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Generation and utilization of coherent X-rays by means of Self-Amplified Spontaneous Emission
(SASE) have attracted considerable attention as the fourth generation synchrotron radiation source. Since
SASE is a free electron laser (FEL) without an optical resonator, or mirrors, it can produce extremely in-
tense and brilliant as well as short light pulses with full transverse coherence, far surpassing the third genera-
tion light sources, in the wavelength regions ranging to X-rays. In this article, the principle and characteris-
tics of SASE are briefly introduced and then experimental activities on SASE are reviewed with special em-
phasis on the SASE experiment in the infrared region at the Institute of Scientific and Industrial Research
(ISIR), Osaka University. Finally, the two X-ray SASE projects proposed in USA and Germany are shortly

summarized.
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Figure 1. Schematic drawing of the FEL.
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Figure 2. Schematic drawing of a typical SASE system.
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Figure 3. Power evolution of SASE along the undulator.
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BRI G ZE 25 L, CoFICEENS -V FXED
SEH OOV 2T

2no; 2,
:TLLEL (21)
Lirh, TITTQIENOBRBERPID HIAABT Q=
aA/L,=nA/N, i dav—L v 374kf (coherent solid
angle) Th 5, SASEsfifE % I, ZOVPHEAI>T5 L,
Z ORE AN v~ A

MM I Mt I

ID=ran [@] exp [_M@] @2)
RS, STTIWM) A V=BEE, M- 1={I-<D)»/
D2EFBREAL SN2 THD D, MITIH/ IV ADN
ODHHEZ /T FHOE—FREEBINS, BEDTY
BAI>=1I1ICF L& L TEHEL 725 mE% > Fig. 41
R NVFEPIARNV -V g VRIGEWEAIZIE, M
=1 D54 V), SASE OFREE 5 A 1347 1T i KAl % 5
DADIHEBEIR S A L 7D, T OBEDOMREEEIFIL100
%7, KHBHENW EBFERREI S, NVFER
THICRVWEAEICE, NIRRT M=2008D %512,
T A AN NG ARBIRNC 7 5 O C, SREEEIEIT /NS
755,

<|>=1.0

Figure 4. Intensity distributions of SASE. The function f(I) is the
gamma distribution function given by Eq. (22) and M is the mean
value of the number of modes in a light pulse given by Eq. (21). The
mean intensity is assumed to be 1.0.
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DEMTH AN, BIZINODEMEPBILT 5 & D /e EE
ERETFY—A%AVWEWESASEIC LA —L VU
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FIRICED, TVvYalb—a—FellGETE—AOKHE
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O, v3ialb—vavEiHERmICIOHERTTDODATY
%1314 SASE OIARPE REIF/ ST — L )UICE DK< &,
BT =35 VK

L8>=%f (23)

TAHEICHART S, CCTREAEABOKRK TH S, FEH
Fa M OR A NIEAWIC L HBRTOBEETNAREL T
WBHDT, FEARPEORFNCAHE > TEFHBE ST — b
bo BIFREETIE, BEKOERAME L D HHKROEFHPED
INT —=HBREVD, BEFIRVF—=BET T 5DITHNE
R SR INCER < 72 B, MR ORF/ ST —i3 &S H )
D 3RERPE CTHERAPE DO 1 %1 H0.1%REL T TH
HEFEINTOAED, EFHETGEWNT =) ThH
% DT, SASE OFIHAIEE7: T 1)V F —#ifH % KT 5 Fik
EEZONS,

5. SASE OXERHZE

SASE OFBHIFE B RIRFED S E - 7o w5 &,
19704F RO BFICEA TR T O /o T < VHEHERD
FEL CcahDiEnsY%, S<v#HEO FEL Cid, &F
I HIVF— 5 B o odI, 2R IS & 5 TR
HEFRAPETFE—LADZEREE S HORE & RAET 5D
T, BOVWHIERNERTE S, 1980E/RDOFIFITE, 5
< VKD SASE T/ A A HALb b 5 X =37
VY2 U= —NTHREBEBMICH KT 2O LI L
TRBRP TN/, BFTRVF—0EL, 2EZRER
TERER S oV T b VST B O ARIMEFIRO SASE
FEERR AT 5 72D, Fox OMBIR D PR EERF PR T
HbHo 19914, LAVIFERFIAF v 7 TEL 2K
BN FU— AR, U— ABROBEINCR L CIE
B 787 — DMK % PR 20 & 40 um TEIP L 7217,
19904 R OB, BFEDOT A F v 7 & AV CRIMR
FHIK D SASE RBAEDWFIENR, T AV AR TSV A, HE
TIT N 721820, 20004E1C A » T 51, SASE B
DR & T /Y 2 U — 2 — % WP RO SASE
RAEEBRNFEAYET AV AT bR, FAYD
DESY Tld, ¥ £E804 5 180 nm O EL %2 4E A 4 fH Ik T
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SASE OFREICHII L7, 7 AV ADOT VT XENLHF
72/ (ANL) Tid, #5E530nm & 385 nm DA {H « &4
HIK D SASE T, #1&0 THII/NT —AEANCE S 5 &
DHOFEHBRL 722620, T AVHDT )y 7T V/H
SEBRFERT (BNL) TldazsRk4+ o SASE TR L < /3 —D
fARN A R L 722, T 6 SASE OFEERFFE % Table 1
ICFE D TRT, HATSASE %4 O E%BBIE % BLAE(T
> TWBDE, RAKEMOATHLDT, T TOERD
BEEZ N T %,

B K PERIFBA IR IR SRR T 38 MeV-L /S v FETF 5 4
Fv 73, 3EOMEERTHERINET T NN—FE=y 7
NV TF v =Y AT Lh D, HAKREMEAEIL nC OKBEH
NVFBFE—LEIEST L ERHEKSL, COBTIA
F v 7 % f# 5 Tiksk FEL OBFERFSE % 1990FEH ) 51T -
T&E/, TOMBTFEL 7 VY 2 b —2—7% #1991
FIZSASE OREEREIT - 1210, COMFEIFZDOHK—
Wl U728, ElEE O —LU Vv FRRE O TN
5 EnEMIC, BEAFOmRI FEL %8 % VTRt «
TEARIMEIE C SASE O R4 &R I E O FEERBFSE A 1998
FEITHER L 7o,

LNVEFERTFIA Ty 7 Lo« @7k FEL & O
KM% Fig. 5 12773, SASE OFEERLITSHIC, &
AF v 7 TMELICBEANAVFEFE—LDLI v ZUVAR
IRIVF—IG, NVFRE, NUFY)OBEBMBERIANE
F IRV F —HiF CRIE L 7z, SASE ORA R TII@EE
NV F 720 15~20nC DNV FBFE— A% WS,
CoOFEMEIL, FELE—ATF A VO —LAL v/ S\—%
Tr ST 4 =Ny T ELTHIEL 7, 11~32 MeV O#ifH
THELABFE—L2DOTRIF—MEIT1L1~4%
(FWHM) THV0, BTIRILVF—DETF L3icHikd
bo BZERICEWICAT VU AR EE T —ADEE T 5
KRB 3 AT HER B %, AN U—27 7 A5 THET
HZ LIV RDINVFEIZ20~30 ps (FWHM) ThHh
BHo WNU/FBI-DDOEBEME ENVFEPLEIAETRD:
V— 7 B\ 1 KA itk Th 5, PRI ARG [ETRD /-
AT I v 2 RE K « 7B J7 M F£12150~200 7
mm mrad TH 5, KAWAZHIZKEREFHEOT VY
2 V=2 —DOIRIT 6 cm, %32, £K131.92m T
B5o WlF v v 7 %#30~120mm OFPEATE 2 5 T &I

ISIR L-Band Linac

Shielding Wall

Figure 5. Schematic drawing of the experimental arrangement for
SASE at ISIR, Osaka University.
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Table 1. SASE experiments
Institute Wavelength Gain Year Comments
LLNL® 8.66 mm 104 1985 z-dependence, Exponential growth
(34.6 GHz)
ISIR, Osaka University® 20, 40 um ~102 1993 Current dependence, Non-linear increase
70~180 um ~10° 1999~2000 K-value dependence, Wavelength spectra, 2" HG
SUNSHINE, 47 uym 10~100 1996 z-dependence, Exponential growth
Stanford University®
CLIO, LUREY 5, 10 um <5 1997 Current dependence, Wavelength spectra
LANL® 15.3 um 300 1998 Current dependence
12 ym >10° 1998
PBPL, UCLA® 16 um 40 1998 Current dependence, Intensity fluctuation
ATF, BNL# 1.064 ym 2~6 1998 Current dependence
633 nm >1
VISA, ATF, BNL#® 830 nm 2 % 106 2001 Saturation
LEUTL, APS, ANLW 530 nm ~300 2000 z-dependence, Exponential growth
530 nm 10° 2000 Saturation
385 nm 10° Saturation
TTF-FEL, DESY? 80~180 nm 103~104 2000 Current dependence, Wavelength spectra

a) Lawrence Livermore National Laboratory, California, USA!®),

b) Institute of Scientific and Industrial Research, Osaka University, Osaka, Japan!7.19:28)

¢) SUNSHINE Facility, Stanford University, California, USA!®,
d) CLIO, LURE, Orsay, France.
e) Los Alamos National Laboratory, New Mexico, USA2!:22),

f) Particle Beam Physics Laboratory, University of California, California, USA23.

g) Accelerator Test Facility, Brookhaven National Laboratory, New York, USA24. Visible to Infrared SASE Amplifier, ATF, BNL25,
h) Low Energy Undulator Test Line, Advanced Photon Source, Argonne National Laboratory, Illinois, USA26:27),

i) TESLA Test Facility, Deutches Elektronen Synchrotron, Hamburg, Germany?33%,

XV, KEZHKK1AT2ETRELSTHLBHEKRS, 5t
BTlE, BITV—L:7vVal—3—OKEEE25
IR DERFEOE— 7 PR A 11~205 um OFIFH T
25T ENHKL, BTE—LET VY2 b —X—OE
% Table 2 1T~

TEF VU — AL RIVFE—112 MeV O, Table 2 (C7F
Bl w H W CEE L 72 FEL /85 A — % —{3 p=0.02T%
%o ZOFEL /RS A — 2 — 3D K50 SASE FEiC
HRBEIHfTREV, A VERIFL,=014m T, ¥—7
W Poye =5 kW, HME 1L Poy/Pn=108 L 70 %, /X
J—fMEIH3m THL5DT, REX1.2mDT VY
L— 2 —TIREFCES 5 LI TE R,

WIZ 1 RICEERIC & 0 5 2 5 b SASE O & %
COBEFE—ADRET 51N/, Figure 6(a)i, &
FTILANVF—LT VY al—F—ORMER XU KEH
LAELAKOWR EBELZETFE—LDII v X /A
HHANDL, ERREHEBET I v % A%200 n mm mrad
ELCGHR LR R, K —LA L EFE—LDZEMM
EE D OREY S 2 55D K=1.472126 L (&
T )VF =520 MeV LU F O Tl S b, SoEdr
BROEEE % 39 5 S QORE H &2 5 & AL
/Anp<e,, L 7:%, Figure 6(b) T, U —AMME LD E
L7ckE EEBRTROIZLI v RV AR D, BTE—
ADIR v 2 AL TOI 3ILVF —F Clifp L v k=

Table 2. Main parameters of the electron beam and the undulator
for SASE experiments at ISIR, Osaka University

Electron beam

Accelerating frequency 1.3 GHz

Energy 11-32 MeV

Energy spread (FWHM) 1.1-4%

Charge/bunch >20nC

Bunch length (FWHM) 20-30 ps

Peak current ~1kA

Normalized emittance 150-200 7 mm mrad

Repetition 60 Hz

Mode Single bunch
Undulator

Total length 1.92 m

Magnetic period 60 mm

No. of periods 32

Magnet gap 120-30 mm

Peak field 0.37T

K-value 0.013-1.472

WOTEFTIC L AIREIV L, KHAT 4 VIR C
EHRMRF T X A, SASE OBIENY FigL VEFE—AD
TRIVFE—MFHRNSNT ERUETH S &S LB
374 %7 Fig. 6(c) THN S, HIEL 2R FE—ADIT X%
VE—IEL, BT T RIVE—MECFEE T AT 52,
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FEL XSG A= —3 k&< b, RAOKMHEIZHL T
i, £ TOEKTIOLMHIIHLT 5, Table 21277 &
ST VY 2 V=2 —DRRIE32TH 5D T, PHK100
& 200 pm OPFEROFHIEIE TN £ 11 L 22ps &7 5,
CNBHOfE & Table 2 [Z/R§FET /N FDOF{EIR20~30
ps HHND L, FEOQRTHICEBALL WD, 25D
CCEPEREMBTELNVFRETH S, A(20) THE
FTAHAFNL—Y 5 VEFNS~1Imm TH Y, X(21)T
KEBaL =LV FROPE OV ABUL M=1.7~2.2Th
HOT/NIVABREDOEFHIRENTHAD, UErFE LoD
%Y B AFITHIVF—720 MeV LU FOHE T, SASE D1
WIEHGPEAH RS, #€- T, 3\ SASE D4 23
HCTE 5,

SASE #/E L HEBIE O FEBR AT O %6121, Fig. b
I~ 9 FEL BRSO LA O K% B0 4L,
SASE BERKENT VY 2 L= —HOMITETRAEL &
K shF & < 5 IFRPER A FOREH & T
fiF b, BRXVFRBTFE—LNT VY 2V —R—%Hld
DRI L 72 % Rl o RS < R L T B flic i
DHT, 2ERUC L BB E BT 5 72 DIC BAEPER L 72
Jolmkig el L CIERIGEE, BHTRF2 L@ L
B, WIENY Y A TEHEIL 72 Ge @ Ga P A 25 Tk
WA BIET B, HHBEATOREVEEIL, 5k onmE
W 2 PSS A 5, COLDICHIEL 7o mE %
TV al—2—O KO L L TFig. TIIR7d, H
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Figure 6. Test for application of the one-dimensional SASE theo-
ry. (a) Matching between electron and photon beam sizes given by
Eq. (15), (b) gain length and Rayleigh length given by Eq. (16),
and (c) condition for the exponential growth given by Eq. (1).
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& BUAERR S 2 OO5M THE L 726 E Ot
fETH 5, FHffIT SASE O 1 RTGHERIC L A EMTH
%o T, WERDIMMAEATTHICKEL, BELK
e THRH LA EREL 72, £/2, StETHWETE —
LAOBBALT I v &/ AR, BIEMFEE XD/ 1007
mmmrad TH 5 & L7z2, @BEOHRBEIIEIT> Thix
W MEHEIC SV OEBEE LD S DD, 3HITH5K
I DAL L e B 2 Sk I FEERE & BEREI X < —
HTHOT, BEIL /% SASE LEEL Y, BT
FIVF—11.96 MeV ORFICHITE L 72 SASE DR A7
FV% Fig. 8ICRd, TNOHLDOPR AT FIViE,
WO & BT T ORROMIEIFT > Tz, ThE
NOT7VYalb—X—F v SITHLTIAH3 DD
V—UhRz2 5, AmOE—713, EFE—LAZFRIVF—
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Figure 7. SASE power as a function of the K-value of the wiggler.
The parameters of the wiggler are listed in Table 2.
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Figure 8. Wavelength spectra of SASE measured by varying the
undulator gap. The left-most peak in (a) is the 2nd order peak due to
non-harmonic generation of SASE.
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ET VYA b—2—KMEP OB LIEAREORE & X
K—HFTHEDTSASEDEKRPTHALZ LB %5,
Figure 8(a) DD/ — 2713, WEAERKEOL
EDEFSTHAHDOT, HEwmMWIZTE SN T/ SASE
OIEMM S AW REIC LD 2REHI LREL 7229,
NFIERIE E R R4 L 5 SASE SR OF b TOHE
BREIERMCd 5,

6. JIE—L>MXBEORE

SASE[C&E DS W/cab —L v b XEOFAE & FIH e sk
BT H2ODFBEPIRESINT VWS, 7 AUA
SLAC (Stanford Linear Accelerator Center) @ LCLS
(Linac Coherent Light Source) & & F A DESY (Deu-
tches Elektronen-Synchrotron) & TESLA-XFEL (TeV
Energy Superconducting Linear Accelerator-X-ray Free
Electron Laser) ftEiTH D, ZNZNKILOTHF A v
R=FPMELN TS0, ThbLoMEHICESE, X
# FEL GHEIORE & e S N BTN T 5,

6.1 LCLS 5tiE

LCLS OFtEiE, 1.5 515 A ([ch7- AU E &K CEE
9% SASE-FEL Ot 5ebi# sz % SLACDOF 4 F v 7 %
HoTEHFTLEVDEDTH %S, SLACH Ikm D5 A
F v 7O, BHO 2km (3 B-Factory O ASEIC{Hbh
TWah, OO 1km & #0395 14.3 GeV O & 1
BEETE—ALLEREILSMOT VY 2V —F =%
SASE % ¥4ExH %,

COFE DO ERES Table 31 E L5, EIEER
FYE— L% FET H7-OITHERHEIEA T B L —T —
73 P AV —F RFEFEFHEBFE, 7OV AIEE ps TEA
B~1nC, ¥—7BH100A, BBt I v 2V A~]1x
mm mrad OENYVFE T/ A %120 Hz TRES R S,
BFE—LDOE— 7 B RAEMIC3AKA ETHERD L7
DI EF D280 MeV & 6 GeV D 2 » i TR/ NV F
EfA1T 5 WA/ FEMOMBBETHNEF NNV T2 5
s hsav—Lv v by ot /EHICE ATy
A ADHEKEB FcdoDTRBIN TS, SLAC OF
FIAFy 7id, S/NVF LN S hE P $752.856
GHz OFE IR CEMET HEBOMEFEZHFHL T\ 5,
DOFEIC L TRV FE—14.3GeV T — 7 EIi3.4kA, #
BT I v X v A15ammmrad, /N F £ 158 fs
(FWHM), T %)L F—Ilg0.02% DE TV — A&ERT
%, BTV —LAOREREE % Fig. 9 LI B ICR
4, COBTE—ALAZMWTSASE #4957 VY a
U—x—t, BR300 mm CRMHK64E 1 1=y F &L
THB2a=y P2 bHEEINAE, 122y FORSIE
12mThHY, 2=y FHEOMKEIIFZ0.235m TH 5D
T, £R111.8m b7 5b, 7Y a bl —F —DWBF v v
Jit 6 mm BET, V— 7 B¥131.32 T, K f#i32.62TH
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Table 3. Design parameters and performance of LCLS and TES-
LA-XFEL

TESLA-XFEL
— (SASE1)
Electron beam
Energy E 4.54~14.35 20~30 GeV
Peak current I, 3.4 5 kA
Normalized ) 7 mm
emittance In 1.5 1.6 mrad
Energy spread og/E®  2.1x10°4 1x10-4
Micropulse )
duration of e 83 fs
Undulator
Period length Au 30 60 mm
Magnet gap g 6 12~22 mm
Magnetic field By 1.32 0.66~1.25 T
Deflection
parameter K 2.62 1~5
Unit length Iy 1.92 5 m
Drift space Ip 0.235 1.1 m
No. of segments Nieg 52 53
Total length Ly 111.825 323.5 m
SASE
Wavelength y) 1.5 1 A
FEL parameter p 4.7x104  4.2x10~*
Power gain length Le 5.8 11.2 m
Saturation length Ly 94.2 220 m
Cooperation
length e 51 38 nm
X-rays
Wavelength y) 1.5~15 1~5 A
Peak power P 9 37 GW
Average Power Brsveere 0.31 210 W
Average photon . 20x104  10X107  phs/s
Average brilliance  gyerage 4.2 %1022 4.9x10%
phs/s/mm?2/mrad?/0.1%bw
Transverse b)
dimensions 2y 78 100 (e
Angular S
divergences 2.y = s s
Spectral width >,/ w® 5x10-4 8x104
Repetition rate Jriaw 120 5 Hz
Macropulse _
duration i ms
No. of micropulse 1 11500
Micropulse -
intervals %3 ns
Micropulse b)
duration D3| 232 100 fs
Energy in a -
micropulse € = = )

a) The letter o denotes the standard deviation or the root-mean-
squared value.
b) The letter X denotes the full width at half maximum (FWHM).

%, FEL/SS5 A —%—i%, WEIS5A Tp=47x10"47T
B0, BIFE—LADIFIVE—LNB D HEEIC AN A
VEF Le=58m TH b, SASEIC LV RAET S XD
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Figure 9. Time structures of electron beams to be used at LCLS
and TESTA-XFEL.
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WAHR, AOE WL, TESLA-XFEL :HE T3 & T
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L=V VvV FXBOY—7 T —=REWR2F Tk, ¥
N7 — 3 2 3 A RIS A OIS K & 7
NELNS,
COFEOFZEREA” Table 3IC7RT, L—F—7 %
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BFNVIFERET D, BFHTRELCEROBT IV
0V Al z N EREREL7 mm O 7 A5 A o
7, TN 150 MeV & Thk L 7z &8 THROI O/ F HEfb
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WOZZTHOMEEL LB ET5, 54F v 271310
Hz T3, SASE HOETE—LEBIRIVF—FE
BHAOBETE—LA LA HICNE S %, XFELHOVY — 2
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M4 %, Figure 9 FI#BICRIHIC, COETE—
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T, TVVal—2—0D4KE33235m Lixb, 2=y F
Blicid, BTV —AERAOMBRAOPMEET =X —, A
FTUVITRA, EFRMHRAERR, BEEPERR Y T
EnEBEEsN5, FEL XS A—2—%, E1ATp=
42x10 4 THLHH, THXRVFE—DIEND #EBICANT
FAVEEZ Lg=112m ¢ b, BTFE—LDIT RV F—
ETVV A V=AW EEZ2 DT LIT LD SASE-1 T
F 126 5A ORPATX BOWELZE 25 LNHKS,
XU — L3 BT RA TR E S O ST A X &Rk
BEON, TV =2 —HOTZO @RI Zh T
100 um & 0.8 urad TH %, MEH DAY FIVIEDEH
fEIX8x10°4TH Vv, KUV ADWKREMEIEIL, 100 fs
Thb, WEIATOVY—27 /87 —337GW T, Y/
ADLTARIVF—FE~3.7m] TH %, ZOHK/ VUV ABEH
115001@ x 5 @ S N5 DT, FH/ST—3210 W, F
BHFHITHEHLOXI0VHTH Y, FHOMEL4.9 x
102° (phs/s/mm?/mrad?/0.1%bw) ¢7x %, ¥—27 /37—
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i E kD, SEHOXTE & BEE LS 3 RO KK
JHOME & DHTEWVICK E W,

7. &HYIC

BEZREEAME D D X SRAEERIC D7z B BRI T, 22
BLUBBBICE O — VvV AR O 2R e 5T L
MHK D SASE 1E, #4HRTH S & IITTRMmO B K
KETHS, Biwb v I 2 —Y a VICEAMIETHANS
NTE/SASE1d, U « o0 SV EERFEBICHA
KL THLPNTWAERIC LY FEBEEATHZL 2Ob
D, Winwkav—UvF X#BORE EFHN AL
HEE L 7 Bk 7z, SASE (3@ W — 27 8T —% o
KaRETHENY TREL, BEESA >y 7@ 23
BVPENT — e RO 3E L EHIWRETH 5, TESLA-
XFEL OFFEIC L 5 &, WE1IA DX BOFHE/ ST —
3210 W TH 52, XMBEAEICHEAT LETE—LDOK
ME & HEGERE Y LB EODI»05% ThbH, b
L, COMM#ESEEGHERL O AT —%5|EHd &,
XOFHHENF42kW I b7 5, SASEIC L B5ak —
Vv b, B Lt OMEIER R B2 AR O
Bk X MR Ch, EERFLOISHAME, SOOIk
EEFHICLERHTHA D,

T R T SASE DA L FIHICHE, M4
LOT VY alb—F =K — AT VigERITRESL
ORVEPTFFRET 5, F7z, FEROBEHEIENES & It
NTh, AMCEMEIEBCTH S, COXDEHEEED
W2 T, TZTHANLASASE Ot X —HEH <
LI, T AU EFAYTIEE L OBBEDOHIIC LD
PR A HED T 5, FAE T, SASE RAEDHEE
FHANATRCBR A5 T B0, FhaFIH 4 58158
FZORMBN T4 TS ICEbn b, EEEZECBRT
FARMED D T-DIC D, BEHEFIHE O & S0, #A
WAHATHDH, CO—XDBZ DT E7enIEFENTH S,
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