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ABSTRACT 
Theoretical and applied aspects of a beam current increase i.rr 

i 0 1-1 1 inacs k*y u s i ri 3 suye~-~conbucting s 0 1 e I-I o i d focusing are 
considered.Results of the SIU-1 experimental RF proton accelerator 
deve 1 opmeri t and testing are presented.The main accelerator 
parameter are : the 1.5 MeV energy , t h e 1.75 MeV/m acce 1 erat in3 
rate, the _Z~~t~~) MHz operating f requericy. 

I. INTRODUCTION 

The main restriction of a beam current in low-energy RF iori 
accelerators is the C:oi_tlomb particle repulsion. Simultaneous 
achievement of acceleratiny and focusing fields h i 3 ti values is 
necessary to compensate for high-current Beam Coulomb fields. This 
can he realized i n t ti e accelerating- f ecus in3 system with a 
resonator placed iriside the focusing solenoid [II= According to 
estimations, the heam current limit by trarisverse C:oulomb 
repiulsion may Le increased up to several amperes and higher hy 
usirig the superconducting f 0 c u s i I-I 3 solenoid with iriduction of 
7 . ..8 T Cl]. 

Deve 1 opmen t of art acceleratirir structure with minimum 
transverse dimensions is necessary to achieve a high value of a 
b earn current . The RF accelerating channel has to provide h i 9 h 
values of ttie beam current limit by longitudinal Coulomb replulsion 
arid the capture efficiericy.It is necessary to realize the required 
accelerating field distribution along the accelerator ’ axis u rt d e I-- 
high resonator tIeam loading conditions, 

Use. of the the strong magnetic fields for beam f ocusiry 
requires solution a number of specific problems. .First, one needs 
to solve the beam injection problem into the strong mag-iet ic 
field. The resonator electrical insulation and the i on irij ector 
operation are affected hy the above mentioned magnetic field. 

The main results of these investigations with application to 
the SICI-1 linac desi3n are hr-iefly descr-ihed helow. 
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IL-. BEAM DYNAMICS ASF’ECTS . . 
I : 

In the accelerat,ing .structure of tbi,s accelerator :type 
s-ho.uld use, the beam adiabat.ic bunching ,with carrying. out of 

one 
the 

bunch quasi-stationary conditions during the bunching. The bunch 
quasi-stationary -conditions allow to conserve ‘the space-charge 
density distribution in the bunch and to simplify the beam 
matching with an accelerating-focusirig system. : 

It can be shown that expressions for the amplitude E of 
m 

accelerating wave and the, synthronous phase 
Q 

providing the 

bunch quasi-stationary conditions, are the following 

COSQ~=~ C1+6-‘expC-?)I -*; E,/EmO= 1+-6Ce%pc-1 j ; 

where 6 = (l~/Z-1~~,1) << 1, c = qE the 
mo 

z/2W , q is 
PO 

par‘ticle 

charge, z is the longitudinal coordinate, Wp. is the synchronous 

particle energy. The variables. with indexes “0” an+ “f” car?es$ond 
to the bu%zher beginning and the’ bunchqr end accordingly. 

The ‘buncher length Lb. relates to th.e limiting capture 

efficiency k ,= by the following equation 

2W 
Lb = - =O c 1 

q Emo’ 
- rrCl-kcj21 lr~En~l-kcj2tg~~ftg(cpp,/Z)1. 

: 

The large buncher le.ngth is necessary to achieve a ,high value 0.f 
the capture efficiency in the adiabatic buncher with the bunt h 
quasi-5tationary conditidns exaci; carrying out. For example, the 
bunkher length is equal to 1.15 m for k = 95 X, when W = 100 keV, 

f SO 

E = 1 MU/m, lo=,l= 45*. 
mo 

1.t is necessary to +efuse from continuous conservation of the 
bunch quasi-stationary invariants along the buncher axis to 
shorten the buricher length. An approximate satisfiability of the 
bunch quasi-station-ary col-tditions is possi&le for the bctncher with 
1 inear change of the accelerating wave amplitude and the 
synchronous I’n this adiabatic buncher iti is possible to use 
I pso I = 90’~ha?~~e buncher length and the accelerating wave 

amplitude rising are calculated on basis of the equality 
conditions of particles small phase oscillations frequencies and 
the separatrixes geometric, length for the blencher input ’ and the 
bunktier output : . 

5.4 w E 13 
L, = 

SO mf sf 
3 -= 

‘I E E 
mo mo /3 

SO 
sin IUDP, I’ 

where fis is the normalized velocity of a synchronous particle. 
i 
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In general , ttie RF acceleratiny c h an n e 1 contains the 
adiabatic huncher aI-Id the acceleration section, WhEI--E the 
acceleratin3 wave amp1 i tude an d the synchronous phase remain 
constant. Supposing that the beam current limit is defined kiy t h e 
adiabatic buncher end and the b un c h phase len3th is equal to 

‘IPJ, we have that the beam cuFr-ent limit by the 1 0 n 3 i t u cl i n a 1 

Coulomb repulsion is equal to 

il 

I 1.3 < PO, Psf> =Rb = h [ - np 1 1 53 0 7 

where R 
b 

is the beam radius, h is the operating wavelerrgth f 

ci\ = 27X/h, Q is t h e cyclic frequency of t tl IEL lonqi tudinal 
oscillations, IO is the characteristic beam current, c is the 

speed of light. 
In the SIU-1 experimental proton accelerator t ti e adiabatic 

tunchinq has Been used i 1-t t he accelerating field with 1 i n ear 
r i s i 1-1 g an d t h e bunch quasi-stationary conditions approximate 
carrying out. The channel characteristics are the following : the 
lc7w injectian energy i 100 keV ), t h e high accelerat in3 rate 
( 1.75 MeV/m 11. The main channel parameter-s are : E 

mo 
= 1 MU/m, 

E =3.7 M\J/m, p =-9(>“, psf=-~50, fib= 5 mm _ For the5.e 
mf 

parameters 
SO II 

we have L = 0 ‘56 m, kl = 0.7 MeV, I = 2.5 A when k =1.5 m, _ I-_* The 
b cf 

bunch quasi-stationary conditions disturbance is order 25 % in the 
SIU-1 Buncher.The 3ap coefficient is colnstant a 1 0 1-1 g t i-1 e 

arcele~rating channel . axis and is equal to 2/3, t h e f ielci 
nonuniformity parameter along a channel aperture 2rra/(3 P. = 2.1, 

so 
that carresponds to the aperture Iradius a = 7.5 mm. 

Numerical simulatians of a beam 1 0 n 3 i t u d i I-I a 1 dynamics 
indicate that the beam current limit is equal to 2.7:~ A, t i-l e 
capture efficiency achieves 96 X for the heam curl-ment of 1 A. 

To estimate a matching magnetic field the following r e 1 a t i 0 n 
can he used 

where m is t.he ion mass, I is the peak beam c u r-r-en t , V 
0 b 

is t h e 

beam ncirmal ized emi ttance . 
The magnetic field value has also to provide a small value of 

the heam Coulomb par-ametelr 

c I/2 

h = Ic/u~~~=I~V~ , where w” = CeB/Zm j2 - d/2 . 
I‘S 0 3 

The estimations and numerical simulations of a beam dynaq i c 5 
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indicate that magnetic fields of 5 . . . . 7 T are nqessar-y to facus 
the beam with the current density of about 1. A/cm and the phase 
density of several A/cm mrad for- A = 1.5 pm 

During the beam injection into the magnetic field the 
particles longitudinal energy decreases in accordance with the 
relation 

AW = - 9 
8 m 

0 
where 1% is the distance to the solenoid axis. 

For Brillouin beam the energy reduction is defined by 

. 

AW/W = - 2l//33I . 
S 0 

In addition to the energy reduction, the non-Bri 1 louin Beam 

has also an energy spread. 
in practice, to reduce these effects it is necessary to use 

an 20-30 % i I-I j e c t i 0 ti energy increase i n campari son with a 

calculating value. 

I II. ACCELERATING STRUCTURE 

Combination of small transverse sizes, low sensitivity to 

strong beam loading, capability of #uniting t h e large number of 

accelerating yaps and high value of an accelerating field can he 

reached in the opposed vibrator resonator { OUR 1) {see Fig.1). 

INJECTOR, SOLENOID, 

RF POWER 

TO VACUUM PUMPS BEAM DIAGNdSTICS 
Fig.1. 

The 13VR can Be considered a5 a system of the coup 1 ed 1 ine5 

, 
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loaded by the lumped elements. 
One can show that the structure dispersion equation is ‘of the 

f 0 r-m 

klC.1 + /-. 1 + x )/‘Ii = n/2 i acosp - (sCOS2~, 

where k is the wave riumbe+ in fr-ee space, p is the ri o r-ma 1 wave 
phase advance per the 1 length structure section. Here cx and f3 are 

the distributed art d lumped coup1 irig coefficients, x is t l-i e 
capacitance loading coeff irierit. 

In ttie lowest passbarid the rekonarice conditiori of t ti e OVR l 
corisisting of N sktioris, is .p = rim/N,, m = 0,l 1.‘=3 N. T o g e t h e I’- 
with the large handwidth, t h e small 1-i i_lrnh e r 0 f modes f 0 P the 
r-esoriatorm, consisting of ttie great riumber of accelerating cells, 
d e f i ri e s good modes separat ion i 1-i the BVR , and 9 l-i e 1-i c e , low 
sensitivity to strorig beam loading. By means 0 f r e s (3 t-i a t o r s e c t i o 1-i s 
d e t i_lr~ i ri 12 , various accelerating wave amp 1 i t ude 13 i s t r i b 1-1 t i 0 ri s a r e 
po’ssible in the WR, in particular, ari increasirig law, which is 
needed to real i ze beam adiabatic ki_irich irig and to achieve chaririel 
eqi_tal electrical irisi_tlation -of the accelerating channel. 

The resoriant wavelength of the IX/R operating mode is equal tn 

22 
r 

A = -__ C 1+ 
N 

_$/Gz dz ) ( 1 + ; is(c(i+ f3>) f 

P 0 

w h e r e .Z I is the resoriatov length. 

The OVI? resonant frequericy is determined kty longitudinal 
sizes at-id capac i tarire loadirig of the resoriatore, I-7ather t t1 al-i its 
diameter.. The DVR diameter is mainly deter.mined by e~lectrical 
insulation requirement of the structure. 

A tiigti vali_te of the accelerating wave cari be achieved in t fl e 
WR . At the c tianri e 1 axis the accelerating wave amp1 i tude is 
trelated to ttie maxiimium electric field at ttie drift ti_(hes si_trf aces 
ESas follows [2] : 

E = 
Eskgcos(nk /2j 

g 
n 

10[na/h + n (1 - kg:)/2 ] ’ 

where ti is t ti e arce 1 erat irig cell 1 e ri g t h 3 k is t h e 
g 

gap 

coefficient; I is the inodif ied Bessel furictiori. 
0 

Ttie \ ma x i m i-1 m accelerating gradi eri t can b e achieved with 
1; = 0 . 6. . . . 0.7.The wave s h 0 iL 1 d increase 

‘j 
accelerating amp 1 i tude 

along the ctiaririel axis for na/ti 3 O-5. Em cari achieve ttie value of 

about 5.. I 10 PlV/m for- E = 20 . . .30 MV./m = at t h e SIU-l S T h i-t s T 

accelerating r-esoriator the accelerating wave ainpl i ti_tde of about 
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8 MU/m has been achieved without an external magnetic field. 
The CWR has a high. value of t tie 5 ttun t impedance i n t h e 

low-energy region. The SIU-1 accelerating Iresonator has a sti1Jni 

impedance of about 30 MOhmjm. 

I V. THE PROVE OF PRI NC1 PLE EXPERIMENTS 

The ion accelei%tion with supe~~canductinq solenoid focusing 
has been realized at ttt.e SIU-1 RF experimental proton accelerator. 
The accelerator schem-e is presented at Fig. 1. 

The SIU-1 injector contains a proton source placed i 3-r 5 i d e a 
magnetic shield, an electrostatic preacceler-ator of the diode type 
and a beam tran5port chanfrel. 

The SIU-1 accelerating struc’ture is the compact @JR placed 
inside the superconducting solenoid. The qvi? t1as a length of 
0 85 m and a diameter of 0.18 m. I -*- 

The NhTi superconducting solenoid produces .the axial magnetic 
field up to 7.5 T with _a stored energy of about 1 MJ. 

RF power supply of the accelerator- is based 0 l-l t tl e RF 
generato’r which is similar- that itsed in the f i r-5 t part of t h e 
Moscow Meson Factory. 

The SIU-1 accelerator- design, construction and inve5tigation 
were carried out as follows : 
1. The a 1-1 t 0 1-j o m 0 u 5 tests of the in j’ector,. tt;e akkelerating 
r e s o n a t 0 r a n d the f ecus ing solenoib. All the calculating 
parameters were ,obtained. .’ 
--* .5. The test of the atce’lerating resonator with focusing rjolenaid; 
The test showed the resonator electrical .insulation -d&crease i n 
the presence of a stroig magnetic field. The -achidved amplitude is 
4 W/m‘. 
7 4 l The injector tests with the f 0 c t-15 i n g solenoid. The tests 
indicated the magnetit field inf lcterrce on plasma i ii t tie p 1‘ 0 t 0 n 

56lirce. To decrease this inf liuel’rce the compensating cbil has been 
installed in ‘the discharge chamber section. The beam curr-et-It, ‘at 

the resoriator input has been r+isen up ta 0.6 A. 
4. Thebeam acceleration. expkriments. Typical forms of voltage .on 
m e a 5 id I-- i ri g loop i n the resonator and beam current f ram the 
Faraday-%ylinder- are presented at the Fig.%a. It is obvious, that 
‘the stl;ong RF vbltage dticrease takes place up to the half df’ its 
value. A numb@r of ’ expetiiments were carri,ed out" 8-1 s i rf g t h e 
automating amp1 i tudd t&3itig system to compensate .ttj5s decrease, 
The beam current and the RF voltage p 1-11 5 e s obtained with t h e 
operating automatic amplitude ‘tuning system are presented at t h e 
Fig.2b.. Experimental data are presente’d in Table I. 

SIU-1 Experimental Accelerator Performances 

Maximum particle energy C MeV 11 1 .5 
lrijection energy C keV 1 1ctc:>. . . 1313 
Maximum acceler-ated beam currefrt C A > 0 I 4 
Beam pulse d?nr-ation ( ps 11 30. . I70 
Repetition rate C puls/s j I 
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V-DEVELOPMENT AND APPLICATION 

The limiting calculated heam current possibilities of the 
SIl_l-1 acceleratir,g-focusing system has not been achieved. The main 
reason of this is that the magnetic field distribution was n 0 t 
optimal hecause of the solenoid des i gn . At p r e 5 e 1-1 t , t h e SIU-1 
accelerator is under development to increase the accelerated heam 
c 1-t r i-m e I-I t . In the SIU-2 accelerator- with the injection energy r i s e 
up to 2(X1 keV and the simultaneous accelerating wave amplitude 
iJecrease to about 1.3 MU/m it is planned to get t h e pro ton beam 
with the energy of about 1.5 MeV and current up to 1.5 A. 

This tieam current value is not a limit to this accelerator 
type. Physical simulations of a beam dynamic hy using an electron 
probe indicates that a beam with the current up to SA can hE. 

accelerated at the frequency of about 200 MHz C33. Further beam 
c 1-t r F e I-I t increase can Be achieved us i n g the lower- operating 
frequency. The heam dynamic calculations indicate that at the 
operating frequency of about 20 MHz the beam current can rise up 
to 15 A X33. 

The accelerator with the superconducting solenoid focusing can 
I3 e 1-15 e d as an initial part of an accelerator for t f-l e 
burner-reactor Citl . Beam with the average cur-r-ent of ahout 0.3 A 
can be accelerated in the accelerator with the injection energy of 
about l(X) keV and the accelerating wave amplitude of sib 0 ut 
1.5...2 MV/m. 
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