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Abstract

We examine the effect of various density distributions
in four-dimensional phase space and their projections
in real and velocity space ou the stability of con-
tinuous beams in alternating-gradient transport lines
using particle-following computer simulations. We clis-
cuss the susce tibility of three different distributions
(Kapchinskii-V~adirnirskii, bicylinder, and thermal) to
third- and higher-order mode instabilities. These
distributions are all uniform in real space, but their
veloc{.ty distributions are different; they also react
differently to structure resonances. Velocity distributions
of hi~h-current beams tend to evolve to a peaked
Gaussian-like form. Is there a specific velocity
distribution that is stable and, therefore, the preferred
injection distribution for minimizing emittance growth?
Forced smoothness or uniformity in real s ace is necessary

‘tfor setting up particle simulations of hlg -current beams
so that spurious charge-redistribution emittance $rowth
can be avoided. Is forced smoothness also desirable In four
dimensions for continuous beems and possibl in six

ddimensions for bunched beams? We consider ese and
related questions.

Introauctioa

Regicms of instability, including structure resonances,
have been mapped by Hofmann,l et al., for a Kapchinskii-
Vladimirskii (K.V) beam in a ●riodic transport system.

I/’”Struckmeyer, Klabunde, and eme~,” (SKR) found that
these instabilities also affect, to varying extent, some
beams with other initial distribution, In this pa er, we

‘{extend the work of SKR to the bicylinder distn ution,
which has uniform but uncorrelated apstial and velocity
distributions, This ‘ves us three cases (K.V, thermal or
semi. Gaussian,, an bic I:nde:\tiwith initially uniform
char$e f iutdistribution different velocity
distributions and with different susce tibilities to the
thirdorder mode structure resonance, 1 naiysis of these
three cases lends tc syntnmis of a beam that appeam to be
stable to the third order mode at u =90” and o = 41°,

J’where r) is the zerr,-current phase a vance per focusing
period o~the transverse .nwtion, and of is the Initisl phase
advtince with current. Extension of the technique to
beams within the stop band of other instability modes
indicates thnt K.V.t) pe structure-resonance instabilities
can be damped by proper oelection of transveme velocity
distributions,

In additirm , emittttnce ~owth cstised by structure

by charge redistribution!” At~ intense beam with
resonances, beams are aub’ect to emittance change caused

uniform spatial distribution In o hnear focusing channel
will be free of char e-redistribution emittance rowth,

! !Another aspect of ensity distribution ia ama I.scale
smoothness of the initial phaw.space density in setting up
s computer run, We have investi ated tne effect of forcin~
uniformity, smoothin the ran rrm density fluctuations
normully tntrodure r! in hc{ckifi~ inltihl particle
coordin~tes, We hnve found that this smoothing causQn
differences in the evolutlcln of the modeled baam,

The particle. foilowinfl computer code used in this stud
models n continuous, unaccclernterl beam in an Ad
(~lternatii)g-gradimtt) qusdrupole FI) focusing chnnnei,
The code uees a point.to.point s sce.chsrge cnlculatic)n

f’with no awurned s rnnwtry, Part cleo aro reprenentA by
Kcharge clouds wit r~dii chosen to minimize art! flcial

collisiortal efl’?~ctawhile maintaining opstial rewlutitm of
approximatil.v the Debye length, Au = (cokunez)l’t. For
am.rnple,s run with O,/O.= 0,1 uoed 2000 partlclee, with a

. . . . . .
‘Work nupportwl by IhQ L’ S I)qmrtmcnt of Krwrgy

charge radius of 0.004 cm, A. =0.012 cm, and an average
beam radius of 0.35 cm. In discussing base s ace, we

1 “fitter” ofrefer t.a a normalized phase space in whlc the
the AG focusing has been removed.7a We infer the
presence of a particular mode in phase space by some
indication of that mode in &e phaee.space projection
particle @eta, and sometimes by the presence of a
characteristic unstable excumion (slope first increasing,
then decreasing as saturation is reached) in the emittance
or other beam parameters. Computer-generated movies of
particle plots also have been especially helpful in
understanding beam behavior,

Emittance Growth for Different Initial
Phase. Space Density Distributions

We have investigated beams with 0.=90°, o,= 41”, and
several initial phase-s ace distributions, For nonuniform

“[initial chai~e distiv utions, IJl is derived from the
equivalent uniform beam,’ These values of u. and OLwere
chosen because, for K-V beams, they are in a region of
rapid

r
owth rate for the third. order mode and zero or slow

growt rate for higher-order modes, thus sim lif irig
J F/’foranalysis. Also, the same values were used by K

our resuita and those of SKR &r K-t thermai and
some of their calculations, ailowin a com arisen between

Gaussian beams; this com arisen shows our rklts
8essentially simiiar to SKR, ~fferences in detail probabiy

result from different computational techniques, The
emittance ofeeveral beams versus focusing period number
is shown in Fig, 1, The phase-space piota of the K-V beam,
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Flg I Comperlmon ofcmlttance Wowth of beamo with ~arioun initial
dintributiorm u. - W, o = 41” Ths bicylindw km omtwatcs ●t A
- 2 l,the K. Vbesmstcfc w 2.5.

Fig, 2, show that it 1surtstabie to the third. order mode; the
bicylinder besm is alm unnt~ble to this mode, The
thanmsl beam exhihiw n siight third .order mode
instability, “fhe Gaussian beam ap enrx stable after
charqe redistribution exce t for a siow intar growth, also
eeen in the other beams, Jr+at may be caused pri, naril by
unphysical coilisionality in the computer code his
in&rpretation is oupport.ed by a number of reiatiunshi s

1!obsurved in our computational rasul~: for instance, t e
slope of emittance vmaus cell numbar decrettwn rts the
number of pnrticies increases, The nt,abilized benm shows
no emittnnce ~owth other than coliioiontl; this beam will
be discussed Inter,

Einittences of the K.V and bicylinder benms ssturute
at rou hl the seine level., afl.er rowths of over a fttctor of

1!2; SK!ll,;showed that the para olic hnd wat~rbag heamu



also saturate at this level, For these beams, u increases to
R value of 57 to 61° at saturation. The stip band for the
K-V third-order mode extends ta 5& for 00= 90”1; the
instability causes the mean transverse kinetic energy to
increase, raising the u until the beam oes out of the stop
band, and the instability is dampe ~ The KV and
bicylinder beams with o =90° and a =41, 47, and 55” all
evolve to saturation wit’k a o of 57 k 61”, On the other
hand, the thermal beam shows only a slight unstable
excursion above wdlisional background in its emit+.ante
growth in Fig,l, saturating at about o = 50”, when started
with a, =41°. It shows no excursion with u, of470r55°.

Velocity Distributions: Suppression of Instabilities

We observe in our simulations, in agreement with
SKR, that beams with initially Gaussian transverse
velocity distributions are more stable to the third order
mode instability than those with initiall ‘ uniform v~iocity
distributions. ‘iThe beams with uni orm and nearly
uniform velocity distributions go through a pronounced
unstable excursion and during that excursion evolve a
velocity distribution that can almost be fitted with a
Gaussian, except that the distribution has a high-energy
tail in excess of the fitted Gaussian; the excess seems to
develop in the region of about 1.5 times the rms velccity
for the cases that we hsve studied. An exam Ie is shown
in Fi~, 3, !The thermal beam with its initial y Gaussian
velocity distribution develops a much smaller excess of
high. ener~ particles, apparently because its unstable
excursion 1s much less pronounced. We took the velocity
distr- bution of the thermal beam after saturation and used
this stabilized distribution (corrected to the proper rms
velocity) as the initial distribution in a beam we have
called the stabilized beam. The emittance growth of this
beam at o =90” and o, =41” is shown in Fig. 1, The
stabilized ~eam has umform initial charge distribution,
thus no char e.redistribution emittance growth, and

& ‘shows no insta lhty, The only emitt!mce change seems to
be the unphysical collisional ~owth, Another lnstanc~ of
a Gaussian velocity distribution with excess hi,gh.energy
particles ap ears when an intense GaussIan beam
undergoes Rc arge redistribution, For instance, the
GaussIan beam in Fi@. 1 ra idly develops a velocity

‘rdistribution that is quIta siml ar to the stabilized beam
and ives similar results when used in a calculation.

#e have noticed in our simulations thst hi~h space-
charge beams of any initial distribution eventual y tend ti
develop this type of velocity distribution whether or not
instabilities are ap aren’,

%
Beams of hi$h space-charge

evolve to a charge Retribution that provides a field-free
re$on in the in~rior of the beam, which remlta in
minimum field ener~, When focusing forces are linear,
this charge distribution is uniform, The transition ta the
exterior of the beam io provided by a Debye shielding
Iayer.s’io The potential well corresponding to Lhis charge
distribution haa a flatbottom with ateepl slopin sides,

/’ &e flatThe uniform interior char e denoity ex sta in
Tregion; the Debye shielding ayer exiate on the sid~s. One

may notice that if a gas of collidin particles were confined
Y{n such a wellj it would deve op a thermal velocity

distribution similar to that which we have obserwed in our
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Fig 3 Example of velocity distribution ntler instability BicYllnder
beam o,, = 90”,0 = 41”

.sUible beams, though through completely different
mechani~ms. This shape of velocity distribution seems to
somehow stabilize beams against st] uctu; e resonances,
Figure 2 shows normalized phase-space plots for O.= 90°

-~tl” with indications of eighth-order and (at a laterand o,-
time) strong third-order instability modes in a K.V beam,
Figure 4 shows plots from a stabilized beam with the same
o and II; any instabilities are difficult to see, if they exist
n! all, ‘Figure 5 shows similar plots from beams ,with
higher rpace charge (0.=90° and o,= 9°) and Fig, 6
comparee their emittance gwwth, We believe the slow
growth of emittance for the stabilized beam is caused by
artificial collisionality+ A eixth.order mode excitation
seen in Fig, 5 for the initial K-V distribution is much less
noticeable in the stabilized besum,

Forcing Smoothneaa {n Phase Space

Random charge.density ftuctuationa that cause
unphysical charge-redistributic n emittance growth can be
important, ea cially in a point. to. point space-charge

rtreat.mnt suc aa we hnve used for ‘this study, These
fluctuation c,an be minimized in the real-space projec-

tion of phase apace. this is routinely done in our runs
for most beams, k general, we salect char e radii

fdetarminiaticall from the desired distribution ormuia;
dthen we select e azimuthal angle at random An angle

that roducca a pmticle close to an already axistin

‘!y
#artic e is diacardcd, and a new random an le is selel:w ,

hie method produces a amoot.ka pearing c arge-der,$ity
r!distribution (Fig, 7) and elim natm artificial initial

emlttance jumps from charge redistribution for nominmll
{uniform beams. We have extended the Mchnique w fu I

four-dimensional phase apace for a continuous beam by
aelectin a traneversc velocity either deterrninisticslly or

frandom y, dependin~ on the particular beam distribution,
and $Aen testing random veloc~ty angles to reduce
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Fig 5 The K } and stabilized beams O@= 90°,0 = 9“.
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Fig 7 Example of forctd uniformity

“clumping” of particlea in phase spnce. This emoothin
dfec~ stimulated beam behavior b delaying the onset o

irfinstabilities, sometimes by as muc aa 50%. A parently
smznme:hingreduces initial statistical excitation o unstable

Conclusions

We have demonstrated in our beam simulations with
uniform real-space initial density distributions that
omittanco rowth caused by structur~ resonances can be

!greatly re uced by selectlon of a particular form of
transverse velocity distribution resembling n (laumim
with a alight exceus of high.ener ~ particles in the tail.
We have constructed such Q ! lntribution by simply
allowing a beam to atla t itself to a channel and then

Eusing the reculting II ape of vnlocity tlistribut(on,

lbrtheratudy woul!~rovlde a more ri~rous way tod~rive
corrected to the pro or ma value, in Mnew benm, Perhaps

the shape of a tlauos an.llke velocit
t

intribution that can
ouppreas -tructurr reaonanrw inota illties in a traneport
channel. Mnny reel benms have tranavm.e velocity

distributions that resemble a Gaussian or modified-
Gaussian form, The results presented in this paper
indicate that for these real beams, the K-V-type third-
order structure instabilities for UO=9(Y will lead to very
small

T’
owth of the m-s emittance. As for higher-order

instahl Itles, in our simulation studies of A-G transport
lines, we have not seen any significant emittance growth
caused by structure resonances for ( 1) any beams with u,,
“: 80° and initial velocity distributions reasonably close to
Gaussian, or (2) from any beams, re ardless of initinl
velocity distribution, with O. < 55°. %hese conclusions
appear to be consistent with the experimental studies of
beam trans ort that have been conducted at Lawrence

tBerkeley La orat.ary.1112

Acknowledgements
We wish to thank R. A. Jsuneson and J, E. Stovall for

their encouragement, We appreciate helpful discussions
with J, Struckmeier and M. Reiser.

1.

2,

3.

4,

5.

&

7,

0,

9,

10,

11.

12,

References

1, Hofmann, L. J. Laslet~, L, Smith, and I. Haber,
“Stability of the Ka chlnskij-~’ladimirskij (K-V)

bDistribution in Long eriodic Transport Systems,”
Particle Accelerators 13,145 (1983).
J. Struckmeier, J. Klabunde, and M, Reiser, “On the
Stability and Emittance Growth of Different
Particle Phase-S ace Distri$:uti:::l ,/n a L~ng
Magnetic Qua ru ole

‘!) ‘ ‘art’c’eAccelerators 15,47 II 84).
J. Struckmeier, J., Klabunde, and M, Reiser,
“Stability and Emlttance Growth of Different
Particle Phase Space Distributions in Periodic
Quadruple Channele,” Proc. 1984 Linear Acceler.
ator Conf., Gesaellschaft ftir Schwerionenforsch ung,
Darmat.adt report GSI.84-11, 1984, 9P,359-362.
:e:e$lan ler, K. FLCrandall, IL $. Mills, and M,

“1!elationahip between Firld Ener~ and
RMS Emittance in Intense Particle !3eama, IEEE
Trana. NUCLSci.32(5),2196( 1985).
T. P, Wangler, K. R. Cra~dall, and R. S. Mills,
“Emittance Growth from Charge Density Chenges
in High. Current Beams,”
International Sym osiutn on

J ‘::;%” ‘“’;:Weshin cn, D. C., ay27-29,1986,
T, P, ~anglsw, F, W. Guy, and 1, Hofmann, ‘The
Influence of Equi artitioning on the Emittance of

ffIntense Char ed. article Beams,”’ Proc, 1986 Linac
Confl, Stan ord Linear Accelerator Center,
Stanford, California, June 2.6, 1986, tu be

~b&%$rant and H. S Snyder, ‘Theory of the
Altematin -Gradient Synchrotrons,” Annals of

fPhysics, 9, .48( 1958).
W, Joho, “Representation of Beam Elli 93 for

J~~f:sport Calculations,” SIN report T -11.14,

~e~sL:poutolle, “Density Distributions in Intense
Proc, VU International Conference on

High ‘Energy Accelerator, Yerevan, CERN
Divisional report ISRJ300/LIN/69,42, 205.212
( 1969),
1, Hofhann, ‘Trans rt a~d F~cusing of High-
Intensit

J
YUnneutra lzed Beams,” in Applled

Char c Parhclt Opfic#, Part C; A, L, Septier, Ed,
f(Aca emit Press Inc., New York, 1983~,

M, G, Tief~nbnck and D, Keefe, “Measurements of
Stability Limits for ● S ace. Charge. Dominated Ion

\{ /toBeam in a Lon A(3 rans rt Channel,” lI?KE
Trana, Nucl, Sci. 2(5),2483( 085),
M, 0, Tiefenback “Space-Chnrge Limits on the
Tr~nsport of Ion #learns In a Lon AC) Syswm,”

7(Ph 1), Thesis), Lttwrenco Berke ey Lnborttory
report No, LI)L.21~11,


