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In a multiaperture linac the Céulomh ~ coherent  beam
osciilations are exciled and thus stimulate particle losses. To
analyse the coherent oscillations the model is proposed, in that
the Coulemb fields of other beams in relation teo the considered
bunch train are approzimated by the fields of uniformly charged

threads. The lowest mode equations are derived by linearization of

Coulomb and exterral fields. The bnam interaction: effécLS‘ in the

multiaperture alternating phase focused linac are studied. The

dipole mode is shown to influence mainly the beam dynamics in this

linac, and 1ncrea51ng of bunch sizes by the quadrupole mode is

"negligible
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1.Introduction
The basic method of total curremt increasing in ion linac is
a use of uwmultiaperture acc_elerating‘ systems (1). In a

multiaperture l1inac the Coulomb coherent beam oscillations are -

‘excited and thus stimulate particle losses. The dipole and
quadrupole modes are the lowest modes of these oscillations. The
dipole mode "excites the bunch centre oscillations, and the
quadrupole mode increases the bunch sizes.

To analyse the coherent oscillations the model 1s proposed,

in that the Coulomb fields of other beams in relation ta the

considered bunch train are approximated by the fields of uniformly
chargedv threads. The equations for dipole and quadrupole modes of
~ coherent oscillations are derived by linearization of Coulomb and
external fields. , :

The beam interaction effects in the multiaperture alternating
phase focused linac are studied. The dipole mode is shown to
influence mainly the beam dynanics in t.his. linac, and increasing
of bunch sizes. by the quadrupole mde is negligible.

2. The equations for dipole and quadrupole modes of coherent beaa
oscillations

-+ We derive the equations for dipole and quadrupole modes of
coherent. oscillations of a bunched beam in the given channel of a
m]t.iapertu-e drift tube linac. The considered beam is reprcsem.et

by a sequence of uniformly chargad ellipsoids following each ot.lur

at distance L. The Coulomb fields of other beazns in relation to
the considered bunch train are approximated by the fields of
uniformly charged.threads. The Coulomb field potential inside  a
beam propagat.ing in the given channel is _

) UCx.y,zJ-Ui(x,y.zJﬁu (x.v.2), C (§8;
whero x,y,z are coordinates originated from the given channel
axis; U is the beam self-field potential; U, is the fleld
potential created by all other beams of the multiaperture linac.

The potential Uy is determined by the fleld superposition of
all ellipsoxdal charges If we neglect the wetal _boundary
influence the self-field potenual inside the considered bunch in
linear approximation t.o space-charge forces is described by the
quadratic form

Uy(x,y,2)= %[ﬂ:‘(x-x 2+ )C(y—y ¥ H:(z-zs)z] &)

Here p is the space-charge demsity; ¢, is the electric constant;

X,.¥,.Zg are coordinates of the given bunch centre; K:,y.: are
enipscud form factors with mutual influence cf the h!mches

Factars M: y,2 DAY be represented in the form :

‘q»y.z H YX Mx.y.z ' ' .o

where th,z are single ellipsoid form factors; .AMIJ'z are

corrections to the form factors caused by electrostatic bunch . '

interaction.
" In paper {3] the approximate formulas for form factors of a

single ellipsoid with semiaxes r_,r r, are given

y'




ngl‘*i‘ UM) yr+r,
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which are valid in the range rL-J'F;F; 2. )
Furtrer the considered brnch is assumed to be an  ellipsoid
_ with se-_miaxe§ r;,ry,rz, and all the rgst of bunches are spheroids
with semlaxes r, rz |
The effects of electrostatic bunch interaction have been
studied in book (2] by approximation of a bezw by a séquence af
wniformly charged spheroids. Using the results of this -work the
Tallowing expressions for form factors correcticns may ke oblained
easily o .
' oM, =aM =5 a;
(5

--ptie? )2 kn  grfayd  1-er
=2t S8 T S ceon (L) 5[‘1:"] ek
vhere e=f T, an d f= 1 -t} are eccentrivity. and focal length of the

sp‘-:e. cid; {(s)= }j —n- 1s (- Ricman function.
ns=t

- Relations.(S) are accurate for axisymmetric field focusing.

~

In a quadrupole focusing linac these formulas take into account
avarage influence of the burch train. _

Within the framworksb‘r the accepted model Lhe potential
_defining the beam =nt.eracuon in t.he acceleratlng gaps has the
form

U Cx,y,2)== F.», EI in [(x-x )’+(y—) )’]wonst (6
J’J ‘ :

whnre f is the ratio of synchronous particle velosity to the speed

~of light; ¢ is the speed of llgh\'. N is the number of channels of

‘the multiaperture linac; j, i$ the number of t.he given channal; I

‘ and {x J,y.,) are current and cér-hre coordlnates of the beam in Lhe

h channel (fig iJ.

mmt:.

A

We nrgle#t the coupling between iransvercze degraes of freedom
arising t‘rnn the bean interaction. .Then the linear equatlions of :
particies motion with the patent!al—of the beam self~fiald {2 and. .
the patertial of the beam interaction (8 may be wriltem as
follows -

a1 . a M
v Q {o)x - -—(x-x 2=t (1),
dr? e y T2 ‘

-y Q'rr) - ...__.( y=f (rJ | (N
d"' y r r r y-y 4 ) g

. L
a—-(z 2 )% Q.,Cr)(z zs) ,Tr—y—';(z zs)-=0

Her:e b Ty T is the transitisn tize of the focusing per‘.o:l -
(1')-0’l (rl)- Gy, ( t); 8-
the functions 0 (1) are propor..iumal ta the extema.l farw-‘

.gradients with opp031 te sign; az-—-— I k‘ I is the boan pulsad

current.  in  the - given channel; I, is the wavelanath of " the
accelerating field; y 'Is Lorentz faclor; I, s the daaractensucs
ctrrent [2]; k -prpk S is the leuguh of t.he focusing porind.

“The functions fw(n and g fr) caused by mutual influence. of‘

boans are detsrmi'ned by th e expressmns m the accsl.erair.g gaps
T -

f CTJ—‘ B(tT 2 ’ x’ y‘ f Lf)='° -Bt—j-— JE_‘ : x'..,ya (93

J .

J ’1

,,, Ty . ‘ N y‘—t“

»

: 373 1 J e
CI=-—E%—,—’» — g it =T —— ;
g (7 5 hzta‘ (x:}y:)‘ gy 35 J (Z'#Y’). ok

i, ‘ o 1%, _
and equal zero in drift t.ubos of a multiapertuwre linae m

‘parameters a¥ are .

J .

-,_A"_L_k; .

Note that fact.ar llr‘ is added in the t‘ornulas t'ar a, a*




~tho given channel: X=x-x,, ¥¥-y,. I=-z;. Then from (M w
receive equations of motion of the bunched beam centre

dx
d_'r?o- + QUx =f (1),

d*y '
dt—.‘ + Q;(‘r)yof-'f’(t). 1)
and also equations for bunch semiaxes (r_< %D

dr

@ SN a g,

d'r F . '
L L Y T
dr? y Wl

S:EF + q‘cT)r - Ei’é __;—!; =0, |

dr* r y

where Ft. and F‘ are transverse and longitudinal bean emittances on
—_the phase planes (x,a-) and (z,a—l respect!vely '
Transverse bean sizes in the channel are connected with bunch
semiaxes by relations
Roax (T, (f)+x (rl; R““Ct)s-r (r)n n);

XRAx

Rm’(‘r)zf"(‘l')*y‘(l‘); !m’Crh-r’C't)o-yo(rJ.

Thus, in multiaperture accelerating systems the coherent beam
oscillations caused by Coulomb beam interaction are excited. The
proposed model of this interaction enables to study the dipole and
quadrupole modes of coherent oscillations. The dipole mode excites
the beam centre oscillations and obeys equations (11), and the
quadrupole ode increases the bunch sizes according to (1.

3. The coherent beam oscillations in the alternaling phase
focused linac

¥ introduce coordinates originating from the bean centre in

§ k)]

hemstdartlucnhermt heal mina.ttcns in thl m

miltiaperture alternating phase fomsed CAP) linac containing 19 .

channels (fig.1}. The main linac pranet_ers are given in table L. .
In an APF 1linac functions @, (t) - appearing in equat ionE.

(11), €12) and describing the linear action ct accelerating and

focusing tialck are datenimd in thin lens apwwiuaum by.
sxpressions

Qe fo= & sy G(t-t‘”)l -
$¥)]
Q;""'tg[z“’ctm“’m Jt‘r-r“’)]
Here the superscript : is denoting quantities relating to the m:
accelerating gap, and subscripts 1,2 are designating their values -
at the input and output of the ith gap; K, is the mmber of
accelerating gaps; §Cx) is Dirac function; {‘." . e 'rut'racum
coefficients of particle trajectaries for the u (usr,2)
coordinate.- In the square wave . approximation to the field -
distribution in the accelerating gap ve have for the refraction
coefficients
by TR ot 3 ;
s, 2P cost, ¥ ma),
A 21,2 =i

where a, is the ith gap coefficient; p , is synchronous partlcle

phase in t.ho ith gap centre;

oZ'B N -
9 .
F;a,a u: s l:}._,
: P alia

e and ‘.p, are charge and rest energy of proton; Z and A are charge

and mass numbers of the accelerated ions; E,, is the rf field

© amplitude in the ith gap. -

In the central ctmmel the Coulomb ﬂelds created by
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peripheral beams are compensaled completely. This follows from
relations (9),(10), namely, functions f”(-n and gx'y(r) caused
by mutual influence of beams equal  identically =zero. Therefore
bahaviour of the bunch train envelopes in the central channel |s
defined by external and self-fields and Lhe given beam emitlance
- only. ‘

' The beam dynamics :n the central channel of the multiaperture
linac is studied by means of a set of équations (12). The periodic
- solutions of equations (12) in the first focusing period at
g”y(r}zq were accepted as Injecticn conditions. The initial
Yengitudinal size of an ellipsoidal bunch is maximum within the
phase stability region and is independent of .the 1njection
current. The transverse bean emitiance is chosen equal te 0.4 of
the acceptance value. The maximum injection current 'is aboul a
haif of the current limit. In this case space charge tune
depression of transverse and l'ongitudinal! particle oscillatioens is
i, 7, ,=0. 40 and py/uy. <0.35 respectively.

The transverse bunch sizes as functions of the longitudinal
coordinate are shown In fig.2 for zero and 7 mA injection
currents. As is seen in fig. 2, the’ envelope maximums are
oscillated along the accelerator. Modulation of beam envelope
raximums is caused by discontinuities of instantansous values of
transverse tiunes at the joint points of focﬁslng periods. In spite
of exlsting beam mismatchirigv the aceelerated particle losses .are

absent in the cenitral channel fer injection currents not exceeding

7 mA.
* The peripheral beams located in the vicinity of the drift

tube boundary suffer the largest, influence of Coulemb . interaction
forces. Due Lo "the symmetry of  channels arrangement -in the

* - f».eb

3

mulﬁiapert.ure iinac il is enough to consider the dynamics of
interacting heass in channels 8 and 17 (fig. 1),

We neglect displacement of bunch centres in the electrostalic
injector of a multiaperture iinac, {.e. we assume X =0; dx_sdr=0;
¥,=0; dy,~dv=0 al the entrance of the accelerator. We accept beam
emittances and initial bunch sizes equal o the corresponding
values for the 7 mA central beam.

The results of the solution of equations (113,012 are
plotted in figs.3,4 for - peripheral 7 mA beams propagating in
channels 8 and 17. The distance belween the centres of channels is
chosen equal Lo r _=7.6 m =2, 3a, vhere a is an aperiure radius aof
Lthe channel. The givedpackmg of channels praovides high density
of their arrangement and sufficient construclion. rigidity of

- multiaperture drift tubes. As is seen in figs.3,4, the bunch

centre ogcillations (dipole oscillations) are stable and ars -

*accoupl ished in the radial plane passing over the centre of the -

conslde/redq channel. This polarizaticn of dipole’ ascillauéns is
accounted for by the fact that in the direction perpendicular ta
the radial plane the forces of beam interaction are compensated
conpletely because of the channels syrmeirical arrangement. Fer.

the given packing of channels the amplitudes of peripheral beas

centre osciliations In channels 8 and 17 -are 0.79 ma (0.242) and
0.72 mm (0.222) respectively.

The compariseon of the curves in figs.2-4 shows thet
increasing of semiaxes of peripheral bunches relative to the
central ones is less than 0.3%. Thersfore influence of b -
quadrupole mode on the beam dynamics in the linac is negligible:

The dipole mode of coherent oscillations sainly contributes

in the effect of the beam size growth IR, .|, R, .. (19 %

Yo

LR '}
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the channels of the multiaperture linac. Por tha given packing 'of

- beans the dipole mode excitation results i(n paruolo losses in

peripheral channels (figs.$,4). .
One of the possible ways of particle loss reducuon in- linac

. is decreasing of the chansel arrangement den.sit.y. in part.iouhr.
%o trangport beam {n tho considered multiaperture limac without

particle losses the distance betwsen Lhe channels must be -
mcreased approximately 2, a timas (fig. 8.

4. Conclusion

To analyse cohereni. oscillations in a mltlapertura limc the
model is proposed, in that the Coulomb fields of other beams in
relation to the considered bunch train are approximatsd by the
fields of unifornly charged threads. The equations for the lowest

‘modes of coherent oscillations are derived by Llinéarization of

Qaulomb and external fields. The beam interaction effects in the

- nmuaﬁbrture alternating phase focused linac are studied. The
. Coulomb beaw interaction is shown to be substantial for packing of
“channels with h!gh density (r =2,32). The dipole mode of cohsrant.

ostillations mainly ;nfl.ue_nces the bean sizes in the channel. In

. ) the eonsidered acceleraling structure the bunch centre
’ oscnlauons result in particle lesses in peripheral chamexs To
" decrease particle losses in a sultiaperture linac it is hecessary
 te dapress the dipole mode. '

icknowledgenents -

¥ ars indebted to Dr. WV Kushin for stlmhunq ouwr

~ interest to this problem. -
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Table 1
APF 11inac design parameters
Ion . of
_Input energy : - 80 keV
- Output energy - ; I MV
Frequency : - .. 148.8 @z
Runber of channels o 18
' Aperture radius of one channel 33m _ -
Pulse current limit in ; ' -
one channel ~ 13 mA
Phase aceeptana - . =
Longitudinal phase advance =
_Rormalized transverse aeeeytanco ot
one channel - - 0.3 x cu-arad
Trassverss phase advance e
fumber of focusing periods 7 -
Focusing period length <Y _ g
¥umbsr of acceleraling gaps - 28
Paak field in gap : Lso'kv,m ]
" Acselerator length 1.48 3
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