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Introduction

An idea of a facility based on a cyclic proton accelerater for the ransmutation technalog
on industrial scale is considered. The facility can completely or basically repiace nuclear reactors
used for similar purpose.

Since the Manhattan Project time (Los-Alamos, 1G42) e charged paitcle accalerators
cbwviously ranked below nuclear reactors in efficiency of crocuction of ralitary pistonium wa
tritium. fuel for nuciear power stations, various isotopes etc. However, as iime has passed the
Accelerator Driven Transmutation Technologies (ADTT) grew more and more attractve
especially in view of increasing number of accidents with nuciear reactors

Required parameters

We snall briefly consider the requirements to the particie accelerator that couid be usen i
ADTT.

1. High efficiency (of the order of 20-80 %j for the transtormaticn of the elestnc power L he
beam energy.

2. Acceleration of pratons up to energies of 1.0 - 15 CGeV with a current of 100-300 A o
used in an ADTT facility to be competitive with reactars fwithout additional muitipiication
primary neutrons) {1,2].

3. Particle iosses during acceleration and transporiation should not exceed 001 RAMM excop
injection and ejection regions {7].

4. Operational reliabiiity of the accelerator shoule be as 5cod @s 2000 »civs o frounie fres
operation.

5 Construction and operational costs of the acceierator shauld De much 1888 (34 Gmes) th .
the cost of a reactor of the corresponding power

The linac projects discussed nowadays in the USA  for transimutation
including manufacture of tritium. satisfy basically cnly . first o racu
construction cost 1s about $2-10% which is aimost equivaient o ne cust of a new
same purposes [11

However, it seems that the construction of an asynchroruus cycintron, whi
satisfy all of the above requirements, wiil allow the cyclic accelerator 12 outperfory
nuclear reactor, cut also the proton linac of industrial application

hcan base

oty the

Operational principles of an asynchronous cyclotron

We shall outline the idea of an asynchronous cyclotron [4] The radius R ar the fr
f of the accelerating veltage in a muitisiage coaxiai g Syoler {
sucn that the value of the intercavity numper of the nariacric 3

satisfies the foilcwing condition
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where h is the number of a harmonic of the accelerating voltage on the turn, N, is the
number of cavities in a cyclotron stage, v is the speed of particles. Thus, there is a possibility of
imiting the growth of orbit separation, with an opportunity of the unlimited increase in the average
radius of the instailation. That. in turn, results in the corresponding reduction of the bending
magnetic fields and in an increase in the length of field-free intervals, which is important for
strong beam focusing.

intercavity harmonic ¢ to the nearest values when the beam passes through one sector to
another. This effect was provided by modification of a magnetic path in the sectors. This feature
would allow the CRC with a corresponding target setup to replace a nuclear reactor. Owing to
the above-mentioned CRC property, its name could be changed to Asynchronous Coaxial Ring
Cyclotron (ACRC).

ACRC example

We shall consider a two-stage ACRC of energy 1 GeV and current 100-300 mA as an
example. The results of calculations for this facility are summarized in Table 1. The
corresponding mathematical model and computer program RAMAD. created at YerPhl[4]. were
used for simulation

Table 1

Parameters " 1st stage ’I 2nd stage
M@mmﬂw__&“w_wﬁpWJGL_“%LH‘ji%‘_
| E. - Extracted beam energy. MeV 80 TG00
L—MMUL_M%A\J 27 |21 ]
R, - First turn radius, m e .

| Re - Extraction radius‘ﬂw

oR - Turn separation, m

H - Range of fields OW»?:_

N, - Number of sectors
WNumber of cavities
E— Number of magnets in sectors
OE - Ener ain per sector, MeV
q - Intercavity harmonic number

f- Frequency of RF-system, MHz

L, - Distances from magnet exit to cavity entrance,
| L, - Distances from?évity exit to magnet entrance, m

L, - Lengths of magnets, m

Two cyclotron stages are designed. following the scheme of the large-radius separated
orbit cyclotron (SOC) [6.7]. Analysis of such a facility shows that an accelerator with large orbits
and large field-free intervals is in fact capable of accelerating high-current beams. This has been

frequencies of betatron oscillations and, thus by minimization of their amplitudes, by the choice of
vacuum chamber with a rather wide aperture, etc. For the same reason, cyclotrons with a small
aperture and superconducting bending magnets are less attractive for the acceleration of high-
current beams.

Variation in the parameters of the bending magnetic fields. which ensure hops of the
harmonic numbers q in the 1st stage, the results of trajectory calculations for a central particle for



the first two turns are given in Table 2. In Table 3 the same is shown for the last two turns of the
beam.

Table 2
Turn 1
N, [q JsE R SR L. L, Lo r H 'E
1 127 | 0.80 100.00 {000 |[55.76 |55.76 | 357 | 341 0.139 | 10.80
2 122 | 0.80 10000 | 000 |5263 |5263 1924 [883 10055 | 11.60
3 118 | 0.80 10000 | 0.00 5225 5225 [ 994 (950 |0053 | 12.40
4 115 | 0.80 10000 | 000 [5526 15525 [448 | 428 0122 | 13.20
5 112 1080 10000 | 0.00 |56.72 |56.72 | 183 175 10309 [ 1400
6 109080 10015 [0.00 5817 | 5643 | 267 |255 |0218 | 14.80
Turn 2
1 106 | 0.90 10015 10149 [ 5644 | 5644 |250 [238 0.24 15.70
2 103 | 0.90 10015 | 0148 | 5548 [5548 | 423 [404 | 014 16.60 |
3 100 | 0.90 100.15 10.148 | 5310 |5310 (853 |817 |007 17.50
4 198 }090 100.15 [ 0.150 {5567 | 5567 | 389 371 0.16 18.39
5 95 [ 090 100.15 10.149 15079 |[50.79 | 1274 | 1217 | 005 19.29 |
6 93 [0.90 100.30 | 0.150 (5073 {5099 [ 1269 | 1211 [005 | 2019
Table 3
Turn 25
N. |q |&E R 3R L. L, L r [H E
1 29 {327 10360 | 0150 | 37.51 | 3751 |4044 |3862 | 0071 | 31198
2 29 [3.27 103.60 | 0149 |39.59 |39.59 |3666 |35.01 |0.079 | 31526 |
3 129 [327 10360 | 0149 |41.65 | 4165 | 3293 [3144 [0088 | 31853
4 29 |327 10360 | 0150 | 4369 | 4369 |2923 |27.92 | 0100 | 32181 |
5 |29 |[327 103.60 |0.148 | 4570 |4570 | 2558 |24.43 | 0115 | 32508
6 |29 |327 10375 [ 0150 [47.14 |4740 [2281 |2178 | 0130 | 32836 |
Turn 26
1 29 |3.34 103.75 [ 0.149 {4886 14886 |[20.01 [1911 | 0149 133170
2 [29 [334 103.75 |0.149 | 5085 |50.85 | 1640 | 1566 | 0.183 | 33504
3 129 [334 103.75 | 0149 [ 5282 |5282 |12.83 | 12.25 | 0235 | 338.38
4 29 | 334 103.75 | 0.149 | 5476 | 54.76 | 9311 [889 0326 [341.72
5 |28 [334 103.75 | 0.149 | 3461 | 3461 | 4586 |4379 | 0066 | 34506
6 |28 |334 103.80 | 0.150 | 3590 | 36.16 |4337 | 4141 | 0070 | 34840

One can see from the tables that for keeping the required asynchronous condition at the
beginning of the 1st stage it is necessary to change the g-value by 4:5 when the beam crosses
two adjacent sector boundaries. But at the end of the stage the g-value should vary only by 1
after passing 10 sectors. In the latter case the asynchronous condition during the beam transfer
from sector to sector is provided only by the change of the parameters of the magnetic field
(intensity, length and dipole pasition in a sector)

The tables also show that the magnetic field in each sector has individual parameters,
which are in general too far from optimal. Here, for simplicity of the consideration, it was
assumed that each sector contains only one bending magnetic block. Therefore, the length of



the magnets is going to be in some cases unrealistically large (30+40 m). This means that to
specify the real layout for the calculations it is necessary to define the optimal sector structure
along with its parameter optimization. As a result of this procedure, the different number of the
magnetic blocks in the sectors will appear in some cases. Sometimes, it will probably be
favorable to use a magnetic structure of a “wiggler” type for the trajectory elongation. This will
certainly affect the focusing properties of the sectors.

The large length of the free intervals L, and L, (35-60 m) will allow a sufficient number of
magnetic lenses to be installed there.

According to the theory of longitudinal movement [7]. one will not envisage any problem
with longitudinal focusing of the beam. pecause of a small number of turns (27 in each stage 8l

The strength of the magnetic field in the sectors is so small (0.03 - 0.35 T) that the
manufacturing of smali-sized magnetic elements wili not be a problem even in the case of a
large-aperture vacuum chamber (810 cm) and a constant value of orbit separation (oR = 15
-0 1cm)

Besides. the above tables show that the radial coordinate of the beam jumps only in the
last sector Though this results in increasing “individuality" of the magnetic parameters of the
sectors. this has aiso some technical advantages in comparison with the uniform change of the
coordinate from sector to sector when accelerating cavities with gap increasing with radius are
used. A “transit - factor" value Tyans = 095 is used in simulation. It was proposed to consider a
modern design of accelerating cavities [8.9]. ensuring electrical fields in the range 5.0:100
MV/m with a frequency of 50 MHz.

It is necessary to note that during the adjustment of the magnetic system parameters a
number of bunches could be lost in the process of hopping from one harmonic to another
Therefore, the magnetic system parameter optimization should be performed at the reduced
intensity of the beam

The average radii of both ACRC stages have close values (102 and 109 m) to ensure their
instatlation in a single radiation shielded tunnel of width 14 15 m with a possibility of installing 10-
MeV injectors in the same tunnel.

The conditions for acceleration of a high-intensity beam at ACRC are much better (small
number of turns, wide aperture, etc.) than at HERA. This is why the minimal current 140:200 mA
can be estimated with some degree of optimism for this facility. A further increase in intensity is
possible by installing identical cyclotrons one on top of the other with the use of common
accelerating cavities [10].

The rough cost estimation for one level ACRC gives $300-500, based on the construction
cost of traditional three-stage cyclotrons for energy of 1 GeV and current of 10 mA, see Ref [8].

Detailed numerical calculations of specific variants. the choice of the type of injectors
modeling of systems, optimization of parameters. etc. are not considered yet in the paper

Conclusions

it has been shown that there are no principal limitations for designing and constructing an
ACRC-type facility.

The above-mentioned problems, accompanying the designing and construction of the
ACRC. are of temporary nature and their solution would be paid back due to complete matching
to all of the above requirements to the facility with the ADTT application.

The authors wouid like to express their gratitude to VP Dmitrievsky and also to some of
their colleagues at YerPhi and especially to \/ M Tsakanov for useful discussions and remarks.
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Tymareas &0 Lupaasuuesa A, Bopowxios C.b. E9-97-381
ACHEXPOHLBHT | HENOTPOI

P'dCC'\id’l‘pHE-ﬁe'l"{'}! BAPHAHT KUMIUIEKCA HHKITHUYECKHWX )'CKO[)H'I’CJ'[Ci'lI HPOTOHOBR,
i{-?xf)pniii MOAZT TGTHOCTRO WHL 8 GCHOBHOM 3aMEtMTh )lljepHHH PEAKTOp B BONpOCax
OCYIUECTRICHHA TPAHCMYTAIIHOHHBIX TEXHOIMHH B HHAYCTPHATbHBIX Maciuradax.
,‘,ﬂi'ibi HPOCR THPOR L G b QO3 ACHHXPOHHONO HIHR TOTPOHA O TCYTCIBYIOT HPHEIH-
HILEABTBIC 28I poThi.

Padoia sercoena v faloparopiis saepinia iipodness OMSH.

Cooluzine QGOCHHCIHIOID HRCTHTY 1 SACPHBLIA HCCICLOBANRI Oy6ua, 1997
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Ap ides of a facility based on a cyclic proton accelerator for the transmutation
onndustrial scale is considered. The tacility can completely or basically
repluce nuciear reactors, used for similar purpose. It is shown that there are no
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prncipal dritations for designing and constructing an Asynchronous Cyclotron.

Phe v ation bas been perforined at the Laboratory of Nuclear Problems.

W
IR I Y

Conunumcation of the Jont Instuute for Nuclear Research, Dubna, 1997




Penakrop E.W.Kpaguenko. Maker PO . Donmusion

[Moarnucano 8 nevars 04.02.98
@opmat 60 x 90/16. Odheerast nevars. Yu-uspancron 0,72
Tupax 295. 3axaz 50438, Lena 87 k.

Mspatennckuil otien OOLeHHeHOI0 MHCTHTYTA 41epHBIX HCC/IEA0BAlHE
IyGra MockoRcKoit obiractu I



