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ABSTRACT ,. : . 

The concept of’ cont~inuous mode high-power linear proton 

accelerator with 1.5 C&V energy; 0.3 A: current for the. long 

half-life nuclides transmutation into the short ones C waste, .of 

ato’kic.powe’r plants’ C APP ) ) iti prb,posed;. The accelerator des i g-r 

main principles, scheme and gktrametbrs are presented. The accent 

is made on the accelerator ,efficiency, reliak~ility and radiation 

purity. ,,. ~ ‘_ 

‘_ : 
I. . . 

. One of‘- the methods .of APP waste. treatment is based on’ the 
t~~ansml~tati’op of the 16ng haif-~1ife~nucl~ide-s into. the-.,,short on-es 

by’yower bi-oton accelerators w’ith 1~5 GeV -energy, 0.3 A cUrrent; 

the. mean ‘beam’ pow$r o;f 4.50 IW; genizrating.: Wet1trob fluxes for 
burr,e+-reactor [l $1 . . .* : i, . 

The first steps on the way to suth. accelerators are the 

linear kcelerator’ in Los-Alamos and ‘the Mosc~ow Meson .Facility 

linear accele’rato? at‘ the Iri*tituti of Nuclear: Research of the 
ClSSR Academy’of Scie\i’cek’..( MMF ):,The ac’celeratoV an-d its ma i n 

system‘s ciesig’r1 developmen%. was‘ carried out i n MRTf . C.33 . The 

experience in ‘the creation of’ th’e -.&.ove mention&d installations 
and other ones designed in USSR [4-‘33 : lead%, to the accelepator 
scheme .for burne\--react&r ( BELA > presented in Fig..l. s 
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Fig. 1. Burner %-reactor accelerator installation diagram 
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The accelerator involves t h e in j ector c I 1, the initial 
i’ P )T t h e first <: PI j a I-l d t h e second 

0 
c PII > parts, t h e 

matching system kaetween the first and the second accelerators parts 

c M >, amplification channel with the automatic .regulat.iori systems 
CA A the master The 

I, II 
j and p 0 w e r system C MS ). .fol lowing 

concepts wer-e taker1 into account in the scheme choice, 
1. Simultaneous accele.ration of i-i+ and. H- beams. 19-t the case 

t h e frequency increase .factor i n .the f i t-3 t and t h e s e c 0 rl d 

accelerator parts .has t.0 he' odd -[:3] . It was. chosen to be equal to 
7 
4 . With larger values the b u n c h phase w i 13th i n t h e f i r s t 
accelerator part ,will s u-T: p a i s t h e second , accelerator part 
separatrix phase width d!_te to space *char-ge effect and accelerating 
chanrrel parame.ters ept--ores, and result in the beam losses at the 
transfer between the first and the secorld accelerator parts. 

.-. 
i. Transfer energy between t h e first an d t bl e second 

accelerator parts was chosen to be equal to 100 MeV. It’s t h e 
optimal energy value as to t h e shunt impedances of t h e 
accele.rating structures in the first and t h e second accelerator 
p a 1-m t s . . 

J -2 . The specific acceleration was chosen to be 1 Mel//m. With 
larger values of specific acceleration the accelerator eff iciericy 
decreases while with smaller values the accelerator construction 
cost and the accelerating channel errors influence increases. 

At the present design stage two pairs of operating 
frequencies for the first and the s e c 0 k-1 d accelerator parts a r. e 

considered : ~(~I<~I arId &.(~x~) MHz ; 33(I) arId ‘3’3<> MHz _ The accelerating 
channel has the sttff iciently large acceptance and the accelerating 
resonators are of acceptable size at the frequencies of 20(:) and 
b.(X) MHz . The f reguenc i es of 33C1 and 9’30 MHz lead to the 
acceptance and rtisonator size decrease. On e s h o u 1 d note that 

490 MHz is the operating frequency of the MMF accelerator- s e c 0 t-1 d 
part. So we have considerakle experience of the accelerating 
structure development at this frequency . The ratio of t h e 
operating frequencies in the f i r 5 t and t h e second accelerator 
parts is equal to 3. It means that the acceleration in the second 
accelerator part is realizes w i t h i n 03le of three consecutive 
accelerating separatrix. Therefore it is possible t0 use t h e 

scheme presented in Fig.2. CZ] I 
The Lunches f-corn three parallel accelerators of t h e f i-rst 

part are sequentially injecting into each separatrix of the secolnd 
accelerator part. At the safe mean intensity at the output of ERLA 

.this scheme decr:eases hy a factor of three the mean intensity i n 
parallel accelerators of the first and initial parts and t h e 
accelerating beam hiunches amp 1 i t ude i n the second accelerator 
part . I n general it will simplify t h e high-intensity beams 
acceleration, The complication of the installation as a whole will 
te insignificant since the first Gcelerator part’ provides only 
seven per .cent of the total beam energy. 
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I - injector system 

P - initial accelerator part 

PO - first accelerator part 

p:,- 
second accelerator part 

M - matching system 

Consider the accelerator parts. 

Injector system C I >. 

Two parallel H+and H- beams 
lC@-200 keV energy. 

Initial accelerator part. C P >. 
0 

The convenient low-energy 

injectors are usedwith 

accelerators 14 s e the 
radio-frequency quadrupol e CEFB) ClO] 1 imi ting the heam current to 
0 . 3 A . In MRTI a structure was proposed providing for heam current 
increase I The proposed structure is the accelerating resonator 
witfi opposed vibrators an d superconducting solenoid f 0 c us i i-1 Q 
[11,12]. The ” SIU ” experimental accelerator scheme is presented 
in Fig.3. 
The superconducting solenoid with f ecus ing 7 T magnetic field 
contains a resonator with oppos-ed vibrators. RF power is applied 
to the resonator output hy a coaxial feeder. The beam currert t ’ 
value of 0,4 A was achieved in the SIU accelerator with 130 keV 
injection energy, 1,s MeV output energy, 200 MHz operat irig 
frequency . In principle this scheme -allows to accelerate the beam 
current up to 10 A. 
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TO VACUUM PUWS BEAM DIAGNdSTICS 

Fig-Z. Outline of the SILi-1 experimehtal l?F proton accelerator. 

j-& first accelerator. part C PI > 

The resonators with d rm i f t t uh e s a r e 1-L s e d i I-I t 11 e first 
acceler-ator part. Initial energy is equal to 2-T ._* Me!/. Th P f i e. 1 d 
13 i 5 t 1% i kg I_! t i 0 1-1 stak~ility along t h e r e s 0 n a t 0 r- i s real i z’ed by 
resonance rods Cl31 . This field stak~ility method was siuccessf 111 ly 
I_~SPC! in the MMF accelerators. 

The second. main. accelerator part C PII > 

CO 1-1 5 i de 1-s t h iT e e s t 1-s uc t u r e s f 0 1-m t h e 5 et 0 1-1 d accelerator part : 
side-coupled resonator developed in Los-Alamos [lil], 1% i 1-1 g-c 0 up 1 e d 
r~esoriator~ Cl.53 and resonator-m with washer-s and diaphragms developed. 
in MRTI C Fiq.4. j. 

. 

a) Side-coupled str-ucture 
.b> Ring-coupled structure 
c> StrGctur-e with washers and diaphragm5 
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The- side-couplel~.--resona’t.o~s. wen slstccessfu-1 ly used :far proton 
and electro!s acCeleratprs in VSA., We propp:ed 
resonator ftir the-b% accelerator. The’ ahove 

the_ r i R g-c 0 up 1 e d 
men% i 0ile.d‘ r&&bnator 

is equivalerrt to side-coupled resonator-, b u t it has h i g h e I-- 
coupling factor. The resonator?, w.ith washers and diaphragms has 
significant differences as -compared with the above men t i orled 
p n e s : tBe, high coupling, factor <: 40-50 per-cent agaiyist 4-7 per 
c.@:lt .fcir- the I side-coupled and. ,~~,~n$~&@qlbd resbna*6rs .&Id. fh’e high 
vac_uum cpnduc t iyi %q. .The system dr&wb&zk :consist& yi’ls. the : &djacbnt 
values ‘of thb ope;--atin~-~&n~ -iBar-asite’ mo’des. :T’he-. faui.t: W.&S. .’ &ho+ed 
by~~means. .gf the. T+sh+ped cli,&s ,irt- di+$hra&&~ Cl?]-. . I Thb .+es&ato+ 
with wishers ArId diaphragms i%- i:ls.ed in- %he MMF:.acc$ler.%to~- ikkd is 
proposed for ERLA. At present 32 resonators are mounted, _ tiked arid 
ready ‘to’. operate; T_h.e &tructur.e i&b’stigations showed. itS 
qlral i t’y’ . 

h i g ti 
Ttle fokusjeg’ system ~‘tio~_~l~~ &I& ba%.ed or,. the quadr-upo 1 e 

lenses with permanent 
the +eliakility, 

magnets ,Ell, 193 S.i_ttih system that increases 
simplifies exploitation and decreases t h e cbst * 

In the. first, and the second accelerator parts one should .use t h e 
F CiDii focusing structure that .i s less sensitive to magnetic 
parameters errors as compared with the FDO structure. 

F@F_ system 2 .-’ 

The new type of RF- gerlerator “rerjatr-on” is. developed in MRTI 
[ 20-22 J . Regotron is a hi yh-power RF. generator based 0 ri 
relativistic electron beam with the distributed RF power 
takeoffand high efficiency. The scheme of regot-ron is presented..in 
Fig.5. 

Fig.5. Regotron installation diagram. 

l- high-voltage injector (I) 2 - huricher CBj 
3 - distributed power takeoff systirm CPSj 
4- active cavities of the ppwer takeoff system 
=‘ - e-1 Bunching cavities -of. the- potier takeoff 
system 6 - output. cavities 7 - beam collector 

i-he device contains four- pa+ts : 
- the high-energy accelerator generating electron beam .with potier 
W 

0 
- the buricher for the electron beam bunching in accordance with RF 
signal C E j 
- the distributed system of the beam RF powe’r takeoff. The system 
contains a chain of ri resonator pairs < one in a pair- is ati active 
load and other is passive j 
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- collector ( C > where the beam residual power W 
r 

is dufmped 

The regotron efficierIcy is given by the eqgatiorr : 

W 
n=l-r 

W 
0 

High efficiency of the device ii due to the a 1-t t 0 p ha 5 i I-I g 
mechanism in the power takeoff system [21] preveritirrg from the 
electron hunches blowup. The distributed power- takeoff system with 
n pairs of resonators allows one ta 1Temove the limitatiorl typical 
for the generators with a single 0 1-t t p 1-t t takeoff re.e 5 0 t-1 a t 0 r- with 
1 MbJ limit power C23i. 

The theoretical estimates and numerical simulation khow that 

1-e e g 0 t 3-s 0 )-I i s capaBle of generatirfg 5.. . 10 MW 0 r-1 t p u t p 0 WP r- i 1-1 
continuocts mode with 70-:X) per cent efficielicy even with low 

relativistic 6ea.m C 500 keV energy W 11. The 
0 

energy recuperation 

i I-I t he c 0 1 1 ec t 0 rw 0 r i t 5 1-t 5 e is c 0 t-1 s i de f e d f 0 r t h e efficiency 

i 1-i c I'- e as e . At present the device development is on t h e stage of 
nperating model construction. 

Use of such high-power RF generators irrstead of k 1 y 5 t r- 0 I-I i 1-1 
corItinuo~_ts mode allows to simplify t h e accelerator RF power 
SI-tpply. The variant with a gr-oup of r~ resortators group is excited 
By a sirlgle regotron with the 1-1 energy ot_ttputs is possible. 

Cor~sider~ the ELLA design problems. 

Efficiency problems 

The total accelerator efficiency is basically defirred hy that 
of RF resonator- erIe@y tr~ansformation into the heam kinetic energy 
i resonator efficiency r) i I-I t 0 

r 
> and electric power transformation 

the RF gener~ator~ energy C generator efficiency Q j. The total 
g 

efficiency is equal to the product of the two components r)=r7rQg. 

Th e p owe r consumption of t h e f rjc 1-15 i )-I g , contr-01 T measurement J 
vacuum al-113 subsidiary systems is negligible. 

T h e r. e s o i-1 at o r e f f i c i en c y estimate has a form of 

vr = 1/[1+~Ey/I~ZTZcos24~)] 

w h e r e I t 0 
n 

is the heam current, E 
Y 

is the voltage c 0 r-r e s p 0 1-1 d i r8 g 

the proton-I energy gain per unit length C2its value is equal to the 
energy gait-1 per 1 m of accelerator ji ZT is the effective shunt 
resistance of resonators per clni t length. Accelerated part i c 1 e s 
c 1-t r I; e j-1 t dependence of the resonator- efficiency q{ I) is p I-. e 5 e 1-1 t e d 
in Fig.6 for three values of ttIe 
ZT= 

energy gain per- ufrit 1 en gt h , I f 
= 40 MeV/m y p = rriIf and I = III _ 3 /q t h en t h e r-es 0 n at 0 r. S l-l 

efficiency amour~ts to 0.4. 
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I I I I 

Fig.&. Accelerated particles current dependence of the 
r e 5 o I-I at o r efficiency for three values of the energy. 
gain per unit length ( MeV ) 

The accelerator. efficiency problem should be solved hy t h P 

construction of regotron with at 1 east 0 * 8 efficiency. Then 

?'1)cJ 
0 0.7 and the total accelerator efficierrcy estimate is 0 -6 . 

It's quite feasible. 

Reliability problem. 

The reliability problem is essentially a problem of the 
installed power utilization factor C K > realization. The K 

U U 
factor represents the ratio of the accelerator ac t ua 1 operatior~ 
time with the beam 1-1 0 m i 1-1 a 1 parameters to the year hour 5 urn . 
According to the ni_ic 1 ear p 0 we r e n g i 1-1 e e r i 1-1 g specifications we 
present data for linear accelerators in ErookhaverI and Los-Alamo5 
to illustrate the reliability of their operation and the 
contribution of the separate systems. 

The linear accelerator in_ Los-Alamds [la] 

I rI j ec to r - 30 r+ 
RF system - 25 % 
Magnet arId their power supply -13% . 
Vacuum system - 8% 
Ot he r system - 33 % 

The linear accelerator in Brookhaven National Laboratory - 

t::: =(:I . 95 
U 

Itnj ector 
RF system 
Vacuum system 
KIther system 

- 29 x 
- 39 % 
- 9% 
- 18 % 
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It's ohvioiis that injector- and RF systems give ma:.: imum 

contribution to the accelerator operation unreliahility. 
For devices relighility improvement C firs%_ qf all RF system 

and irij ector j it's necessary to increase K factor. For- the K 
U U 

factor increase should he ‘use ,th.e reservation schemes C as in t h e 
MMF accelerator for RF system j, permanent magnets in CfLb3d~-~L~F~O i E 

lenses, deve 1 opmen t of the f ai 1 uFe prediction analysis system 
through the heam losses measurement. If’s necessai-y to use t t-i e 

recommendat ion of the papet-- C231 for- the dev.elopment of RF pT'wer_ 
system 01-1 the regotron base. 

A linear accelerator is considered to be radiation Fa B-1 F e if 
the irrduced y-activity doekn't exceed the -occupational radiatiori 
ilose of 2:s mGy/hour at the distarice of l-m f I-- 0 m the axis of 
accelerato~r after- 1 hour uporl its s t1 1-I t d0wr1 . The c 0 r r e s p 0 ri d i n 3 
permissible beam loss in the energy range W = 0.1 - 1 GPV amounts 
to .CZitl 

The problem is essentially that of limiting the beam loss at 
the level givei- &y the 'eq:(lj. Urlder the cor~ditior~ the accelerator 
maintenance does not require manipulators an 83 can b e performed 
manually. Since the time of direct accelerator- engineering service 
C preventive maintenance, malfunction correction > is limited, thg 
man ua 1 service is permissible eve t-f with the dose power- of 
1-1 5 _.k mGy/hour. The corresponding level of beam losses amounts to 

wq25 1 GeV nA/m (2) 

Under the conditiorr C2j arrd with specific. acceleration of 
1 Mev/m in the second part of accelerator ( i.el 0.1 - 1.5 GeV j 
the total permissible beain cGrrent losses amolii-lt to 3 pk. With the 
beam c~~rrert~~nf 3X) mA it leads to the per~missible relative losses 
of about 10 , whilst the c_orrditiorr Cl> leads to the relative 
losses of the or~;der of llll-O. 

Several methods were proposed and developed in MRTI to solve 
t l-t e ra d i at i 0 n p u r i t y problem. Some of them were applied, i 1-1 
part i c 1-1 1 a r 9 i 1-1 MMF accelerator. Amorlg t h e methods are t tr e 
following: beam phase volume filtering, suppression of c q h e r en t 
longitudinal and transverse beam oscillations, contactless~ beam 
parameters measurement, beam distorti on diagrlost its ttlr~ollgtI t t1 e 
beam loss measurement, and residual gas pressure limitation in the 
H- heam channel. 

The 7’ h a s e vo 1 ume filtration met h 0 d essence cotisists i I-I 
shaping such accelerator input phase volI_un~, .that w 0 1-l 1 Cl b e less 
ttlerl further acceierator pei-st 

losses woulC!rl't e x c e e d 10 
ac_c6ep tance a t-i d relativf? particle 

. . . 10 ( fat- BELA j. Trarlsverse p ha s e 
volum@ f i 1 t e f i l-1 g theory p r i I-I c i p 1 e 5 with space c ha rg e arid 
longitudinal-transverse particles oscillations COLlFal ing- are 
py~eser,te~j in [:2,26,27] _ 

Beam perturbations diagnostic method by beam i055e5 analysis 
with the help of io 1-1 iz eb radiation detectors C see [2:3-30] j. is 

designed to determine beam pertu~-.kations soui-xe and location. Beam 
perturbations diagnostic problems are formulated as follows. k e 



assumes ‘that the phase volume _, f.iltrati,on is. f+tlfille~~ .at the 
beginning of accelerator, tol.era.r!ces a+ I .wi$tfi:n. the calc!_tlated 
limits, lorrgi t!ldir!al arrd -. tran.sverse coherent _ 
oscillations depress system ,effectiv&ly dperates. Thgg ’ beam _ ._ 
kae accelerate ,wi th pqssi&l-y:.. .small .l,ois.es.. If S.. ,sitigl$ 
characterist.i.c perturbati,on will. ..b;e redlized C :i,ongi.fudin+l motion 
perturbation, trar!sve,rse mo-tion per.t!+rbat i.$n, . ..H i&i! dis$‘harg& by 
resid!aal gas ) 9 then a certain loss distrifiution tii‘ii”rdsuit; The 
reverse .problem of Or!e .or sevyral C fe.w >-- perl+ykia$ior!s. seqr?h. by .- .I. 
measclred beam losses -disfri.k~utiqn is -j.ut;t pert.urbati&n .diagnostic 
proBlem:;This, prok*lem ,qari .-be : solved, Loss, diitributJor!s fdr 
characteristic .beam perturbations atie ;pres&!ted,. in ‘C2‘Y-303 I VI e 
problem of beam loss .distributi.qn. fvr!Ft$.on reestablishment key 
measured ,neutron fi,eld , d.istribu$ion. is k.oived theIke; 
Accelerating-focusirig channel. .parameter++ variation _ .&d beam 
parameters.measurement syst:m information are also CL s e d by, this 
methad. 

C;urrerft status of radi$ti or! :pu+:ty prob!Fms solvi+!g tis 

follows* In LAMP~...accelerator .,m_e3a?ur:ed lqsses at 70 
accelerator- .1: mA .are equal to 10: -- 

:=x-xi mey ~ ..*_-- 
It, means ‘*hat -c.o’r!.di,t,ion (2) is 

satisfied at 1 mA mean Beam cct&e.r!t I .and man!+1 accelerator 
maintenance problem is solved, ..Llse of the new, cor!sidered methods 
permits to hope that this problem ~$11 k:e .soived for ,BRLAi 

In conclusion it’s possible ,to..make..the .foi.;owir!g_inferer!ces. 
1. The arfaly?is of. biTlear _pc?tori accelerator ?ci,elnce. and 

technology develppment and current status along Gitt-1 the modei%! 
problems. shows .&hat .the design anlll !xpr!stru&tior! of contiriuous- mode 
1 .5. c&V.,- Cl.3 A linear protqn pccelerator is feasible ar!d,,does, i-;tit 
er!co!ulnter with ur!solvaktle science and technology prokllqms. 

2. One of the !yair! BRLA. design pr6blems is that‘of‘generators 
with 15 .- 113 MW me+-! power, 200 (300) and’. 600 (%:lo) MHz’. .. operating 
frequencies, efficjency of grder ?O. .,.80~ X and- 10 tho!_!sand k! b u r s 

, 
. , 

of service life. 
aFcele+atir!g structctr!$s‘: 

‘_ 
3. F!_irther investigations :a+ 

necessary both fir low energies and, for-.:high e&Grgies. 

thrge 
4. Or! the way to BELA impiemen$ation~ r it 5 neces$ary'to 5olGk 

importar!t_problems ., to ,say r!oth$ng of ttfe’ ir!divih!&J i * F! ear. 
acce 1 erator systems perfection. The three prob 1 ems are .$ he 

eff.icier!cy,- the reliability and the, radiation ..purity. The. basic 
processes for tt!eSe problems. SOlufiOn Wif! bg _,simuJatec.. at. flMF 
accelerato1r. 

5, Current status of .lir!ear proton accelerator science a r! d 
technolpgy. development., .experiFr!ce of_ -.,the IS?v$et brotor! 1 i n e a r 
accelesator laloratqyies, ir!cludir!g the very .gowe.rful MM’F 1 tt! ear 
accelerator., permit to consider th& constr-uction,. of _ ihe p y.0 t i 1-i 

linear accelerator frpr high ;level radioactive wastes ef a.tomic 
power plants transmutation within -next 15 yea!:-,., 

6 . Since target complex prqbjems. are difficult aS,weli; itis 
nec,e~sary to solve. acFelera<tor and .I tar$.tit comp.lex: .proBl ems 
simu.ltaneous~y, It’s worth whi.lp, to salvCa partr of: target &omple+ 
prok~lems at MMF linear accelet%tori 1. -,, .; . . . 

. . I : 
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