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Study of high-intensity monochmmatic gamma-ray generation

Yoshio Yamazaki*, Hiroshi Takahashi**

Abstract

Presently, the Power Reactor and Nuclear Fuel Development Corporation(PNC)
is investigating the best way to treat high-level radioactive nuclear wastes from
reactors. As part of their basic research on the transmutation of fission products, PNC
developed a high-power CW electron linac for various applications, in particular for
studying the use of strong gamma-rays for transmuting the medium-lived fission
products (MLFP) of Sr-90 and Cs-137. As the results of studies of transmutation by
photoreaction have shown, high-flux and high-energy gamma-rays (~ 15MeV) are
needed. However, to make an approach feasible it is very important to generate the
gamma-rays at a reasonable cost. To increase the intensity of the gamma-rays, a
high-current electron beam and a high-power laser are needed. This paper reports our
findings which show that to generate gamma-rays by inverse Compton scattering
effectively, the photons accumulated in a optical resonator must intensify the
monochromatic gamma-ray flux by the collisions of inverse Compton scattering with
electrons. The method we discuss employs inverse Compton scattering with an
optical resonator composed of very high-reflectance, low-absorptance mirrors. With
advances in technology, the flux of gamma-rays that can be attained is of the order of
10718, and its efficiency is 0.9% using this method. If future technological progress
results in a mirror with a reflectance of 8N and absorptance of 0.001ppm, then it
might be possible to achieve a flux of the order of 10220, and an efficiency of more
than 30%. In the case of a concentric resonator, the density of the photon beam at the
interaction point can be higher than that in a confocal type, so that a gamma-ray flux
of the same order as the 8N case may be achieved.

*Power Reactor and Nuclear Fuel Development Corporation
4002, Narita-cho, Oarai-machi, Ibaraki-Pref., 311-13, Japan.

**Brookhaven National Laboratory
Upton, New York, 11973, USA.
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HIEDIHTHY ., TEAHBIFRNNF-NICSVDEROEFIRS S LT L —HYF—EBHIFD
B3, TOEILRROFT. ThENOEBTCIRINF-BIREEERANT, 53
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WAL TR BEICE D y BRREERERIC. ETFEMEXBRETE(LS5HALN
T3, 13U ®HICMilburn[10]. & UArutyunian & Tumanian[11]%, L—¥—XFEFI *
WE—FFE—LEOH LT FBELICEY . BED yIRFREFETH S Z & 2R
Lize ZD%. RBMERAN L E iz, ELRINFIETable.1ICRT[12], RIMDEERRIL
1969F ., X &2 74— FEHMER 2 —(SLAC)ThH -7, COBEE N /-y IRIIE
BEICHMBEBERICHBENERIUORDIFITCH -0, 77 v 7 AR FTRhEESVHDTIR
Lol yRROE—LENRZHDERES LD, 15U T DFrascati B ZAT
DADONEEY > 7 T, 80MeVD y#E £ 10/5[1/s]i8. RET B Z &ICRINL =[13][14],
BNLTHLEGSO 7OY 17 bT. 700MeVD y iR E10M7RET A EICRIIL 2, B
I, BT E LT, Duke XKENEMY > J#AVWAEERT. REIX/ILF—150MeV
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NEHE yIREBRESEIEVDLFERTHIZEFBHAIATWS, £I T {RkOU =
FASAE~LBy—y IS4 4—DTAV I bTH, COFEFSEHBRELT
Bet&h TWwW3[18],

Laboratory SLAC Frascati BNL Duke ETL
Electron[GeV] 20 1.5 3.0 1.1 0.5

Photon [eV] 1.78 2.41 6.2 12 1.2

Y-ray [MeV] 5000 80 700 150 23
y-ray flux [1/5) 500 105 2%1047 2*10M 1 2*1047

Table.1 Main successes of laser-backscatter y-rays.
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Fig.1 Schematic of the photon-electron scattering process
in a laboratory frame work.
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Fig.2 Scattered photon maximum energy
in using typical conventional lasers.
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Fig.3 Dependence of y-ray energy on scattered
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Fig.6 Examples of mirror configurations for optical resonators
with low-loss.
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Fig.7 Confinement diagram for optical resonators.
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Fig.8 Enhancement ratio in the resonator for each
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Fig.9 Diagram of a beam shape in the resonator.
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Fig.10 The beam spot size in the resonator.
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Fig.11 Electric fields of TEMO0O mode at z=0 and mirrors.
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Fig.13 Electric fields of some low-order optical beam modes.
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Resonator (Confocal type)

Mirror
radius 0.1m
spacing 2.0m
curvature 2.0m
Fresnel number 5000
Pumping laser (CW laser)
wave length 1.0pm
laser power 100W
Setting Angle 45°

Electron beam

Average current 1A
Energy 1GeV
Beam size 1mmé
Electron flux:Fe 6.25*10718(e-/s)

Table.2 Initial parameters used to calculate the production of y-rays
using an optical resonator.

MR, BFC-AOEEMNSEREREL EN. BELyBOI INE—Hy ) CHE

T35, SERERLT. BELyBOI7S5v 7 AFFICEBLUTEE L, 2O & D &al
BT, BELyREARE T3 DIELUTORXR AL,
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L
Np:{[r xwlascrx-c—}/ llascr (12)
N do
FY=FCX—V—pxImlxa—5x AQ : (13)
Eff= . (14)
~IP,+XIP,

ZZT. NpldHIRBADKFH. WERELTL—HY—DIXT—[Watts]. J idL—H—
YeFi1EH /=) DI RIF—[Joule]l. VEXFE—LOLEIK, Fy. Feld y#R. EFE—
LDENRENADT Sy VR, i3 RVRICIER TCSRBEMET 3 LOEFE—LOY
TRERFEEEL. 1ImmET 3, yROBEVDRERT. WALEFIRIF-EKXTF
IRV —ICHTILyBOIXNX—TRT, AQRBUyET 3, BRELT. 203
IREBARDE — LRNZXRy bH 1 X131.183mm ¢ . $ERE T1.60mmg E X o=, F D1t
DFER £Table.3ICR U 7=,

Y-ray R=4N 6N 8N Concentric
Emax:15MeV A=20ppm | O0.5ppm | 0.001ppm || 6N, 0.5ppm
Photon power [GW] | 1.3*104-3 0.2 11 0.2

Photon quantity:Np | 4.2*10716 | 6.7*10~"8 | 3.7*10~20|| 1.3*10719
v-ray flux:Fy [1/s] | 1.6*10*16 | 2.5*1078| 1.4*10720|; 1.6*10720
Efficiency:Eff 0.0038% 0.6% 33.7% 38.4%

Table.3 Estimations of y-rays flux and efficiency
for each type of optical resonator.

RETHyRDI Ty T ARBOMBEICKECEET 3, BETHRIGELIROMETSH S
INDIBE. 75y 7ARIOMBDF —F—TH -7, FAEICONTIBE. BNT20ETH
B, —H. RIUBNDSELE{E-> THOBREFIHED2MBIC L T, R EHRDIERRIC LU HiR
SAFREENMTEZNE, SNERED TSy 7 AFBLNIAJEEMEN 5, BNDFSIZ
WEOEELICHEAN, 5X10MfE. SNDOBEIISEX10M6EICE B,
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4B KEEHGE yROREERERICHTIEER

METRARKIRREAVWTHILT P BEDyIRDT 5 v 7 X £HEET E 5 AEEM
WHBIEERLE, TITR, TOHBREREEN LT, NROKAFHE ¢ IRREE
BICET23RE %77, Fig 14ICEF L A-EBOBIEEERT,

KAEOHE yIRERES IR, S TEBEOKRFEXREENETFE - LI EHS
SBBENHD, TheERFATIBHEL T, TabledlCRIKERY um* — 4 —DFELIC
FHINTVWIIEREETED BN ETRT[23]

Optical Cavity with Super Mirrors

Inverse Compton Scattering
Pumping Laser
(Conventional Laser or FEL) < A >
Wave Length =1um \ -V
Monochromatic-like

Scattered Gamma-ray
Max.Energy =15MeV

Electron Storage Ring
(Low Energy Loss, High Average|Current)

Beam Energy =1GeV

Fig.14 Proposal for high-intensity monochromatic y -ray system
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FEL A o £ { N 4y K Acc, Type[Ref]
{em} {MeV) (A) {em) {RMS)
Existing FELy:
UCSH ynm FEL) 340 25 s 6 2 2 11 0.7 EA, O [1]
Stanford(FIRFELY 80~ 200 15 ps 4 3 50 i 0.7 RF, O 2]
HimejitLEENA) (3] i0ps 4 10 50 1.6 l RF, O [3]
UCSHB(FIR FEL) 60 25 pus 6 3 150 2 0.t EA, O [1]
Osaka (TLE/ILT) 47 I 9 0 50 0.66 0.8 RF, O [4]
Tokye(UT-FEL) 43 10 ps 13 20 ) 4 0.7 RF, O {5]
Nisuwegein(FELIX 1) 535 Sps 25 50 38 6.5 1.2 RF. O 6]
Qsaka(!SXR) 0 30 ps 17 50 32 [ 1 RF.OM}
Bruyeres(ELSA) 20 30 ps 18 100 30 3 0.8 RF, O [8}
Nicuwegein(FELIX2) 20-110 Sps 45 50 38 6.5 1.8 RF, O [6]
Stanford(FIREFLY) 15~65 1-5ps 1532 14 15 6 1 RF, O [9]
Frascati(LISA) 13 s s 5 50 44 1 RF, O [10]
Grumman{CIRFEL) 12-21 Spy 9~t4 150 73 1.36 0.2 RF, O {11}
Beijing ({HEP) 10 48 30 14 50 i 1 KE, U112
Orsay{CLIO) 3-53 0.2-4 s 21-50 30 38 b3 4 RF, O {1}
LANLIAFEL) 4-6 10 ps 15 200 24 I 0.3 R¥, O {14}
" QsakalFELIL) 5.3 0ps 332 42 58 34 1 RF, O {157
Darmstadt(IR-FEL) S 2ps 40 27 80 12 { RE, O [16]
Stanford{SCAFEL)} 313 07 ps 2245 10 72 31 0.3 RF.O{17]
Vanderbit{(FELD 22-9.6 2ps 43 56 52 23 1 RF, O[]
Duke(MurkIIl) 3 3ps 44 20 47 23 1 RF, O [19]
Osaka(FELI) 2-6 2ps 170 100 50 6 1.3 RF, O [4]
Osaka(FELI2) 138 10ps 63 42 78 18 1 RE, O [15]
BNL{ATE} 0.5 6ps S0 100 70 0.8% 04 RF, O [20]
Tsukuba{NIJI-IV) 033 160 ps 300 s Ix42 T2 2 SR, O [21]
Qrsay{Super-ACQ) 0.33 20 ps X Q1 2x10 13 4 SR, O [22]
Okazaki(UVSOR) 03 6ps 0 5 2IxE 11 2 SR, O {23}
BNLATF-UV) .23 6ps 70 100 70 0.88 0.4 RF, O [20)
Proposed FELs:
Florida{CREOL) 200-600  CW 1.7 02 185 08 0.5 BA, O [25]
Netherlands{TEUFEL} 180 20 py 3 350 50 2.5 | RF, O {26]
Rutgers(IRFEL) 140 25 ps 38 1.4 5G 20 i MA. O {27}
Moscow{lebedev) 106 2 ps 30 025 38 3.2 0.8 MA, O {28]
Tokai(SCARLET) 40 40 ps 135 10 62 33 { RF, O (4]
LBL{IRFEL) 3-50 30 ps 55 60 40 b I RF. O [29]
CEBAF(IRFEL) 2.5~-15 1.5ps 200 36 2wl? 20 4 RF. O [30]
Boeingtk WFEL) 0.2-4 Tps 120 500 220 2.8 1.31 RF. O [31]
Stanford(FEL) 10 4ps 24 28 §2 26 09 RF. O (321
UCLA{IRFEL) 10 2ps 2 200 40 1.5 1 RF, A [33]
Novosibirsk(RTM) 211 20 ps 98 100 A%l 9 16 RF, O [34]
BNL{HGHG) 14 10 ps 30 t10 83 18 - 14 RF, A [35)
CEBAF(UVFEL) 0.16-1 0.2ps 200 270 32 33 1.3 RF, O [30]
Rocketdyne(FEL) 0.84 3ps et SO0 {60 24 {4 RF, MOPA (36}
Dortmund{(DELTA) Q4 S0 ps S0 90 17 25 2 SR, O [37]
Harima(HIT 0.28 100 ps 500 3 170 18 4.2 SR, O {4}
BNL(DUVFEL) 0.075 §ps 310 300 682 22 1.5 RF, A (38}
Frascati{CO8A) .08 10 ps 218 200 400 1416 1 RF, O [39]
Duke(Ring) 0.035 10 ps 1000 330 2x33 10 1.7 SR, O {10]
DESY(TTF1} 0.042 0.8 p 3%0 500 490 2.73 0.9 RF, A [41]
DESY(TTF2) 0.008 O.15ps 1000 2500 981 273 0.3 RF A [41]
SLAC{LCLSH 0.004 Q3 ps 7000 2500 723 83 4.4 RF, A [32)
SLAC{LCLSY) 0.00045 .15 ps 15000 5000 1000 4 4.5 RF, A 32}
SLAC(LCLS?) 0.00015 0.25 ps 15000 5000 1833 3 27 RF, A [47]
DESY{TESLA) 0.0001 (.08 ps 35000 5000 1200 § 42 RF, A [31]

RF - RF Linac Accslerator; MA - Microtron Accelerator; SR ~ Electcon Storage Ring; EA - Electrostatic Accelerator; A ~ FEL
Amplifier; O - FEL Oscillator; MOPA ~ Master-Oscillator Power-Amplifier.

Table.4 Relativistic short wavelength free electron lasers (1996) [23]



PNC TY9955 98-001

4.1 BREIDOVT

BIFE—LICHVWTR, AT PO BELTEOHE y ROIXNVF—HENEL
TIREHEEBIIAMTZ) ARShIEFE-—LRIZE[WICEANESLS DI RN
¥—DHEHADULEIHD, CODH. BFE-LDODII v AFNEL, T2
X8I NIVWHLOPLENRS, Chid, ERODBREFL —¥—(FEL)D 5 DR
BICHTIBREHABTHD, SEEAD LD, XEROE—LHILEENIDBESIXT
HhEV, BEOEMLALDISEZT. 1GeVEENDIXNF—%dHB. II v
BUOINEZFTAEROER) > JT. #)BELEBE IS L eRBE L, EFE—L
P1GeVEREILE B EENI X NF—ERIZHETH A5 L. HIC1GeVD ) > T HhEE L
HRHIIC+HRIRET H 3,

ROFBAZ. BII v 2 ATKEROEFER) I/ T drrvabOoryiick
BEKEFBHIESL. WHAICRELAE—LEEBTEITHIHF. UTICESHLTRE
$HERNZ, BE. BII v X XEROER > JE#HHTIHICEREL>TW
B3I, BRROEBERRELAEZDBOTH D, chid. EFE—LEWEKRS L
5. BA&EE3ET. SNKEREMXTIZLHAEE L - IEHD Y T BB
BORTE—LDOAEERPIINF - QM EFHTE IR INBEEN. Y 5. RN
. EFE—LERERIEIQRBEY — LM RAERRAEEAETES T ¢
A (Lattice) e FiEh 3221 =y hE. WS DOHPREELICURT, EFHFEES LS ICEE
T3, ¥hbb. EFHVREALQLTCOERELPSOEHEIEE > TEERFICTKICHES &
IEERGESIHNT, ERICR. BESFETHILE D, 571 XCRRBEFMLEFODOS
TARAERAWS, Chid, D57 1 XITHN, BRITHIFWAICETOEREELT
E.UTRANYMITE, I3 v R XBHNELTES, RIS, EIRIL¥—
DEZRE) DT INESFPHARY > FICHEVWS N T3, Fig15ICFODOT 7+ ADHE
M#ZR¥[24], FODOS T+ X3, KFEFRICE-LERNKEIELIQERED
1/2(F:focus). E—LEHIFINCF ¢ L JERBEIRNE#MHMICRAEIIOBSRIETF
E—LIKEFRBLEVWI N —INR=-ZIIE30). KEFRAERMSIELIQERKSR
(D:defocus). E£NLTF o 2 THA0). mREBICKIDI2FER4ICEEL T12Zy b
ET B, 2T, QERBREEFAICOVWTR., KESEEHDERET S, 2D
Fq R, BETRUABQHE*EI R TELW, BHEEE > TYH TRAEHE
FENDAREMN H D, BEDTI T A2 ESICVEEEHICLTAIZy bETIEHE
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HELEHLZEN D, ChEX—N—=5F 1 REMRSR, BEOBEICL->TIE., £3
TH1BEFELECTH, S FK MM EFBLT, ¥ 932314253 EThE 2T
HBIENFBV, 5T A-N=ST 1 XAEERTIIELIIENTH 3, Fig.16iC
ADONEY > JDEEBI 2R T[24], STICRTAERN— 4K EEHRL . x. YFEZ
NZThOE—LOMEINOKESIERT/INGA—FTHD, nt31—2BAKEERL. T
INX-PHERTINGA—ETHD, ChoDBARBEINDRTEED, HEIE—L
NDELMBEEHICM-oTWVE, CITCIOBERIPSFIETREE, sHOfHET. X—2%,
1—2ANFhZThOBEBHIFBIMEERDIEVWSIZETHD, Thid, CORTE—LYAS
AHNBNT, TRINVF-HEBRNEVWIETH D, ZORIC. BT+ BEOEF
BARERY, L—¥—%2lEERTHIE BENESEE yBrRESHIRTTH D, KRR,
ADONETIR COREE-TyRERELTWVWS, R4DHEEH. X—%, 1 —2DOEH
BPRMIED LI, T71 AREFEFTONETH 3,

RICC W TDORZEICOWTHRT S, BROAXMDZIEEEADE, O /IXT b
TCI3T71 RBHPLEVHDOHNEEN B, LUTOEBRTENICERAI &5, F1S. &
TVEARENEILT AL, RABHABILAEZLLOIDEICE D, F2Z, BRHI/NEL
3D 70 A BHNICEIBERIKAKELS LD, (15)ICEHNLTEAA AN
TIA&VUOL 70 b BRICEZBROINNT—Py 2RTODRAETRT[24],

o2 E2[GeV!]
plm]
CZT.EREFOIRNF—, pl3thR¥EF ISFRMETH D, TDL SIS, kil
BAEFICRHFIT S, B3, ST+ ADHERLSTE1 BB W ORRAERADORRAA
BEHRECESTLKADOT. EMYLTMEROIIVvEIANELCHE D, FODONI

2y & X elrad - mERTERR £2R(16)ICRT[24].

Py[MW]=8.86x 1 nA) (15)

eropo =97.53 x 1071 —l-lb—Ez[GeVz]@3 [deg®] (16)
b,o

ZZT. IboRFEAEHENEDE. Iblk, FODOS 71 ANEX. ORREMAETS
5, LEOSIEHT, EA5hAA% & &, BELHEHEFrBETS 3,
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Fig.15 FODO—Lattice(QF:focusing quadrupole;QD:defocusing quadrupole)
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Fig.16 ‘Lattice of the ADONE strage ring
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