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ABSTRACT - : : s

The conceypt of continuous mode high—power - linear proton
accelerator with 1.5 GeV energy, 0.3 A« current for the. long
half-life nuclides transmutation into the short ones ( waste. of
atom1c power plants’ ( APP > ) is proposed. -The accelerator design
main pr1nc1ples, scheme and parametews are presented. The accent
is made on the accelﬂrator eff1c1ency, reliakility and radiation
purity. : . et :

"One of the methods ‘of APP waste treatment is based on  the
transmutatlor of the long half-life nuclides into the ~short ones
by power proton accelerators with 1.5 GeV energy, 0.3 A current,
the mean beam power of 450 MW, generatlng neutroh':fluxes for
burner—-reactor [1,21. T s S :

The first steps on the way to such’ accelerators are - the
linear accelerator in Los-Alamos and "the Moscow Meson Facility
linear accelerator at the Instituté of Nuclear' Research -of ~the
USSP'Academy'of Sciences '¢( MMF ).  The accelerator and its main
systems design development was carried out in MRETI  [3]. The
experience in the creation of the -above mentioned installations
and other ones designed in USSR [d-%] - leads to the accelerator
vsrheme for hurner reactor ¢ BRELA ) presented in Fig.l. :
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Fig.l. Burner—-reactor accelerator installation diagram
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The accelerator involves +the injector ( I >, the inritial

(P, the first ¢ PI > and the second ( Pn y parts, the
o

matching system hetween the first and the second accelevator parts
{(M>, anplification chammel with the automatic regulation systems

€ Ax An » and the power master system ( M5 ). The following
: y : : -

cancepts were taken into account in thg scheme choice. .

1. Simultaneous acceleration of H and H beams. In the case
the freguency increase -factor in the fivst and the second
accelerator parts has to be odd [2]. It was chosen to he equal to
F. With 1larger wvalues the hbunch phase width in the first
accelerator part will ~surpa§5 the second . accelerator part
separatrix phase width due to space charge effect and accelerating
channel parameters errors, and result in the bheam losses at the
transfer between the first and the second accelerator parts.

. 2. Transfer energy between the first and the second
accelerator parts was chosen to he egqual to 100 MeV. It's the
optimal enevrgy value as to the shunt impedances of the
accelerating structures in the first and the second accelerator
parts.

3. The specific acceleration was chosen to bhe 1 MeVW/m. With
larger values of specific acceleration the accelerator efficiency
decreases while with smaller values the accelerator construction
cost and the accelerating charnnel errors influence increases.

At the present design stage two pairs of operating
freguencies for the first and the second accelerator parts are
considered : 200 and &00 MHzj; 330 and 990 MHz. The accelerating
channel has the sufficiently large acceptance and the accelerating
resonators are of acceptahle size at the fregquencies of 200 and
&00 MHz. The freguencies of 330 and 930 MHz 1lead to the
acceptance and resonator size decrease. One should note that
#3930 MHz is the operating fregquency of the MMF accelerator second
part. So we have considerakle experience of @ the accelerating
structure development at this frequency. The ratic of the
operating freguencies in the first and the seceoend accelerator
parts is egual to 3. It means that the acceleration in the second
accelerator part is realizes within one of three consecutive
accelerating separatrix. Therefore it 1is possikle to use the
scheme presented in Fig.2. [2]. , .

The bunches from three parallel accelerators of the first
part are sequentially injecting into each separatrix of the second
accelerator part. At the safe mean intensity at the output of BELA
‘this scheme decreases hy a factor of three the mean intensity in
parallel accelerators of the  first and initial parts and the
accelerating beam bunches amplitude in the second accelerator
part. In gewneral it will simplify the high—-intensity beams
acceleration. The complication of the installation as a whole will
be insignificant since the first accelerator part provides only
seven per cent of the total bheam energy. ’ '
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I - injector system
F'o - initial accelerator part
P -~ first accelerator part
Pn— second accelevator part
M - matching system
Consider the accelerator parts.
Injector system ( I ).
Twa parallel H'and H eams injectors are usedwith
100-200 keV energy.
Initial accelevator part. ¢ Po ).
The convenient low—energy accelerators use the

radio—frequency gquadrupole (RF&) [10] limiting the hbeam current to
0.3 A. In MRTI a structure was proposed providing for beam current
increase. The proposed structure is the accelerating resonator
with opposed vibrators and superconducting solenoid focusing
(11,12]. The " SIU " experimental accelerator scheme is presented
in Fig.3.

The superconducting sclenoid with focusing 7 T magnetic field
contains & resonator with opposed vibrators. RF power is applied,
to the resonator output by a coaxial feeder. The beam current
value of 0.4 A was achieved in the SIU accelerator with 130 keV
injection energy, 1,5 MeV output energy, 200 MHz operating
frequency. In principle this scheme allows to accelerate the beam
curvent up to 10 A,
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Fig.3. Outline of the SIU-1 experimental RF proton accelerator.

The first accelerator part ( F’I )

The resonators with drift tubes are used in the first
accelerator part. Initial energy is equal to 2Z-3 MeV. The field
distribution stakility along the resonator is realized by
resonance rods [13]. This field stability method was successfully

used in the MMF accelerator.

Ihe second, main, accelerator part ¢ P 0

Consider three structures for the second accelerator part :
side—-coupled resonator developed in Los—Alamos [14], ring-coupled
resonator [15] and resonator with washers and diaphragms developed
in METI ( Fig.d. ).
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a) Side—coupled structure
) Eing—coupled stiructure
) Structure with washers and diaphragms
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The side~coupled resonators-were successfully used for. proton
and electron accelerators in USA. We proposed the ring—coupled
resonator for the MMF actelerator. The above mentioned resonator
is eqguivalent to side—coupled resonator, but it has higher
coupling factor. The resonator with washers and diaphragms has
significant differences as :compared with the above mentioned
ones : the high coupling factor ( d40-50 per cent against d-7 per
ceut for the ,side—coupled and rln;-coupleﬁ resonators and the high
vacuum conduct1v1ty. The system drawhback consists 1n the ad;acent
values of the operatlng and par351tﬂ modes.,The fault was Pemovéd
by means of the T—shaped cuts in d1aphraqms [17].‘ The Fesonator
with washers and diaphragms is iUsed in the MMF accelerator and is
proposed for BRLA. At present 32 resonators are mounted, tuned and
ready to operate. The structure 1nvest1aat1ons showed its high
qnallty . The focu51ng system should he based on the guadrupole
lenses with permanent magnets [18, 143 Snch system that intregées
the rellab111ty, simplifies exp101tat1nn and decreases the cost.
In the first and the second accelerator parts one should use the
FODZ focusing structure  that is 1less .sensitive to magnetic
parameters errors as compared with the FDO structure.

EF system

The new type of EF. generator "regotron" is developed in. METI
20-2231. Regotron 1is a high-power FF - generator hased on
relativistic electron bkheam with the distributed RF power

takeoffand high efficiency. The scheme of regotrown is presented-in
Fig.5. ‘

econsencadssnvanacns

Fig.S. Regotron installation diagram.

— high-veoltage injector (I) 2 - buncher (B}

1

I — distributed power takeoff system (PS>
4 — active cavities of the power takeoff system
5 - bunching cavities of the power takeoff
system & - output cavities 7 -~ beam collector

The device contains four‘parts H :
~ the high-energy accelerator generating electron beam . with power
W

(<)

— the buncher for the electron hbeam bunching in accordance with RF
signal ( B )

- the distributed system of the heam RF power takeoff. The system
conntains a chain of n resonator pairs ( one in a pair is an active
load and other is passive )
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- collector ¢ C ) where the heam residual power Nr is dumped

The regotron efficiency is given by the equation :

High efficiency of the device is due to the antophasing
mechanism in the power takeoff system [Z21] preventing from the
electron bunches blowup. The distributed power takeoff system with
n pairs of resonmators allows one to remove the limitation typical
for the generators with & single output takeoff resonator with
1 MW limit power [Z23]. ' : a

The theoretical estimates and numerical simulation show that
regotron is  capakle of generating S...10 MW output power in
continucus mode with 70-20 yper cent efficiency even with low
relativistic heam ¢ SO0 keV energy wo Y. The energy recuperation

in the collector or its wuse 1is .considered for the efficievncy
increase. At present the device development is on the stage of
operating model construction.

Use of such high—power FEF generators instead of klystron in
continuous mode allows to simplify the accelevator RF  power
supply. The variant with a group of n resonators group is excited
hy & single regotvron with the n energy outputs is possihle.

Considery the BELA design problems.

Efficiency problems

The total accelerator efficiency is hasically defined by that
of EF resonator evergy transformation into the beam kinetic energy
{ resonator efficiency n > and electric power transformatien into

the EF generator energy ( generator efficiency ng >. The total
efficiency 1is equal to the product of the two components n=n N -
. , , : r'g
The powey consumption of the  focusing, control, measurement,
vacuum and subsidiary systems is negligihle.
The resonator efficiency estimate has a form of
. 2 2_ .
n_ = 1/[1+CE /I IT cos 3 )]
v n ]

r

where I is the bheam current, E 1is the voltage corresponding to
n Y = =

the proton energy gain per unlt length Czits value is egual to the
energy gain per 1 m of accelevrator ), ZT is the effective shunt
resistance of resonators per unit length. Accelerated particles
current dependence of the resonater efficiency 7p(I) is presented
inzFig.e for three values of the energy gain per unit length. If
ZT° = 40 HMeV/m, g = 30 and I = 0.2 A then the resonator

s N
efficiency amounts to G.%.
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Fig.&. Accelerated particleé current dependence of the
resonator efficiency for three values of the energy.
gain per unit length ( MeV )

The accelerator efficiency problem should be salved by the
construction of regotron with at Jleast 0.5 efficiency. Then
nrng 2 0.7 and the total accelerator efficiency estimate 1is O.&.

It?s guite feasihble.

Feliabkility problem.

The reliability proklem is essentially a yproblem of the
installed power utilization factor ( Ku Y realization. The Hu

factor represents the ratio of the accelerator actual operation
time with the beam mnominal parameters to the vyear hour sum.
According to the nuclear power engineering specifications we
present data for linear accelerators in Brookhaven and Los—Alamos
to illustrate the reliability of their operation arnd the
contribution of the separate systems.

The linear accelerator in Los—Alamds [1d]

K =085

(v}
Injector - 30 %
FF system ' - 25 %
Magnet and their power supply - 13 %
VVacuum system - 8 % i
Other system - 34 %

The linear accelerator in EBrookhaven Natiopal Labnratofz

E =0,95

u
Injector _ - 29 %
FF system - 49 %
Vacuum system - 3%
OJtheyr system - 13 %

205



It’s obvious that injector and RF systems give maximum
contribution to the accelerator operation unreliakility.

For devices reliability improvement ( first of all RF system
and injector ) it’s necessary to increase Hu factor. For the Ku

factor increase should be use the reservation schemes ( as in the
MMF accelerator for RF system ), permanent magnets in  guadrupole
lenses, development of the failure prediction analysis system
through the beam losses measurement. It's necessary to use the
recommenidation of the paper [23] for the development of RF power
system on the regotron base.

Radiation purity problems.

A linear accelerator is considered to be radiation pure if
the induced y—activity doesn*t exceed the occcupational radiation
dose of 28 mGy/hour at the distance of 1-m from the axis of
accelerator after 1 hour upon its shut down. The corvesponding
permissible heam loss in the ennrqy range W = 4.1 — 1 Gev amounts
to [Z2d] '

W g = 0. Uf GEV nA/m <12

The prohlem is essentially that of limiting the beam loss at
the level givewn by the eg.{1). Under the condition the accelerator
mainterance does not require manipulators and can be yperformed
manuwally. Since the time of direct accelerator engineering service
{ preventive maintenance, malfunction correction ) is limited, the
manuwal service is permissikle even with the dose power of
0.5 mGy/hour. The corresponding level of heam losses amounts to

Waq=x 1 GeV nA/m ‘ ' )

Under the condition () and with -specific’ acceleration of
1 Mev/m in the second part of accelerator ( i.ei 0.1 — 1.5 GeV )
the total permissible beam current losses amount to 3 pA. With the
beam current of 300 mA it leads to the permissible relative losses
of about 10 J, whilst the condition (1) 1leads to the relative
losses of the order of 10 .

Several methods were propesed and developed in METI to solve
the radiation purity vproblem. Some of them were applied, ivs
particular, in ™MMF accelevrator. Among the methods are the
followivig: beam phase volume filtering, suppression of coherent
longitudinal and transverse beam oscillations, contactless heam
parameters measurement, beam distortion diagnostics through the
beam loss measurement, and residual gas pressure limitatian in the
H heam channel. ‘ " 4

The vyphase wvolume filtration method essence consists in
shaping such accelevator input phase volume, that would he less
then further accelerator part acceptance and relative particle
losses wouldn’t exceed 10 ~...10 ° ¢ for BRELA ). Transverse phase
volume filteving theory principles with space charge  and
longitudinal—transverse yparticles ascillations coupling- are
presented in [2,26,27]. '

Beam perturbations diagnostic method by hbeam 1lo 0sses analysis

with the help of ionized radiation detectors ( see [25-30]1 > 1is
designed to determine heam perturbations source and locat1nr. Beam
perturbations diagnostic proklems are formulated as  follows. One
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assumes that the phase volume filtration .is.  fulfilled at the
beginning of accelevator, tolerances = are . within the . calculated

limits, longitudinal and - trahéverse coherent': particles
oscillations depress system effectlvely operates. Then beam will
be accelerate with possibly. . small . losses. . If a. sxngle

characteristic perturbation will be real;zed ( }ongltudlnal motion
perturbation, transverse motion perturbat1on,WH ion dlscharge by
residual gas ), thenm a certain loss distribution will result. ‘The
reverse problem of one or several ( few ) perturbations search by
measured heam losses . dlstrxhut10ﬁ is. Just perturbatlon: d1agnost1c
proklem.. This problem can  be . solved . Loss distributions for
characteristic beam perturbat1ons are presented in. [29-30]. The
problem of beam loss distribution: funct1on' reestab11shment by
measured  weutron f1eld ) dzstrzhut1on is solved there.
Accelerating—focusing channel parameters variation = and beam
parameters measurement system 1tformat10n are also used hy this
method. , - . S o L ]
Current status of radiation purity, ppublems' solving as
follows. In LAMPF.accelevrator mﬁgsured Iosses at 70...300 MeV,
accelerator i mA are eqnal to 10 It means that cond1t10n (2 is
satisfied at 1 m8 mean beam current and manual accelerator
maintenance preblem is solved, lUse of the new. con51d°red methods
permits to hope that this problem w111 be solved for BELA

In conclusion it?s possihle .to. make . the fcllowlng lnference

1. The analysis of linear proton accelerator scxence. and
technology development and current status alonyg w;th ythe modern
prohlems shows .that the design. and constrnctlon of cohtihuous mode

1.5 GeV¥. — 0.3 A linear proton accelerator is feasikle and dnes not
encounter with unsolvable science and technology prohlems.

. 2. One of the main BRLA.design. problems is. that of generators
with 5 ~ 10 MW mean pawer, 2Z00 (300) and. &00 (1003 MHL operatxrg
frequencies, efficiency of order 70...40 % and gL thousand ‘hours
of service life. 4 . I

3. Further atcelerat1ng . structures; 1nvest1gat10ns .are
necessary hoth for low energies and for- high enérgies. o

d. Un the way to EBRELA 1mplemextat10u'1t’s uecessary to solve
three important problems,to say nothing of the 1nd1v1dual linear
accelerator systems perfection. The three problems are  the
efficiency, the reliability and the radiation .purity. The basic
processes for these problems solution will be .simulated at MMF
accelerator. = o

. Current status of linear proton accelerator sc1ence and
technology development, experience of ..the Soviet protou linear
accelerator laboratories, including the very. powerful MMF‘ 1iﬁear

accelerator, permit to cownsider the constr;ctlon of -the pﬁbtdﬁ

linear accelerator for high level .radiocactive wa:tes of _atomic

power plants transmutation within next 13 ynars. )
&. Since target complex problems ase dlfflcult as. well it?'s

necessary to splve accelerator and target cqmplny pPOhle:
simultaneously. It’s worth while to snlve a part of targ t comple"
prohlems at MMF linear accelerator . .

Referencesu
1. Nuclear technologies in a sustainakle energy;'syste@. Editors

J.S5.Bauer and A. Mchnald_ Spllngpr—veaxlag, Berlin—-Hidelkerg—New
York, 19383Z. B.Muﬁin,A.Fedotpy!,“Maln _Aspects of Proton Linear

207



Accelerators for Nuclear Fuel Breeding”. Proc. -&—th All-tmion
Conf. on Part. Accelerators, v.l, p.2d41, Dubna, 1973 : -
3. G.I.Batskikh et al. Linac for  Meson Factory. =~ In :
“ Acceleration Facility for Medium Energy Physics : the Meson
Factory ", RTI, USSE Academy of Scigﬁces; 1974, p.9-23 RN

4. EK.D.Sinelnikov et al. Prec. LUKSSR Academy of Sciences session
of peaceful atomic energy use. Kiev, UkSSR '~ Academy of Sciences,
1958. ' ‘ ' : . '
5. V.A.Batalin et al., 25 MeV Proton Linear Accelerator I-Z,
Pribory i Tekhnika Eksperimenta, No.5, p.73, 1367 ' e
&. I.M.Eapchinsky et al. On injector preject for 70 GeV CW Proton
Synchrotron. Atomnaya Ewergiya, Proc. International Accelerator
Conference { Dubna ), Moscow, Atomizdat, 19&d

7. B.E.Shemkel et al. High curvent CW Proton Linear Accelerator.
Atomnaya Energiya, v.3t, No.l, p.d45, 13971 o

&, B.P.Murin, B.I.Bondarev, V.V.Kushin, A.F.Fedotov. Ion Linear
Accelerators, v.1, Proklems and Theory, Moscow, Atomizdat, 1972

%. B.Marin, V.Kulman, L.Lomize, B.Polyakov, A.Fedotov. Ion Linear
Accelerators, v.Z, Basic Systems, Moscow, Atomizdat, 1972

10. I.Kapchinsky, B.Teplyakov, Prikory i Tekhnika Eksperimenta,
No.Z, p.19, 13970 ( in Russian ) : ’

11. B.I.Bondarev et al. " Focusing with Superconducting Solenoid
for Curvent Increase in Ion Linac " Proc. of the &—th All-linion
Conf. on the Charge Particles Accelerator, v.1, 260 (1973)

1Z. E.I.Bondarev, N.A.Griasnov, V.A.Keilin, A.N.KEurmanov,
E.F.Lapta, A.N.Likharev, E.A.Mirochnik, A.V.Mishchenko, B.P.Murin,
V.M.Pirozhenkeo, 0.V.Plink, V.N.Saverin, I.E.Seleznev, M.I.Surin.
Experimental RF Proton Accelerator with Superconducting Solenoid
Beam Focusing. this conference

13. V.A.Bomko et al. Field Distribution Stakilization Method in
Drift Tube Accelerating Structure. Proc. 3—rd All-Union Conf. on
Particle Accelerators, Moscow, Nauka, v.1, p.271, 1373

id. E.A.Knapp, B.S.knapp, P.M.Potter. Accelerating Standing Wave
Structure for High Energy Linear Accelerator, Pribori dlya
NMauchnih Issledovaniy, v.39, Ne.7, p.31-d43,; 13&2

15. V.G.Kulman, E.A.Mirochnik, V.M.Pirozhenko. Accelerating
Ring—-coupled Structure. Pribkory 1 Tekbhnika Eksperimenta, No.d,
p.S&-61, 1370

16. V.G.Andreev Geometry Definition of the Structure with
Alternate—sign Accelerating Field on n/2-wave. Zh. Techn. Fiz.,
v.dl, No.d, p.733, 1971

17. V.G.Andreev, V.M.Belugin, S.K.Esin, L.V.Kravchuk,
V.V.Paramonov. Parasitic Mode Removal out of Operating Mode
Neighborhood in DAW Accelerating Structure. IEEE Trans. on NS,
v.NS-30, N.d4, 1933, p.3575

i2. B.P.Murin, V.I.FRogachev, A.P.Fedotov. n Possibility of
Permanent Magnet Guadrupole Use for High Energy Accelerators.
Pyibkory i Tekhnika Experimenta, No.Z, p.22, 1976

12. I.M.KEapchinsky, N.V.Lazarev. 0On Possilxrility of Permanent
Magnet Use in Ion Linear Accelerator Strong Focusing Channels,
Preprint ITEP, Moscow, No.78, p.7,1975

20. F.A.Vodopyanov, B.P.Murin, "“The Method of HKF Oscillations
Generation with the ilse of Relativistic Electron Beam".Proc. RTI,
No.2Z, p. 20, 1975

21. B.P.Murin, A.P.Durkin, 0.Yu.Shlygin. Electron beam bunching in
a microwave guasicontinuous—-mode generator. In : " Relativistic
microwave generators. Theory and- technology ", RTI, USSR Academy

208



of Sciences, 1938, p.76-&4 ST : . .
2Z2. R.P.Murin, L.G.Lomize, A.E.Sominski. Deceleration of electron
bunches in stretched cavity system. Ibid., p.96-100
23. B.P.Murin. High Power RF supply systems for Particle
Accelerators. Preprint 833, RTI, USSR Academy of Sciences, 1933
Zd. B.Murin, A.Fedotov, "Radiation Purity and Efficiency Proklem
in Modern Linear Proton and H Ion Accelerators with High Mean
Currents"”, Atomnaya Energiya, v.32, No.3, p.ldés, 1975
25 N.M.Fewell, V.Lo Destro. Operation of the Brookhaven 200 MeV
Linac, Proc. of the 1377 Linear Accelerator Conf., LISA, Brookhaven
Nat. Lab., 1979
Z26. V.S.Kahanov, &S.A.Lukshin, A.P;Fedotev.' Transverse Particle
Motion Dependence upon Longitudinal Motion and Beam Phase Volume
Filtering in Proton Linear Accelerators. Pr. i Tek. Eksp., No.d,
p.37-3%, 1954
27. V.S.Kakanov, S.A.Lukshin, A.P.Fedotov. Transverse Beam Phase
Volume Filtering with Space Charge and Longitudinal-Transverse
Particles GOscillations Coupling in Proton Linear Accelerators. Pr.
i Tek. Eksp., No.3, p.26, 1980 : :
Z28. A.P.Fedotov et al., Beam Perturbat1on Diagnostics in Ion Linear
Accelerators hy Second Part1c1°s D15tt1but10n. Pr. i Tek. Eksp.,
MNo.3, p.26, 1980 : , ‘ o
29. V.V.Pyankov, A.P.Fedotov, V.E.Khvostov. Beam Losses
Distribution Analysis in Linear Accelerator - Meson Generators.
In : " Heavy—ion Accelerators,A ETI, USSR Academy of Sciences,
151, 1930 A , - , '
A«” A.P.Fedotov. Beam Losses Measurements in Proton Linear
Accelerators and Beam -Perturbation Diagnostic Problems. Pr. i Tek.
Eksp., No.S, F-7, IQFi i :

209



