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QUADRUPOLE TRANSPORT EXPERIMENT WITH SPACE CHARGE DOMINATED CESIUR [UN bLAM®

A. Faltens, D. Keefe, C. Kim, S. Rosenblum, M. Tiefenback, and A. Werwick
Lawrence Berkeley Laboratory, Umiversity of California, Berkeley, CA 94720, USA

1. Introduction

The purpose of the experiment is to investigate
the beam current transport 1imit in a long quadrupole-
focussed transport channel in the space charge domi-
nited region where the space chirge defocussing force
is almost as large 3s the average focussing force of
the chanrel. In this region, the total current and
the beam size scale asl
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where symbols denote the total current (I}, emittance
(¢}, the phase advance of the betatran oscillation per
Yattice period with (o) and without (ay)} the space
chirge, and the beasm radius (a).

Various authors have proposed the permissible
values of o J4nd a for stable beam transport.
Historically, A. Maschke suggested that o/og > 0.7
based on the then-availaple information. Theoretical
calculations¢ based on the Kapchinskij-¥isdimirskij
(K=-¥} distribution functlon showed that ofog > 0.4
may be safe but g < 60° to svold the third order
instability. Subsequent computer simulations® for
the K-¢ distribution found that the instabilities are
benign, 1.e. particles redistribute themselves in tne
4-0 phase space, but the RMS emittance does not grow
if fo < 60", and ofop > 0.1.  Recent simyla-
tionsd using the semi-Gaussidn distribution showed
2 stable beam for ojo; Comn to 3 few percent
which is only limited by the accurscy of the simyla-
tion at small values of alog. A semi-Gaussian
distribution, which is also called a thermal distribu-
tion, has a flat top distribution in configuration
space and 3 Gaussien distribution in velocity space,

In the present experiment we have observed stable
beam transport for oq = 60° ad o> 8" which is
the lowest value of o accessible with the present
ion source. Unstahle heam transport is observed only
when g5 > 90°  and o smiller than 1 threshald
value which is dependent on o for o5 = 1207,
the odserved threshold value is o ~90°.

2. Experimental Apparatus

The experimental setup is composed of the i{on
gun, matching section (5 electrostatic quadrupoles),
transport section (R2 electrostatic quadrupoles) and
the dlagnusucs tank. The ranges of beam parameters
are: (s* beam; kinetic energy 120-160 keV; beam
current 0.7-23 sA; normalized besm emittince 0.08-
0.5 v mm mRad. Current-attenuating grias and
emittance-varying bissed grids are used to achieve
these parameters.

The half lattice-period is 15.2%3 ¢cm ano the bore
dimter is 5,08 cm. Becduse of the high voltages on
the electro-static quadrupoles the placmment of diag-
nostics is restricted to the wid-plane between any
pair of quadrypoles. The phase ellipses in the xx*
and yy' plines for 3 satched beam ore similar in

FThis work was supported by the Office of Cnergy
Research, Office of 8asic £nergy Sclences, Depirtment
.f Energy under Contract No. DE-ACD3-76SFOO098.

shape but tilted with equal anc opposite angies
(astigmatic), at tnis antisymetrical point of tne
lattice. In pnase space plots presented in tnis
report x' » ' - ax ype coordinate tramsrorwation
is performed to suppress tnese tilts.

The current is measured with 3 gridless ceep
Faraday cup at the end of the transport section ang
with 3 snallow griaded Farasagay cup in between quaaru~
poles at the ena of the matching seccion. The cinetic
energy is measured by the time of the fliynt metnog
and by measuring the Marx generator voltage using &
capacitive divider. The beam emittance is measureg
with the conventional two slit scan methoa. Tne oeam
is about 10 us long and pulsea every 5 seconas. More
detailea description of the appsratus cam De found 1n
our earlier publication.

3. Experimental Kesults

3.1 Bean Matching

Five quadrupoles in tne matcning SeCTiOn are used
to match the beam from the injector to the transport
section. Four quadrupoles ari usually enouyn for
matching. However, wnen thne required Quadrupgle
voltages are eacessive, 2aditiondl quagrupoius sre
required. The matching procedure is descridea in our
earlier publications.? Guideo oy tne WM envelope
equation we were able to construct & fairly periogic
bean envelope. The odegree of mismatch, measurea Dy
the amplitude of the envelope oscillastion 15 apout
5 percent of tne beam radius.

3.2 Stability

We have measured the total current and the parti-
cle distribution in xx' and yy' plenes, a3t several
locations incluging tne beginning and tne ena of tne
transport section. The beam is inferrea to pe un~
stable if current loss or emittance growth is
detected. We have observed § stable besn propaganon
for o5 e 60° and o > 8" wiere the 4 ana
higher arder instabilities have been pregictes by tne
K-U theory. Measured xx' aistridutions tor afag =
B8°/60° at various locations in tne transport section
{ys, 035, Q59, Q80) are shown in Fiy. 1. Tne current
loss ona the emittance growth is less than the experi-
mental uncertaiaty.

for otner values of ag. thne lowest accessivle
values of alog sceles proportignately as  ag.
Within these accessible parsmeter reyions, we neve oo-
served unstable beams only wnen g 2 W' ana
o < othresholgs The thresnola behavior of tne in~
stability ot o5 = 120 ts saowan 1w Fig, 2. The
value of o is incredsea by InCreasiny the nM> ewit-
tance using the piased grias. Tne measurea onsel Of
the instability at o < 90" ayrees witn tne tneoretil-
cal pregiction for the envelope instapility.

3.3 Steady State Oistrioutions

The distribution function &t the 10n source 1S
approximately Semi-Gaussidn, wnich 1s sodewnat als-
torted in the matching section proodoly due to tne
nonlinedrities, GLut reaches a steagy stele in the
transport section (Fig. 1lj.

The steady state distripbution for the iow space-
charge stable beam s characteristically aifrerent
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from that for the high space—charge stable besm. The
contours in the xx' distribution is approximately
circular ond the cuirent profile is spproximately par-
abolic, for ofag = 50°/60°. For ofoy =12 /607,
the coatour looks more squarish, and the current pro—
file is nwch more flat. In both cases the distribu-
tion in the velocity space is observed to be Gaussian.
A computer simulation using a PIC Code for the present
experimental parameters shows a similar steady state
distribution with an elliptical current profile {a
flat distribution in xx'). The experimental current
profile in Fig. 3b shows that the current density near
the beam axis is somewhat depressed from the ellipti-
cal one abserved in the simulation. We believe that
the hollow formation is due to the nonlinearities of
the faocussing channel. The nonlinearities caused by
the Bessel function “Z)- the nonparaxial garticle
trajectory, and the axial electric field doing work
on particles cause the average focussing strength of
the channel to be stronger as the radius is increased.
A typical unstable distribution for a5 = 120°  and
a = 36" is shown in Fig. 3c. A current loss of
40 percent at Q44 ond o large emittance growth is
observed for this case.

4. Conclusion

Stable beam transport with a steady state distri-
bution has been observed for space—charge dominated
beams whose space charge defocussing field is as large
a5 —98 percent of the average focussing .force of the

transport channel, provided o4 < 90°. Observed
results agree very well with that of the PIC
simulation. The K-V distribution has been the only

known steady state distribution in the alternating
-gradient focussing channel, but the present experi-
ment ond the computer simulation show that the semi-
Geustian distribution (with a somewhat smoothed beam
edge) 150 preserves its form along the channel 1f the
beam 15 {ntense enough.

Further experiments are required to demonstrate
stable beam transport for smaller values of ofog.
However, computer simulations indicate that there may
be no physics limits. In the esrlier designs of high
current beam transport channel, the besa emittance and
the values of ofoy dnd gq were thought to
play the crucial roles. [n the absence of these lim~-
its, the total current is proportionai to the cross-
sectional ares of the matched beam, and the current
density is determined by the condition that the space
chirge defocussing force is equal to the average fo-
cussing force of the channel.

If the beas and the focussing elements are not
aligned well engugh, the beam emittance mdy grow even
in the otherwise stable regjon, due to the coherent
betatran oscillation and the image charge effe-ts.
More experimental and theoretical work 1s necessary
to delineate this problea.
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