6_than for em < ©_, and this implies
that a slip through the regénerator always causes
a net decrease in LI which will somewhat affect
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the energy compression, as will be discussed
later. The most critical passage at the regene-
rator is when 66_, the total slip in 6_ per turn,
is almost zero. This gives a slow precession du—
ring which much energy is gained, i,e., r_in-
creases thus giving a strong regenerator action
for ® > 6_ and a considerable decrease in o_.
During the last stage of the extraction the mo-
tion of the particles is strongly locked in phase
by the extraction system, i.e., 6 is fixed at
some value 6. (8. <6 ). The motion of 8 (or P)
towards ©_. can proceeéd in mainly two different
ways. For particles experiencing a relatively
weak regenerator action §8_ - 0 for 6.< 6 <6,
which means that €, will decrease and return fo
6., giving the motion of P in the p_O-plane the
cgaracteristic form of a "knee'". For particles
experiencing a relatively strong regenerator
action, 68 is always positive and ©_ approaches
6, from smaller values, which gives a more
"straight" extraction. This can be seen in fig. 3,
which is a result of a computer run. Particles A
and B belong to the latter category and D and E
to the former.

In the following is developed a theory for
the motion of the orbit centre P. We start at
the moment the particle crosses r_on the entran-
ce to the linear field region and®assume that
this happens at 6 = er. One revolution later the
particle will experieiice regenerator action and
p. will increase by an amount of 8p . The quan-

m .

tity Gpmlé ,» expressed as a function of the
parameters =r r , ®& and p_, determines how
strongly the extPactifn s¥ts in, and, as the re-
generation process is cumulative, the value of
Gpm/pm should give a good idea of the subse-
quent motion of P. For particles with the same
cSpm/pm the trajectories described by P will be
approximately uniform, if an essentially con-
stant accelerating voltage (small phase oscil-
lations) is assumed. In order to get an expres-—
sion for 8p_/p_ we define x = r - r_and

6. =6_-6.1If v is the betatrongfrequency
corresponding to the equilibrium orbit r , the
increase in e, due to the precession is

2r (1-v )
56 =—___—._o_..

iy v
P ]

The, radius of the precession circle is p_(l-n) =

PuVo and consequently the vector El in fig. 2
is
F, = 66 -pv2=2ﬂv(1-v)p
1 mp m o o o’"m

After one revolution the outswing X, in the re-
generator becomes

xX_ =27 Vo (l—vo)pm sin ©

- + 6r° (2)

d

as can be found from fig, 2. The first term is
thus caused by the precession and the second
term is the increase in r_ due to acceleration.
The increment Gpm, caused by a regenerator of
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strength Txr + WXi (EZ in fig. 2) is roughly

§ o = (Txr + sz) « sin Gd (3)

Inserting eq. (2) in eq. (3) gives (eglecting the
second order term in 6r°)

_ . 2 2 .3
6Dm/om = Tc, sin“®, + Wejp sin’e, +

T . .2
+ Gro(é;- . sin 8, + 2c,W sin ed) 4)
where
€ = 2ﬂvo(1—vo)

The first and second terms in (4) arise from the
linear and quadratic terms, respectively, of the
regenerator strength. The third term represents
the contribution due to the acceleration. Since
Sr is small compared to T, W and ¢, it is seen
that the third term is important on}y for small
P Graphs of Gpm/pm for p_ = 0.2 cm and 1.0 cm
are shown in fig. 4. The relation at the starting

monent between b,p_ and ed can be found from geo-
metric considerationt: which yield
cos 8, = ~b (5)
[
m o

and this relation is shown in fig, 5 with b as
parameter. Lines of constant value of §p_/p_ in
fig. 4 give a relation between p_ and o Mat"the
points of intersection with the Curves dPlotting
these points in fig. 5 and joining points of
constantdpm/ p_ one gets what may be regarded as
equipotential Jevels for the relative strength

of the regeneration. One of these levels forms
the threshold between slip and knee motion. In
fig. 5 the position of the orbit centre for a
sample of numerically traced particles is marked
when x_ = 0, i.e., when the particles reenter the
linear field at the regenerator. Dots indicate
that slip motion will follow and circles and
triangles indicate knee and straight extraction,
respectively. In order to trace some interesting
particles from the slip position to the final re-
generation state in the diagram, connecting lines
have been drawn. Those lines 'cover" the 30 - 40
turns needed for the last betatron cycle and they
show the decrease in p_ associated with a slip
motion. The threshold Tevel in this analysis is
calculated by the computer and is shown in the
diagram (upper ‘'computed" curve). As a comparison
the analytically calculated curve is also given,
the position of which is chosen to be common with
the computed curve for p_ = 0.6, Just below the
threshold level there is a critical interval where
the particles get a slow, attenuated precession.
Particles occuring in this interval suffer a con-
siderable decrease in amplitude and an excessive
energy gain when slipping and even if all the
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incoherent particles in the internal circulating
beam initially have the same radial amplitude,

it is impossible to avoid a range of amplitudes
(almost down to zero), when the particles finally
regenerate, This gives rise to an increased ener-
gy spread in the beam. The motion of P, for some
representative particles A, B, D and E has al-
ready been shown in fig. 3 and the same particles
are marked in fig. 5. Note the strongly pronoun—
ced knee motion for particle E, which starts just
above the slip threshold, and turns at 6 = 6_.
Consequently for small amplitudes particTes cfo-
ser to the threshold can be captured although 6
has passed ©_. Particle A, first appearing in the
critical intérval, slips and is later on extrac-
ted straightly.The curve defining the lower limit
of this interval is computed for particles having
a slip of 2.8 /turn when P passes 6.

An accelerating voltage of 20 kV gives an
average increase in b of about 0.35 cm per beta-
tron cycle. A particle accelerated with a lower
voltage has a slower "motion" through the slip
region towards the extraction region (above the
threshold) which can be found from fig. 5. This
effect increases the probability of getting the
particle into the critical interval, which gives
rise to an uncontrolled energy spread during the
extraction process. Hence, large phase oscilla-
tions are disadvantageous.

Energy compression

In order to understand the factors causing
the energy compression during the extraction we
divide the whole regeneration process in two parts.
The first includes the particle motion to the
final regeneration state, and the second the
final regeneration (knee or straight). During
the first part the energy is compressed due to
the fact that particles with larger amplitudes
make more precession cycles, which can be found
from the position of the threshold level in fig.
5. For example two amplitudes 0.2 and
1.0 em, initially differing 0.8 cm in r, can
differ from 0.35 to 0.65 in r_when the knee re-
gion is reached. During the sécond part of the
regeneration state energy compression occurs for
particles having the same amplitude (or lying
within a narrow band of p_) while a certain de-
compression takes place if a large range of
amplitudes are present. This can be found from
eq. (4). If p_ = const., Sp_ increases with @,,
i.e., with r and thus particles with large
energy escape after fewer turns. If €, = const.,
8p_ev o (approximately) and thus particles with
larger p_ escape faster. But since 6, =const.

m : . :
means a smaller r_ for increasing p_ (fig. 5)
we conclude that the energy difference between
particles with small and large p_ has increased
when escape occurs. This decompression, however,
is smaller than the compression during the first
part of the regeneration and hence there is in
general a net energy compression which is larger
the samller is the range in P when the final
regeneration starts,
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Numerical results

In the program set up in order to study the
particle motion, accelerated particles are fol-
lowved from the instant the maximum radial out-
swing reaches r = r_. Due to the incoherent ra-
dial amplitudes, tfis can occur at any azimuth
€@ .. The acceleration and the motion in electric
pﬁése space are included. The electric phase at
start, the synchronous phase and the phase oscil-
lation amplitude, as well as the dee voltage, are
parameters of the program. Thus one has complete
freedom in choosing the initial conditions. The
magnetic fields are approximated by analytical
functions. The fringing field in the median plane
is described by a hyperbola and the regenerator
field by a parabola given by LeCouteur”s para-
meters T = 0.2 and V = 0.08. The azimuthal distri-
bution of the regenerator field is rectangular
(""hard edge'") and has a length of 12° (21 em). In
fig. 6 p_ as a function of the number of turns,
N, is shown for 6 particles with representative
initial amplitudes, all particles starting with
P at the same azimuth. A maximum energy gain per
turn of 40 keV and an electric phase at start of
50° yield the equilibrium orbit expansion ArO(N),
which is slightly curved due to the phase oscil-
lation. Particle A starts the final regeneration
when N = 10. Because B - F start at the same
azimuth as A, they are all influenced by the re-
generator when N = 10, at which time B- F are
well below the threshold., Therefore they make
another precession cycle, after which they reen-
ter at N = 40 and experience a stronger regene-
rator action than previously because of the in-
crease in r_ due to the acceleration, Now B - E
regenerate while F, just below the threshold,
slips over the regenerator for a new betatron
cycle. Therefore the precession is slow at the
passage, and due to this, particle F finally re-
generates with a comparatively greater energy
increase than the other particles. It can be
seen from the table in fig, 6 that an initial
energy difference of 2.83 MeV is reduced to
1.60 MeV for the particles A - F. In fig, 7 the
corresponding p_(8_ ) plots are shown. Particle

X m’ 5 .
A, having an ex?raordlnary knee motion, spends
about 40 turns in the final regeneration state.
Particle B regenerates straight in around 15
turns. The other particles exhibit knees of
different magnitudes. For all of them em app-
roaches ef asymptotically.

Due to the incoherent radial oscillations
and due to different acceleration histories,
particleswhich initially had the same amplitude
can start the final regeneration with a range
of r —values. If r ., is the value of r_at this
moment, the number of turns N, needed gor a par-
ticle to escape depends on r,) as explained
earlier., A small r , was foun& to correspond to
a large N, depending on the knee motion. Hence it
is expected that the energy spread due to diffe-
rent entry values of r could be made small by
a proper choice of the accelerating voltage. Lar-
ge phase oscillations, yielding a large range of
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r , are certainly harmful in this respect. The
quantitative behaviour in the final regeneration
state is best seen from the Nl(r ) diagram in

. . o .
fig. 8. The diagram has been constructed using
the data collected for a number of incoherent par-
ticles traced through the extraction system; 6r
has been chosen to 0.01 cm. The parameter p is
the value of p_at r = r .. A particle with'r
corresponding to the portion of the curve where
dr /dN is small regenerates with the centre of
curvature making a knee motion in the p_© -plane.
Particles starting the regeneration in s re-
gion need a relatively small §r to homogenize
the final energies. The arbitrary choice of ér
does not appreciably change the Nl(r 1) plots,
because the particle trajectories are not very
sensitive to the acceleration voltage, when the
regeneration is once initiated. On the other hand,
the final energies are affected greatly by this
choice. Particles occurring on the portion of
the curves, where dr /dN is large, regenerate
straight, Particles entering with these large
T, need between 15-20 turns to regenerate. In
or&er to get a homogenizéd final energy, 56 kV
dee voltage will be needed in this region. This
is too high a voltage for a synchrocyclotron. Ve
conclude, therefore, that the useful energy ho-
mogenzing occurs mainly because of the knee mo-
tion, Particles making knee motions need relati-
vely small voltages to compensate for the energy
spread due to the different entry values of To,-
The N, {(r ,) plots are not shown above N, = 36,

at which number the r , values are approximately
0.01 em larger than tRose of the asymptotes which
are found from the threshold equipotential line
in fig. 5.

The median plane motion program does not
account for the good energy selection of the ex—
traction system in the Uppsala machine. A channel
1 cm wide will transmit the particles B, C, E, F
as is shown in the emittance diagram in fig. 9,
and from the table in fig. 6 the total energy
spread is found to be 1.4 MeV, whith is more than
the corresponding value of the measured 0.2 MeV
FWHM. In order to explain the good energy selec-
tion the vertical motion must certainly be in-
cluded. Also recalling the fact that the external
proton energy is close to the highest possible de-
termined by the B.r product, we conclude that on-
ly particles with small radial amplitudes are ex-
tracted.

Choice of the internal circulating beam
parameters

The choice of the proper ranges of radial
amplitudes and dee voltages yielding a large duty
cycle and a good energy homogeneity is based on
the following considerations. Three radial ampli-
tudes 0.2, 0.4 and 0.6 cm are examined. Smaller
amplitudes than 0.2 cm are not likely to occur and
a largerrange of amplitudes will not be sufficient-—
ly compressed. A sample of particles with the
chosen amplitudes and with uniformly distributed
values of r are shown in fig., 10. The r_ values
below the r, line are initially at 6_ = one
betatron cycle prior to final regeneration. Three
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accelerating voltages are examined and for all
possible combinations of amplitude and voltage
the critical intervals are marked (dashed re-
gions). Here r = r, denotes the threshold and

r = r, the value which gives a slip &8 of
2.8°/turn, when-® = 6 . This means a damping

of the amplitude By rolighly 20 %, considered to
be a tolerable limit. The particles occurring in-
side the critical interval regenerate with final
energies which are impossible to control. The
critical intervals increase for larger radial
amplitudes, and smaller voltages. Each particle
is represented by a three character index of
which the first denotes the initial radial ampli-
tude, the second gives the distribution of equi-
librium orbits, and the third index is related
to the voltage. After one betatron cycle the
particles appear above r, with r_ = r 1° The

r , values are calculateg by addgng the equili-
brium orbit expansion during the last betatron
cycle to the r values below the critical inter-
val. The voltage has to be kept sufficiently low
in oxder to avoid a large increase in r , i.e.
to prevent the particles from reaching regions
in the N,(r ,) diagram where dr /dN is large
(straigh% eg%raction). On the ofher hand, the
voltage must be high enough for as many par-
ticles as possible to avoid the critical inter-
val. Furthermore, a large range of voltages is
required to yield a good duty cycle. This, how-
ever, is in contradiction with the need for a
constant voltage as &r _should be equal to
dr_/dN to compensate for the different values

of To1e The dee voltages 14,4, 10.8 and 7.2 kV
have %een chosen with the mentioned facts in mind.
They correspond to 6r_ equal to 0.01, 0,0075

and 0.005 cm, respectively. It is now possible
to calculate the final energies as the remaining
turns N, are known from fig. 8. Since the values
of p 4 in the figure are close to the amplitu-
des geeing investigated, the curves are quite
representative, The calculated final energies
are shown in fig. 11. As expected there is an
energy spread due to the radial amplitudes. The
large voltage values appear to be less useful
than the small values. For a certain amplitude
there is a correlation between final energy and
voltage. This can be seen as a duty cycle limi-
tation, which can be partly overcome if, for
example, the two amplitudes 0.4 and 0.6 cm are
chosen and if the largest voltage value is ex-
cluded. This yields a gross extraction efficien-
cy of 40 7 for an energy spread of 300 keV. A
duty cycle of 21 7 is given by the useful vol-
tage range 7.2 - 10,8 kV. In this investigation
the loss to the magnetic channel has been neg-
lected. This loss should, however, not be more
than 50 Z.
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9;‘;0 o P s020cm P s 040 cm P,;:060 cm DISCUSSION
U 0750 Q5U| U 075U QSU| U  a7su asU HAGEDOORN: Are you concerned about improve-

ments in the central region of the cyclotron to
improve the beam quality?

]
N

war SVANHEDEN: Yes, certainly. Wednesday I will
present a paper about our plans for conversion of
our cyclotron. We plan to use a calutron ion
source, to program all the acceleration process
with puller slits, and to combine sector focusing
and very small rf band width., If you modulate the
— rf so as to keep the phase constant during the
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