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Abstract

The Small Isochronous Ring (SIR) is a compact, low-
energy storage ring designed to investigate the beam dy-
namics of high-intensity isochronous cyclotrons and syn-
chrotrons at the transition energy. The ring was devel oped
at Michigan State University (MSU) and has been opera-
tional since December 2003. It stores 20 keV hydrogen
beams with a peak current of 10-20 microamps for up to
200 turns. The transverse and longitudinal profiles of ex-
tracted bunches are measured with an accuracy of approx-
imately 1 mm. The high accuracy of the measurements
makes the experimental data attractive for validation of
multi-particle space charge codes. The results obtained in
the ring show a fast growth of the energy spread induced
by the space charge forces. The energy spread growth is
accompanied by a breakup of the beam bunches into sepa-
rated clustersthat are involvedin the vortex motion specific
to the isochronous regime. The experimental results pre-
sented in the paper show aremarkabl e agreement with sim-
ulations performed with the code CY CO. In this paper, we
discuss specifics of space charge effectsin the isochronous
regime, present results of experimentsin SIR, and conduct
adetailed comparison of the experimental datawith results
of simulations.

INTRODUCTION

In recent years, there has been an increased interest in
space charge effects in isochronous cyclotrons. Encour-
aged by the successful high-current operation of the Ring
Cyclotron at PS| [1], several authors have proposed an
isochronous cyclotron as a driver for a number of appli-
cations including radioactive waste transmutation, energy
production with accelerator driven nuclear reactors, and
generation of neutrons and other secondary particles (see,
for example[2]). Tentative designs of such amachine have
a maximum beam energy of 1 GeV and a beam current of
10 mA, yielding atotal beam power of 10 MW.

Successful operation of a 10 MW cyclotron requires
deep understanding of space charge effects in the isochro-
nous regime. Obtaining accurate experimental data on the
effect of space charge in large-scale machines is difficult
because of resolution and power limitationsimposed by di-
agnostics. Programmatic demands of operating facilities
also present a significant complication.
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SIR [3],[4] is a compact low-energy storage ring de-
signed to study the dynamics of beams in high-intensity
isochronous cyclotrons and synchrotrons at the transition
gamma. The ring provides a unique opportunity to per-
form precise experiments on the effects of space charge.
The two main objectives of the ring are the experimental
study of space charge effectsin theisochronousregime and
the validation of multi-particle codes used for space charge
simulations.

SPACE CHARGE EFFECTSIN THE
ISOCHRONOUSREGIME

Incoherent Transverse Space Charge Effects

The transverse space charge force decreases the trans-
verse net focusing and lowers the betatron tunes. This ef-
fect is dominant in the central region of cyclotrons, where
beam energy islow and vertical focusing can beweak. The
intensity limit is reached when the vertical size of the beam
reaches the vertical aperture limit.

Coherent Longitudinal-Radial Vortex Motion

The energy-phase motion of particles within the beam
vanishes in the isochronous regime. This leads to a fast
growth of the energy spread within beam bunches. This ef-
fect was first mentioned by T. Welton in [5] and later stud-
ied in detail by M. Gordon [6], W. Joho [7], and S. Adam
[8]. As shown by M. Gordon, space charge forces induce
avortex motion in the beam. The longitudinal component
of the space charge force increases/decreases the energy of
head/tail particles. The energy-radius coupling causes the
particles with deviated energy to moveradially. The rate of
particle radius change can be expressed as

dr  dp/p
a0 7I—d9 1)
where 6 is generalized azimuthal angle. In the non-

relativistic limit, the average value of the dispersion func-
tion in the isochronous regime is approximately equal to
the average radius of the trgjectory, R. Using expressions
for the momentum p = mRw and and for the rate of mo-
mentum change p = ¢F)|, we rewrite (1) as

o 2 @

dd  mw?

The longitudinal component of the space charge field is
proportional to the total charge of the bunch, @:

B =g)Q ©)
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The geometrical factor g|| includes the dependence on the
bunch shape, bunch charge distribution, and particle posi-
tion within the bunch. Using (3), we obtain the rate of ra-
dius change due to energy deviation induced by the space
chargeforce

dx qQ

a9~ N2 “)

A trajectory of a particle with deviated energy is shifted
radially relatively to the center of the bunch. A particle
offset radially experiences a non-zero average radial space
charge force. The radial component of the space charge
force changes the radius of the equilibrium trajectory. To
calculate an average displacement of the trgjectory due to
the transverse force we use the equation of particle oscil-
lations with the focusing force substituted by its average
value over aturn:

&4 1v2wc = kL (5)
m

The steady state solution of this equationis

g L ©)

v2mw?

As before, we express the transverse electric field through
the total charge of abunch

E =¢.0Q (7)

where the geometrical factor g, depends on the beam
shape, bunch charge distribution, and radius of equilibrium
orhit relative to the center of the bunch. Replacing £ | from
(7) into (6) yields

T et ®)
The transverse component of the space charge force shifts
the particle off the equilibrium orbit but does not change
the particle energy and velocity. This causes the particle
to dlip in phase. The separation between a particle on the
equilibrium orbit and a particle on the shifted orbit grows
as

ds = —x db ©)]

Thisyieldstherate of longitudinal dlip under the transverse
space charge force

(10)

In isochronous cyclotrons, the radia betatron tune is ap-
proximately equal to the relativistic factor ~, which is, in
turn, equal to 1 in the low-energy limit. Thus, the particle
dlipswith arate given by

ds qQ
—~—g — 11
dé 9L a2 (1)
From (4) and (11), one can see, the vortex motion de-
pends on the beam shape, particle position within a bunch,

and theratio
qQ

mw?

(12)
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Thus, two bunches similar in shape in two different cy-
clotrons behave alike (per turn) if expression 12 yields the
same value for both bunches.

CHOICE OF BEAM PARAMETERS FOR
SIR

SIR isdesigned to run low energy light-ion beams. This
choice of beam parameters simplifies the ring design and
minimizes the cost of the project. The low beam energy
yields alow velocity of ions. Because space charge effects
scale as Ieax/(v8)?3, only low intensity beam is required
to reach the interesting space chargeregime. Thelow parti-
cle velocity also relaxes the timing reguirements on the di-
agnostics and on the injection-extraction system. The low
beam energy allows the use of simple, low-field magnetic
elements.

The University of Maryland Electron Ring (UMER)
group [9] uses alow energy electron beam to study space
charge effects. Both rings SIR and UMER are designed for
approximately the same beam energy range: tens of keV.
However, the HS beam in SIR is approximately 40 times
slower than the electron beam of in UMER. This allows
us to use less expensive diagnostics to measure the lon-
gitudinal beam distribution. The magnetic rigidity of the
ion beam is approximately 90 times higher than that of the
electron beam. This makes the ion beam significantly less
sensitive to stray magnetic fields and eliminates the prob-
lem of the earth magnetic field.

Table 1: The generalized perviance normalized on the
beam current, the magnetic field of a 45-cm-radius bend,
and the particle velocity of low energy light ion and elec-
tron beams.

H3,D | Electrons
(20keV) | (10keV)
K/ Ijeak 3.2e1 1.6e-2
Bj—0.45m(Gauss) 640 7.5
16} 4.6e-3 0.2
SIR DESIGN

SIR consists of four 90°, flat-field magnets with edge
focusing. The edge focusing provides both the vertical fo-
cusing and the isochronism in the ring. Figure 1 shows a
photograph of SIR. Table 2 givesthe primary ring parame-
ters. An HJ beam is produced by a multi-cusp ion source,
that can be biased up to 30 kV. An analyzing magnet lo-
cated under the ion source provides charge-to-mass state
selection and steers the beam towards the ring. In the in-
jection line, the selected beam is chopped by a chopper and
matched to thering by atriplet of electrostatic quadrupol es.
The bunch length can be changed from 100 nanoseconds
to 4 microseconds. The beam isinjected into the ring by a
fast pulsed electrostatic inflector. After injection, the bunch
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coasts in the ring. After a chosen number of turns, the
bunch is deflected towards either a a phosphor screen or
a Fast Faraday Cup (FFC) situated above and below the
median plane respectively. The Faraday Cup measures the
longitudinal beam profile of the beam with a time resolu-
tion of 1 ns corresponding to a spatia resolution of 1.5-2
mm. The phosphor screen is used to register the transverse
beam profile. Using this procedure, we can take " snap-
shots” of the longitudinal and radial beam profiles after a
different number of turns.

Figure 1: Small Isochronous Ring

Table 2: Primary SIR parameters.

Beams Hy
Energy 5-30 keVv
Vs Vy 114,111
ap-1U~y? <3e—3
Bendradius | 0.45m
Bendfield 800 Gauss
Rev. period 5 usec
C 6.6m
Nturns 100
Tpeak 0-25 A

SIMULATIONSOF THE BEAM
DYNAMICSIN SIR

Two computer codes have been used to calculate the
beam dynamics in SIR: CYCO [10] and Warp3D [11].
Both codes predicted quite well the observed behavior.
Most of the simulations were performed with CY CO.

Figure 2 shows an example of the simulated beam dy-
namics in SIR for three peak beam current values: 5, 10,
and 20 pA. The longitudinal space charge force increases
the energy of the head particles and decreases the energy of
thetail particles. Dueto theisochronouscondition the head
moves toward larger radii and the tail toward smaller radii.
After afew turns, the bunch breaks up into small clusters.
The breakup happens amost simultaneously everywhere
throughout the bunch.
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The charge density of the bunch has to be integrated
in the transverse dimensions to simulate a response of the
Faraday Cup. Figure 3 shows the linear charge density of
the bunch distributions shown in Figure 2.
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Figure 2: Results of simulations of the beam dynamicsin
SIR calculated with CY CO. The figure shows the charge
density contour plots for three values of the beam current
and for four turns. The energy of the H beam is 20 keV.

EXPERIMENTAL STUDIESOF THE
BEAM DYNAMICSIN SIR

SR Optics Characterization

The beam injected off-axis oscillates in the ring around
the closed orbit. Because of these oscillations the displace-
ment of the extracted beam on the phosphor screen depends
on turn number. Fitting the precession of the beam spot
on the phosphor screen to a sine function, we obtained the
betatron tunes of the beam. The measured horizontal and
vertical betatron tunes, v, and v,, were 1.142 and 1.110
respectively. Note that the designed values of the betatron
tunes, calculated from simulations of the beam dynamics
in SIR, were 1.143 and 1.128 for v, and v, respectively.

The ring isochronism was measured by the time-of -flight
technique. The beam energy was changed by +1% fromits
equilibrium value and corresponding change of the arrival
time to the Faraday Cup after 200 turns was recorded. The
measured slip factor, o — 1/+?2, was smaller than 3 - 1073.

Beam Life-Time

Figure 4 shows the beam current in SIR vs. turn number
for different values of the residua gas pressurein thering.

0-7803-8859-3/05/$20.00 ©2005 IEEE
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Figure 3: Simulated response of the Faraday Cup obtained
by integration of the beam profiles shownin Figure 2 in the
transverse dimensions.

The beam energy was 21 keV. Fitting the curves with the
function

I =1Iyexp(—n/N), (13)
we conclude that the life time measured in turnsin the ring
depends on the average pressure as

21077

N =100 P(Torr) (14)

Iflo

| — 2.5e-8 Torr
|| —— 4.8e-8 Torr

—=— 8.0e-8 Torr

— 1.2e-7 Torr
021~ 2 2.7 Torr :

4.4e-7 Torr

—— 8.2e-7 Torr
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Figure 4: Average current of the H;~ beam vs. turn number
for different values of the residual gas pressurein thering.
Each curve was normalized on the corresponding maxi-
mum current value.

Transver se Beam Dynamics with Space Charge

Figure 5 shows the beam spot of the extracted 20 keV
HJ beam for turns 2 to 16 with an interval of 2 turns. The

0-7803-8859-3/05/$20.00 ©2005 IEEE

bunch peak current was 20 A and the bunch length was
1 psec. The fast increase of the bunch width is indicative
of arapid increase of the beam energy spread. The energy
spread at turn 16 can be estimated as

X6 — Xo

o ; (15)

where X; is the horizontal beam size at the i*" turn and 7
is the dispersion function at the extraction region equal to
932 mm.

TURN 15 TURN 4.5 TURN 6.5 TURN 8.5

TURN 10.5 TURN 12.5 TURN 145 TURN 165

Figure 5. Beam spot produced by the extracted beam on
the phosphor screen situated in the extraction region. Each
frameis approximately 60 mm by 30 mm. Thegreenlinein
the last frameis tilted by 7° and is approximately parallel
to the beam spot. This supports the presumption that the
beam width increases due to the energy spread growth (see

the text for detailed discussion).

The obvioustilt of the beam spot supports the presump-
tion of the fast energy spread growth. The dependence
of the deflection angle on the particle energy causes par-
ticles with different energies to hit the phosphor at differ-
ent heights. Particles with different energies also displaced
horizontally accordingto « = n - dp/p. The correlation be-
tween the vertical and horizontal displacements manifests
itself asatilt of the spot of the extracted beam. The tangent
of thetilt angleis

Yo
tan (0) 2 T
where y is the average vertical displacement of the beam
spot from the median plane. The measured y is approxi-
mately 58 mm, yielding atilt angle of approximately 7.1°.
According to Figure 5, the bunch after 16 turnsis tilted at
approximately 7°.

(16)

Longitudinal Beam Dynamicswith Space Charge

Figure 6 shows the longitudinal profile of beam bunches
extracted after turns 4,8,12, and 16 for three different val-
ues of the beam current: 5,10, and 20 yA. The beam pro-
files were measured by the Faraday Cup and recorded by a
digital oscilloscope.

A comparison of the experimental data and the simula-
tions results can be done by counting the number of clus-
ters for each turn. Figure 7 shows the number of clusters
for different peak currents as a function of turn number for
5, 10, and 20 pA. The figure also represents the standard
deviation of the distribution of 100 measurements.
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Figure6: Longitudinal beam profile of the20keV H mea-
sured by the Faraday Cup for three different beam currents
and four different turns.

# Clusters

Tum #

Figure 7: The number of clustersin abeam bunchvs. turn
number for three different beam currents measured by the
Faraday Cup (red) and simulated by CYCO (gray). The
curves are obtained by averaging over 100 measurements.
Thewidth of the curves showsthe standard deviation of the
distribution of the 100 samples.

CONCLUSIONS

The small isochronous ring has been devel oped and suc-
cessfully operated at the National Superconducting Cy-
clotron Lab at Michigan State University. Operational ex-
perience with SIR has shown that the ring is reliable and
easy to operate. The primary ring parametersincluding the
betatron frequencies, isochronism, and the beam life-time

are close to designed values.

Experimental beam dynamicsstudies at SIR showed that
the space charge force induces a fast growth of the en-
ergy spread within a bunch accompanied by alongitudina
breakup of the bunch. The experimental results show are-
markable agreement with simulation results obtained with
multi-particle codes CY CO and Warp3D.
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