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Investigation of High Reflectance and High Damage Threshold Mirrors
for FEL and Research of the FEL Developments -

Ken-ichi Ueda
Abstract

This work has been carried out for the investigation of the engineering

for the optical resonator and the optics for free electron lasers.

Several important issues obtained in this research are shown as follows;

1)

2)

3)

4)

5)

6)

A dye/excimer laser system which can produce ultra-short pulses
equivalent to the FEL pulses has been developed.

A photo-acoustic method with ultra-high sensitivity has been developed
for the measurements of absorption and laser induced damage of optical
components.

The measurements of the uniformity of reflectors have been demonstrated
experimentally.

The characteristics of ring resonators including the alignment accuracy
have been examined quantitatively.

The importance of the grazing incidence optics for FEL resonators has
been pointed out clearly.

The optical engineering and FEL researches in the foreign countries
have been investigated widely and intensively.

Work performed by University of Electro-Communications under contract with

Power Reactor and Nuclear Fuel Development Corporation.

*

Professor, Institute for Laser Science,
University of Electro-Communications
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Laboratory Layout of FEL Concentric Oscillator
Burst Mode Ring Resonator Experiments
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Schematic of a photoinjector

High gradieat RF cavity

Mode-locked Laser

. Photoeaitter

Master oscillator
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Lab. Cathode Quant., Current Pulse Rep. Beam Current

Material Eff. Density Width Rate Micro Macro

LANL CssSb 1% >600 A/cm® 15 ps 108 MHz 400 A 3 mA
CsK.Sb 4 % >600 A/cm* 22 ps

Duke LaBs 0.01 % 2ps 95.2 MHz 85 A 15 mA

Argonne Y,Metal

LBL, USA ?

Germany ?
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Curtis (Rocketdyne) and Maday (Duke Univ.)

Photo cathode LaBs

Laser 3w of mode licked YAG (355 nm) rep rate 95.2 MHz
100 ps, rep rate = 95.2 MHz

Quantum efficiency 10~*

Accelerator Stanford Mark II

Wiggler Stanford Mark II

+ Rocketdyne 2 m wiggler power amplifier
FEL wavelength 3.1 g£m
Typical macropulse
energy 0.35 mJ

Peak intra-cavity

power 200 MW

e-Beam
macro pulse 15 mA, 3 us
micro pulse 80 A, 2 ps
By < 2 pi mm mrad
Brx < 10 pi mm mrad
energy 38.5 MeV
energy spread <1%
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Thermionic Photo Cathode
Typical Typical Maximum
go 60 % 100 % 150 %
macro pulse 70 pC 170 pC 250 pC
35 A 60 A 85 A
normalized emittance
YT B ey 10z 8xn
YT B ex in in
peak
brightness 1.8x10'! 3.8x10'! 5.4x10'!
| il ’j‘; Robotic Adjuster
Hall Probe Carriage

opoco
ooooooooo‘ooooooo 0.00 000000
00 ‘
09
0000000000 0000000 90500000.00
00

000000000099
0000000000
200000000
\

z o Undulator
Measure undulator fields
with hall probe IBM PC Model 80
assembly \

Carry out adjustments
with robotic screwdriver

model of fields

Calculate simultaneous
solution of 600

equations

Maintain permanent
detabase of
screw pasitions

M2—-7 HEBCIIEEEYVA /S —ORE
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Total Aberration of the Optical System
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Uses Off-Axis Pilot Beam Piston to Match Steering Flat
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Piston Command
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DOUBLE CORNER CUBE RESONATOR (concentric equivalent)
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R4-1 BERFL-F-CHOOI I XERTFOKE

Mirror Coating Material Reflectivity Absorption Wavefront
Destortion
Silicon Bare Silver 98.5% at 0° L5%at0° Al?
Hypaboloid 99.92% at 87°  0.06% at 87° for
Silicon Zr02/Si0z/TiO2 99.99% 0.001% A /27
Paraboloid for 1.5" witness
Silicon Zr02/Si02/Ti02 99.99% 0.001% A /22 for 1.5" witness
Steering Flat A /20 for 11" mirror
Fused Silica Hf02/Si02 variable with 0.002% A /30 for 1.5" witness
Qutcoupler wavelength A /30 for 11”7 mirror
Fused Silica  Zr02/SiO2 <0.1% 0.001% A /30 for 12" window
Window
A =06328 xm

Image-Relayed Corner Cube Ring Resonator

Experimental Configuration

Relay Plane Scraver Mirror

/
Telescope No.1 / Wiggler Telescope No.2

Relay Plane
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-29-



4. 2 BRHEK- - BREARHS

HERBCANSATWIRERTORERL -1 ICHELE, ZOBIRF—1
Y7HDO0. 6 pmBRWRFS 4Ty VRHABHBEBFL-—F—TH35. BFOIRI
¥~ 140MeVTI4 75 —BE5mTH2. MARY VY V#HEBONERT
T, #BRBOXERIAOEETH200mTH 5. BE, 10mI4 5%
BHRT, TOBAGOXBRRERZ600mBRECLZLFHEATHWS,

RAe-1ICHRENERERTFIAOHNDPIHBBTFL—VF—ARXREEFORH.
BNEHEEIUTOEY TH S,
© EHRIFI9. 99%FBETHS,
BREO0. 001%LLTTHB,
FHEEZAL/30UTTHS,
HARCHBASERL2AVWIHEAR., VL—F-HIHToBECED
HTUETIHENS S,

® HABOERHI—FT14 V7130, 1% UToOEHNRICHRS,

® XERFOTENKEH,

@ EREARERVFIBETHS,
CALDERBIEFRTFHEBRME LTHEECKLY., OQREHFEOREICHT
230, QOOREERFOREICHMTI I, ODRY M4 X, BRCEIT 31D
THd,

® ©® O

4. 3 EHBRoORE

ENSEORRFER
ORHBA DRI
QFHEBAIC L AKX
©F - 2

THD,

-30_



0.y 0.5 1.0 5.0 10 50  100um

T T TTIiTn T L L2 ¥ ] T T T
[0.125  Ape 1.7]
| I
lo.2s ko 1.7 )
1
(o2 FUSED QUARTZ 4.5 || 510,
| 1
(0.2 CALCITE 5.5 CaCOy
] ] )
(o2 SAPPIRE 6.5] Alp05
1 [ |
[on MAGNESIUM FLUORIDE 1.5 | MoF,
1 1 1|
[ 0.25  MAGNESIUM OXIDE 8.5] Mg0
| S | |
fo.n LITHIUM FLUORIDE 9.0]I|.n=
|
{0.13 CALCIUM FLUORIDE 12] caF,
| I L
ICRE SODIUM_FLUORIDE 15 | NaF
] ] | I
{o.21 SODIUM CHLORIDE 26 { Nac
| I
(0.5 DIAMOND 20 {
-l R | Asld 1 1L 1101 1 L1 LLl2
0.1 0.5 1.0 s0 10 50  100um
WAVELENGTH

B4-7 XEHNOEREERIR

4. 3.1 XBmRkIdIHX
H2EHRTAREEHFBORAOYRIEEZBRNTHLE, RRIDIZCLBEHEHTH
3, LAL, 0. 001%A—X—0@ I ENEMECTIRY., BNOLI 2N
YRE2FAICLIEARTHD, DROBNBEOERINY F¥ vy T XX
—TREEZHDIDT, RFOIRIUVX—DELDEY, TLOEXOEENEL
RBEVRUAMATIZLARTIOARY, BROECHE, Ry F¥vy T X
WE—EYPERRFIINF—OBRBECRBEMI RV TEN, BFRE. B
A, FHYBRNOEDIC, THRBETHDTFILRNERT. — ik, BRIUKHE
ENEHETHINES LT, TRAROBNALSNT W EEXTHMBO LW,
REMLEHZHBOENLRBEERERNA—TTLOE, FAHBLELTEBLE
HERTAEHBOSL N, EBABTCLRVWEELEHBTHEZ XA YD B,

_31_



4. 3. 2 RmEBEKCIEX
BENMREZACTRIVAKREBPEHETOL L, o b AELALERIE
EEECR2S, REABECE, ERXFOMGICERT b0, XEWROBHE
ORF—L L2210, XKACHBLEBRFICLZ260, 2YXH5., XEEKOD
REHESUNOBMBEIEBRODENT, EREER, FRAThEREOHKKF TR
REBTH B,

—7, REMZCERTIMARKE0. 001 %K PESHBI LT, MMT
Baw, BHBFUL—V—HARNETR,. Bt VA bu—L4, TbbEED]
000ADIUTOMPRMMUMSELVE S R BEHEICHTELRFAERD
B, ZOEIBRERBIV—F—S v uAXERROFEREN, BLEL -V —
RAXF¥RBZOMBELRY, HEBEHLEUODVWTKXTREBLEDT., DAENIKLE
MENTVWLHFTHS. LAL, BERMAEOHICH., o> BBERNE
FEMCHRLED LT HBENBY EXYDOH20T. KWKBHLTHRET
RETHAHI.

AR '.\.'\‘.'e ' B e
SN X R RAR
| ARE N
I &

R &

K4-8 BEAZEBRERHNH

-32-



4. 3.3 REBCLIAK
ERM, FHIZULDLI RRNEBEOEAORNKIZO 8 %BETH 2T,
ELEBOEHREBEEDCE, BEASHRC L 2ETEHREMALEY
hiERsRY, M4—8KRLELDK, nekn, ORE 2 WHOBHIRE SO K
SHREEXL /AUEMBTRETS L. BEROBEORERNEL K HFR
CESTEE f=ne/n.0NKEE>T,
(n.£2—1)
Carivr
4 2, (1—1f)
AL = . sin™! AT+
23, EEL, n.BEROBHAET, BEEI2NTHS, CCKCRLERID S
PBLEY. SREEMATIBRAORAROLABVIEY, Vi vEKTEN
BOARY FVCHUTHOWENRERRT 52 LN TE5. LENST, HEM
HIS5—%22L3EdiIciE
© BHROEHKAE <
® BNROIE L
HENEOREHNEERT S LAEELERTS .

I{nux = } 2 (4'— 1)

b

(4—-2)

BRENLEITREL BRBOREITELEL

M4-9 FHRHALERBCLZIHKROED

_33_



1) BEREEIC & 3 XE:E
LREOERHBIEFBROEADNEEICL /ABEET, dORNFEFo CHEEL
AEREAY OBEICERREND, LAL, BLEBEBROHASIREL T, RED
BERBIADETHEL, REHENFETL,. BETLESRIXEREE2BEET > L
K25, ZOLE, bTPLROBBENERCHBLELLTH, L—F—#S
CRERERBERETZ LIS,

2) RMBAEORE B EORE
HIVLO>OMBERSBEMOEAETH 5. BERNICE 2HOBEABOER
BAFy 7THICBIFTREFIERL TR eNEE L, LAL., ZEBREIR4 -9
RULELIKEAREFCRVWIAITENRBEYV S DOEHABFIEFEET S, 20D
EHBEZEERBLIVOETIS. BERFBORBIESHECEKELTVWDS, X
—BUTH EBFE—LNMBRAERFER, oL ERFIFIRBHICLRS L WD
hTnd, AR, BFE-—LBBECERLEXAZ#FBEEZL oL BEENEL,
HEHLREARABZ2 23R, ARV RYVYITE, A FAVE—L - -FRIDa VED
HMLTW2, XEZ20 CHABFL— YV —-—HOXERTFE DO >TWHHEKIRA
Y - TRI>aVEELEDLOATWVS,

4. 4 MAHERELHR

4. 4. 1 HMAHERHSFoBRIHE

AT — b2 HENVERBLU—TF—DONT-REFEL. boL I BEREL L
icenEhd, E—LFENNELENUT, IHBACEALDNIBHEEZER
TEIHERFRIMAHEERTH D, £4—-1IKRLEREY, AHANS TED
Be. BHABRER]L /1 9ICBETERB3ZLNTES., HARXEROLEIV LD
OFELLUTHHREELSTES, BEEANTHRI8. S5O RHEDNRHEL 8 7
BEAHTIZI9. 92%KPbEBTHNTHD. FRASBEORNHHA KRS L,
EAROBEREGESIPLRVWILDIEERETH S,

_34_
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Grazing Incidence Hypaboloid Mirror

* Quality - 6 mirrors
* Size - 64 cm long
¢ Radius of curvature
11x3400cm
s RMS wavefront error
A /34 at A =0.6328 g m
+ 17 A RMS roughness

Off-Axis Paraboloid Mirror

* Quality - 2 mirrors
+ Size - 28 cm diameter
¢+ 7 m radius of curvature
¢+ RMS wavefront error

A /36 at A =0.6328 um
¢+ 11 A RMS roughness

M4—-10 HMAHNdhEFL @ L RDES
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Cyllindrical Measurement Machine (CMM)
Records Surface Figure Errors

He-Ne Laser
ﬁ
HP Computer

Encoder = Tape )
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1 R lnterferometry Printer I \ Hypabloid
p— | B '

Z Interferometry <] CRT

Corner Cube
" l
Sapphire Sphere
Basic Signal Electrical Vertical Slide

Air Table

M4-13 3KRBRIAWHE
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5. 4 BHRDLOBRLSXFRIN

5. 4. 1 MEBORELBHOLOER

BEADV —F—RV 22 ERMBRHLRET S L. XEHHOAROREREH
RECZ>TW3HhLFEEhB LA ATHE, R5—13KRLEDRE,
ERAROBHCKr FL—F—2BELEBECRETIAHLDORBIEANRY b
NTHP. 585 nmEBMAUZhI3FREORKIILHASBIEhD Lz,
BHAENRANZADOV—F—-X2zRBETILE, BHARY FASKRORBEN RSB IR
KBO2TLK53D0THd, CORRABFLORER, RVELREBROSFVWEID L
—YV—TCHHHBFU—YV-—CRELMBEL23THRENSZ. $2bb, —H
BRENEAHFLEIBNFAEREMAKZEIHMEL, BENEKIS—2E8RMcE
LEBBLEAOhIIDTH S,

EHEFL-F-CRFOMBELLT, 91 /5—- L8l oRELER
EOHBBEHEICE I XLRABIDE. BB 2B830 R, BFoRTOR
BEXS RIBBENHS., —H. KELETENEZLEBE., BFE-LCHEAER
HACBT IR TFORHRITLELRIEXKENERISThT, BREIRBRET S L
#xﬁén&n,nmﬁﬁ&wmﬁuﬁxmwl/nvbam?\E&Etﬁn#
BEXIRETD I LKCRD, £, V—F—0&dkak—-VU Y N olEREEEL

LASER INDUCED EMISSION

FLUORESCENCE

1 1 1 1 1 1
© 650 600 550 500 450 400
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HEBEBEVART PV EFHD, BIXINVF—BFNESE2HVWIAHEFL—¥
—THRHHEHEERERNDOKRXBCB LN, ZoRLHBBEN L, SRR
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Laser System =2000 Half-wave Plate
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| g
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TEIPL—F—DNRIVAEZLEL, BARACH Y TN EBWTHAEEES 28N
L. BWERIABRE1psTHd. eBAKX, CaF., Mg F.kDOWTHE
LERRER5—- 16455 -18KRLE, BEV—FV—RECHLT, %¥
EESAMMAIROFERBELZRTAICE ST 2RHFEBED, TR RTFEBIEY
ETHIULANTEDS, COZRRRIEWRT 20, AR IGW, / cm?Ll Lk
TRITE2HTFRUAZRENTHY, CaF i1 0GW/ cm?*ZRAEERT
BILBERDS 2HFRERRCBTTOILVWIZLTHD, £, Mg F.0BEGRNRY
FR¥vy7IRXRNUVX—-DFREVWDT, 1lO0GW/ cm*TCIHERBRBRMAIKELI RS
B, HEIOTILINTFRIGABTH S, CORKCATBERIXEZHNOFERE
BEREWET S >ELETH, BBRETHoE,
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HERTL —F—AOXTRTFORELRET 5Dk, HERTL —F—
LASOBERO L —F—BALRETSXBMEMBLETRERS B, L —¥F—
ARNRORR : REMCRET 5 ERUBREN, XERLTS5. hd 0B
REIV—FT -0 RBEEFEGILIAELIBYRELIBEREEK>TWD.
LEMoT, SEECE MO TEED S RAMERO L B0 2 Rl L —
—i3, HAEFLU—F—SEALShEBATYH, RERTFORR. BRHCEE
AREERET TS5, AR, T0L> 8L —FoHHERTFL —¥— A
FEEDORRROML —F—L LTOHACRS, 40, M6—1LRTEd2
BEAVAREY —F—S A7 LEMBLE.

XeCl . Dye Pre-
Laser Laser SHG Amp.
497nm 248.5nm A\
10ps,100ud gnetL=5'9
1st 1st 2nd 2nd ::::>’~400fs
S.A. Amp. S.A. Amp. | 20my
T1 gnetL=5‘9 T2 gnetL—8.4
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LBRLV—FT-0RKR/HEROEREK6 -2, 6-3cmLE,

FAEBofEER6. 1licELdHD,
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6. 1 VapRLEARLV-F-OMRLEH

ITXIIV-V-BEGARL —F—
EANVZAREE | BENXDEREBRES
QTDL(Quenched Transient Dye Laser)
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i AR 6 MW 10MW
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BYEL 25Hz H&E
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=38 % 2L 248. 5nm
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6. 2 IJ—-VTRHRRBRCaPAIMIORE
— 2BRVMARNE —

FL400ODYRFLREMNKCY Pulse Shapin
Y7o T, SLEREEAADYE with Doublé Saturable Absorbers
SBBEELVWHAND S, RFCRE |
REIEFESEDIZLHFENICOTHILL, -—%[}—%{]—ﬁ>
IR, DAETCWALEHRERICS W
TH, TXROEBURLBREEZ- L Pre-absorber Main Absorber
MELAETERD ok, L—F—RfE =P = Esm
DREEDREIZ BIOV—F—RE o beorver
ZOLON, BERETE/ VAL RE o oo
THIWMROT, REPR>OEB L
AYEBITB3E— FOBRESRT 5%
CrEBELTWS, BEAL —F—F Stable and fast pulse can be obtained.
T, RNROBENRNVARBEDEDC
FHLVHEAMGKEEATILHTHR RN6—6 2BHBITMHNGKORA
L. tOREEBLIAE. BITEfTo
TErk, TORKR, BERNAV—-F-RR/HNEC AT LEREBCRIFE S HRA
LT, EABEOREK BRI 2HBOTHABRN L ZENCKASEERS
—SD&IL2BFWBAABRNI AT LEMABLE, COVATLATRTHARIN E
WoOBREZ, WIVADORRBERETIHERN IV L, XV 20EE, EE2T
IEBRMEND2OOBACH ML, £1xOF{ERAILTIZ LT, BE/N IR
RERREMACTI LB LE, FENLRBEEGRE —6%28FKZhlEw,

Main Absorber
(Fast bleacing)

FTORBECIDAEL—F—CBALT, 7-VIBANNAEZRECRES
LRk, ARV—F-HoTBEIRREKLLTE, Yay bR OG—
53085 XAT74NA—%2AVE, RI6—TIKEADNEOG—53 00RINE
LV F—HABROREARZ PVASAAIBEDIK, 500 nmEHFTHL
PONEETHD, H6—-8DEIDIC2BBHARK I IV —2HEAL., B
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|
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- N
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Attenuators
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Recorder
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with Saturable Absorber

FWHM
9.2ps

without Saturable Absorber

34ps-—p G,

M6—10 PapeaRl-—V—oREHE

BREBISIEDICTII NI -—2ERLLENDERETo L,

He—-9nZRERZAW. BHAMNI—VHAAS (ERFP=22RCOT789)
TCEIPNRNADNNNVABOHAE2ToE, RVABEZIARY MIVIBE R CHT
TIHIZILT, Z-VIRANNACLOBEEVWIHETED., EEONRNVAEE
ZHRLED, M- 1 0RCORLEFBEMADIGHRONNABEBOE{LERL
TWd, 50p sONRNVABEEREE > TWSIFL—-4000TR, WEEHEC
UTHRNAEE40psATIKLEELTH,. BE6—100&Ed KNIV 2ADREBIC
MAOAVWHELEDS, BRECHZLY., —F, 2BRTHARNS ATLENRALE
KR, U ABRZ1O0p s TEBEh EZOHRRD T, JIVAEENENICA L
—XkkokzbicEBLEThERZ 2w, AIRKCHUZHLERERANRY FIVE
LRIV ZAEBORELD L,

AvAt = 0. 5
3, HIABRNRNWVAO7Z—VZBRENRANVAELEZ
AvAt = 0. 44

THEI3HD, BIEFT-VITBROBRNANAEREIRIZLICEILTVWS,
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S.F. 1 Cell 1
, S.A. 1 | Cell 2 _ S.F. 2
§ | /
Output
EMG-150
S.A. 2

Vacuum cell
S.F. : Spatial Filter

S.A. : Saturable Absorber .

R6—11 BENXNZAZXIIHER /NIVAEHDS

6. 3 RIIBELOB / YIPADRBRELV—F—->2AFL

EIPaRL - V-0l INNVN A0S 2ERBEEIX IV —F—CHETSIH
AT EaB /ST aPDOEAML —F— NNV 2A 2 RESHBZLICRYLE,
Tk, HBHBFL -V —-0EEIE Y, BABRERETIIOCLSEBAD.
FMERIATLLUTHATSHS., SiROYAFLICRE—110HEY 2T L
ML, EBHOTTRARRAR7ZIUS Y OREE2RET I LT, AN
ADNNVABEEADZELNTED, RE6—- 123 BER01IPITHD, BRELES
—2RARULELIE, ABENNVAREGAR /XU —-F—YAF LI

®© BRLV—-HF—LLT,. 10ps, 10MW®DO. 5 umNIVA:2RET S,
@ BeHNEEIXFOILV-—F—CHETEIZLT
400fs, SOGWOEHIR (0. 25 um) NIVAERET S,
® BRUYEBLAEHEIZ20HzTH S,
MEOTF—TIV by THREBT, NEnk >R rHy e cEr:, BHEFL
—F-—RAXFERTOMRE., AW+ ERALEBETHILERTIZLATES,
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3 Code Calculation
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O M 2 2 [

10° 10™4 108

Small Signal Transmittance T4

M6—12 FAMEGRKOBREL /UL AEOMMK

#6—2 BENNNAGARV—F—-/ITXxOIV—F—-IYAFL08KH

: . Pulse -
P A ‘ :
osition Width .En_e_rgy Peak Power
Dyeé Laser Output] )
. 10 ps 100 uJ 10 MW
(497nm) : :
Jafter SHG (10ps) | ~3 ud | ~300 kW
{248.5nm) | - ' S C
1st Amp. Output | ~1.5ps| 5mJy | ~3.3 6w
20 mJ
‘2nd Amp. Output | 400 fs’ <0.1%) 50 GwW
' - . [(Ase - O
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AECRENIORFERCOVWTToENETFROBERZ2WILOD. #
HNHBROBEREZTOEIIR/BTI0T, EFBANF T3, HRELZORE
BABLOLBHEYTHINT, DATEDIZIOHBTRERT S,

HBEHEBRORNRRZLToOREYTCH S,
1) 440 THHRFUV—V—-RE#HE

WE >hd BIXANVY-—NFMESEESS
7y Science Research Laboratory
—a—3-7 Quantronix Co.

¥+ 735 > Aa Stanford Univ. High Energy Lab.
2) B4 N TEWAHBEE) '
HE oy rEILR SPIE OE/LASE’ 90
Newport Inc.
Rocketdyne/Rockwell International

oFxA R — KODAK/Federal System Division
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7.1 HHBFL-V-HEHSE

HeEEa®Em T L — Y —8{=E=ERS

BEAAKFELV-—YV-HREYE—
HHE—

HE 198943HA20H—-30H
Mk 7XAYAERE
Shd HNTFNERFEHERKE

byIFyw Y Science Research Lab.
—a—g-—7 Quantronix Co.

H$rI5YYAa ARV 7+ — RAEEBIXNVX—PBETFRE
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H& 198943H20H—-308H
%k 7RAVAHERE
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Shd NFmESEESE
FyryJuywy Science Research Lab.
Z—a—3—-7 Quantronix Co.

Y275y Ra AR Y7 A—-—RREBIRNVX—-YIPRE
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AECBTOHMBTFL— V-0 RRRL 20BACO W T ERMEL.
TOMFRELOBREAXHKEBLCHELF oL, 2h2MBCILHEL
XM P EE R EMELELOLLTWSFELRERTS 3.
XFELOBERANL:ERCIEASRNEATVWSE, Cord, SAFRROL
hECEY 53,

XRETFRERBOBRT T - AN RFLRREEAE,

NTFMESEHEXB (AT -NAPyb-KFN) 3H20H—-23H

AEMERBOHEBER., HEOMBOAXATT—AXL<EEL 2V, HROBHE
ERILVWI BALENOLDD, BHNEEOACHIDP DS T, LRMEM
MBEKERoTwaRWw, —F, BENCRXE., KMARGKoBERY Y V0
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2—1 KA1 LLNL ETA-TI (A. L. Throop)
250GHzFEL >12GW (897%TEM,,) 10MeV, 3kA
SIHULBE 44% FSyCPYIHE T0% N—RAFE—K500Hz
Brightness 4. 0—-2. 0x10°%°A (mr) 2

HAERE 442s - T70ns

9475— 8. 1T5cm/5. 5m/ /4. TkG/WEREI 7%
IFNV—=xT YA 0. 07J/cm? (BBHREDL1L./10)

3. 8GWHII (6. 6k J/ N—2})

2—-2 KA2 Boeing ®WHBFEL (D. Schoffstall)
HIEFE 200ft 94 95— 40ft vVLbLJ)JA4 R B=2. 5k G
H73 1 4AMW (RIAHFH) /4AMHz /0. TkW (EHHEH) 8 942
A1lH

FEL%#
71N R S0eus # & 662nm
HiRBANRD — 1. 2GW ANRY MIVIR 7nm
1 X FE 20—-30% T RIVF— 108. 9MeV
NMEEFE 100% (REEBHECKE)
NT —#HXK 0. 23%

2—-3 KA3 2470 pbuay (NIST/NRL) (P. Debenham)
5MeV injector / 17—185MeV HH
l1OOKWHAPE ¥4 X S5x6mTaynRyph

9475 —-iEMaxwell Lab. 199 1EZHTRE
ERAIGHFELERLTHSY, AARNCCZORBRCIERAT 2 ARAD R VWL D
o

2 —4 Foi
Zof, FANLOFRELECISMEWARE T Sony s ERAGHTS 32,
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15MeVOMESET, 1-3mmOEVWAMOI1I VS —2RAnWd, EBK
3 K. SROBRBEL2RESHTHEBEELTWS,
EliasOBRIIAVYRIJIMNFELECHMTB3LVEa—-T, BHFLLWZ LR E

by,

Photo—injectorkKJsmNERBRTFY—LORELIEH
FLLEBZAERRIEIBRLV-—VT-RECIIERERBRTFEL—-LE2RE
THd. LANL, LBL, PNIdYX, Fa—-s2/alvy b Ly, BBRA
VRESZLOMAEMTHDOLDATNWS, 60— O0OMV/ mOoBEWRFRERE%2D
TEXBTFREBIE—-RUYIJYAGL—- V-3 HERBEEZBHEL T, HK
EOBFE-LERESETWS,

2k, AV-RFREZO0. 4cm, "MIWVAE15ps—100psLPoE

XEBIHLTWS,

ERC, XBFE2HWEFELOWMERANTFa -2 -0y N AL VHDDRER

EhiE, HU, RAMTFYRSAYEDMEADLDPH>ERFT,. PTALMS
JrEoROTRBER, |
BE 3. 137uav RIPUBNRNVA 3pus IHPunNR 2ps
RF 2857TMHz FEL 95. 2MHZ ##Y®EL 10H=z
IXRNVXE—-RAY <1%

P2 XRETFRE

g N -]
MMEE B 6 0% 100% 150%
z/27anRiVA 70pC 170pC 250pC

36A 6 0A 856A

v—yrRE 1. 8x10' 3. 8x10'' 5. 4x10"!
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MESBZEORFNIU—LCLE—-ROYwIPYAGU—F—0RBELB EDICI.
BCoa—3—7TiiBlLEQuantroni x®dYAGUL—¥H—SAF A
DEFWET, FALTWB LT —-@JFITRTREAIAFLTHOE,

8. AR Y I A—FAZBII N —HEHFREHE
Dr. Todd Smith

KEOFELOWHAHRE : TFTHCTCREZILATBY, DPAERTH S,
BRIIARXRTSDIFRERTHS, RLEAICHAREZZRW, HU., A1 #H
LndhoFTardbAahivnind8fe, MAACELEITRERE RV E N
SBBUHTERLTIVWDIKBET, BENL2TRBRIVWER W,

ARy 7 —RFOBERK
0. 83 7ury/1»%253I70Y0itE
MBLO%/ NATCHNIF—DORHRIII%TH D, XERBEOFTER
BEa2N PECHe—-Nel—¥F—-EaTHiE2#HATWS,

B & X% 2HRFEL (B& - RHETo—-7)
e, £4YBE (p sFHHIRE)

Re—circulationil&dBEHREBEOLED (27%) EEaXb
DEBIMHETED, BALLTRAETREBRBBELVEWDIERTH S,
Hbal, RBEoAERBECAVTVWEICE, MERNERENRHCS 20
TRFLE-LBECEBRTIOEIEBR TRV, RYOHEAK &S,

FO, A EFREBHOE—-ROYIYAGL—HF-—LRPIEODWTHEERZTT- =,
Bk
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The accelerator must be chosen
to match the desired applications

Nominal Nominal

Nominal Duty

Accelerator Energy Pulse Length  Peak Current ° Factor
RF Linac 100 MeV 30 ps 300 A Moderate
Storage Ring 500 MeV 50 ps 300 A High
Induction Linac 50 MeV 50 ns 3 kA Low
Van Der Graf 10 MeV 3 us 3.CA High

100 MeV 3 ps 3.0A High

Taper 35%
Constant field Y

1.0 _-'Numerical

Simulation

0.5})

Power (GW)

0 1.0 2.0
Wiggler length (mm)
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Suppression of Feedback Oscillations
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ELECTRON ENERGY

{GeV [

Effects of Prebunching

—Simulation
. ** Experiment J
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SUMMARY
- Goals High peak power High average power High efficiency
- Applications - Drivers for high gradient accelerators
- Plasma heating - Short wavelength communication

¢« New active area Cyclotron autoresonance masers [CARM]

High gradient accelerating structure at LBL

SRmRes
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3. RK—4 Y JWHXFEL (RF54%v27)

Update on the Boeing USASDC RF Free Electron Laser
Technology Experiments

* Boeing-Overall experiment architecture, experiment and test

* Los Alamos - Theory, diagnostic measurements

* Spectra Technology — Wiggler, concentric cavity

s Rocketdyne - Ring resonator

[}

Laboratory Layout of FEL Concentric Oscillator
Burst Mode Ring Resonator Experimeats

Ring Resonator

7?7 ? Power Supply

Electron Focus
Optics & diagnostics

Wiggler(ST)

Electron
Spectrometer

.- Conceatric cavity mirror tank(ST)

Ring resonator mirror

Accelerator
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E-Beam

Boeing Los Alamos SDC 0.6 & m FEL Experimental Status

0.6 « m FEL light recorded by video camera

Laser output from photomultiplier

OTR © .
screens 2 OTR Screens 2
5 =
| 121 E
CAl4 CA30 W1 W2 w3 W4 W5 we w7 wE wi woo Wl

o

Wiggler Screens

— 1 (99)



Beam Radius (mm)

ELectron Beam Matching to Wiggler

Y
T T T T T T T T T T Ty

CA14 Vertical Plane

Horizontal Plane

N S

Distance from wiggler entrance
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Far-Field Spontancous Emission Patterns

After 50 cm of wiggler
ggle After 250 cm of wiggler

Angular Distribution of OTR Patterns

Horizontal and Vertical E-Beam Divergeances

and Sideband Using a Polarizer
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Small Signal Gain During 8 Hours on August 4,1989

too

30 4

S
20 4 J]

(o] T T
o /70 20 30
2]:30:58

gain

% small signal
before
new screen

13:31: 4l
_ shot

Deturing Optical Cavity Makes Sideband Disappear

Spectrometer Array Shows Some Electrons

Being Decelerated by 4%

Non-lasing Lasing

— 109 MeV —
1%

4% —_ Y—l
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Single-Micropulse Energy Spread

Versus Time Into Macropulse

Time into
macropuise
13.7

microseconds

38.7

F 46% 63.7

28% 88.7

T T L\ v
: 113.7

f+— 1 (103)



A. ORPSEAWRAF EHMEMNEBIIBFEL (RF343+v7)

Los Alamos High Brightness Accelerator FEL

(HIBAF) Facility
W.P.Cornlius,S.C.Bender,L.E. Thode, H.L.Shefield

Los:Alamos National Laboratory

Previous Los Alamos FEL Experimeats
1981-82 Amplifier Experiment
4% extraction efficiency with tapered wiggler
optical gain measured

1983-84 Oscillator Experiment
10 kWoutputat10 gz m
“Perfect” optical quality
Tunable from 9-35 £ m

1985-88 Energy Recovery Experiment (ERX)
70% of electron beam energy recovered
FEL operation stable during recovery
2% extraction efficiency in oscillator

1986-89 Photoelectric Injector Demonstrated
600 A/cm® emission from 1 cm® CssSb cathode
3 Amp average current produced at 1 MeV
Good emittance demonstrated (40 7 mm-mRad at 6 nCoul)

1987-89 FEL Experiments Demonstrated
Sideband suppression using Littrow grating
5% efficiency using prebuncher
Validation of computer codes
Lasing on 3rd harmonics (4 # m)
Harmonic measured to 7th harmonics

1988-89 Photoelectric Injector
Durability of CsK2Sb cathode
3 MeV operation
600 Amp peak current in 22 ps pulses
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Schematic of a photoinjector

High gradient RF cavity
Mode-locked Laser

—_— 1 .

Photoemitter

.

RF drive

Master oscillator

/, | .
===

The Photoinjecter is an Internal Part of

the Accelerator Structure

4

(T

—
-
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SUMMARY OF PHOTOINJECTOR PROPERTIES
Photoinjection laser
Nd-YLF Oscillator and Amplifier
Laser wavelength 525 nm
Laser Power 200 MW

Modulated frequency 10833 MHz

Micropulse repetition rate 2167 MHz

Macropulse repetition rate 100 Hz
Photocathode

CsaSb quantum efficiency 1% at 525 nm

CsK2Sb quantum efficiency 4% at 525 nm

Cathode area 1 cm®
Electron macropulse

Pulse width

Average current

Output energy
Electron micropulse

Pulse width
Charge per Pulse
Peak current

10-100 s —> <
0.1A
60 MeV

17 ps
5 nCoul
300 A

45 ps
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Acc field, cell #1 260 MV/m

Length . 63.415 cm

Output energy 6.0 MeV

4 pulse charge 5.0 nC

Beam current(avg) 0.1A"
(peak) 300 A

Emittance(90% norm) 50.0 ? mm—mr

Beam at Wiggler (Calc)

Beam energy 40.0 MeV
Energy spread 0.2%
Macropulse rep rate 1.0 Hz
Macropulse length 10-100 sec
Micropulse rep rate 21.67 MHz
Micropulse length 16.6 ps
Emittance $50.0% mm-mr
/ pulse charge 5.0 nC

Pulse current 300.0 A

Photoinjector
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A. Small signal gain values.

Wiggler Small Signal Wavelength
~ Case Gain (4 m)

Wi 113 2.65

w2 43 2.70

w3 60 . 2.73

B. Power and efficiency for 20 % gain.

Wiggler Wavelength Saturated Efficiency
Case (g m) Power (GW) (%)
w1 2.775 3.0 3.7
w2 2.800 3.5 3.7
W3 2.725 5.0 5.5

C. Power and efficiency for 10 % gain.

Wiggler Wavelength Saturated Efficiency
Case (g m) Power (GW) (%)

w1 2.800 6.5 ?

w2 2.800 9.0 ?

w3 2.700 12.0 0.7

Expected HIBAF oscillator performance with a shortperiod wiggler ( A w=3 mm).
The measured electron beam parameters are: 40 MeV beam energy,

50 x mm-mRad emittance (90%), 0,25% energy spread, and 250 A peak current.
Calculations courtesy of J.C.Goldstein

N=37 Periods N=100 Periods

(Lw=11 cm) (Lw=30 cm)
Rayleigh Range 25.0 cm 15.0 cm
Small signal Gain 15.5% 64.0 %
Optical Wavelength 379.2 nm 375.0 nm
Power at Saturation L0 GW 0.6 GW
Saturated Gain 4.7% 6.1%
Saturated Wavelength 386.0 nm 386.0 nm
Extraction Efficiency 0.48 % 035%

Predicted HIBAF SAMOPA operation gain parameters. The measured
electron beam parameters are; 40 MeV beam energy and 50 ? mm-mRad

emittance (90%). Calculations courtesy of J.0.Goldstein.

£+— 1 (108)



Present Status

Major components have been fabricated.

Test are being conducted at 17 MeV.

Conclusion

HIBAF will be a unique facility for continued development of

FEL technology.

1.High quantum efficiency photocathode rf gun.

2.Production and transport of high-current high-brightness electron beams.
3.Design mistake and ? electron beam diagnostics.

4.Update and calculate “integrated” numerical design code(NEX)

5.7 nw concepts.

6.Demonstrate maintenance of electron beam quality through large-angle bends.

7.7
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5. NIST—-NRLOFEL (V—XbFJSv ¥ -4 71abnr)

¢ NIST

NIST-NRL FEL

Personnel

R.G.Johnson FEL
R.L.Ayres
J.B.Broberg
R.L.Cutler
P.H.Debenham, Div.
B.C.Johnson
E.R.Lindstrom
W.A.Cassatt, GRR

C.M.Tang
P.Sprangle
E.Esarey
W.Maratke
S.Pyoprulos

D.L. Moilr
S.Penners
J.E.Rose
J.K.Wittaker

N.D. Wilkin
M.A.VWilson, RTM
P.Liposky

National Free-Electron Laser and electron Beam User Facility

Future

User Area
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Wavelength
Average power
Pulse width.
Repetition rate
Peak power
Peak energy
Photon flux
Phc;ton density
(3 mm-dis spot)
Spectral resolu
Polarization
Mode

Beam diameter

(1/e amplitude

Beam divergence

El End magnet

Output Light Properties

200 nm - 10 g« m

10 - 200 W

3 ps

66.111 MHz
40 - 1000 kW
0.1-30 g
10®® - 2107 phot cm™2s™*
3+18'% - 610" phot cm 3s™?

tion L3-10°°-67-10
Linear
TEMoo
06 1.6 mm
)
1.3 - 5 mrad
RITM

12 MeV LINAC

EZ2 End wmagnet

Electron gun

Klystron

R ]

lnjector LINAC

Copper Buncher
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NIST_RTM Performance

Original Measured Measured New gun
desikgn 2/87 6/89 design
Energy(MeV) 17-185 5.5 17 17-185
Average 550 max 630 (300 in 550 max-
current (mA) macropulse)
Average beam 100 max 3.5 0.03 100 max
power (kW)
Peak current 0.07 - - 2-4
Micropulse 3.5 - - 3.5
length (ps)
Micropulse 2380 2380 2380 65.1
frequency (MHz)
Macropulse 100 100 0.5 100
duty factor(%)
Energy spread(keV) 40 5 18 40
10 0.7 2.4 10

NIST-NRL FEL
Undulator Design

+ Hybrid undulator (SmCo permanent magnets;

vanadium permendur poles)
+ Number of periods - 130
* Total length — 28 cm
*« Maximum magnet field - 0.54 T
* Maximum gap - 10 cm
* Taper - 0.5 mm/m
* Vacuum chamber aperture - 0.85 cm(vertical)

1.6 cm(horizontal)

* Operation in full or half length mode
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Commercially Available Mirrors for NIST-NRL FEL
450 nm to 850 nm

Multi-layer Dielectric vn Fused Silica
Bandwidti: ¢ 50 mm
Reflectivity: 0.9999

Absorption:  10-20 ppm

Distortion from Heating

+ Observed to be negligible at 250 kW/cm® for
CW dye lasers; we expect < 50 kW/cm®, average
s Calculated distortion in steady state using

finite element analysis method.
Dielectric Breakdown

+ Damage threshold is 20 J/cm®inl g s
s We expect 0.25 J/cm®inl u s

Damage from Harmonics ‘
* From experience at other FELs, we expect

absorption to increase.

* We are calculating harmonic radiation.

s Deacon Research in Phase I of UV-induced
damage study for multi-layer dielectrics that
are designed for 240 nm.

* FEL operating parameters must be adjusted so

that harmonic content is minimized.
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NIST-NRL FEL
Research Program
+ Experts in a broad range of research areas will set the
direction of the research program initially through a
series of workshop.
+ Biomedical users workshop (13 - 14 September 1989).
- Time-dependent fluorescence measurements for molecular
dynamics and structure
- Time-resolved spectroscopy of nucleic acids for DNA
dynamics and protein-nucleic acid interactions
- Time-resolved spectroscopy to study photon migration
in tissue
- Raman spectroscopy to study protein folding and
conformation
- Optical measurements of biomacromolecules stimulated
by synchronous energy surface (e.g. microwaves, X rays)
- Light penetration mapping; optical tomography
- Tissue welding and ablation; celi penetration for
protein infusion; optical interaction with drugs
¢ Other workshops planned
- Surface and materials science
- Fast chemistry
- Fiber optics

- Radiometry and

NIST-NRL FEL
Facilities Development

+ Pump source to provide multiple frequencies
(because of high average power)
- Dye lasers including uv dyes; produce fs pulses
- Optical parametric oscillators axi&-amplifiers
- Solid state lasers
~ Mixing schemes

* Dynamic studies of FEL physics
(because of continuous lasing)
- Frequency scanning by undulator gap adjustment
- Various outcoupling to study saturation and maximum

output power

- Power and frequency stabilization by feedback
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FEL-RTM

Milestone
+ FEL User Area is cleared of old equipment 2/90
s Electron gun and chopping/bunching cavities 4/90
for high—current injector are ordered
* Engineering design of FEL optical cavity is 7/90
completed and major components are ordered .
* Undulator is installed and tested at NIST 6/90
* Construction of RTM is completed
+ Construction of electron beam transport line 7/90
is completed
+ New power supply for RTM klystron is installed 9/90
and tested
+ Controls for complete RTM and electron beam 11/90
line are tested
* First full-energy operation of RTM with present 1/91
injector
* RTM performance tests with present injector are 4/91
completed
* Present RTM injector is replaced with high- 11/91
current injector
+ Laser cavity, optical beam line, and diagnostics 11/91
are installed
¢ Control for FEL and high-current injector are 12/91
tested
* First lasing 2/92
* First FEL operation for users 5/92

The UCSB FEL Development Program;
Status and Plans

Gerald Ramian
Center for Free-Electron Laser Studies

Quantum Institute, University of California
Santa Barbara, CA 93106

Presentation to;

OE/LASE’90
Los Angels, CAlifornia, Jan.18,1990
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6. AVIAN=TPREYYANR-NASKE BFHRER (BENESE)

Control room '

Conference room i

FEL laboratory :

4 MV accelerator |

Optical resonator

Optical resonator Research Center for Free Electron Laser Studies

University of Califqrn_i_a. Santa'vBarbara

The Electrostatic Accelerator has Significant
Advantages as an FEL Beam Source

« No Thermal Microstructure
= Narrow linewidth - long coherent length

- No damage to optics of samples by very high peak power

¢ Absence of strong time-dependent field gradient

- acceleration with minimum beam degradation

* Recirculation Electron Beam
- Static fields permit deceleration and collection of
. . Energy 2.0 - 6.0 MeV
a beam with perfect efficiency
Current 1.0-20.0 A
Simple Reliabl Emittance = 10-30 x -mm-mr
¢ Simple Reliable operation .
P P Energy spread =107®
= Accelerator is a simple, self-contained mechanical device . .
Recirculation = 95%
that can be switched on or off with a minimum of loss
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Undulators

A

-2

L4
<

UebhisliepiBOEDN? = n

3

“HALBACH” Configuration of Original ﬁCSB FEL -
Field Homogeneity : A B/B.. = 2%

e

UCSB Wiggler HALBACH Configuration
*+ Fields in gap determined by pole tip geometry
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The Computer Optimized Hybrid Undulator

is Based on Several Principles

1. A Small Attractive Force
F=-! [ gas
I.lo -
exists between magnets and pole tips that facilitates the sliding of pole tips as a positioning
mechanism

2. The required pole tip positions can be determined by the small taneous solution of 2N

equations in 2N unknowns

3. Elementary simple analytical model exists to determine the elements of J.

Computer Optimization of Undulator

Robotic Adjuster
Hall Probe Carriage —
: 00000
00000000000
@\ J— 0000000000000000 o
| o
00000000 000 c000 0090000 0000
0000
2
’ \J 0000000000000
000 0000
000 0000 o0
N\ s -
> Undulator
Measure undulator fields
with hall probe IBM PC Model 80

assembly \ —
7

4.
l \ Carry out adjustments

" with robotic screwdriver
Solve and store matrix J

representation of analytical
model of fields
3
Calculate simultaneous s

solution of 600 Maintain permanent
equations detabase of

screw positions
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A New UCSB FEL Undulator Produces Fields
of Unprecedented Accuracy

& B/B =0.11%

E = 49 MeV A =90 ym

Optical Power

22 12 kW peak

Beam Current

Terminal Voltage

Recovery = 90%
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Planned FEL Development st UCSB

1. New Wavelength Extension FEL
¢ Millimeter Wave
¢ Mid-Infrared
¢« EM-Undulator Experiment

2. Beam Switchyard

3. Control System Improvements

4. Other Development Projects

+ Average Linewidth Narrowing
Injection locking
Computerized Charging
New GVM

+ Terminal Stabilizer

+ Free-Beam Optical link system

* Collector Beam Spectrometer

+ New Spectrometer System

* Transition Radiation Beam Diagnostics

Millimeter FEL
r MM Wave FEL Parametery
Design
Energy 2.0 - 6.0 MeV A
Current 2.0A
Ao 5.0 cm
A 1.34 mm - 193 ym
Pou: L =
S WL LB

Features;
+ 1.3 mm - 200 x m wavelength coverage

+ Uses new tunable undulator technology

+ Use many components from original FEL
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Mid-Infrared FEL

Mid-IR FEL Parameters Features;
Design
Energy 4.0 - 6.0 MeV + Wavelength coverage to 30 x m
Current 20A + Uses 3rd harmonic generation
Ao 1.85 cm + Uses new tunable undulator technology
A 64 - 30 um
Poue 4 -8 kW Challenges;

¢« Undulator in vacuum environment
+« Suppression of fundamental lasing
+ Stringent electron beam quality requirements

« Diagnostics for small, high current-density beam

Electron Accelerator

2nd Stage Resonator

..... _ 7 [ Reaiation e
Mirror N

Bragg Reflector

Power Coupler

Electron Beam

AP

Ist Stage Resonator

FY ‘90 FY ‘91 | FY ‘92 Future B
A 50 pm 16 um 8 um 5 pym
Vi 30 GHz 30GHz| 60GHz | 90 GHz
P. 500 kW 1 MW 2 MW 5 MW
E 2 3 MeV 6 MeV 6MeV | 6MevV |
I 5A i0A 20A 20 A
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Proposed Beam Switchyard

1.3 mm - 200 pm

400 - 63 ym

100 - 30 ym

50, 16, 8 pm

l=yign

6 MV Accelerator

@ Dipole

B Quadrapole
+ Major restructuring to accommodate four new FELs
+ will use new higher quality dipoles
+ will use a more sophisticated alignment system
* will require more sophisticated electronic control

*+ in house capability in beam line design and construction
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A 2MV Test Accelerator is under Construction at UCSB.

-]

1

NN

I |
O —

[llustration of 2MV Test Accelerator with Compact FEL Componeats ;

Applications;
* Development of high current-deasity beam diagnostics and technology
* Development of Phase 2 undulator and technology for the 6MV machine
+ Demonstration of “next generation” FEL concepts
* Provide second source of radiation to user facility

Wavelength Available to Scientific Users

1 ]
i.0 10.0 100.0 1000.0
A um
] 1 1
1.0 0, [v] 1000 1000.0
A pm

« Extend wavelength coverage from the Mid-IR out to the MM

« Extend the characteristics to cover microsecond to nanosecond pulse
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1. 2 F E L Y63t #= 88

Grazing Incidence Ring Resonator for Visible Wavelength Free-Electron Laser(FEL)
Kennth C.Sun Rocktdyne Division » Rockwell International

* Grazing Incidence Ring Resonator

* Mirror Fabrication
* Single Crystal Silicon
* Grinding & Polishing
+ Profilometry
¢ Interferometry
+ Coatings

* Alignment
+ Dynamic Alignment
+ Fast Steering Mirror
¢« Outcoupler

+ Summary

Steering
' Flat

Burst Mode Resonator

Downstream

\ Paraboloid

Upstream
Paraboloid

Upstream ‘ Downstream
Hypaboloid Hypaboloid
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Cyllindrical Measurement Machine (CMM)

Records Surface Figure Errors

He-Ne Laser
B‘“—-&’\
a—
HP Computer
Encoder = Tape
|% -
R lnterferometry = PFrinter I
.L‘-“_, | o )
yA Interferometry < CRT
o ¢
Basic Signal Electrical Vertical Slide

Corner Cube

¢

[

Air Table = |

Hypabloid

Sapphire Sphere

-
I~
"
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T————— WU
Test Sphace
Re \3\9‘ i'\

Rty
:._.J
Tes: Spran
Re €522 0

Full-Scale Aspheric Surface Figuring Has Been Successfully Demonstrated

Grazing Incidence Hypaboloid Mirror

* Quality - 6 mirrors
+ Size - 64 cm long
+ Radius of curvature
11%3400cm
* RMS wavefront error
A /34 at A =0.6328 u£m
* 17 A RMS roughness

Off-Axis Paraboloid Mirror

* Quality - 2 mirrors
¢ Size - 28 cm diameter
+ 7 m radius of curvature
+ RMS wavefront error

A /36 at A =0.6328 L m
* 11 A RMS roughness
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FEL Coatings Have High Reflectivity & Low Absorption

Mirror Coating Material Reflectivity Absorption Wavefront
Destortion
Silicon Bare Silver 98.5% at 0° L5%at 0° AN
Hypaboloid 89.92% at 87° 0.06% at 87°  for
Silicon Zr02/Si02/TiO= 99.99% 0.001% A /27
Paraboloid for 1.9” witness
Silicon Zr02/Si02/TiO= 99.99% 0.001% A /22 for L5" witness
Steering Flat A /20 for 117 mirror
Fused Silica  HfO:/SiO- variable with 0.002% A /30 for L5" witness
Outcoupler ' wavelength A /30 for 11” mirror
Fused Silica Zr02/SiO2 <0.1% 0.001% A /30 for 12 window
Window
A =0.6328 £ m
Dynamic Alignment System Adjust Outcoupler
. Steerin
Uses Off-Axis Pilot Beam Piston to Match g Flat
s as . Accelerator Frequency
Injection/Sampling

Probe Laser

Piston Command

QUAD Ilzata r
cel Path Length Sensor rocessol

Spot Position
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Fast Steering Mirror Provides

" Dynamic Alignment Correction

\fror Provides Contse Alignment

R RTINS

Outcoupler Mirror Provides - (Sl ' -

Coarse Alignment Correction

Summary
* Full Scale Grazing Incidence Ring Resonator
+ High Quality Large Aspheric Silicon Mirrors
+« A /30 rms wavefront error for six grazing incidence hypaboloid
¢+ A /40 rms wavefront error for two off-axis paraboloid
* Rockwell Has Just Entered Water Cooled Silicon Mirror Business
* Rocketdyne acquired Be? Coated Structure Group on Jan.4 1990.
+ Resonator is currently aligned
* Good wavefront
* Good path length
+ First light hopefully within ? weeks.
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Resonator Performance Analysis for a Ring Resonator FEL

S.A.Mani,J.E.Long,L.S.?

Global Coordinate System
A x = Translation along x axis 0 x = 7? about x axis

A y = Translation along y axis 0 y = 7? about y axis

A z = Translation along z axis 0 z = ?7? about z axis

Rotation, Translation with respect to aligned optical axis intercept with optical surface

For propagation from M3 to M4 Coordinate ? system in ???

Resonator Code Description

+ Wiggler is divided into n sections of length A z.

¢ Laser field is propagated to the center of first section.

¢ Complex gain is applied to the laser field.

¢ Electron equations of motion are integrated over A z.

¢ The betatron motion of the electrons is followed to determine their trajectory.
+ Laser field is propagated to the end of the section.

+ The above procedure is repeated until the entire wiggler length is travelled.

* The optical field is propagated through all the optical elements around the wiggler entrance.
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Electron Equations of Motion

dy e awl(r)

= - F o : o
dct)  me= 2y ehesinlé + 6 .o0]

19 = kw(z) - o [1 +a..(r)2+ (7Y B +(r B y)*-agaycos( ¢ + 0 o)l
d(ct) 2v7°2 2
d(y B ) _ afkwxzx
d(ct) 2
A7 By)  aw®key®
dcty  2v
with
dx dy
aen P migm T A

No.5 Optical Field Equation

. E 2E 2E
2iko . + = + - = S(r)
where

-4zko a?r) -i?7??
S(r) =<——J—F_e >

c Y
Fo = Jlu) = J(p)
£ = koas???
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Effect of Misalignment on Output Power

Ip=400 amp Lw

_—T-07

\cB

Peak Power in GW

Tilt Angle
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Peak Power i3 GW

Peak Power in GW

Effect of Astigmatism on Output Power

Ip=600amp Lw=10m

AN

Val

Astigmatism

Effect of Coma in Output Power

o,

| |

o

pmm——

0

O

0.

~o

AN

| A

|

Ip=400amp Lw=10m

|

o

Coma
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10% Power Loss Occurs For

¢ ~ 800 nanoradian Mirror Misalignment
¢ ~ 2 /30 Residual Coma
¢+ ~ 2 /30 Residual Astigmatism

Summary

* FEL Resonator Code Developed in Cartesian Coordinated

* FEL Performance Dependence on the Following Can be Studied
- Misalignment
- Defocus
- Coma

- Astigmatism

+ Cam be Used to Establish Fablication Torelance on Optical Components
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Alignment-insensitive resonators using optically-powered corner cubes

J.A.Macken et al, Rockwell International

SEPTUM MAGNET

RF CAVITY
l}ERTURBATOR
{——11—

OPTICAL KLYSTRON(~ 6.2m)

DOUBLE CORNER CUBE RESONATOR (concentric equivalent)
L T
e
.
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Assumption in Calculations

FEL Resonator 600 m long

1 4 m wavelength

Beam 30 cm diameter at each corner cube
Gain region 10 m long

Minimum distortion alignment for corner cube
Corner cube made with 3 spherical mirrors
(1038 m radius for concentric configuration)
(2077 m radius for confocal configuration)

Forward and return beams separative optics

Conclusion

Corner cubes made with three long radius spherical mirrors;

a. can produce diffraction-limited performance
b. exhibit insensitivity to tilt

c. retains sensitivity to misalignment of individual mirrors.

Laser resonators made with focusing corner cubes;

a. exhibit greatly reduced alignment ?

b. have unique properties in the confocal configuration.
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IMAGE-RELAYED CORNER CUBE RING RESONATOR
C.? FORD, S.W.OUDN? TRW

Image-Relayed Corner Cube Ring Resonator

Experimental Configuration

Relay Plane Scraver Mirror

A ]/

[ e

Telescope No.1 / Wiggler Telescope No.2

Relay Plane

Image-Relayed Corner Cube Ring Resonator

Experimental Configuration

Relay Plane

/ . Scraver Mirror \
Telescope \ l >

/ Wiggler \
\

\
Wiggler Input Relay Plane \
\

Wiggler Output Relay Plane

f+— 1 (141)



Schematic of Corner Cube Mirror Alignment Apparatus

Far Field Intensity CCD Came
ra
Distribution £ _'f ‘.—
: - hd \J

—
Recollimatin e N
e
collim & s ~ Corner Cube
Telescope e \

\ Damage Test

Power Monitor

I | Ar lon Laser l

Schematic of Corner Cube Polarization Geometry

4
2
] Corner Cube A
-’ 'z’"\
/

y Elliptical Polarization
Reflected Beam

X ‘/ O,”;; 7A

Linear Polarization

”

”
”

7 Input Beam

Corner Cube B
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Depolarized Light

Intensity Ratio

Incident Laser

Beam

< e | Corner Cube

Angular Alignment

Distance

< >

Depolarization of Laser Beam as Function of Alignment

ORCCRR SUMMARY

* Reduced mirror angular alignment sensitivities

* Reduced mirror sp;itial alignment sensitivities
+ Good mode control capabilities

+« Reduced optical damage to wiggler and mirrors

+ Polarization changes can be cancelled.
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&2 198 9FEHIRXNF—RNTFNHABERSBICBITS
HHEFL - V- CHRLEBRAX
from Proceedings of the 1989 IEEE Particle Accelerator Conference
88-647453, 89CH2669-0
198943A20—-23H, YAd, kH

RFS543y/78FEL

1) Boeing 120 MeV rf linac injector design and accelerator performance
comparison with PARMELA; A.Yeremian,J.Asamski, R.Kennedy,W.Gallagher,
J.Orthel(Boeing), Lloyd Young(Los Alamos National Lab) pp.657-659

1438

2) High-brightness electron injectors: A review; R.L.Shefield

(Los Alamos National Lab) pp.1098-1102. RIS 151

3) Recent experiments with the free-electron laser at Los Alamos;
D.W.Feldnan and R.W.Warren(Los Alamos National Lab) pp.1268-1270.
156
4) Bunch lengthening calculations for the SLC damping rings; K.L.F.Bane
and R.D.Ruth (Stanford Univ.) pp.789-791. <+ 1589

5) Status of LBL/LLNL FEL research for two beam accelerator applications
: D.B.Hopkins and A.M.Sessler (LBL,UC Barkeley) pp.1262-1264.
162

6) A five-picosecond, electron pulse from the ANL L-band LINAC; G.L.Cox,

D.T.Ficht,G.S.Mavrogenes, and M.C.Sauer,Jr (Argonne National Lab.)

pp. 912-914. I 165
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7) On using a superconducting LINAC to drive a short wavelength FEL:

G.A.Krafft and J.J.Bisognano (Continuous Electron Beam Accelerator
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BOEING 120 MeV RF LINAC INJECTOR DESIGN AND
ACELERATOR PERFORMANCE COMPARISON WITH PARMELA

A. Yeremian, J. Adamski, R. Kennedy, W. Gallagher, J. Orthel

Boeing Aerospace Co. .
Lloyd Young
Los Alamos National Lab.
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The injector for the Boeing 120 MeV
L-band RF linac was designed to produce 400
Amp peak current electron beam pulses with
minimal emittance growth. PARMELA (1], a
mostly three-dimensional matrix ray trace
code with a two-dimensional space charge
model, was used to determine the optimum
setting of the injector elements for tuning
purposes. The injector model predictions
were used to tune the injector with very
good agreement between the model and the
experiment.

Beam dynamics modeling from the gun
through the sixth accelerating section was
done with PARMELA, using experimental
settings for the beamline elements. We
observed excellent agreement between
PARMELA predictions and experimental
results.

JECTO! MU (o)

As shown in figure 1, the injector
consists of a SLAC type thermionic qun, two
subharmonic bunchers at 108 and 433 MHz
separated by 120cm drift and a tapered
phase velocity traveling wave buncher at
1300 MHz for longitudinal bunching to
achieve high peak currents. The radial
growth of the beam due to space charge and
radial electric fields in the traveling
wave buncher are controlled by the axial
magnetic fields provided by the solenoids.
The diagnostics consist of current
monitors, pepper pot, profile screens, and
a streak camera as shown in figure 1.

1300 MHz buncher
Cavity B |E, MVIm

1 0.55 5.9
2 0.66 6.9
3 0.78 7.9
4 1.00 16.3
5 1.00 15.8

| 6 1.00 15.3

100G to 1200G
axial field coils

Gun output
solenoids ang
bucking coil

Current monitor IC2
Pepper pot
Current monitor IC1

! \ Vacuum station

__ SLAC-SLC gun

108 MHz prebuncher

The injector design, originally, was
done with ORBIT {2), the one dimensional
longitudinal bunching code including space
charge and OPTIC [3], one dimensional
radial confinement code using the paraxial
ray_equation. This forced us to do the
design in piece meal fashion and did not
provide emittance information. Eventually
the injector design was tested with
PARMELA.

The PARMELA simulation was done from
the gun to the end of the first accelerator
section all in one piece. The code was run
on the Cray with 1000 particles and 5
degrees of 1300 MHz time steps.

The simulation starts with a 5.5nc,
1.9ns FWHM, 1.6 cm diameter electron pulse
at the cathode. The entire system thru the

first accelerator section is optimized to
deliver 5.5nc 10 ps FWHM .6 cm diameter
beam at the entrance to the accelerator.
The 108 MHz and 433 MHz bunchers are
running at 40 kV and 35 kV respectively:
The 1300 MHz buncher is powered by 11 MW
and the cavity parameters are as shown in
figure 1. The axial magnetic field varies
from 90 gauss in the front end to 1300
gauss over the first three cavities of the
TPV buncher where the beam is the most
compressed both radially and
longitudinally. From this point the field
drops down to 1200 gauss up to the first
accelerator and then tapers down to 700
gauss over the accelerator. The last
solenoid is located at the end of the first
accelerator section where the beam energy

1st accelerator
: section
Transverse

mode absorber
Faraday cup

Screen and streak cameta
Current monitor CM1

Current monitor 1C4

Tapered collimator

433 MHz prebuncher

Screen, current monitor 1C3

Figure 1. Double subharmonic injector
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is 20 MeV. After many PARMELA runs an
optimized system of injector parameters
were chosen to produce 100% charge
transmission of 5.5 nc, at the entrance to
the accelerator section. Of this 4.1 nc
was within 10 ps pulse width. The beanm
diameter is .65 cm, the normalized
emittance 40 pi-mm-mrad, energy is 2.5 MeV
and the energy spread .8 MeV FWHM. PARGRAF,
the graphics post processor for PARMELA is
set up to produce beam parameter plots at
each diagnostic station and some key points
in the injector. Table 1 shows a summary
of the modeling and experimental results.

Table 1. Injector to experiment comparison.

Location Charge Pulse Width peak current Beam size
(nc) FWHM (ns) (Amp) (ca)
wod. exp. mod. exp. wmod. exp. mod. exp.
Ic1 5.5 5.5 1.9 1.9 3 3 1.6 1.6
Pep Pot 5.5 1.9 3 1.6 1.6
Ic2 5.5 5.5 2.0 1.9 3 3 1.6
CA27 5.5 4] 10 1.9 1.6
ICca 5.5 .128 43 1.0
Ent TPV 5.5 149 40 0.6
Ext TPV 5.5 <021 230 0.4
[=_¢ 8 5.5 -01S 250 0.4
SCi/strk 5.5 -010 .014 320 414 0.5 0.5
FC 5.5 5.8 -010 aso 0.4
Ent Accl 5.5 -.010 410 0.65
NJ. S 0 _P. LA

The first experiment was to tune and
make beam measurements in the injector.
All the parameters except emittance and
energy were measured. The code to
measurement agreement is excellent.

The experiment started with setting

the injector components to values predicted

with PARMELA, then making slight .
adjustments to get the minimum pulse width
and diameter at the streak camera station
at the entrance to the first accelerator
station.

the PARMELA prediction as possible but we

were limited by space and power supplies in

the region from the TPV to the end of the
first acceleration section. Figure 2.
shows the comparison of the axial magnetic

field achievable with the existing solencid

configuration to match the PARMELA

prediction versus the field achieved in the

experiment given the power supply
limitations.

Q2 M
Suncher

PARMELA prediciian

Illll!

1600
108 g
suncher

TT

500

Gauss

TTTTUTR T

[ 200 400 600 800
Pogltion trom the cathode, cm

Figure 2. Axial magentic field

The solenoids were set to achieve
an axial magnetic field profile as close to

The pepper pot,screen combination
shown in figure 3 was used to set the beam
size at the entrance to the 108 MHz
prebuncher. This was done by first turning
off the 108 MHz buncher power, inserting
the pepper pot and the screen in the
beamline and adjusting AF1,2,3 to set the
number of holes to 13, which corresponds to
1.6cm beam size ds required by PARMELA.
Interactive OPTIC is used to zero the axial
magnetic field on the cathode using the
bucking coil, AFl. The buncher powers were
set to-7.5 KW and 4.8 KW respectively for
the 108 and 433 MHz bunchers and 11MW for
the TPV. At these powers the bunchers
should produce the 40 and 35 KV fields
respectively as required by PARMELA.
Unfortunately the 433 MHz buncher
multipactors at 4.8 KW and we had to adjust
its power and the neighboring solenoids
slightly to avoid multipactoring. The
amplitude of the 108 MHz buncher and the
phases of all the bunchers were tuned to
deliver the minimum pulse width at the
streak camera. The power level for the 108
and 433 MHz bunchers after tuning was
completed was 8.3 and 6.0 KW respectively
which corresponds to gap voltages of 42 and
39 KV. This is in excellent agreement with
the model since 10 to 20% errors in power
measurements are typical.

« Pepper 1:01 hole pattern
hole dla—eter w 0.5 M.

® Pezoer pot elagnostiss statlon

Cathoge
8 Flatd
-

—" e,
1y \

Mutziste nete P 125 Em———{" 108 Mtz
Taremater ' Suncher

Figure 3. Pepper pot Screen comination

The total charge was measurec with a
calibrated current monitor at the output of
the gun to be 5.9 nc. The Faraday cup at
the entrance to the first accelerator
section measured $5.8nc, an agreement better
than experimental error. Figure 4. shows
14 ps FWHM (410 Amp) at the streak camera
screen at the entrance to the first
accelerator. The code to experiment
comparison is shown in table 1.

u PARMELA model ® Experimental

6

a2

FWHM = 7
channels

b4 }6- vhpd

1

[
«200 00 [} 100 200

Puise width, ps
Pulse widih, 22 paichannsel
Towal charge 5.5 nC
Trwn. 10ps Tots! cherge 3.0 nC
Pest t 3204 1.‘(1.’_!]‘-15I|QD'

FWHM
Poak | = 414A

Figurc 4. Micropulse structure after TPV bun:i=er
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ACCELERATOR EXPERIMENTAL RESULTS TO PARMELA
COMPARISON

The purpose of the second experiment
was to transport beam thru the entire
machine down to the end of the straight
ahead leg diagnostics station. At this
station we can measure energy, energy
svread. charge. position, spot size and the
emittance. The experimental settings used
in the accelerator elements were put into
PARMELA to make a comparison between the
model and the experimental results. The
energy and energy spread predicted by
PARMELA agreed very well with the measured
values at 103.8 MeV plus or minus less than
.5 MeV FW. Figure 5. shows that PARMELA is
in very good agreement with the experiment
for the charge transmission from the gun to
the end of the sixth accelerator section.
3.5 nc out of the 5.5 nc of charge at the
gun made it to the end of the sixth
accelerator section and te the diagnostics
station. The loss of charge is partly due
to running more power in the 433MHz
buncher and adjustment of the nearby
solenoids to avoid multipactoring,
deviating from what PARMELA simulations
would require, and partly due to the lack
of power to run the solenoids over the
region from the exit of the TPV to end of
The first accelerator as PARMELA would
require. The latter problem was corrected
since this experiment.

€
3
s |- . *,Experiment (2/10/88)
+PARMELA
* *
o ¢ = e e e s
& [
g
b5 2
'
| L T UL L A A A
i 2 C1 CM2 CM) CIM CM5 CMS CM?T CM8 CM3 CiM7
R TR TR T T
g L g Mg ¥ “e gz §§
3 2 3

Figure 5. Micropulse charge transmission

Three emittance measurements were
made in the X and Y planes. The
measurements were made using the size vs -
1/f technique developed at SLAC (Ref 4).
The beam phase space at the emittance
triplet was varied for each set of
measurements and unfortunately the phase
space for the Y plane in the second
measurement was not right and the data
could only produce one leg of the
hyperbola. Table 2 compares the predicted
normalized emittance and brightness to the
measured. PARMELA predicts a normalized
emittance of 150 pi-mm-mrad for 90% of the
charge, with peak current of about 350 Amps
(3.5nc, about 10ps) at the end of
accelerator 6. This translates to a
brightness of 3.0E9 Amp/m2/rad2. The
measured normalized emittance for the same
amount of charge is 42 to 73 pi-mm-mrad

about 1/3 to 1/2 the value predicted by t'ie
PARMELA simulation of the experiment. While
we do not have a micropulse width
measurement at the end of section 6 it is
reasonable to assume that the pulse width
is the same or less than that measured at
the entrance to the first accelerator
section and is somewhere between 10 and 14
ps. For a peak current of 350 Amps the

measured brightness is between 4.0E10 and
1.3El0.

Table 2. Emittance and Brightness comparison

020 z( A

e e -17-?~)
. &, ft mm-mrad) I S
(amp) Pano  93% 93%

PARMELA 350  Hor. 150 3x10° 35nc
Calculations Vent. 150 3x10°
1225PM. 350 Hor. 64 1.7 x 10'0

Ven. 64 1.7x 1010
4:55 P.M. 350 pe 13x100 § 25,c
8:C0 P.M. 350 Hor. 57 22x10"

Vert. 42 4x10 w0

2/10/88 Data Runs
CONCLUSION

The injector for the Boeing 120 MeV
linac functions very close to its design
parameters. PARMELA has been a useful tool
for determining the injector tune
parameters.

The PARMELA to experiment comparison
on the accelerator shows very close
agreement with the exception of the
emittance which measures a factor of 2 to 3
better than the simulation prediction.
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High-Brightness Electron Injectors: A Review*

Richard L. Sheffield
MS HB825, Los Alamos National Laboratory Los Alamos, NM 87545

Abstract

The last decade has seen increased emphasis on the
development of high-brightness electron beams because of
rigorous requirements of the new generation of colliders and
the advent of free-electron lasers. This talk describes the
approaches now being explored for attaining intense, bright
electron beams. The methods for producing bright electron
beams include photocathode-based, short-pulse injectors; dc
electrostatic accelerator sources; long-pulse beams, which
are then compressed in time using subharmonic bunching;
combining first and third harmonics in an accelerator to
attain the equivalent of high-gradient dc fields; and LaB, rf
guns. For several of the approaches, the temporal length of
the electron pulse is decreased after acceleration to relativistic
energies by impressing an energy spread on the electron
bunch and using a nonisochronous beam-transport system to
increase the peak current.

Introduction

Free-electron oscillators require electron accelerators
capable of delivering pulse trains of electron bunches of high
brightness to a wiggler or undulator.! A high brightness
implies a high peak current (10 A to 2000 A) and a low
transverse beam emittance (2 to 80 t-mm-mrad, determined
by matching the transverse size of the electron beam to the
optical beam in the wiggler). Electron-beam collider machines
also require high peak currents (>2 nC in picoseconds) with
extremely small emittances (<10 x-mm-mrad).2

Several approaches have been proposed to attain such
performance.*® The technology for the production of bright
electron beams can be divided into two distinct catagories:
long pulse (>1 ns) or dc electron sources and short pulse
(<100 ps) electron sources.

In the first catagory, electron guns using a long pulse or
adcbeam rely on a well-designed gun producing a beam that
has a beam temperature near the thermal limit of the
electron source. The beamline design after the gun depends
on if the application ultimitely requires a debeam or a short
pulse. For a dc beam (or pulsed beams where the pulse end
effects are negligible), very good quality beams can be produced
if care is taken in the beam transport design. If the application
requires a short pulse, then a bunching system must be
designed that preserves the beam quality throughout the
bunching and acceleration process. Preservingbeam quality
is difficult because of the effects of nonlinear rf fields in the
bunching cavities and the space-charge forces present at
subrelativistic energies.

The second catagory uses a light-activated photoemissive
electron source placed directlyin the first accelerating cavity
(Fig. 1). This design has the advantage of rapidly accelerating
the electrons to relativistic energies before substantial
degradation in the beam quality caused by space charge can
occur. The idea of using photocathodes as high-current electron
sources started with lasertrons’® and the production of spin-
polarized electrons.!®* A light-activated electron source
gives unprecédented control over all aspects of the electron

*Work supported by Los Alamos National Laboratory Program
Development funds under the auspices of the US DOE.
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Fig. 1. Schematic of a photoinjector.

distribution: peak current, spatial profile, and temporal
profile. This control is possible because the electron distribution
is not determined by grids or a cathode, but rather by an
incident laser pulse on the photocathode, and lasers havea
wide range of variability in pulse format. Pulse lengths can
range from femtoseconds to continuous and, for pulses greater
than several picoseconds, can have almost any conceivable
temporal profile.'***

Intrinsic Source Brightness
The normalized peak brightness is defined as
B,=2Mee) [units: A(m?-rad?)] ,

where Lis the peak current and €, and €, are the normalized
transverse emittances of the beam.# For a thermal distribution
or a distribution that does not have recoverable correlations
in phase space, it is constructive to use the rms emittance
formulation, defined to be the area in phase space, which is

= 4m(<x® - <X - <x - X>Y* |

where x and x’ are the particle’s transverse coordinate and
angle of divergence from the optic axis, respectively, and <>
means an average over the electron distribution f(x,y,z):

[ Ifxy,2) x*dx dy dz
I Rxy2)dxdydz

Another common definition of emittance is as the area in
phase space divided by x, with the xincluded in the units.
Using the above formulation, the rms emittance is equal
to the total phase-space area for a Kapchinskii-Vladimirskii
distribution.!®* The normalized emittance is then

g, = YBe ,

where for an azimuthally symmetric beam,e = ¢, = € .

The lowerlimit ofthe beam's normalized enuttanee from
a thermionic electron source is governed by the emitter size
and by the transverse component of the thermal motion of the
electrons. The thermal limit ofthe normalized rms emittance
of a beam from a thermionic emitter of radius r, at a uniform
absolute temperature T is

g, = 2nr(kT/mc)* [units: m - rad]

because <x - x’> =0 at the cathode.'? For a typical thermionic
emitter at 1160 K, the average transverse energy of emitted
electronsis 0.1 eV. For a uniform current density J, the total
current is [ = 7ir 2J and the lower limit on the rms emittance
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is
€, = 5.0x10® (IJ)* n-mm-mrad, with J in A/cm?.
The corresponding normalized peak brightness is limited to
B, = 2Ve,2 = 82x10°J [units: A/m - rad)?.

The current density from a dispenser cathode is typically
not more than 20 A/cm?; therefore, the maximum achievable
brightness is 1.6 x 10",

Semiconductor photoemitters have an effective
temperature of 0.2 eV (Ref. 18). The electron thermal
temperature is not simply the difference between the incident
photon energy and the semiconductor band gap (a difference
0f 0.7 eV) because of phonon scattering in the semiconductor
crystal lattice. Semiconductor cathodes are capable of
delivering”® over 600 A/cm? giving a brightness of
25 x 10" A/(m - rad).

The brightness of the source normally does not limit the
final brightness of the beam. Instead, the acceleration
process and transport through a beamline can decrease the
beam brightness by several orders of magnitude.

DC Injectors

The following information on very long pulse (>> 1 ns)
and dc injectors is a summary of a paper® by W. Herrmannsfeldt.
These types of guns are well suited for two applications: first,
for electron cooling of ion beams and, second, for electrostatic
free electron lasers (FEL).

The design of a dc gun must include the effects of space
charge. In the gun, the space-charge self-force in the beam
must be cancelled out with a carefully designed focusing
electrode (at the Pierce angle®), thus maintaining a uniform
current density. Also, the exit energy of the beam from the
gun should be as high as possible to minimize further space
charge defocusing downstream from the gun. If the beam
maintains a uniform profile up to relativistic energies, then
the beam emittance can be near the thermal temperature of
the beam as it was emitted from the cathode. The emittance
of the beam caused by thermal effects is discussed in the
preceding section.

A gundesigned by Herrmannsfeldt for the UCSB FEL
and described in a paper?! by Elias and Ramian is shown in
Fig. 2.

T
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Fig. 2. A dc gun designed for UCSR's electrostatic accelerator.
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Injectors Using Third Harmonic Cavities

Bunches accelerated with a de field do not suffer the
emittance growth that is due to time-varying effects typically
found in rfaccelerators. Harmonics can be used to eliminate
this source of emittance growth. A design*? that corrects for
the time-varying fields in a radio-frequency (rf) accelerator
uses cavities that operate at the third harmonic of the main
linac frequency. Two conditions must be met to approximate
a dc accelerating field during pulse transit. First, the amplitude
of the third harmonic is set to nine times the fundamental
frequency's amplitude. Second, the phase of the third harmonic
is chosen to decelerate the bunch at the peak acceleration of
the fundamental. The amplitude is flat to within 0.1% over
37" of the rf. However, the resulting two-frequency cavity
will have increased phase and amplitude control complexity.

For relativistic beams, the harmonic component may be
added with separate cavities, considerably reducing cavity
design and control complexity. Improved accelerator
performance using separated cavities for the first and third
harmonic has been verified using PARMELA by Todd Smith.*
Afterinitial acceleration to several MeV with a long pulse (to
minimize space-charge effects), the peak current is then
increased using magnetic compression. A schematic of the
design is given in Fig. 3.

300 keV HARMONIC HARMONIC MAGNETIC
ELECTRON BUNCHER ACCELERATOR BUNCHER
SOURCE
ENERGY: 300 keV 300 keV 2.5 MeV 2.5 MeV
BUNCH .
LENGTH: 333 ps 100 ps “ 100 ps 5ps
PEAK
CURRENT:3 A 10A 10A 200 A
Fig. 8. Injector designed by T. Smith for the Stanford High-Energy
Physics Laboratory's Sgunpereonducting Accelerator. Calculated emittance

using PARMELA is 20 x-mm-mrad.

Photoinjectors

A photoinjector is a photoemissive electron source placed
directly in an rf cavity. The photoinjector design depends on
the electron bunch produced from a photocathode being
rapidly accelerated to relativistic energies in a single rf
cavity, hence eliminating the conventional bunching process
entirely. The emittance growth of the electron beam is
reduced because electron-beam transport at low energies has
been significantly reduced.

Los Alamos Experiment

Experiment Design. The Los Alamos experiment uses
a laser-driven photocathode electron source situated on-axis
in the first rf cavity. The electron-pulse shape is easily
tailored in both time and space by appropriately shaping the
incident laser pulse. The configuration of the experiment is
shownin Fig. 4. The linac has two 1300-MHz rf cavities with
independent amplitude and phase controls. Both rf cavities
haveloops to measure the phase and amplitude of the rf fields
present in the cavities. Following the second cell are the
diagnostics for bunch charge, beam energy, emittance, and
temporal profile. The details of the rf cavity design are
presented clsewhere.®

£ — 2 (153)



Fig. 4. Two-cavity experiment showing gun,
beam transport, and diagnostics.

The photocathodes are fabricated in a preparation
chamber vacuum coupled to the rflinac. Following fabrication
in the preparation chamber, the photocathede is inserted
into the rf cavity. When the quantum efficiency of the
photocathode decreases below some arbitrary minimum value,
thesubstrateis pulledback and heat cleaned at 400°C. Anew
photocathode is then fabricated over the existing substrate
without opening the UHV system.

‘The photocathode is illuminated with a frequency-doubled
Nd:YAG laser. The laser is mode locked at the twelfth
subharmonic of 1300 MHz, 108.33 MHz. The mode-locking
crystalis driven by the same master oscillator that drives the
1300-MHz rf klystron and is phase locked to the rf. The lager
generates 100-ps pulses at 1.06 pm that, after frequency
doubling to 532 nm, become 70-ps-long pulses. A Spectra-
physics pulse compressor was added to the optical train for
generation of 4- to 20-ps pulses. The power available at
532 nm is approximately an average of 250 kW over 10 ps.

Experiment Results. The electron energy gain for
typical operation was 0.9 MeV in the first cavity and 1.8 MeV
in the second cavity. This corresponds to operating both
cavities at approximately 2 Kilpatrick (58 MeV/m peak
surface field).

‘The laser pulse length was limited by the gain bandwidth
of the Nd:YAG amplifiers to approximately 16 ps. The
maximum charge extracted for this pulse was 13.2 nC from
1 cm? of photocathode surface. This gives 820 A/cm?of current
density at the cathode. However, PARMELA simulations
predict that a 16-ps electron pulse increases to 22 ps on
passage through the first cavity, giving a peak current after
the first cavity of 600 A.

The emittance measurements were performed on an
earlier experiment that used only a single rf cavity. The
experimental parameters were 11 nC (200-A peak), 70-ps
Gaussian temporal width, <0.4-cm beam radius at the cathode
(was not accurately measured at the time of the experiment
and only the upper bound is known), 1.0-MeV beam energy,
and a'solenoid field of 1.8 kg. The measured emittance was
40 x-mm-mrad. The measured emittance did not agree with
a PIC simulation (which gave greater than 150 x-mm-mrad)
of the experiment. This disagreement led to a detailed
examination of the gun, beamline, and the pepper-pot
emittance diagnostic using PARMELA, MASK.* and ISIS®
simulations.

The experimental and simulated electron-beam dia-
meter at the pepper pot and the diameters of the beamlets
produced by the pepper pot at the second quartzscreen are in

close agreement, confirming the accuracy of the simulations.
The emittance of the electron beam for that experiment, with
10 nC per bunch, was calculated from the simulations to be
120 r-mm-mrad for 100% of the beam. Simulations?* show
that, if the beam is clipped in time and left with 75% of the
original charge, then the emittance of the remaining beam
was calculated to be 40 x-mm-mrad in agreement with the
experimental results. The results of the MASK calculations
are shown in Fig. 5 (Ref. 5). The large decrease in beam
emittance with a small decrease in the charge is due to the
temporal tails of the long Gaussian pulse usedin the previous
experiment. Because the focusing solenoid downstream of
the cavities can only be properly matched for one space-
charge density, the beam is matched only for the peak of the
Gaussian pulse, and the head and tail of the electron bunch
areoverfocused. The low-intensity tails from all thebeamlets
overlap on the pepper-pot screen; therefore, an individual
beamlet’s spatial distribution cannot be resolved
unambiguously. Hence, an experimental emittance value
was obtained for only the temporal core of the electron bunch.

250
% ool
'.E- 200+ tails not clipped
E 150+
w -+
£ 100
< T Z__ 80% left
E 1 .
= 50+ tails clipped
T 75% test  in time
0 + + + - +
0 2 4 6
BEAM RADIUS (mm)

Fig.5. The beam emittance from MASK simulations (performed by Bill
Herrmannsfeldt of SLAC) are within the experimental error in
radius if the temporal tails of the Gaussian pulse are not included. The
two curves show the difference in emittance ined:{ excluding a small
fraction of the charge at the front and tail of the pulse.

Although neglecting the temporal tails of the distribution
consequently gives low emittances, most applications of
bright electron beams depend upon only the bright central
core of the electron bunch. More importantly, the accuracy of
the simulation codes have been verified for future linac
design.

Duke-Rocketdyne Experiment

The construction of the Mark III accelerator has been
described in detail elsewhere.? The layout of the experiment
is shown in Fig. 6. The machine parameters are as follows:
macropulse length of 2 to 5 ps, micropulse length of 2.2 ps, gun
energy of 1 MeV, and a magnetic compression of 10 from the
alpha magnet. The alpha magnet is a momentum filter and
is able to limit the electron energy spread to less than 0.5%.

The electron sovrce in the Mark III is a LaB, cathode.
Originally the cathode produced electrons by pure thermal
emission. However, because the electrons are emitted at all
phases of the rf, many of the electrons are accelerated at the
wrong phases for matching into the main linac.

The current emission from the cathode is limited by
average-power heating; therefore, usingthelasertolimit the
emission to the correct rf phase, higher peak currents can be
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Fig. 6. Schematicofthe experiment showing microwavefeed system and
the path of the electrons from the laser-switched thermionic gun to the
Mark 1II accelerator.
obtained.?® In this mode, the LaB, cathode was operated just
below its normal emission temperature, and a laser was used
to pulse the cathode. Operation with the laser resultedin an
increase in peak current from 33 to 75 A with no observable
loss in beam emittance. The gun brightness was approximately
5 x 10" A/(m-rad)2.

During operation, the gun pressure was about 5 x 10°,
Not enough operation time has been available to study the
cathode lifetime; but based on previous performance, the
expected lifetime should be much greater than 1000 hours.

Present Photoinjector Designs
Los Alamos National Laboratory

Two separate initiatives are now underway at Los Alamos
based on photoinjector technology.

Design of a Compact Linac.  Design of a 20-MeV
comiactlinacbased on the phaotoinjector has been completed.
The linac is approximately 1.2 m long and will be operated
with a 10-ps macropulse at up to 15 Hz with a 0.5-A average
during the macropulse. The design of the linac is based on
emittance reduction by reversing the effects of space charge
after the photoinjector gun.?® The final electron-beam
characteristics from PARMELA simulations are a beam
emittance of less than 20 x-mm-mrad and peak currents in
excess of 350 A. Magnetic compression of the 16-ps electron
pulse can increase the peak current to greater than 500 A.
The limit in peak current depends on the application. For
instance, a free-electron laser oscillator is very sensitive to
the jitter in the arrival time of the electron bunches in the
wiggler. Because variations in the electron bunch charge
cause variations in the final electron-beam energy, the
amplitude stability of the photocathode laser system, which
produces the electron bunches, will determine the maximum
amount of pulse compression allowed (a change in the electron-
beam energy maps into a change in time in the magnetic
compressor).

Upgrade of Los Alamos FEL Accelerator. The Los
AlamosFELis nowbeing upgraded to provide electron beams
of the quality and intensity required by advanced FELs. The
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improved electron beam is primarily the result of adding a
photoinjector to the accelerator. However, the entire device
is being modified to demonstrate that the beam quality can
be transported to the FEL without degradation. The facility
should provide initial data by summer, 1989. This facility
will provide a good benchmark for the computational models
used to design advancegd FELs because the same models will
design the photoinjector, beam transport, oscillator, and
amplifier. The design goals of the accelerator are 40 MeV of
electron energy, peak currents of 400 A, and a normalized
emittance less than 50 n-mm-mrad (90%). An experiment
layout is given in Fig. 7.

| ——

Fig. 7. Upgrade of the Los Alamos FEL with photoinjector.

Brookhaven National Laboratory

The Accelerator Test Facility at Brookhaven National
Laboratory (BNL) is being developed into a research facility
for laser acceleration and FELs. The design goal for the
accelerator is 50 MeV at an emittance of 15 n-mm-mrad. The
research team at BNL are building (scheduled for operation
in spring of 1989) a 2.856-GHz photoinjector to drive the
linac.® The S-band, standing wave, disk-loaded structure
will operate in the short of pulse regime (6 ps). The gun is
designed for a maximum surface field of 120 MV/m and a
pulse repetition rate of 5 Hz.

The surface field at the cathode is 102 MV/m. The energy
gain in the 1 1/2-cell structure is 4.9 MeV. The disk-loaded
structure was designed to minimize the ratio of the pak
surface field to the field at the cathode surface and is no’
optimized for maximum shunt impedance. To match to the
x-mode in the cells, a side-wall coupling scheme is used. In
this configuration, the TE,, waveguide mode couplesstrongly
to the x-mode and does nat, te first order, couple to the zero
mode. The x-mode operation was chosen to minimize emittance
growth caused by rf defocusing fields in the accelerating
gaps.”

Lawrence Berkeley Laboratory

A photoinjector design™ at Lawrence Berkeley Laboratory
(LBL) to produce bright beams for linear colliders, compact
FELs, propagation of intense bright beams, and coherent x-
ray holography has been completed. The rf cavity design is
a 1.269-GHz rf cavity consisting of 2 1/2 cells with a peak
surface field of 60 MV/m and a cathode field of 30 MV/m. The
design goals are to obtain a 3- to 5-ps pulse lengthand a 1-nC
charge at a gun exit energy of 5§ MeV.

The photoinjector parameters were obtained by extensive
PARMELA simulations® and theoretical analysis.* The exiting
pulse from the gun has an rms length of 6 g5 and a 0.6%
energy spread. The calculated emittance is 8 to 15 x-mm-mrad.

Bergische Universitit-Gesamthochschule Wuppertal

This design for a photoinjector is unique in that the rf
gun cavity is superconducting.®® The design parameters are
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1.3 MeV, 5 to 70 ps, and pulse charge of0.15 to 14 nC. Peak
currents range from 2.3 to 200 A. This program will be
studying the performance of high QE photocathodes on a
niobium surface. A significant advantage to operating a
photocathode in a superconducting cavity is that the possiblity
of contamination of the photocathode by water or CO, willbe
greatly reduced.

LEL-HF in Bruyeres-le-Chatel

This photoinjector design®” has a much lower cavity
frequency, 144 MHz, than the previous designs. A lower
frequency can reduce the rf effects because the cavity apertures
are larger and the fields approximate dc conditions during
the electron transit. The design parameters are a beam with
10 to 20 nC, a 1- to 1.5-MeV exit energy from the first cavity,
bunchlengths of 50 to 100 ps, an acceleratorgap of 7 ¢cm, and
a surface field at the cathede of 15 to 20 MV/m.

The design was developed using ATHOS, PARMELA, and
OAK. The expected emittance is approximately 20 r-mm-mrad.
After initial acceleration to greater than 4 MeV, magnetic
compression would be used to increase the peak current.

Summary

The production of high-current high-brightness electron
beams has enjoyed considerable progress over the last several
years, mainly because of changes in the requirements imposed
by free electron lasers. Several approaches show considerable
potential for producing very bright electron beams. The
concept of placing a photoemissive source in an accelerating
structure has been demonstrated. The basic physics of
photoinjectorsis understood and the technology isnowin the
initial engineering phases. Several groups around the world
are designing bright beams based on this technology and
continued improvement in photoinjector design is expected.
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RECENT EXPERIMENTS WITH THE FREE-ELECTRON LASER AT LOS ALAMOS®

Donald W. Feldman and Roger W. Warren

MS HB825, Los Alamos National Laboratory
Los Alamos, New Mexico 87545

Abstract

Improvements in the operational characteristics of the
Los Alamos free-electron laser have produced experimental
results in reasonable agreement with theory and simulation.
The results of these experiments will be described.

Introduction

A great deal of effort over the past several years has
gone into improving a number of system parameters in the
Los Alamos free-electron laser (FEL). The amplitude and
timing fluctuations in injector gun pulses and rf power have
been reduced by about an order of magnitude; nonlinear
optical effects in cavity mirrors have been eliminated with
the use of copper mirrors; wakefields, which produced
transverse and longitudinal emittance growth at high peak
currents, have been eliminated or reduced. These
improvements have enabled us to carry out a series of
experiments'* in the past year that demonstrated laser
performance in gratifying agreement with both qualitative
theory and numerical simulations. Each of the following
sections briefly describes a set of experiments that
demonstrates a significant aspect of free-electron laser
operation. The first group involves a uniform wiggler, the
second, several tapered wigglers. A description of these
wigglers, the accelerator, and optical system can be found in
our earlier publications.

Lasing with Uniform Wigglers
Sideband Suppression

Before the recent improvements in the system, we had
observed gains as high as 40% in the 1-m uniform wiggler.
In recent experiments, we have seen gains as high as 250%
at peak currents of ~300-400 A. These gain values are in
rou%h agreement with simulations.5 The characteristics of
the laser now change in a reproducible and predictable way
with changes in the length of the cavity resonator. Figure 1
shows a typical experimental detuning curve. One-
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Fig. 1. Experimental in-cavity optical power vs cavity-length detuning.

dimensional pulse calculations for the same conditions yield
similar results. A, B, and C indicate the region and points
where the spectra are as shown in Fig. 2 a-c. In region A, the
spectrum is consistent with the transform limit of our 10-ps
electron pulse (Fig. 2a). At B (Fig. 2b), sidebands begin to
develop, and at C the spectrum develops into a pattern called
the spiking mode (Fig. 2c).6 This pattern implies a strong

*Work supported by Los Alamos National Laboratory Program
Development funds under the auspices of the US DOE.
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Fig. 2. Experimental spectrum showing (a) narrow spectral shape for
large detuning near A; (b) weak sidebands for moderate detuning ncar
B; (c) multiple, evenly spaced sidebands near C.

modulation of the optical pulse, with peak powers 5 times
the average, that is, 10-50 GW. The same behavior has been
shown in simulations.5 At larger detuning, the spikes
become sharper, narrower, and chaotic, also in agreement
with calculations.5 The spectrum extends over a wavelength
range of ~10%, and estimated peak powers exceed 100 GW.

As described above, changing the cavity length by
~30 pm forces the FEL to operate in a single, transform-
limited line. The theory explaining such sideband
suppression is described in Ref. 7 and is consistent with our
observations. Detuning is an elegant way to eliminate
sidebands because it icquires no additional a?aratus. Fora..
uniform wiggler, detuning causes a loss of efficiency. This
result, however, is intrinsic to sideband suppression in
uniform wigglers because the modulation of the optical pulse
by the sidegands is the direct cause of the enhancement in
efficiency at zero detuning. In contrast, for tapered wigglers,
sidebands reduce efficiency, and detuning has been a
completely satisfactory sideband suppression technique for
all of those wiggler configurations that we have tested.

The most obvious disadvantage of cavity-length
detuning for sideband suppression is that the wavelength is
not constrained to a fixed value but changes with beam
energy and cavity power. A suppression technique that
selects a fixed frequency would be of use. e have
experimentally examined one such technique: the use of a
diﬁracﬁon grating ruled on one of the cavity mirrors. The
mirror is_a spherical grating operated in a Littrow
configuration; that is, the desired light, diffracted into the
first order, is returned upon itself. Light at the sideband
wavelengths is diffracted to the side; it does not interact with
the electron beam and is not amplified. Using a grating with
a pitch of six lines/mm, we were able to produce transform-
limited line widths at cavity powers in excess of 100 MW and
simultaneously couple light out of the cavity in an adjacent
grating order. The efficiencies observed with a grating were
consistent with cavity detuning results; that is, the same
efliciency was observed whether the sidebands were
suppressed by an active device or by cavity detuning.

CH2669-0/89/0000-1268501.00€ 1989 IEEE
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Harmoaics Generated by Spontaneous Emission

. The axial motion of the electrons in the wiggler field
7 contains oscillating components at twice the frequency of the
i fundamental, transverse motion. The axial motion and its
pinteraction with the transverse motion produces
{ spontaneous emission at all harmonics of the fundamental
% frequency. We have made a number of measurements of
*lightoutput at the 2nd, 3rd, and 5th harmonic wavelengths.
‘s Harmonics higher than these were too weak to be seen.
4 Measurements were made over a range of micropulse
Zcharge. Some spatial symmetry measurements of the modes
. were obtained, and the effects of cavity feedback on the 3rd
%md 5th harmonics were measured.
#: With no appreciable feedback at the harmonic
wavelengths, that is, low reflectivity of the mirrors at these
Twavelengths, the intensities of the 2nd and 3rd harmonics
‘were found tobe ~10-5of the fundamental; the 5th was~10-7.
2This is in reasonable a ent with harmonic
measurements made at Stanford8 When feedback was
introduced at the harmonic frequency (either by using
mpmnprs or dielectric mirrors with high reflectivity at
onic frequen‘ﬁ' , the 3rd harmonicincreased to ~10-4
% of the fundamental. We tentatively interpret the 1 effect
g-,of feedback.on the spontaneous emission to the following
$model: The spontaneous emission produced in each
®'successive pass of the coherent fundamental light is
S coherently related to that of previous passes (over the
X lifetime of light in the cavity at the harmonic frequency).
8% Because the added light is coherent, the field amplitudes
Erather than intensities add. If the phase angle between the
$ fields on successive passes is small, this addition produces a
& enhancement over what would be expected from simple
® incoherent trapping of the light in the cavity. We have not
& yet done a theoretical analysis or numerical simulation that
& shows that the phase relationship of the harmonic light on
Esuccessive passes is such as to produce this enhancement.
8¢ Measurements of the spatial distribution of the output
% showed the expected behavior: that is, a single lobe for the
fs fundamental, two for the 2nd harmonic, and three for the 3rd
2harmonic. We were unable to determine whether the
;E:I:;%{e lobes were axially symmetric, that is, doughnut

)

j_ilamonic Lasing

£y
't Lasing has previously been observed on the third
“harmonic by one? or twol0 groups at Stanford. We have now
:been able to lase on the 3rd harmonic of the 10- to 11-uym
: fundamental by increasing the gain at the harmonic and
‘increasing the cavity losses at the fundamental. The gain at
= the harmonic was increased by decreasing the wiggler gap
& from 8.8 to 5.8 mm, thus increasing the wiggler A value from
2~0.7 to ~1. A set of various diameter apertures could be
T inserted into the cavity to increase the losses for the
= fundamental. With the use of apertures, lasing could be
% observed on both the fundamental and the 3rd harmonic.
i The efficiency of the 3rd harmonic lasing is approximately
& one-third that of the fundamental.
#:t  Figure 3 shows the measured detuning curves, with no
'(aﬁerture (Fig. 3a) and two successively smaller apertures
ig. 3 b and c). Lasing at the 3rd harmonic appeared only
% when apertures were used and with a very narrow cavity-
¢ length tuning range. As the aperture was made
MWI{' smaller, the detuning curve for the
; ental shifted to the short cavity side and no longer
‘overla %ed the 3rd harmonic detuning curve. This shift was
nsef y scraping at the apertures. The admixture of
higher order transverse modes produces increased phase
+. ghifts for a round t.rig of the light in the cavity, thus
~ increasing the effective length of the cavity.

: Lasing with Tapered Wigglers
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Early FEL experiments at Los Alamos used a
- permanent magnet Halbach wiggler with an approximately
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Fig. 3. Measured detuning curves for fundamental and third
harmonic with a 5.8-mm-gap wiggler (a, b, and ¢ are successively
smaller apertures.)

linear 12% wavelength taper. The experiments during the
past year have emp]fue!d tﬁ: wig%gr and another of sigilar
construction, but with a 30% parabolic taper. This parabolic
confi tion was chosen because it uced adequate
small-signal-gain in the initial flat region and also had a
large overall taper. Because the taper is continually
increasing, we expected that electrons would not stay in
resonance throughout the length, so that trapping would not
be as nearly complete as with the linearly tapered wiggler.

The ta wiggler experiments described here also
employed a prebuncher, located ahead of the main wiggler,
that produces a velocity modulation that enhances the
capture of electrons in the main wiggler. Unlike previous
prebunchers or optical klystrons!'? the prebuncher
employed here was optimized at high optical power!3 to
produce maximum extraction efficiency rather than at low
power to enhance small signal gain. It was a ~2.5 period
wiggler that could be moved to vary the drift space between
the prebuncher and wiggler from about 25-40 cm.
Calculations!3 indicated that the prebuncher would produce
an enhancement of about a factor of 2 in extraction efficiency
at high cavity powers, and this was found to be the case. In
agreement with simulations,’* we found that changing the
prebuncher-to-wiggler drift distance had large, periodic
effects on the wavelength and the efﬁciencgr of the laser. The
repeat distance, 3.3 cm, was ~A | , o, *(2¥°), as predicted by
slippage arguments.

Electron Trapping

Previous experiments showed that the en
spectrum of electrons that traversed a tapered wiggler had a
long low-en tail,15 but only a slight sign of electrons
trapped in a “bucket” of the ponderamotive potential. The
absence of a bucket was ca the growth of the
transverse emittance of the electrons in the beam transport
line and large en loss during transit of the wiggler, both
caused by wakefield effects. en these problems were
eliminated, the results were different. -Figure 4, the results
of lasing with the prebuncher and 12% wiggler combination,
shows the electron ene distribution in a 100-ps
macropulse. Figure 4a is the distribution without lasing;
Fig. 4b is the distribution when lasing. The electrons show a
well-defined group of trapped particles, which are lowered in
energy by an amount consistent with the taper of the
wiggler. gimilar effects are seen in the 30% tapered wiggler.
As expected, the electrons tend to spill out of the bucket with
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this wiggler, particularly when the FEL is lasing weakly.
When the cavity power is higher, the buckets are deeper,
fewer electrons fall out, and a well-defined peak in the
energy spectrum ag‘ﬁears at an energy loss consistent with
the wiggler taper. The experimental energy spectra for both
wigglers are in good qualitative agreement with simple
physical models of tapered wigglers. In addition, the spectra
agree quantitatively with those calculated in end-to-end
simulations that modeled the accelerator and beam line with
the accelerator codle PARMELA and the FEL with the 3D
FEL code FELEX.16
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Fig. 4. Trapping and deceleration of electrons by prebuncher-12%-
wiggler combination (a) electron spectrometer display without lasing
and (b) with lasing.

Efficiency

The highest efficiency that we had previously achieved
with the 12% wiggler was ~2.0%. It was probably limited by
nonlinear behavior of the dielectric mirrors and emittance
growth of the e-beam. The highest efficiency now measured
iIs 44%. The measured extraction efficiencies are in
reasonable agreement with end-to-end_ three-dimensional
pulse calculations using PARMELA and FELEX.13

Detuning

Previously, the 12% tapered wiggler had detuning
curves similar to those of the uniform wiggler, not in
agreement with simulations. After our improvements to the
FEL, both tapered wigglers show quite different properties.
The highest efficiencies are now observed when sidebands
are suppressed by cavity length detuning, in agreement with
simulations. The same qualitative behavicr is seen in the
30% taper wiggler. Lasing builds up during the macropulse
with a single-line spectrum, then drops as sidebands
develop. This behavior is shown experimentaliy in Fig. 5a.
The same behavior is seen theoretically in Fig. 5b, which is a
one-dimensional simulation using the code FELPS. As yet,
numerical simulations of the effects of detuning with
tapered wigglers have not shown a complete correlation with
our experimental observations.
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Fig. 5. (a) macropulse of light intensity vs time showing overshoot
before sidebands develop; and (b) a simulation of (a).

Counclusions

The experiments at the Los Alamos Free-Electron
Laser during the past year have significantly increased our
understanding of the physics of rf FEL osci{lators and our
confidence in both simple physical models and numerical
simulations. Although there are still uncertainties in the
values of a number of our beam parameters, the FEL
performs in qualitative agreement with physical models and
in reasonable quantitative agreement with numerical
simulations.

The Los Alamos FEL is currently being completely
rebuilt with a laser-driven photoelectric injector. This
change is expected to enhance its performance and allow
new experiments that will extend our knowledge of the
physics of these devices.

Acknowledgments

The authors wish to gratefully acknowledge the
indispensable heg) of the staff and operating crew, in
particular, Jon Ilid, Bill Stein, Joel Johnson, Alex
Lumpkin, Renee Feldman, Roy Norris, Larry Haynes, John
Hornkohl, Noel Okay, Scott Apgar, and Richard Martinez.

References

f1] R. W. Warren et. al, "Near-ldeal Lasing with a Uniform
Wiggler,” Proc. 10th International Free-Electron Laser
Conference, Jerusalem, Isracl, August 29-September 2, 1988, to
be published in Nucl. Instrum. and Methods.

[2] J.E.Sollid et. al., "Sideband Suppression in the Los Alamos Free-
Electron Laser Using a Littrow Grating,” Proc. 10th International
Free-Electron Laser Conference, Jer , Israel, August 29-
September 2, 1988, to be published in Nucl. Instrum. and
Methods.

(3] Brian E. Newnam et. al., "Coherent Optical Production in the Los
Alamos Free-Electron Laser Oscillator,” to be presented in session
JJ at the 1989 Quantum Electronics Laser Science Conference,
QELs 89, Baltimore, Maryland, April 28, 1989.

[4) D. W. Feldman et. al., "High Extraction Efficiency Experiments
with the Los Alamos Free Electron Laser, “"Proc. 10th
International FEL Conference, Jerusalem, Israel, August 29-
September 2, 1988, to be published in Nucl. Instrum. and
Methods.

{51 J. C. Goldstein et. al., "Sirwulation Codes for Modeling Free-
Electron Oscillators,” presented at Conference on Modeling and
Simulation of Laser Systems, Los Angeles, California, January
16-29, 1989, to be published in Proc. SPIE 1045, "Modeling and
Simulation of Laser Systems.”

61 R.W.Warren, J. C. Goldstein, and B. E. Newnam, "Spiking Mode
Operation For a Uniform Period Wiggler,” Nucl. Instrum. and
Methods, A250, 19-26 (1986).

[71 R. W. Warren and J. C. Goldstein, "The Generation and
Suppression of Synchrotron Sidebands,” Nucl. Instrum. and
Methods., A272, 155-162 (1987).

(8] D. J. Bamford and D. A. G. Deacon, "Measurements of the
Coherent Harmonics Radiated in the Mark Il Free-Electron
Laser,” Proc. 10th International Free-Electron Laser Conference,”
Jerusalem, Israel, August 29-September 2, 1988, to be published
in Nucl. Instrum. and Methods.

{9) Stephen V. Benson and John J. Madey, "Demonstration of

Harmonic Lasing in a Free-Electron Laser,” Phys. Rev. A (Rapid

Communications), 39, pp. 1579-81 (1989).

J. Edighoffer et. al., private communication.

M. Billardon, et. al., "First Operation of a Storage Ring Free-

Electron Laser,” Proc. SPIE_453, 269-274 (1883).

J. R. Neal, J. Edighoffer, S. W. Fornaca, C. E. Hess, T. 1. Smith,

and H. A. Schwettman,” The TRW/Stanford Tapered Wiggler

Oscillator,” Nucl. Instrum. and Methods, A259, 295-304, (1987).

H. Takeda, B. D. McVey, and J. C. Goldstein, “Theoretical Study

of a High-Extraction Undulator for a Free-Electron Oscillator,”

Nucl. Instrum. and Methods, A259, 295-304, (1987).

H. Takeda, private communication.

A. Lumpkin and R. B. Feldman, "On-Line Extracticn Efficiency

Analysis for the Los Alamos Free-Electron Laser,” Nucl. Instr.

and Methods, A259, 19-25 (1986).

J. C. Goldstein et. al., "Integrated Numerical Modeling of Free-

Electron Laser Oscillators,” Jerusalem, fisracl, August 29-

September 2, 1988, o be published in Nucl. Instrum. and

Methods.

(10
(131
(n2)
n3l

[14]
{15]

(16}

1270

f— 2 (159)



BUNCH LENGTHENING CALCULATIONS FOR THE SLC DAMPING RINGS®*

KARL L. F. BANE AND RONALD D. RUTH
Stanford Linear Accelerator Center, Stanford University, Stanford, California 94309

ABSTRACT

The problem of bunch lengthening in electron storage rings
has been treated by many people, and there have been many
experiments. In the typical experiment, the theory is used to
determine the impedance of the ring. What has been lacking
thus far, however, is a calculation of bunch lengthening that
uses a carefully calculated ring impedance (or wakefield).

In this paper we begin by finding the potential well distor-
tion due to some very simple impedance models, in order to il-
lustrate different types of bunch lengthening behavior. We then
give a prescription for extending potential well calculations into
the turbulent regime once the threshold is known. Then finally,
using the wakefield calculated in Ref. 1 for the SLC damping
rings, combined with the measured value of the threshold given
in Ref. 2, we calculate bunch lengthening for the damping rings,
and compare the results with the measurements.

1. POTENTIAL WELL DISTORTION

The self-consistent beam current distribution in an electron
machine, below the turbulent threshold, is given by
¢

8 1
I{t) = Kexp (—2—0-§ + m Vl'nl(t') dt') ) 1)
(1]

with gp the natural bunch length, V. the slope of the rf voltage
at the position of the bunch and V¢ the transient induced
voltage. In our notation a smaller value of ¢ signifies an earlier
point in time, with ¢ = 0 the synchronous point for a low current
beam. The induced voltage V,q is given by

Vind(t) = — / Wt —-1)dt' @
0

with W(t) the longitudinal Green function wakefield. The value
of the normalization constant K in Eq. (1) is such that the
complete integral of I(t) is equal to the total charge in the
bunch Q. If we know the Green function wakefield then Eq. (1)
can be solved numerically to give the current distribution of
the bunch in the presence of wakefields. Since Vi at time &
depends only on the current at more negative (earlier) times,
the solution of Eq. (1) is straightforward if we begin at the
head of the bunch (where V,4 = 0) and proceed toward the
tail. Taking the derivative of both sides of Eq. (1) yields an
alternative form of it:

1 t Vind
e T3} 3
1 o3 V,yo? ®

In what follows, all distances will be given in terms of oo.
Thus the independent variable becomes z = t/oqo. Of partic-
ular interest will be the rms length o4, the full-width-at-half-
maximum zrwpu, and the centroid shift (z) of the current
distribution. The ratio of the first two quantities is a mea-
sure of the similarity of the distribution to a Gaussian. Due
to energy conservation, the third quantity, when multiplied by

~V: 190, gives the higher mode losses.
2. SOME SIMPLE IMPEDANCE MODELS

Over a frequency interval, the impedance of vacuum cham-
ber elements can often be characterized by a simple electrical
circuit element—an inductor, a resistor, or a capacitor. In this
section we study the potential well distortion when the whole
ring can be characterized by these simple models.

*Work supported by the Department of Energy, contract
DE-AC03-765F00515.

2.1 An Inductive Impedance

_The SLC damping ring impedance is dominated by
objects—such as shallow transitions, shallow cavities, bellows,
or bumps in the vacuum chamber—that can be modelled by
an inductor over a range of bunch le:ngtha.l For a purely induc-
tive object the induced voltage is given by V¢ = —LdI/dt,
with the constant L the inductance. We note that this model is
non-physical in that it is lossless. Although the solution of the
potential well problem for an inductive impedance is given in
Ref. 3, we present it here again in order to complete our picture
of bunch lengthening in storage rings.

For a purely inductive impedance, Eq. (3) can be written as
y=-2 O]
l1+y ’
with prime denoting the derivative with respect to z = t/ao.
The normalized current is given by y = LI/(Va}); the normal-
ized charge I' (the complete integral of y) equals LQ/(Vag)
The normalized induced voltage ving = Vind/(V, 100) = -y’
The numerical solution of Eq. (4), for several values of T,
is shown in Fig. 1{(a). Note that the charge distribution for a
perfect inductor is symmetric about z = 0 (since there are no
losses) and is more bulbous than a Gaussian distribution. From
Eq. (4) it is apparent that the solution is parabolic wherever
y > 1. In Fig. 1(b) we display o; and zrwya/2.355 (the
dashes) as functions of I'. For large currents o, varies roughly
as 173,

Fig. 1. An inductive impedance: (a) the bunch shape for several
values of bunch population, and (b) the bunch length variation
as a funclion of curvent.

2.2 A Resistive Impedance

Deep cavities, such as the tf cavitics of the damping rings,
tend to be resistive or somewhat capacitive to a beam over the
normal range of bunch lengths. For an ideal resistive object,
the induced voltage can be written as V;,y = —IR, with the
constant R the resistance. Note that an ideal resistor is also
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not physical; there must be a phase shift, even if slight, be-
tween the bunch current and the induced voltage of a vacuum
chamber object. For a resistive impedance, Eq. (3) becomes
) vV=—(z+yy , (5)
with y = RI[(Vag) and T = RQ/(Vo3). Note that vjaq = —y.
Fig. 2(a) displays the solution to Eq. (5) for several values
of I'. As the current is increased the bunch tilts forward (up
the rf wave) by an ever increasing amount, in order to compen-
sate for the increased, higher mode losses. Fig. 2(b) shows o,
and zrw gar/2.355 (the dashes). We see that the bunch length
increases only very slowly in a resistive machine. The dots give
the centroid shift (z) of the bunch. It can be approximated by
{z) = -T'/(2\/x), which is the centroid shift, assuming that the
bunch shape does not change with I'. We note that Papiernik
et al: have solved the potential well problem for the impedance
of a pillbox cavity, and have obtained very similar results.

| N | ! |
(a)

1 __.-‘ x;HWM/2.355 1

® A

0
0 2 4 6 8

3-89 6281A5

Fig. 2. A resistive impedance: (a) the bunch shape for several
values of !otal charge and (b) the change of bunch length and
centroid position (dots) with current.

2.3 A Capacitive Impedance

The wakefield of very short bunches in deep cavities is some-
what capacitive. For an ideal capacitive vacuum chamber ob-
ject, the induced voltage is proportional to the integral of the
current, with constant of proportionality —1/C, and C the ca-
pacitance. This model is unphysical in that it predicts that the
energy loss of a bunch depends only on the total charge Q, and
not on the peak current. For a purely capacitive impedance,
Eq. (3) becomes

z
¥=-ylz+ [ y(z')d) (6
-0
with y = I/(V,yC) and T = Q/(V,500C). The solution to
Eq. (6) closely approximates a Gaussian that has been short-
ened and shifted. Since the energy stored in a capacitor is
Q?/2C, the centroid shift is given by {z) = ~I/2. Figure 3
shows the bunch length dependence on I'. By substituting a
gaussian into Eq. (6), we can arrive at an analytical approxima-
tion of the bunch shortening, which for small current becomes
a; =1 —T//Bx. We note that bunch shortening has not been
observed in storage rings, except at low currents in SPEAR,

when the ring had many rf cavities.
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Fig. 3. Bunch shortening for a capacitive impedance.
3. THE INSTABILITY THRESHOLD

At some bunch population, there is an instability. The ef-
fect of this instability in an electron storage ring is to increase
the energy spread of the equilibrium distribution. This is ob-
viously a nonlinear process. As the bunch length increases, the
bunch peak current decreases which decreases the longitudinal
forces. Radiation damping then serves to reduce the bunch
length. The competition between radiation damping and quan-
tum excitation together with longitudinal instability leads to
some equilibrium energy spread. The bunch length is related
to this via the rf voltage plus potential well distortion.

Boussard® conjectured that the longitudinal instability in a
bunched beam is due to a coasting-beam-like instability within
the bunch. Qualitatively, the argument goes as follows: Con-
sider an impedance which induces an instability which has a
wavelength small compared to the bunch length. If the growth
time of the instability is short compared to a synchrotron oscil-
lation period, then the center of the bunch looks like a coasting
beam except, of course, that it has a high peak current. There-
fore, to estimate the threshold for instability one might use the
coasting beam threshold” but replace I by Ipeak-

The issue of the applicability of a coasting beam instability
criterion to a bunched beam was studied in detail by J. M. Wang
and C. Pellegrini.. They found that one obtains a coasting beam
like instability condition provided that: :

1. The impedance is broad band relative to the bunch spec-
trum (Fourier transform of the line density).

2. The growth rate is much greater than w, (fast blowup).

3. The instability occurs at wavelengths much shorter than
the bunch length.

Actually, the threshold which they obtain looks like the
threshold for a coasting beam, but it has a different interpreta-
tion. It is a sufficient condition for no fast blowup. They also
show that one obtains the usual type of coasting beam stability
boundary except, of course, the boundary is for fast blowup.

The “threshold” condition for a Gaussian bunch is

e2N|Z(n)/n|
SOV T gy .
2x32g,aE0? ~ ! ™
In Eq. (7), we have substituted the peak current for a Gaus-
sian distribution. In this equation, o, must be interpreted as
the actual bunch length. Since we have only a <.fficient condi-
tion for fast instability, we only use Eq. (7) for scaling purposes.
Unfortunately, we know of no reliable calculation of the precise
tl.{lreshold, although this should be possible using techniques in
ef. 8.
To proceed, we take the threshold from experimental data,
and above the threshold we use Eq. (7) to scale the energy

spread as
N /3
o =0y [N_u.] } (8)

Potential well bunch lengthening is then used to calculate the
bunch form in a sclf-consistent manner.

f+— 2 (161)



4. BUNCH LENGTHENING IN THE SLC
DAMPING RINGS

The SLC damping rings have many changes in vacuum
chamber cross-section. In an earlier paperI the longitudi-
nal wakefields of the different vacuum chamber elements were
computed for a short—1 mm—Gaussian bunch using T. Wei-
I?nd's computer program TBCL? All the individual contribu-
tions were then added up, giving a pseudo-Green function wake
that represents the entire ring (see Fig. 4). By substituting this
function into Eq. (1) we can calculate the current distribution
up to the turbulent threshold current. Knowing Ny, we can
extend the calculation to higher currents if we replace og by
oo(N/Nuw)'P® in Eq. (1).

S 1000 |- .
e
s B ]
500
N
2
0
i N 1 2 1 -
0 1 2
389 ct/icm 6281A1

Fig. 4. The wakefield of a 1 mm Gaussian bunch in the SLC
damping rings, and our Green function (dots).

We need to keep two things in mind when using our wake-
field. First, since it represents the response to a 1 mm Gaussian
bunch, it will be unable to resolve variations in bunch shape
over distances that are short compared to 1 mm. But this lim-
itation should not be a problem for our calculations because
(i) coq is large compared to 1 mm, (ii) the bunch becomes even
longer at higher currents, and (iii) we expect the bunch forms
to be smooth. Second, in order for us to use the wake as a
Green function, the front of it needs to be modified so that it
is zero for ¢ < 0. We have evidence that the results (presented
below) are not very sensitive to the details of this modification,
provided that the changes are localized near t = 0 and that the
area under the curve remains unchanged. For our calculations,
we have chosen to reflect the leading tail to the back, and then
to add it to the existing wake (see the dotted curve of Fig. 4).

Figure 5 displays the bunch lengthening and centroid shift
calculation results for the SLC damping rings when V,; =
0.8 MV. (The tf frequency is 714 MHz.) Length dimensions are
again given in units of og (at this rf voltage cog = 5 mm). As
for the inductive model, the distribution is more bulbous than
a Gaussian. If we take the effective inductance of the ring to
be 50 nH (see Ref. 1) we find that at N = 1.5 x 10!? o, =1.33
and zpwygy = 3.69 for the inductive model, which compare
well with the values of, respectively, 1.38 and 3.93 found here.
(To approximate the resistive behavior as well would require a
more complicated model.) From Fig. 5(b) we see that there is
a significant amount of higher mode losses.

Energy spread measurements performed on the North

damping ring found that Ny, = 1.5 x 10'° at V;; = 0.8 Mv.?
Taking this threshold value, the bunch lengthening calcula-
tions were extended into the turbulent regime (indicated by the
dashes in Fig. 5). We see that at N = 3 x 10'° the rms bunch
length is increased by 70%. Very precise measurements of the
bunch shape as function of current have also been performed
at ¥,y = 0.8 MV, using the bunch compressor of the Ring-to-
Linac (RTL) transfer line and a downstream digitizable video

screen’ In addition, the synchronous phase dependence on cur-
rent has been measured. The results of these measurements are
indicated by the plotting symbols in Fig. 5.

Finally, in Fig. 6 we present the bunch shapes for
bunch populations of N = 0.7, 1.2, 2.1 and 29 x 10'.
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Fig. 5. (a) Bunch lengthening, and (b) the centroid shift calcu-
lated for the SLC damping rings al V, 5 = 0.8 MV. The symbols

indicate the measurement results.
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Fig. 6. The calculated damping n‘ng bunch shapes for several
current values, when Vs = 0.8 MV. Superimposed on the curves
are measurement resulls.

The abscissas give z = t/aq, the ordinates are y = 1Z,/(Vay)
with Zp = 377 Q. Superimposed on the curves are the digitized
measurement results. The fluctuations in the data (especially
at the peaks) are due to nonuniformity in the response of the
screen. Considering that there are no fit parameters, the agree-
ment between the data and the calculations is quite good.
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STATUS OF LBL/LLNL FEL RESEARCH FOR
TWO BEAM ACCELERATOR APPLICATIONS*

D. B. Hopkins and A. M. Sessler
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Lawrence Berkeley Laboratory
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1 Cyclotron Road
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Abstract

We review the status of free electron laser (FEL)
research being conducted at LBL and LLNL as part of a
broader program of research on two beam accelerators
(TBAs). Induction accelerator-driven FELs for use as
power sources for high-gradient accelerators are discussed,
along with preliminary cost estimates for this type of
nower source. Finally, a promising new version of an
FEL/TBA is described.

LBL/LLNL FEL Research

Figure 1 shows the principal elements of an FEL-
driven two-beam accelerator. The TBA has been discussed
in detail elsewhere.l2 In collaboration with LLNL, our
FEL experimental research program got underway in 1982
with the construction of the Electron Laser Facility (ELF) at
LLNL.3 Several papers8 have summarized the FEL
performance of this facility when operated at a ~ 35 GHz, >
1.2 GW power level and also at 138 GHz. Recent
papers?.10 discuss strategies for achieving more efficient

wiggler tapering and reducing output noise to < 1%.
Fe)

Figure 1. FEL/TBA Configuration

For practical FEL-driven TBAs, a number of
troublesome issues have recently been considered.
Solutions have been found for some of these while others
await further analytical and/or experimental treatment.
Early on, wakefield effects in ~ 15-30 GHz high-gradient
accelerator sections were thought to preclude their
operation at interesting beam brightness levels for linear
colliders under consideration. It has been shown!l,
however, that the wakefields can be adequately reduced if

Department of Energy by the Lawrence Berkeley
Laboratory under contract No. DE-AC03-76SF00098.

three things are done. First, the beam apertures, i.e. iris
diameters, must be increased about a factor of two over
the dimensions arrived at by standard accelerator design
procedures. Second, there must be much more transverse
beam focusing than in traditional linacs. This can be
supplied by external quadrupoles, or, as has been
suggested by W. Schnell, by rf in conjunction with
elliptical (alternating) gaps. Third, as pioneered in the
USSR12 and extended by Bane at SLAC,!3 an energy sweep
along the bunch is required. Another problem initiaily
thought to be serious but later "solved" involves the large
potential FEL gain at synchrotron frequency sidebands.
Analysis shows!4 that the synchrotron sideband power is
dramatically reduced if the FEL interaction waveguide size
is chosen properly. This approach has now beert
experimentally proven successful.14

In the TBA, as originally conceived, not all of the
microwave power is removed from an FEL section. A
significant amount of remaining power crosses the
following beam-reacceleration gap, maintaining a sizeable
rf bucket in which all of the electrons are trapped, thus
establishing the proper phase in the next FEL amplifier.
Several difficulties result from this arrangement for
which no satisfactory solutions have yet been found.
Another difficulty involves rf handling: the extraction of
rf power from the FEL. The interaction waveguide is
necessarily highly oversized for the operating wavelength.
It is found that the usual techniques, e.g. directional
coupling, are impractical and convert power into
undesirable modes. We experimented unsuccessfully at
ELF with a type of coupler which has septa acting as
"scoops” for extracting single-mode power.15 Different
approaches are now under consideration. These are
mentioned briefly in a later section that discusses a new
FEL/TBA version which avoids many of the problems
discussed in this section.

A most serious problem with the original
FEL/TBA configuration is its phase and amplitude
sensitivity to errors in the wiggler magnetic field, beam
energy and beam current.16:17 For practical machines,
parameter stabilities of < 0.1 % would be required. The net
effect is to limit realistic TBA section lengths to a few tens
of meters, at best, with new beam injectors required at
these intervals for "starting over". Feedback
compensation schemes have been considered but appear
to be impractical.

Regarding the high gradient accelerator (HGA)
portion of a TBA, our group undertook a program to
demonstrate the successful fabrication of HGA sections for
33-35 GHz operation and test them at ELF to determine
their ultimate operating gradients. This work has been
summarized elsewhere.15:18 A high-quality 33.39 GHz, 34
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cavity, 10-cm long accelerator, fabricated by the Haimson
Research Corporation,!? is now scheduled to be tested
soon at the Massachusetts Institute of Technology, using a
developmental cyclotron auto resonance maser (CARM)
as a 20-50 MW power source, in a collaboration with G.
Bekefi's group.

FEL-Based Accelerator Power Sources

Before the FEL/TBA is fully realized in an actual
accelerator, e.g. linear collider, microwave FELs may find
an initial application as accelerator power sources. An
induction accelerator coupled with a wiggler can readily
produce GWs of power. These sources can then be
replicated and arranged to periodically drive an HGA in
the same manner that multiple klystrons dr’ /e long
accelerators, e.g. at SLAC. Such sources have been
proposed and preliminary cost estimates made, most
recently for TeV linear collider applications at 17 GHz20.
For this study, the assumed collider parameters were as
shown in Table 1.

TABLE 1

Linear Collider Parameters

Operating frequency 17 GHz

Collider length 7.41 km

Total rf power required 387 TW

Length between rf feeds 144 m

rf power/m required 634 MW/m

rf pulse width S0 ns

Repetition rate 180 Hz
Luminosity (single bunch) 5.0x1032 cm2 sec'!
Luminosity (21 bunches) 1.0x1034 cm2 sec'1

To power this 17 GHz collider, an induction
accelerator-driven FEL power source was considered
which has the parameters shown in Table 2.

TABLE 2

Power Source Parameters

Beam energy 3.5 MeV
Beam current 3.0kA
Beam energy stability (AE/E) 0.8%
Interaction waveguide size 6.0x3.0cm
Wiggler length 1.7 m
Wiggler period 12 cm
Resonant wiggler field, on axis 4.11kG
Final wiggler field, after tapering 18kG
Input rf power 80 kW
Output rf power 50 GW

For this application, a new, simple, inexpensive
permanent magnet and steel wiggler was designed?1.
Also, an "afterburner” was assumed to follow the wiggler
to extract a good fraction of the rf energy from the
bunched beam before it is dumped. This is a final
relativistic klystron stage where the beam threads a few
output coupling cavities producing ~ 2 GW of additional
tf power, thereby increasing overall efficiency. For the
induction accelerator driver, cost estimates were prepared
on three different bases: (1) present technology, (2) a newer
small-cell design under development and (3) a projected

industrialized version. Estimated costs for the induction
driver were, (1) $1.8M, (2) $1.5M, and (3) $0.9M,
respectively. The wiggler cost is found to be very small,
namely ~ $80K for a 2.1 m length. Since costs are
dominated by that of the induction accelerator, efforts are
being made to find ways of significantly reducing this cost.

The TBA concept has always incorporated the idea
of periodic reacceleration of the drive beam. This would
take place to restore the energy to the beam which had
been given up to the microwave field in the FEL sections.
Induction accelerator cells would be added to accomplish
this. Reacceleration can also be of benefit to the power
sources being discussed in this section. For the linear
collider parameters of Tables 1 and 2 and assuming the
small-cell technology mentioned above, the cost and
efficiency of power sources has beén estimated.20 These
estimates are summarized in Table 3 for four cases having
no reacceleration, then one, two, and three
reaccelerations. As can be seen, the difference between no
reacceleration and three reaccelerations is an impressive
cost saving of $284 M and an efficiency increase to 32%
from 25%.

Table 3. Re-A Various of Times
(Assume Small Cell Costs, an RK after burner, and a 3.87 TW total power
requirement)
Raasic Unit
Enjector (0-13 M) $ 20n
Accelerstor (15-35 MeV) $ 620k
WRMD and M* $ 250k
Base Urit Cost S1790%
Power Output per Unit (S¢2) 0 CwW
Total Cost (553 units} $POM
Boan to vf Efficiency o%
3%
Base $1790k
Accelerstor (+2 MeV) $ 620k
W, $ 120k
— Unit (10 42 nGw
Mo?rc‘z:':u SI7M
Beasn W of Efficlency N
Efficlency 9%
$1790k
Acorierators (+4 MeV) $1240k
WM & 00k
onb Unit 1542 17GW
Power
AT za
Beam 40 of Efficiency %%
Ovenall Efficiency ns
Base Unit Cost $1790k
Accelerators (46 MeV) $1860k
WM~ $ 360k
Unit Comt $4010%
pev Unit 2002) now
Towl Cost (176 wnits) $06M
Beasm to of Efficiency 7
ns
“Wiggler, Kiyston, Microwave Driver, and Microwave Equipment
**Wiggier and Microwave
Improved Version of an

Recently, a new version of an FEL/TBA has been’
proposed which avoids a number of difficulties inherent
in the original concept.22 In the new version, a relatively
small, stable rf clock signal is provided at the input of each
FEL section. At the end of each FEL section essentially all
of the rf power is removed and transported to the HGA
power input ports. The bunched electrons of the drive
beam go on to the next FEL section through the following
reacceleration gaps. There is no longer a need for any
remaining microwave power to cross these gaps. The
advantages that accrue with this configuration are many.
In the original FEL/TBA concept, errors in various
parameters were cumulative and resulted in the phase
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and amplitude sensitivities discussed earlier. An analysis
of the new version has been made and it has been shown
that the FEL/TBA can be designed so that errors do not
accumulate. In short, the new FEL/TBA "locks on" to the
equilibrium state even if the drive beam energy is initially
in error. A full study of this subject is now being
prepared.?3 In the meantime, we have begun a search for
a practical method for extracting all of the rf power at the
end of an FEL section. One method which may be
workable is to employ a specially-designed magnet at the
end of the FEL. This would introduce a short, brief,
achromatic jog of the electron beam away from the
centerline, separating it from the microwave field24 In
the beam-free region thus created, centered on the
machine axis, an angled "mirror” would then reflect the
microwave power out of the machine. In a second
method being considered,25 all but several percent of the
microwave power is reflected out of the beampipe by a
four-faceted reflector. This also serves as a convenient
four-way power divider.
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A FIVE-PICOSECOND, ELECTRON PULSE FROM THE ANL L-BAND LINAC*

G. L. Cox, D. T. Ficht, C. D. Jonah, G. S. Mavrogenes, and M. C. Sauer, Jr.
Argonne National Laboratory
9700 S. Cass Avenue
Argonne, IL 60439 USA

The pulse-compression system of the Argonne National
Laboratory Chemistry Division L-Band Linac, presented at the
1986 Linear Accelerator Conference at Stanford, California, has
been completed. A five-picosecond-wide electron pulse
containing 6 x 10-% coulomb charge has been achieved.
Acceleration parameters and the pulse-width measurement
technique are discussed, and future plans for the utilization of this
pulse in radiation chemistry studies are preseated.

Introduction

The description of this system has been presented in
Reference 1.

The system was designed to compress the 22-McV pulse
of 30 ps Full Width Half Maximum (FWHM) to pulse lengths of
5 10 6 ps with large peak currents of 1 x 103 'Ajpulse. This
system became n in order to extend the study of reactive
fragments of molecules to the time scale of a few picoseconds
and, in particular, to examine the chemisiry of clectrons and ions
before and during relaxation of the surrounding media. The 22-
MeV clectron linac uses a double gap 12th subharmonic pre-
buncher followed by a one-wavelength 1.3 GHz traveling-wave
prebuncher and a tapered buncher to produce a single pulse of 30
ps from one 1f bucket, with an encrgy spread of dE/E = $0.5%
(FWHM) as shown in Figure 1. The pulse contains a long tail in

the time domain and the same in the energy spectrum. 2
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Figure 1. Energy spread of the 30-ps pulse ég— =% 0.5%
(FWHM).
However, more than 80% of the electrons are within 135 ps and

ATE- of £1%. The phase compression system required that the
energy spread be increased considerably in order to rotate the

*Waork performed under the auspices of the US-DOE.

ellipse, but fortunately the chemistry experiments are not sensitive

to the beam energy spread (AE%
Accelerator Paameters and Beam Measuring

The accelerator was tuned in such a way that the clectron
pulse was riding on the back slope of the traveling wave so that
the front electrons were on the peak of the wave in both
accelerating waveguides. The result of such a tune up was that
the clectrons within the’ pulse were oriented so that the higher
energy ones were in the front and the lower energy ones in the tail
of the pulse.

The beam exiting the accelerator is bent 90° by two 45°
magnets with adjustable slits between them to control the energy
spread of the beamn as shown in Figure 2. Following a focusing
quadrupole, the beam enters the bunching cavity which is an L-
band waveguide identical to the accelerating waveguides of the
linac. The value of the isochronous electric field in the bunching
Cavity is critical, and the 1f power fed into it is controlled by a
variable power splitter and phase shifter. A six-inch diameter
circular magnet is placed just beyond the first 90° bending
magnet, and it acts as a crude spectrometer. When the pulse is
placed at the peak of the traveling wave in the bunching cavity, the
peak field in that cavity is measured by measuring the maximum
beam energy gain. Thus, the power splitter has been calibrated,
and the readings are accurate and repeat well.

Accelerator

L band waveguide !

uadrupoles

Wall

Figure 2. Beam transpor: system.

CH2669-0/89/0000-0912501.00©1989 IEEE

f+— 2 (166)



By knowing the peak field in the bunching cavity, a pulse
of known width (£15 ps or £7.5°) placed in such a way that its
center is in the 0° phase position, and its front towards the
increasing voliage will emerge with an energy spread that is
readily calculated V = Vg sin 8. In our case, the best results were
obtained with a Vg = 5.3 MeV, thus a 30-ps pulse will emerge
with §E=£5.3 sin 7.5° z = 20.690 MeV (FWHM), and this is

roughly what it was expected to be.
Optical Measurements

The pulse width was measured using the same technique
that has been previously employed in this laboratory 3. The
principle of the measurement is as follows. The electron beam
irradiates a 5 cm suprasil cell which contains 1 atm xenon gas.
The refractive index of xenon is sufficiently high so that Cerenkov
radiation is created and exits the cell in a cone making an angle
approximately 2.5 degrees to the beam. This light is then
focussed onto the slits of a streak camera. The streak camera is

used to measure the width of the pulse. The system is shown in
Figure 3.

Diagram of the Optical System

Linear Accelerator

Scmcell of xenon at 1 atm

60 cm ftlens

30 cm filens

Streak
Camera

optical
2 meters—» filter

30cmfllens 10 cm filens

2 meters—*>"
Fleld lens optics

Figure 3. Optical system.

The Cerenkov was generated in xenon rather than in
quartz so that most of the light could be collected and used for
analysis. In addition, the scautering of the electrons is low in
xenon so the angle at which the light comes is defined primarily
by the incoming electron beam. Furthermore there is very little
velocity difference between the electron beam and the generated
light in 1 atm of xenon, which leads to a correspondingly
negligible time spread in the the width of the measured Cerenkov
pulse. In quanz the gererated light travels approximately 30%
slower in the quartz than does the electron beam.

Two optical transport systems were used 1o measure the
pulse. Both were able to give good results. For the parallel
optics, a defining slit was used at the cell to limit the region of
light which can be transported to the streak camera. It was
essential to limit the wavelength region of the light which strikes
the sireak camera. This was done using a 5-58 Corning glass
filter which is centered at 410 nm and has a width of
approximately 60 nm. If another broad-band filter which is
peaked further into the ultraviolet is used or if no filter is used, the
measured pulse width is broadened. This was attributed to the
variation of the refractive index of the lenses over the wavelength
range of light that was detected by the streak camera.

913

A Hamamartsu C1370-01 streak camera was used for the
measurements. This streak camera has a time resolution of beuter

than 2 ps. We used a slit width of approximately 7 u. This slit
width was chosen 1o keep the intensity low on the streak tube and
thus avoid space-charge broadening in the streak tube. (A slit

width of approximately 30 p would not optically have limited our
pulse width measurements.) The trigger for the streak camera
was obtained from the pulse which triggered the clectron gun.
The jitter of the pulse detected by the strcak camera was
approximately 25 ps. This is due to both the jitter in the streak
camera trigger and the jitter between the injector trigger and the
Ral; of the accelerator. We did not atiempt to improve upon this
value.

Because the signal from the streak camera must be limited
to avoid space-charge broadening in the measurement, there is
considerable shot noise on the signal. To allow signal averaging,
a program was written for the Hamamatsu computer to determine
the position of the pulse. With this information, several pulses
can be shified and added together. A typical result is shown in
Figure 4. Ten pulses were averaged. The slit width was
decreased until the measured pulse width was constant. This was
done to climinate the space-charge broadening in the streak
camera. Similar results were obtained on different days.
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Figured4, Relative light intensity vs. time for the Cerenkov light
pulse created in 1 atm xenon. (Wavelength of light centered at
about 410 nm, FWHM = 60 nm.) Average of 10 pulses.

The critical factors for accurately measvring such short
accelerator pulses are: (1) controlling the space-charge broadening
of the streak camera; (2) controlling the region that is observed by
the streak camera using appropriate focussing and field stops;
(3) using xenon to tightly confine the light that is measured; and
(4) selecting the wavelength that is observed to avoid broadening
through wavelength dispersion in the lenses.

N he 3-ps Pul

The compressed pulse is currently being used 1o measure
the recombination fluorescence which occurs when solutions of
aromatic scintillators in dielectric liquids are irradiated. This
fluorescence is due to the rapid scavenging of positive and
negative charge by the scintillator molecule followed by ion-
recombination which yields the lowest excited singlet state of the
scintillator. The time dependence of the recombination
fluorescence can be used 1o derive information about the ion
chemistry of the solvent and the distribution of distances (from the
sibling cation) of the electron ¢jected in an ionization event. This
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work is well underway and will be reported in a future
publication. 4

An apparatus is also being assembled in which the 5-ps
pulse will be used in a pump-probe system for measurement of
the optical absorbance of transient species in condensed-phase
systems. This system is an extension of one used previously for
similar measurements with a 30-ps electron pulse, 3 and will be
used, for example, to study ultra-fast electron localization and
solvation processes in alcohols.

Conclusions
In general, the future of the shont pulses (5-6 ps) with
high intensity > 1000 A belongs to the laser-excited photo-
cathodes in conjunction with an rf source, but until reliable
photocathodes are developed with long life and with reasonable
vacuum requirements, the needs of the scientific community for

very intense short pulses will be satisfied using the techniques
described above.
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ON USING A SUPERCONDUCTING LINAC TO DRIVE A
SHORT WAVELENGTH FEL*

G. A. Krafft and J. J. Bisognano

Continuous Electron Beam Accelerator Facility
12000 Jefferson Avenue
Newport News, VA 23606 ’

Summary

In order to determine the suitability of using a supercon-
ducting radio frequency (SRF) linac to generate XUV radiation,
the beam dynamics in such a linac have been simulated using a
vectorized two dimensional beam breakup code, TDBBU. The
energy spread and emittance of the accelerated beam are deter-
mined as a function of current for a linac like CEBAF and for
a linac optimized for high peak currents. The results indicate
that there are significant improvements in transverse emittance
growth possible by going to lower RF frequencies and by utiliz-
ing BNS phasing in the accelerating cavities.

In the first section of this paper the simulation is described.
Next, the transverse and lorgitudinal wakes typical in supercon-
ducting cavities are discussed. The results of the simulations are
given, followed by a comparison of a linac driven FEL and a typ-
ical storage ring driven FEL. The conclusion of the work is that
the former scheme looks promising because higher average power
is possible.

Description of the simulations

The simulation code TDBBU! has been used to calculate
the intrabunch collective effects since they degrade the bunch
properties at high peak currents. The code neglects changes in
the electron’s longitudinal coordinate but follows the transverse
phase space coordinates and the longitudinal momentum of the
electrons. Electrons are tracked through a linac lattice. In ad-
dition, at the cavity and drift positions of the lattice, backward
propagating wake functions are used to update the tranverse
and longitudinal momenta. The form of the wake function as a
function of r is essentially arbitrary to the simulation.

Macroparticles are loaded with a uniform spacing in the lon-
gitudinal direction. A nonuniform bunch is simulated by chang-
ing the charge in the macroparticle as a function of the longi-
tudina: coordinate. This approximation is reasonable as long as
there is no longitudinal motion within the bunch, i. e. the bunch
is relativistic, and as long as the instatility generated by the
wake occurs on distance scales long compared the spacing of the
macroparticles.

In all the results to be reported here, the transverse load
is the standard uniform elliptical load with a given emittance,
the a and g functions at injection being chosen to match the
focusing lattice of the accelerator. In most cases an offset is
introduced at injection to initiate the instability.

A run involving 1500 machine elements and 3000 macropar-
ticles takes about 15 CRAY 1 minutes.

Effect of the Longitudinal Wake
The stored energy in the superconducting cavity is

-

v Rwo

where V is the voltage gained when an electron traverses the
cavity on crest, R/Q is the shunt impedance of the cavity, and

wo/2x is the cavity frequency. The total energy extracted from
the cavity by a bunch with total charge g is

u=gqV.

The dim#nsionless quantity u/U is proportional to gky/V where
ky is the loss factor? for the fundamental mode

woR
kl= Ta.

In fact the relative energy spread scales the same way, if the loss
factor is generalized to include all the longitudinal modes.

The longitudinal wake function, W(r), quantifies the en-
ergy change experienced by a test particle following an exciting
particle due to the longitudinal modes. By superposition, the
energy error induced in the electron at timetis

AE(t)=¢ /“ ItYW(E-t')dt' =eq / ‘ a(t)W(e - t')de’

where 7i is the unit normalized distribution #(t) = I(t)/q and e
is the electron charge. By performing the proper averages one
obtains

oc = /(AE?) - (AE)? - (tAE)?/12,,, ()

where the phasing of the cavities is chosen to minimize the rms
energy spread. This result may be expressed in terms of the
total loss factor as

%5 _ g2

E "V
where F is a form factor depending only on the form of the
longitudinal wake and the bunch longitudinal density and k; is
the total loss factor?. The F constants for several types of bunch
profiles are given in Table 1.

Longitudinal

Distribution F og
Uniform W(ir)=4 0 0
Parabolic W(r)=A 0.05 0.03¢gA
Gaussian, W(r)=4A 0.08 0.09¢gA
Uniform W(r) =Br-'/32 007  0.09¢gB/L)/?
Parabolic W(r)=Br-/2 0.5 0.15¢¢B/L"/?
Gaussian W(r) = Br-1/2 018  0.20eqB/c!/?

Table 1 Encrgy Spread for Various Wake Functions
Accelerator Configurations
Two accelerator configurations were simulated in this study.

The first configuration, summarized in Table 2, has parameters
corresponding to the present CEBAF accelerator. In addition

*This work was supported by the United States Department of
Energy under contract DE-AC05-84ER40150.
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to a longitudinal wake of 10 V/pC and a transverse wake of 6
V/pCem? for a CEBAF cavity, the effective wakes in Table 2
include contributions from vacuum chamber discontinuities in
the CEBAF design.

The second configuration, given in Table 3, represents a
machine designed explicitly for high peak current operation as
an FEL driver. The main features distinguishing such a linac
from the CEBAF linac are:

o Lower operating frequency (350-500 MHz)

¢ Smooth vacuum chambers to avoid wake effects

o External termination of Higher Order Mode loads

e No recirculation to avoid multipass BBU instability

In addition, it is likely that some form of energy recovery

would be attempted in order to take advantage of the high ef-
ficiency of the superconducting cavities and to avoid excessive
power usage. Energy recovery does not affect the results of the

calculations since bunch properties at the wiggler depend only
on wakes generated on the first pass through the linac.

Frequency 1500 MHz
Injection Energy 45 MeV
Final Energy 4 GeV
Injection Emittance 1x pmrad
Effective Transverse Wake 300 V/pCcm? per cavity
Effective Longitudinal Wake 41 V/pC per cavity
Bunch Length 2.2 psec

Table 2 Parameters in CEBAF Accelerator Simulation

Frequency 350 MHz
Injection Energy 10 MeV
Final Energy 1 GeV /
Injection Emittance ir pmrad

Transverse Wake 08
Longitudinal Wake 7
Bunch Length , 22

V/pGCcm? per cavity
V/pC per cavity
psec

Table 3 Parameters in Driver Accelerator Simulation

The CEBAF lattice has constant focal length on the first
pass and the driver lattice has constant focal length throughout.
For concreteness we assume that the driver scenario has single
cell 350 MHz cavities which achieve a total gradient of 5 MV/m.
The injected normalized rms emittance for the beam is 17 x10~¢
m rad (see Eqn. (2) below). Using Eqn. (1) the energy spread
is estimated as a function of bunch charge for CEBAF and for
the driver. In order to retain an energy spread less than .1% the
bunch charge must be limited to 10° electrons for CEBAF, but
the limit for the driver is about 10'® electrons.

Simulation Results

In Fig. (1) the effect of the longitudinal wake is given by
plotting the energy error and time of the macroparticles as they
leave CEBAF after acceleration. The energy error AE is the
difference between the actual energy and the energy that the
synchronous particle would have at sero current. The phasing of
the cavities has been chosen to minimize the rms energy spread
of the emerging beam. The peak current in the simulation was
300 A, the bunch shape was parabolic, and the longitudinal wake
was proportional to r~1/2, The energy spread is consistent with
Eqn. (1).

In Fig. (2) the transverse position and time are plotted for
the bunch macroparticles. The transverse wake causes the fa-
miliar distortion of the bunch into a banana shape. In Fig. (3)

1257

a tranverse phase plot of the emerging particles is presented,
along with a zero current result in Fig. (4). The emittance of
the bunch has effectively grown with current due to the trans-
verse instability. The growth is quantified in our work by using
the normalized rms emittance

€rme = V(P2)(X?) — (P.X)3/mc (2

where P, is p; — (p;), X is £ - (z), m is the electron rest mass,
and ¢ is the velocity of light.

In Figs. (5) and (6) emittance is plotted against the peak
current for several bunch lengths. In Fig. (5) the plot is for
the nominal CEBAF parameters. In Fig. (6) the plot is for the
driver configuration. If the cavities are phased in the way re-
comended by Balakin, Novokhatsky, and Smirnov® the effect of
the transverse instability is reduced in several simulations that
have been performed. Since emittance growth becomes a prob-
lem only at currents where energy spread is already excessive,
the gains from BNS phasing are helpful only for relatively long
bunches (L > 6 psec for CEBAF or L > 60 psec for the driver).
Otherwise, the main limitation on bunch charge is due to the
energy spread requirement in the FEL.

Since the maximum bunch charge in the driver is 2700 pC
(corresponding to 180 A peak current) and the average power is
limited, a maximum bunch repetition rate is obtained. For the
overall continuous power into the accelerating cavities to be less
than 20 kW, the bunch repetition frequency must not exceed
3 MHz. A storage ring-bypass scheme has been proposed as a
coherant x-ray source at Berkeley®. The results of this proposal
of most interest to us are an average power of .3 W at 400 4, a
peak power of 150 MW, and a radiation pulse length of 50 psec.
The rather low average power is due to the fact that the beam
is stored for a full damping time of the storage ring before pass-
ing through the FEL again. The comparable numbers for the
optimized driver are an average power of 400 W, a peak power
roughly the same as above, and a radiation pulse length of 20
psec, the main advantage being that the bunches can come much
more frequently in the SRF linac case. It seems that the SRF
driver compares favorably to the Berkeley proposal. However,
without some form of energy recovery, the facility power is quite
a bit larger than the storage ring proposal.

Conclusion

In this paper a superconducting linac driven FEL has been
considered. It was shown that such a scheme can produce beams
suitable for the generation of short-wavelength coherant radia-
tion. The emittance growth from the accelerator and the energy
spread of the beam have been computed as a function of current.
In contrast to the situation in normal conducting linacs, super-
conducting linacs are dominated by the longitudinal wake effects
instead of transverse wake effects. It should be emphasized that
a self-consistent calculation has been done, i. e. the collective
effects have been included in the estimates of linac performance,
and the resulting beam quality is good in parameter regimes of
interest. For radiation gource drivers care should be taken to
insure that the vacuum chamber is smooth in order to reduce
the wake fields.
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ABSTRACT

A free-electron laser (FEL) user facility is being
constructed at the National Institute of Standards and
Technology (NIST) in collaboration with the Naval
Research Laboratory. The FEL, which will be operated
as an oscillator, will be driven by the electron beam
of the racetrack microtron (RTM) that is nearing
completion. Variation of the electron kinetic energy
from 17 MeV to 185 MeV will permit the FEL wavelength
to be tuned from 200 nm to 10 pum. Performance will be
enhanced by the high brightness, low energy spread, and
continuous-pulse nature of the RTM electron beam. We
are designing a new injector to increase the peak
current of the RTM. A 3.6-m undulator is under
construction, and the 9-m optical cavity is under
design. The FEL will emit a continuous train of 3-ps
pulses at 66 MHz with an average power of 10-200 W,
depending on the wavelength, and a peak power of up to
several hundred kW. An experimental area is being
prepared with up to five stations for research using
the FEL beam. Initial operation is scheduled for 1991.

L._INTRODUCTION

We are building a free-electron laser at the
National Institute of Standards and Technology (NIST)
to provide a powerful, tunable source of light for
research in biomedicine, materfals science, physics,
and chemistry.! The planned research facility is shown
in Figure 1. In a free-electron laser (FEL), the
static, sinusoidal, magnetic field of an undulator (or
wiggler) causes an electron beam to follow a sinusoidal
trajectory and hence emit electromagnetic radiation.
Radiation with a particular wavelength, A, remains in
phase with the" electrons and stimulates additional
emission; i.e., the device lases. The resonant
wavelength is given by the expression

A= (A /297) - (14K2), (1)

where A, is the wavelength of the wiggler magnetic
field, and y is the electron energy in units of the

electron rest energy, E,. The wiggler parameter, K,
that appears in Equatfion 1 is proportional to the root-
mean-square (rms) magnetic field of the wiggler, B,:

K = |eB A, /25E, | . )

Our FEL will be driven by the electron beam of the
NIST/LANL racetrack microtron (RTM), a continuous-wave
(cw) accelerator that is scheduled for completion in
1990. The FEL can be characterized as a high-power,
tunable, pi d, mode-locked laser. By varying the
kinetic energy of the electron beam between 17 MeV (y =
34) and 185 MeV (y = 363), we will be able to vary i
between 200 nm and 10 um, from Equation (1). For our
wiggler, A, = 28 mm, and B, can be varied between 0.23
T and 0.38 T by varying the gap. This will allow us to
tune A by *20% without changing y. The laser output,
like the electron beam, will be a continuous train of
3-ps long pulses at a frequency of 66 MHz. The
expected properties of the output radiation are given
in Table 1, and the average output power is showm in
Figure 2 as a function of A.

FEL radiation will be available for research
applications in the 160-m* FEL user area shown in
Figure 1. The photon beam will be transported in
vacuum from the FEL to any of up to five experimental
stations in the user area. The user area will be
shielded from the electron beam and inhabitable at all
times. Thus experimenters will be able to make manual
adjustments to experiments in progress, as well as set
up experiments when the photon beam is delivered to
other stations. In the remainder of this paper we
discuss the physics of microtrons and the status of our
FEL project.

2. _MICROTRONS

Racetrack microtrons have several properties that
make them excellent sources of electrons for free-
electron lasers. In this section we discuss the
physics of the racetrack microtron and its predecessor,
the classical microtron.

ELECTRON o
Cun @ CnOPPER
BUNCHE|

Figure 1.

Plan view of the NIST/NRL FEL facility.
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Table 1. Output Light Properties of the NIST/NRL FEL
Wavelength 200 nm - 10 um
Average Power (W) 10 - 200
Repetition Rate (MHz) 16.528 and 66.111
Peak Power (kW) 40 - 1000
Peak Energy (uJ) 0.1 - 3.0

1025 - 2.1027
3-10!3 - 6-1013

Photon Flux (cm~2.s-1)

Photon Fluence (cm~2, lmm-diam spot)

Pulse Width (ps) 3
Spectral Resolution 1.4-10~% - 7-1073
Polarization Linear
Spatial Mode TEMyq
Bean Diameter (mm, at 1/e amplitude) 0.4 - 1.6
Beam Divergence (mrad, full angle) 0.3 -5
400 s ! =
- Full Length Wiggler,
3 N= 130
= 300 o
H
o_: Holt Length
- 200 - Wiggler, No= 65
a
3
o
g 100 S
E %o
o0
4] ~r T
0.1 1 10
Wavelength, um
Figure 2. Predicted average output power of the

NIST/NRL FEL. The solid curves show the
maximum power that can be extracted from the
electron beam. The circles are calculated
values of output power for realistic values
of mirror reflectivity and output coupling.

2.1 Classical microtron

The racetrack microtron evolved from the convention-
al, or classical, microtron, which was proposed by
Veksler? in 1944. (Reference 3 provides a thorough
discussion of the classical microtron.) As indicated
in Figure 3, the classical microtron consists of a
microwave® cavity with an accelerating gap located in a
uniform magnetic field, B. An electron that originates
at one side of the gap with negligible kinetic energy
crosses the gap at rf phase ¢ and in doing so gains
enexgy AT = Ve.cosd, where V is the peak gap voltage.
The electron is returned to the gap on a circular orbit
with a radius of curvature that is proportional to its
momentum. The values of B and AT are chosen such that
the circumference of the first orbit is an integral
multiple of the rf wavelength, A, and each subsequent
orbit is an integral number of wavelengths, v, larger
in circumference than the one before. This choice of
energy gain, AT,, defines a resonant phase angle, ¢, .
such that V:cos$, = AT,. Electrons at this phase
remain in resonance with the accelerating voltage and

“Hence the name microtron.
!These are called end magnets.

MAGNET

RF cavity
RF LINAC

-

Figure 7. Classical microtron (left) and racetrack

microtron.

gain energy AT, each time they cross the gap. The
resonint parameters are related by the microtron
resonaice condition,

2I'AT:./'(; = vAB. (3)

Conventional microtrons are used to produce pulsed
electron beams at energies of 5 MeV to 45 MeV. The
resonant energy gain per pass, AT,, is limited to ap-
proximately 1 MeV. The maximum energy is limited by
the need to use a relatively large, low-field magnet
(0.1 T<B x<0.3T). The microwave cavity is limited
to operation in the pulsed mode by cooling_ limita-
tions*.

2.1.1 Phase focusing, Like other resonant

accelerators, the microtron benefits from phase
focusing, an important mechanism which results in good
energy resolution and stability. Phase focusing comes
from operating on the falling side of the microwave, so
that an electron that crosses the accelervating gap
before the central electron (i.e., with ¢ < ¢,) gains
more energy than AT,. The extra energy of this
electron increases the length of the next orbit, and
the extra distance traveled delays its next gap
crossing. In this way, the phase is restored toward
¢, - The restoring force produces phase oscillations
around ¢, with an amplitude equal to the initial phase
spread in the electron bunch, so the phase spread
remains constant as the electrons are accelerated.

Likewise, electrons that begin at the resonant phase
vith excess energy will arrive ac the gap late the next
time and gain less than AT,. Thus, the initial energy
spread in the beam is preserved.

acetra icrotro

Reference 4 is a comprehensive study of the
racetrack microtron and other recirculating electron
accelerators. The racetrack microtron, shown in Figure
3, can be thought of as a classical microtron with its
circular magnet separated into two semicircular onest
and its microwave cavity replaced by a multi-cavity
linear accelerating structure, viz., a linac. The
electron orbits resemble a nested series of racetracks
having a common homestretch and increasingly distant
backstretches. The space between the magnets is ex-
ploited for several improvements. A linac can provide
an energy gain on the order of 10 MeV and can be cooled
adequately for cw operation. Focusing elements can be
included on the straight sections.

Racetrack as well as conventional microtrons are
governed by Equation 3 and benefit from phase focusing.
From Equation 3 it can be seen that the increased aT,
allows the use of a higher magnetic fieid (approximate-
ly 1 T) and therefore smaller, more efficient magnets.
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A racetrack microtron with N passes through a linac
of energy gain AT, can be compared with a single-pass
electron linac of energy gain N-AT,, to which we will
refer as a "straight® linac. The RTM linac is shorter
than the straight linac by a factor of N, which is
typically between 10 and 50. This can lead to a
significant reduction in the initial cost of the linac,
its enclosure, and radiation shielding, which more than
compensates for the cost of the end magnets and return
beam lines. Moreover, the power dissipated in the
shorter linac is lower by a factor of N, a saving that
can make cw operation affordable. Finally, the
straight linac does not provide phase focusing-and
consequently tends to have a larger beam energy spread
and poorer energy stability than the RIM.

3._THE NIST/IANL RTH

The NIST racetrack microtron arose from the-need for
cw electron accelerators for nuclear physics in the
late 1970°s. Existing pulsed accelerators were:not
sulitable for doing experiments in which several
subatomic particles are detected coming from a nuclear
reaction initiated by a single electron. High event
rates during the pulse increase the probability of
detecting unrelated but coincident particles from
separate reactions to the point where the signal from
true coincidences is obscured. One solution to this
problem is to reduce the peak electron current without
reducing the average current (hence the true event
rate) by increasing the duty factor of the accelerator.

Existing US cw electron accelerators based on
cryogenic, super ting li S were limited in
average current by the phenomenon of beam breakup, or
BBU!. Encouraged by the successful RTM at Mainz®, we
began in 1980 the construction of a high-current, 185-
MeV, cw RTM with a room-temperature linac at NIST.
This was a joint project with Los Alamos National
Laboratory (LANL), funded by the US Department of
Energy (DoE), to determine the feasibility of a 1 to 2
GeV, cw, high-current, room-temperature, recirculating
electron accelerator for nuclear physics. The design of
the NIST/LANL RTM was thus strongly influenced by
requirements for a 1 to 2 GeV accelerator. For
example, the product of the number of passes (N) and
the average beam current (T) is the same in the two
machines, close to the threshold for beam breakup.

1BBU s self-destructive deflection of the beam by
unwanted modes of the accelerating structure that are
excited by the beam. Superconducting, low-loss
structures are especially vulnerable to BBU because
the unwanted modes can be excited by relatively low-
current beams.

El
END MAGNET
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12 MeV LINAC

When the DoE project ended in 1987, we realized that
the RTM would make an excellent FEL driver and began
the present project.

3.1 Design

The NIST/LANL RTM is described in Reference 7.
Table 2 gives the design parameters of the accelerator
and some measured beam,properties. Shown in Figure 4,
the accelerator comprises a 5-MeV injector connected to

Table 2. NIST/LANL RTM Parameters
Original Observed Modified
Design as of 3/89 Design for
FEL

Injection energy 5 5.5 ] ¢
(Mev)
Energy gain per 12 11.2 12
pass (MeV)
Number of passes 1-15 1 1-15
Qutput energy (MeV) 17-185 16.2 17-185
Average current (uA)  10-550 630 10-550
Accelerating 2380 2380 2380
frequency (MHz)
End magnet field (T) 1.0 1.0 . 1.0
Peak current (A) <0.066 - 2-4
Micropulse length 3.5 - 3.5
(ps)
Micropulse 2380 2380 66.111
frequency (Miz) 16.528
Macroscopic duty 1.0 1.0 1.0
factor
Energy spread (keV) <40 18 <40
Notrmalized <10 2.4 <10

emittance* (um)

.In the two-dimensional phase space of beam size and
beam divergence, the eaittance, €, is the area which
contains 952 of the beam, divided by w. Normalized
emittance = Byc, where B 1is the electron velocity
divided by c.
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a racetrack microtron by a 180-degree beam transport
system. With a floor area of 5 m by 16 m, the RTM is
compact for a 185-MeV, cw accelerator. The average beam
power at full energy is 100 kW.

The injector consists of a 100-keV, dc electron gun
followed by a transverse-emittance-defining system, a
chopping and bunching stage, and a 5-MeV, cw linac. In
the microtron, 5-MeV electrons from the injector are
recirculated for up to 15 passes through an 8-m long,
12-MeV, cw linac for a total energy gain of up to 180
MeV. The first pass is from right to left in Figure 4,
following which the 17-MeV beam is given a parallel
displacement by dipole magnets D7 and D8, deflected
counter-clockwise through 180 degrees by end magnet El,
and returned to the linac axis by D8 and D7. With the
length of the 17-MeV orbit adjusted to a half-integral
multiple of A, the 17-MeV beam enters the left end of
the standing-wave linac with a 180-degree phase shifc
and is accelerated to the right. From this point on
the beam circulates counter-clockwise through the
microtron. Quadrupole magnet doublets are located at
the middle of each beam-return line to provide
adjustable focussing.

Beam can be extracted from the RTM after any number
of passes simply by moving extraction magnet D11 to the
appropriate beam-return line. The magnet deflects the
beam inward, causing it to emerge from end magnet El
outside the racetrack orbit. It is then removed from
the accelerator by dipole D12 and the ensuing beam
line. In this fashion the energy can be varied in
steps of 12 MeV by changing nothing in the accelerator
but the position and field strength of magnet DI1°.
Continuous energy variation is achieved by changing AT,
and B.

Microwave power from a single, 450-kW-output cw
klystron is delivered to the injector linac and the RTM
linac through a waveguide distribution system that can
be seen in Figure 4. With a dissipation of
approximately 50 kW in the distribution system, 100 kW
in the injector linac and 200 kW in the 12-MeV linac,
there is 100 kW available to accelerate the beam.
Overall, the accelerator uses 1.1 MW, of which 9% is
converted into beam power. By contrast, an equivalent
185-MeV linac would be 124 m long, dissipate 3.1 MW,
and consume roughly 8.8 MW for the same beam power.
The power saved by recirculating the beam through a
relatively short linac makes cw operation feasible.

~urr. ecto

The injector produces beam pulses at the
accelerating freoquency, f£,, of 2380 ¥Hz with a maximum
of 0.35 pC per pulse. A peak beam current of 2-4 A is
necessary for adequate gain in the FEL, corresponding
to 7-14 pC per pulse. We must increase the peak
current without increasing the average beam power,
which is limited by che amount of rf power available.
This will be done by reducing the beam pulse frequency
to 66.111 MHz, the 36" subharmonic of f,. We plan to
replace the present, 4-mA, dc, thermionic, electron gun
with a 200-mA, thermionic gun pulsed at 66.111 MHz.
Subharmenic chopping and bunching will be used to
prepare the bteam for the injector linac. The new
injecror, which is also designed to operate at 16.528
MHz, the 144%™ subkarmonic of £y, is described in
detail in Reference 8. Design parameters for the RTM
with the new injector are given in the last column of
Table 2.

< d n
The present configuration of the RTM is with a

single cemporary beam line in place of the 14 beam-

return lines in order to study performance with one
pass through the 12 MeV linac for a nominal beam energy
of 17 MeV. The beam line contains three beam profile
monitors (wirescanners®) spaced three meters apart.
After one pass, the beam is deflected clockwise by end
magnet El through 180 degrees into the beam line for
energy analysis and cmittance measurement. Preliminary
results are given in Table 2 and in Reference 10. The
full, vertical widcth of the beam at 20% maximum! is
about 1 mm throughout the 6-m beam'line. The
normalized emittance in the vertical plane is less than
2.4 pm, better than the design goal of 5 um at 17 MeV.

The observed horizontal beam width of 1.6 mm
includes the dispersion of electrons with different
energies by the magnet. Assuming equal horizontal and
vertical emittance, the width from dispersion is 0.8
mm, corresponding to a full energy spread of 18 keV.
The observed energy sptead is consistent with the
measured voltage stability of the linacs of 0.13'1,
Because the microtron is phase-focused, the energy
spread should not increase significantly with recir-
culation, so we expect to surpass the design goal of 40
keV at full energy. By comparison, the energy spread
from a 185-MeV linac with similar voltage stability
would be 370 keV. In view of Equation 1, the RTM-
driven FEL will have much better wavelength stability
than one driven by a linac.

After completion of single-pass beam tests this
spring, we will install the microtron beam-return
lines. Concurrently, we will install the beam
transport line between the microtron and the beam stop
shown in Figure 1, without the mirror chicane (dipoles
D15-18, shown in Figures 4 and 5) or the following
quadrupole doublet. This arrangement will be used to
commission the accelerator at full energy with the
present injector in 1990. Three wirescanners spaced
approximately six meters apart will provide beam size
measurements for determining the transverse emittance,
and a wirescanner following the 45-degree bending
magnet D19 (see Figure 5) will be used to measure
energy spread. .
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Figure 5. Plan view of the NIST/NRL FEL.

Operation of the RTM for the FEL requires a peak
current of up to 40 times the original design value.
The stronger wake fields that the increased peak
current induces is estimated to have a non-negligible
effect on beam quality. Wz plan to perform more
detailed calculations of these effects. Operation with
a decreased beam pulse frequency for the FEL could
reduce the threshold current for beam breakup, I,.
This is because the accelerating structure may support
BBU modes that are resonant with harmonics of the lower
frequency that are not harmonics of the higher

*0f course, the magnetic fields in the beam transport line must be changed with the beam energy.

+This includes about 952 of the beam.
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frequency. Preliminary calculations indicate that
operation at 66.111 MHz will reduce N:I, from approxi-
mately 9 mA (average) to approximately 6 mA!2. More
accurate calculations are undervay. Small adjustments
in focusing can produce large improvements in I,. We
are developing the high-current injector for installa-
tion in 1990, after the RTM is commissioned with the
present injector. We plan to commission the new
injector in 1991.

4, THE NIST/NRL FEl
& > on-'

The planned electron-beam transport line from the
RTM to the FEL is shown in Figures 1, &4, and 5.
Following extraction from the RTM, the beam will be
deflected onto the wiggler axis by dipole D14 without
dispersion, f.e., with no correlation between electron
energy and position or angle. Dipole magnets D15
through D18 will form an achromatic chicane to guide
the beam around the upstream mirror of the FEL optical
cavity and back onto the wiggler axis without disper-
sion.

The vertical aperture of the wiggler vacuum chamber
will be 8.4 mm. The length of the wiggler will be 3.64
m for optical wavelengths between 200 nm and 2 pum. For
wavelengths between 2 ym and 10 um, we will use only
the first 1.82 m of the wiggler to reduce diffraction
losses. In both cases we will put the waist of the
optical beam at the active center of the wiggler. The
size of the waist will depend on A. The Rayleigh
length® will be half tha active wiggler length to
optimize transmission through the wiggler vacuum
chamber. To optimize coupling betveen the electron and
optical beams, we will use che two quadrupole magnet
doublets on the wiggler axis to match the size and
location of the electron-beam waist to those of the
optical beam.

The spent electron beam will be removed from the FEL
after the wiggler by an achromatic, 90-degree
deflection system consisting of two 45-degree dipole
magnets, D19 and D20, and an intermediate quadrupole
magnet. The deflection system will focus the beam into
a shielded beam dump behind a thick shielding wall.

The energy distribution in the spent beam is an
important diagnostic for lasing. This information will
be obtained from a beam profile monitor located between
the 45-degree magnets, where the beam will be dis-
persed.

[ cayv

The FEL optical cavity, shown in Figure 5, consists
of an upstream mirror, the wiggler, and a downstream
mirror. We will use a partially-transmissive down-
stream mirror to extract a small fraction of the
optical bean from the cavity. The extracted light will
be transported in vacuum to the user area. We have
chosen the cavity length to be 9.070 m, twice the
distance between electron pulses at 66.111 MHz, so four
independent light pulses will build up in the cavity in
synchronism with the electron pulses. Because the
electron pulse train is continuous, the light pulses
will persist in the cavity indefinitely. This
eliminates the start-up problems of a pulsed FEL. For
the most stable optical output, we will operate at
16.528 MHz to form a single light pulse in the cavity.
Approximately four meters of electron-free length will
be available for optical devices in the cavity.

ACKNOWLEDGMENTS: This work was supported in part by the
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4,3 Status and Plans

We have a contract with a vendor to design,
construct, install and test the wiggler, including
vacuum chambers, supports, controls, and a magnetic-
field-mapping apparatus. The design is complete, and
the main structure has been constructed. The vendor
built a full-scale model of one period of the magnetic
structure and performed magnetic field measurements on
it to verify the design. The measured field met or
exceeded all specifications. Installation of the
completed wiggler at NIST is scheduled for the end of
this year.

Operation of the FEL is scheduled to begin in 1991.
Initially, we plan to operate at visible wavelengths,
where good optical components ar: available. Damage to
the cavity mirrors from the relatively high intracavity
pover is a potential problem. Multi-layer dielectric
mirror coatings are available for visible wavelengths
that can withstand the irradiance and fluence expected
in the cavity. The absorption of these coatings is
initially about 10 ppm, but is expected to increase
with exposure to harmonic radiation in the FEL. While
our situation is somewhat unique, experience at the
LURE/ACO FEL!'® suggests that increased absorption will
result in mirror failure after several days of lasing.
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DELTA , A LOW-EMITTANCE STORAGE RING
AS FREE-ELECTRON-LASER RADIATION SOURCE

Niels Marquardt
DELTA Group
Institute of Physics , University of Dortmund

P.0.Box 500 500, 1600 Dortmund S0, Germany .

Jonstruction of the Dortmund 1.5 Ge\' ELectron Test
Accelerater DELTA is expected to start early this summer.
The design guals of this new high-brightness photon source
are to prcvide test possibilities for accelerator research
and development, w0 serve as a driver jor different FEL
experiments, and t0 represent -to a limited extent—
a single-user pheton source of very special beam charac—
teristics. The facility consists of 2 20-100 Me\ LINAC,
the booster synchrotron BODO which can also be operated
independently .as a ramped storage ring, wnd the main
storage ring DELTA. With its circumference of about 115 m
the most recent racetrack-shaped version of DELTA has two
arcs consisting of 10 separated function triplet cells and
two 20 m long straight sections for insertion devices.
Three different FEL projects are under development
starting with an optical klystron in the visible 10 FEL's
from A=100 to <20 nin. Design features and status of the
dedicated accelerator project are being discussed.

1. Purpose and General Goals of DELTA

The Dortmund Electron Test .Accelerator Facilit}"l)
consists of a laboratory building and u 70 m by 40 m
targe shed, housing the accelerator svstem, i.e. a LINAC
of possibly 100 Ve\’, the booster svnchrotron BODO, and
the main storage ring DELTA of maNimum energy of 1.5 Ge\'.

The intention of DELTA is to provide a national test
accelerator facility designed for an energy range
beu\'?)en 0.5 and 1.5 Ge\' and optimized for FEL npera-
tion It will not serve as a tivpical svnchrotron
radiation (SR) light source for long-term users. instead,
DELTA is plannea to develop storage—ring and accelerator
physics and to provide SR beams for short~term measure-
ments requiring very special beam qualities and experi-
mental conditions. As a university laboratory it is also best
suited for the training of students, technicians, and
accelerator physicists.

The main storage ring has a circumference of about 115 m
and is designed to have two arcs, each of which consist
of 10 separate-function quadrupol triplet cells, and two
20 m long straight sections usable for various insertion
devices. The lattice structure with short cells and strong
magnetic fields guarantees strong damping and a very low
emittance. The ultra-low vacuum pressure and the small
impedance of the beam chamber are providing high~current
operation.

After a construction phase of three vears and commissi.o-
ning during the following year, routine machine operation
and first experiments will start late in 1993.

The main purpose of DELTA is threefold :
(1) Investigation of accelerator physics

{a)Development of mode-damped single- and multi-
cell cavities and analysis of cavity modes and of
their interaction with high-current particle beams.

(b)Development of different insertion devices and of
compact and inexpensive light sources.

(c)Testing of various SR instrumentation and accelerator
components.

(d)Investigating the problems related to low-energy
injection from LINACs and to the reduction of he.am
life time caused by ions generated in the storag-ring
vacuum chamber.

(e)Theoretical investigation of non-linear phenomena
of beam dvnamics and comparison with measure-
ments of actual non-linear variations of the beam
under the influence of radiation damping. Limita—
tions of the dvnamical aperture by sextupolar
fields and of the maximum possible beam currents
are being investigated by tracking calculations. It
will be particularly interesting to compare th€ re-
sults from single-particle tracking with measure-
ments of the time development of oscillations of
bunches of many particles coherently excited by
fast kicker magnets. Since this has to be done within
the first few thousand turns veryv fast electronics for
the beam-position monitors have to be developed.
Several theoretical investigations of non-linear
beam dynamics have been started already.

(F)Monitor development for low—-emittance storage
rings. In collaboration with the ESRF, Grenoble, a
4-button beam-position monitor (BPM) with an
improved eiectronics has been designed to obtain
a resolution of less than 10 pm and an absolute
accuracy of better than 150 um RMS. This BPM is
ready for testing at the storage ring DORIS, DESY.
Special monitors to detect fast beam oscillations
and non-linear particle motion are also going to be
developed. For optimum FEL operation fine adjust—
ment to zero of the dispersion in straight sections,
ey accurate emittance mea'suremenls, and aeter—
mination of bunch lengths with specially designed
monitors and pick-up electrodes are indispensable.
Such menitors are going to be developed. The-same is
envisaged concerning closed—loop, fast feedback
systems. Tests with a prototype fast kickermagnet
designed as strip-line resonator have been suc—
cessfully performed.

(2) FEL experiments at DELTA

There is a three—stage project planned at DELTA for
the development of FEL's operating at wavelengths
from the visible to the ZUV, with the long~term goal
of realizing wavelengths clearly below 20 nm. These
very short wavelengths generated from high-
brilliance FEL-radiation sources are of particular
interest e.g. for the wide field of Z-ray microscopy
of' non-biological objects and in-vivo examination of
biological objects.

For a joint FEL-storage-ring operation \:ery stringent
requirements have to be fulfilled by DELTA, like small
emittances, short bunches, strong SR damping, large
energy acceptance, low total machine impedance,
extremely low vacuum pressure, active feedback systems
and mode-damped cavities, long straight sections for
FEL undulators.

Theoretical studies have been performed to determine
the machine parameters optimized for most effective
FEL-storage-ring operation and to determine the
mutual influence between FEL and accelerator.

To approach the regime of extremely short wavelengths
mnre gradually the following strategy of three steps of
FEL development at DELTA is suggested which appears
to be less risky and provides various possibilities to
get sufficient experience.
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(a)Phase I : The first rather inexpensive and flexible
device, called FELICITA 1, is planned to be an optical
klystron (OK) of 5-10 % gain which operates in the
visible around 400 nm with DELTA running at 500
MeV. It will be made of simple electromagnets with
16 identical periods (1,=25 cm) and a total length of
4 m which can be split by extra coils into two undula-
tors and a dispersive section. For this high-gain de-
vice of low output power to operate savely, peak cur—
rents of 60-100 A will be sufficient, with 4-6 electron
bunches, corresponding to an optical cavity of 14.4 m
and 9 m lenght, respectively. To reach a higher level
of output power, the OK can also be operating in the
conventional FEL mode with all sections at the same
field. Depending on accelerator performance,
however, this mode might not easily reach the
oscillator threshold due to its lower gain. On the
other hand, FELICITA 1 in the OK mode should
reach the oscillator threshold also at intermediate
wavelengths of 200-300 nm or even at 100 nm by
either making use of the higher harmonics of the
spontaneous undulator spectrum or by running DELTA
at higher energies, i.e. 1000 MeV. Gain losses (G~ 1/7)
are easily compensated by the higher peak currents
possible, due 1o the reduced influence of Touschek
effect and intra—beam scattering at higher energies.
The OK will be a very valuable tool for studving
laser—beam interaction, for developing mirrors with—
standing high—-power short-wavelength radiation,
and for accurately measuring electron—beam energy
and width.

(b)Phase II : Using the experience from phase [ the
next step will be the design of FELICITA II, a high-
gain FEL operating in the osciilator mode near 100 nm.
To obtain coherent radiation in this regime a much
longer undulator with shorter periods on one side
and higher peak currents from DELTA operating at
higher energies on the other side are necessary.
Only in this way reflectivities of mirrors of smaller
thari 50 % for this wavelength regime can be compen—
sated. The undulator envisaged consists of about 230
periods of 6 cm length each, corresponding to a total
length of 14 m. It will be built as hybrid magnet
with standard permanent-magnet material and
should reach gain values of 3-5. By operating DELTA
at energies of around 1 GeV with currents of at least
150 A , this FEL produces radiation between 100 and
25 nm if suitable multi-layer mirrors are available.

(c)Phase III : If the mirror problem can not be solved
within a few years, one could also think of a single—
pass FEL with very high again installed in a
by-pass and operating in a pulsed-mode (as was
suggested by the Berkelev group). By using about
750 <ery short periods (A =2 cm) and an undulator
length of 15 m with a few mm gap height, there might
be sufficient gain already in one pass to generate
a very intense pulse. After a single shot through
the by—pass, the beam is deflected again into the
storage ring, where it recovers by action of the
various damping mechanisms from the severe energy
degradation caused by its interaction with the FEL.
Due to the short damping time of DELTA frequencies
of the laser pulse of 10-20 Hz seem to be realistic.

(3) SR experiments for single users

According to the design concept of DELTA with the
possibility of modifying and rapidly changing its beam
lines and magnet lattice to satisfy the very special
demands of certain test experiments, it also provides an
ideal test accelerator for short—term research work with
SR in most scientific disciplines. The special diagnostic
tools for measuring all beam parameters, the sophisti—
cated accelerator—control system and the methods of
accurately stabilizing the beam position with feedback
loops, which will be available at DELTA in the future,
allow experiments which can not be performed at normal
users machines. Of particular interest are those
measurements which exploit the very unique time
structure of the SR from single-bunch operation for the
analysis of rapidly changing dynamical processes and
of structural modifications.

2. Lattice and Machine Parameters of DELTA

Since the conditions of strong radiation damping (caused by
strong bending fields) and small emittance {(better obtained
by weak fields) have to be provided simultaneously
by the DELTA lattice, a simple FODO structure has been
suggested at first. It turned out, hLowever, that the
very compact and dense FODO arrangement of 64 strong but
short magnets necessary to fulfil these contradictory
conditions does not provide sufficient space in between
to insert simply formed coil heads, valves, monitor devices,
etc.. Therefore, the original FODO lattice has heen aban—
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Fig. 1. General layout of DELTA
with booster and LINAC
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doned in favor of a triplet structure with a similar fourfold
symmetry and 6 m long straight sections for insertions
in each quadrant as before. The difterence is that 3 short
bending magnets have been combined in one with
the same total strength and bending radius of 3.34 m and a
length of 1.05 m, three times longer than hefore. Instead of
alternating focussing and defocussing single quadrupoles
between the dipoles, there are now three quadrupole
magnets between two dipoles. As before, the most important
optics parameters are determined by those of the two arcs
which contain an additional straight section of 1.4 m length
and extra quads and short dipoles for optical matching.
Accordingly, there is more space available between the
magnets and for inserting cavities and injection and
extraction elements. A layout of the new lattice of the
storage ring is shown in Fig. 1.

The total machine circumference has only been slightly
increased to 115.2 m. The idea of maximum flexibility
has been preserved by ‘keeping the optical configuration
of the arcs constant and only changing the two long
straight sections according to the requirements of current
experiments. With a slightly smaller emittance of 10 rad m
and horizontal damping time and more or less unchanged
values of energy spread and chromaticity all attractive
features of the FODO lattice are preserved. Chromaticity
compensation is made in the arcs where the dispersion is
different from zero. As previously, sextupolar field compo~
nents will be integrated in the quadrupole fields by modify-
ing the pole faces appropriately and introducing extra coils
between the upper and lower poles of the quads. A
modified prototype quadrupole is under construction. Since
FEL operation increases the energy spread and decreases
the Touschek lifetime due to the necessary high particle
densities, a sufficiently large longitudinal acceptance is
important. \Various tracking calculations have shown that
the dynamic aperture is only slightly reduced by the non-
linear fields of sextupoles and that the energy acceptance
of the DELTA triplet optics is of the order of Ap/p= 5 %.
The new optics for one quadrant of DELTA is shown in
Fig. 2 together with the dimensions of one triplet cell in
more detail. The parameters of the linear beam optics of
DELTA as well as the RF parameters are listed in Table 1.

Table 1. The machine parameters of DELT A\ ar E=1.0 GeV
Circum/ference L:=115.2m
Bending radius R= 324 m
Number of dipoles np= 20
Tune Qx= 10.217
Qz= 4.823 —a
Emitzance ( 1 % coupling) €,=4.48 x lO_‘Ir;n rad
€= 4.48 x 10 _la rad
(100 % coupling) €= .z=2.24 \'_IO m rad
Homentum compactwon factor o =394 x 10
Chromaticity E=—19.49
EZ= -6.13
Damping times (horizontal) .= 6.0 ms
(vertical) = 29.0 ms
Synchrotron damping time Tp= 154 ms 4
Energy spread AE'E=4.83 x 10
Energy loss per turn AE= 26.5 keV
Accelerating frequency 1,= 500 Mz
Harmonic number q =192
Vaximum current (10 bunches) I =500 mA
¢ 1 bunch ) l'= 100 mA
VYumber of cavities n.= !
BF power {for 3600 mA) PRF" 80 LW

3. Injection System

The injection system of DELTA counsists of a commercially
available LINAC of possibly 100 Me\ and a synchrotron
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BODO (BQoster DOrtmund) which can be ramped to the full
injection energy of DELTA of maximum 1.5 GeV'. Besides’
its normal preaccelerator mode, it is planned to operate
BODO also like a storage ring with low-energy accumula-—
tion. The BODO lattice has two-fold symmetry with combi -
ned-function magnets.
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Fig. 2. Dispersion D(s) (upper part) and horizontal and
vertical beta functions B(s) (middle part) for
one Quadrant of DELTA and lavout of a single
tripiet ceil (lower part).

4. DELTA Magnets and Vacuum Chamber

Besides the argument of low costs, the design of the vurious
DELTA magnets is mainly determined by the size of the
vacuum chamber and the required field strengths and
gradients. A conventional stainless-steel vacuum chamber
will be built with one antechamber for continuously pumping
with a combination of integrated DIP and NEG pumps.
All dipole magnets are of C type with a gap height of 50 mm.
Whereas the standard dipoles of the triplet cell have a weak
quadrupole strength of k=-0.3 m “and a magnetic length of
1.05 m, there are a few dipoles of half the iength and
without such gradient which are used for dispersion
matching of the straight sections. The DELTA quadrupole
magnets with a weak sextupolar gradient or the pole faces
and extra coils integrated between the poles to vury the
sextupole strength continuously have a pole distance of
70 mm. Magnet specifications are given in Table 2.

Table 2. Specifications of DELT A dipoles and quadrupoles

DIPOLES : QUADRUPOLES :

magn. length 1 = 1.05 magn. length | =0.3 m
Buap height h =50 mm tnner radius r = 3% mm
gap width b= 160 mm max.grad. dB'dx=26.2 T m
lield serength R= 1.5 T max. field B=092T
current  n x | = 65653 A current n x | = 13460 A |
cur.densty dl-dF= 4.1 A mm® cur.densityd! dF= 2.2 A mm"
power P =16 k¥ power P =27 kW
References

{1)K.Wille, Nucl. !nstr. & Meth. Phvs. Res. A272(1988)59 ;
K.Wille,DELTA Rn;imrl (1886) and Stalus Report (1988),
Univ. Dortmund, (1986), unputlished.

{2) D.XGlle, "Possible FEL Projects at DELTA*, Contribution
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FEL PROJECTS AT DELTA®
DELTA Group, Dirk Nélle
University of Dortmund

Institute of Physics

P.0. Box S00 500

4600 Dortmund 50, FRG

This paper reports on the plans for a new FEL facilit

ABSTRACT .

y at the 1.5 GeV electron storage ring DELTA (1)

under construction at the University of Dortmund. First, the concept of this three-stage long-term project
is sketched, vith FEL's planned in the vavelength regime from the visible to wavelengths below 20 nm. In
the following, the first tuwo FEL projects are discussed in more detail.

LONG TERM CONCEPT OF THE DELTA-FEL FACILITY

DELTA is a low-emittance electron storage ring
vith twvo about 20 m long straight sections freely
avallable for- insertion devices. Working at low
energies of about S00 MeV, it is an excellent
driver for FEL's from the visible to the XUV. {11

The project will be started with a simple and
inexpensive device producing visible light. Se-
condly, it 1s planned to proceed to a high-gain
FEL oscillator [2], and finally, with the experi-
ence gained so far, FEL operation below 20 nm will
be attempted with a single-shot high-gain FEL.

The first device, FELICITA I, has to fulfill
the following options. It has to be simple, easy
to operate and will vork at vavelengths, vhere all
necessary optical equipment iz well developed and
available. On the other hand, the design of
FELICITA I has to be as flexible as possible, but
has to provide high gatr t. guarantee save opera-~
tion above the oscillator threshold. Therefore,
the project will start with an electromsgnetic
undulator, designed to operate in two different
modes, namely as an optical klystron (3] and as a
conventional FEL. Using this device it is intended
to generate radiation at about 400 nm with DELTA
running at SO0 MeV. As the next step, it is plan-
ned to operate FELICITA I in oscillator mode at
vavelengths down to 200 nm by running DELTA up to
700 MeV. Losses tn gain due to the higher electron
energy beam will be compensated by higher peak
currents, since collective instabilities and other
current-limiting effects as Touschek effect [4) or
intra-beam scattering (5] are not as severe as at
low energies. With beam energies of about 1.0 GeV,
FELICITA I will produce radiation of vavelengths
of about 100 nm, that can be used to test and im-
prove optical components.

From the experience gained so far, DELTA will
be optimised, to provide better low energy per—
formance for the second experiment FELICITA II at
100 nm wvavelength and belov. Since mirrors with
more than about SO0 I reflectivity are not avail-
able (6] at these vavelengths, FELICITA II has to
provide gain of 3 or more. As in the case of
FELICITA I, this device will operate at energies
from S00 MeV up to 1.0 GeV with nearly constant
gain. Losses in gain due to the higher energy are
compensated by higher peak currents attainable at
these energies.

The third FEL project at DELTA is proposed to
operate at wavelengths below 20 nm. In this region

the operation of a single-pass FEL, installed in a
pulsed-mode by-pass 18 the best solution [7]. The
electron beam is kicked once through the by-pass
into the FEL, producing a single-but very intense
laser pulse. Due to this process, the beam quali-
ty is degraded seriously. Therefore, the beam has
to cool down by synchrotron radiation. damping,
before it can be reinjected into the FEL by-pass
again. Due to the short damping time of  DELTA,
pused-mode FEL operation with frequencies of
10~20 Hz 1is realistic.

Besides of better storage ring performance
vithout FEL's, a by-pass dedicated to¢ FEL experi-
ments provides certain advantages. First, the
optical cavities can be made shorter, because FEL
operation is possible with 3, 4 or 6 electron
bunches instead of one- or two-bunch operation
only. Moreover, a by-pass with separated beam line
for the FEL provides free access for manipulating
mirrors etc. during storage ring operation. In-
serting an extra chicane' in the bypass for
FELICITA I, allows to operate with a very short
optical cavity.

FELICITA I °

FELICITA I will be the first FEL device to be
built in a series of storage-ring FEL experiments.
It has to be a simple, compact, most flexible and
inexpensive device, but has to operate with rather
high gain. To avoid problems with optical compo-
nents, it is designed to operate in the visible
first.

These conditions lead to an electromagnetic
undulator, made of 16 identical periods. Such an
undulator can be split into several sections,
simply by exciting the coils of various periods
with different currents, .the sane experimental
setup can be used either as an optical klysatron
(CK) or, alternatively, as a conventional FEL. In
contrast to the FEL mode, with all periods held on
the same field, in the OK mode the undulator is
devided into three sections. The first and the
last seven periods are used as two identical undu-
lators, separated by the twe central periods
driven at higher field and serving as dispersive
section.

In the OK mode FELICITA 1 operates with much
higher gain than in the FEL mode, but due to the
small linewidth of the gain curve, only low ave-
rage output powver can be extracted (8]. Save ope-

* suported by the Bundesministerium fir Forschung und Technologie under contract 05 334AX B 2
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UNDULATOR OK MODE FEL MODE
Pertod Length 1, (m) 0.25 0.25
Peak Field B, (T} 0.09 0.09
K = Value kv 2.1 2.1
Period Number oy, 1 16
DISPERSIVE SECTION
Peak Field B3 (T] 0.69 /

K - Value ié 16 /
Period Number ny 2 /
Normalised Strength N,* 80 /

* optimised for 0.1Z energy spread

Tab. 1: Parameters of the electromagnetical
Undulator

BEAM PARAMETERS OK Mode FEL Mode
Energy C MeV 1 S00 1000 S00 1000
Resonant Wavelength { nm 1 418 104 418 104
Average Current* C oAl 3 60 30 60
Peak Current** CAl 90 180 90 180
Filling Factor 0.81 0.81 0.81 0.81
Gain Degradation 0.34 0.34 b
Max. Gain £z 10.4 10.3 4.0 3.9
Gain / Peak Current [(1074)] 11.6 S.T A.S5 2.2

per bunch, 4 bunches

assuming 1.5 cm RMS. bunchlength
working in the Homogenous Broadening
Regime (101

e
*es

Tab.2: Expected performance of FELICITA I

ration above oscillator theshold is expected for
both operation modes and wavelengths about 400 nm.
But at a later stage, progressing doun to the UV,
OK operation will be more favorable, because of
the strongly reduced reflectivities of the mirrors
of the optical cavity. With the OK-option, oscil-
lator operation down to 200 - 300 nm is expected,
vhich is particularly interesting for chemical,
biological and medical applications (9].

Operating DELTA at 1.0 GeV, FELICITA I pro-
vides an intense radiation source for testing and
developing optical components, suitable for the
second experiment.

FELICITA II

Due to the expected high losses of optical
cavities at wavelengths below 100 nm, XUV-FELs
have to provide much more gain per pass compared
to the visible regime (6].

To compensate mirror losses on the order of
SO Z per reflection, gain factors of about 3 - S
are necessary to reach the oscillator threshold.
Such high valuss can only be attained by the use
of very long undulators with many periods. There-
fore, FELICITA II will be an undulator of 22§
periods of 6.2 cm each and total length of 14 m,
built tn hybrid permanent magnet technology.

With DELTA running at energies up to 1.0 GeV,
this device will produce FEL radiatfon in the
range from 100 nm down to 25 nm.
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Period Length 1, (m} 0.062

Peak Field By (T 0.35

K - Value k, 2

Period Number n, 228

Beam Energy CMev] ° SO0 1000
Resonant Wavelehgth A\, ( nm ) 100 25
Average Current® { mA ) S0 100
Peak Current** CA) 150 250
Gain Degradation Factor®** 0.3 0.3
max. Gain®®°* 5.8 2.1

*

per bunch, 2 bunches

assuming 1.5 cm RHS. bunchlength

*** calculated according to Bizzari et al (9)
¢*** calculated with a onedimensional FEL
simulation code (11)

Tab. 3: Parameters of FELICITA II
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THE CCVV HIGH-CURRENT MEGA VOLT-RANGE DC ACCELERATOR

O.A. Anderson, W.S. Cooper, W.B. Kunkel, J.W. Kwan, R.P. Wells, C.A. Matuk, P. Purgalis,
L. Soroka, M.C. Vella, and GJ. De Vrics,
Accelerator and Fusion Research Division, Lawrence Berkeley Laboratory
1 Cyclotron Road, Berkeley, CA 94720;
and L L. Reginato, Lawrence Livermore National Laboratory

We describe a constant-current variable-voltage (CCVV) acceler-
ator, intended to operate in the MeV energy range but tunable down
to a few percent of an MeV without loss of beam current. We present
experimental-results from our 200-keV single-beam prototype system
designed to accelerate up 10 0.2 A of H* or H™ or the equivalent
current of heavier ions. The beam is accelerated by a series of stack-
able 100-keV modules, the number depending on the maximum beam
energy required. We discuss a proposed 1 MeV accelerator and a
conceptual design for a multaperture system accelerating 10 A of D-
ions to -2 MeV for current drive in a fusion reactos. The use of elec-
trostatic quadrupole focusing allows a conservative design with
reduced risk of voltage breakdown and allows us to maintain high
currents while varying the beam energy. These features are useful for
fusion reactor startup and for industrial applications, such as semi-
conductor processing and surface hardening.

Introducti

We describe various applications of a constani-cumrent variable-
voltage (CCVV) accelerator, and describe recent testing of a
type. Design details were recently discussed clsewhere {1]). The
concept is indicated in Fig. 1. There is an ion source and a preaccel-
erator (2, 3], which are not relevant here. There is an ESQ maiching
module and an ESQ-focused main accelerator, which could operate
at constant current with variable voltage over a range as large as 20—
1000 kv.

The CCVYV accelerator is a flexible, pencil-beam version of the
sheet-beam transverse-field focusing (TFF) dc accelerator, which we
previously developed and tested [4), {S]. The system descnbed here
differs from others that have been proposed [6] or built [7] in its
CCVV features and in simultaneously offering easily stackable
modules and dc operation. Each pair of ESQ rods has a separate elec-
trical connection, allowing independent control of focusing and
acceleration voltages; this facilitates CCVV operation, modularity,
and flexibility in choice of overall length. The average gradient can
be made uniform and the acceleration channel can be lengthened to
match the length of the graded insulating column (Fig.1). These
features simplify construction and also improve voltage-holding
reliability.

')ﬁﬂﬁt‘ﬁﬂﬂﬂll)(jﬂﬁ

Qur prototype, shown in Fig. 2, can accelerate a single beam of
up t0 200 mA of H* or H" or the equivalent current of heavier ions; a
multiple-beam system would be used for larger currents. The preac-
crlerator, which operates at a constant 100 kV, is incorporated into a
beam-matching module with high pumping conductance. Preliminary
operation of this module was reported previously [8]. We have
recently added and tested a 100 keV ESQ-focused acceleration
module. This 20-cm long CCVV module can be adjusted to either
accelerate or decelerate the beam [1, 8]. For energies above 200 keV,
more accelerating modules can be added to the stack, as in Fig. 1,
where there are nine CCVV modules. We have proposed to build a
facility at LBL to test a 1-MeV system [8]. Three additional modules
would produce the maximum beam energy of 1.3 MeV required for
the current U.S. baseline design for ITER (the International Thermo-
nuclear Experimental Reactor) [9], as discussed further on.

CCVV Acceleration

Each pair of ESQ rods in the CCVV accelerator (Fig. 1) has
separate electrical connections, allowing continuous adjustment of
beam energy while maintaining a uniform average voltage gradient if
desired. Since the current-carrying capability is independent of the
average longitudinal gradient, we can make the accelerator internal
length fit the external insulator length. In our designs for experi-
mental facilities [8], we choose a length which allows operation in air
rather than SFg. For lower voltage applications, as in our prototype
200 kV accelerator (Fig. 2), an average gradient of S kV/cm is reason-
able, so that our 100 kV module length is 20 cm. In the design for a
1-MeV facility, the lengths of most of the stackable modules were
increased to 30 cm, giving 3.3 kV/cm [8).

Our freedom to lengthen the accelerator should also increase
reliability for voltage holding. It reduces internal gradients and the
solid angle accessible for voltage breakdown mechanisms along the
beam path. The ESQ focusing forces also remove most secondary
ions and electrons generated within the ESQ sections. Long-path
?r;akdown along the pumping space is avoided as discussed in Ref.

1)

A beam envelope simulation for the ten-module, 1000-keV

CCVYV accelerator of Fig. 1 is shown in Fig. 3. The ESQ voltages for

EBL 005-192)

Fig. 1. Conceptual design of 1-MeV CCVV accelerator, showjng 100-keV matching/pumping module and nine CCVYV accelerator modules of
100 keV each. The overall length is about 2 meters, not counting the ion source.
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this structure are determined by the beam curment density, the emit-
tance, and an assumption about the acceleration voliage gradient
(assumed uniform in this case). The quadrupole transverse voltages
were chosen to be proportional to the fourth root of the beam energy.
Electrical and mechanical tolerances are discussed in Ref. [1].

* 200:keV CCVV Prototype

The 200 keV prototype is shown in Fig. 2. The first module
contains the ESQ-focused matching/pumping section. The round,
nearly parailel beam extracted from the ion source is transported at
about 100 keV and converted into a phase-space format that is
matched for subsequent ESQ acceleration. Gas pressure from the ion
source is rapidly reduced because of the high pumping conductance
in the beam extraction region and the open construction of the ESQ
cage. A Monte Carlo code was used for the system design {1].

A single 100-keV ESQ accelerating module is shown in Fig. 2;
deuils of the mechanical design are given in Ref. [1]. In the case of
H" or D" operation, beam stripping produces heat loads and electrical
currents to the electrodes; water flow and power supply requirements
were estimated with the help of computer simulatons [1). As
discussed funther on, the measured loads tumed out to be smaller
than our conservative estimates.

Testing th VYV Proto

The matching/pumping module was tested with a 1.4 cm diam-
eter H™ beam (measured at the source aperture) at 100 kV beam
energy. Pulse length was up to 3 seconds without any breakdown
problems. There was no measurable beam loss. The amount of full
energy electrons in the beam was too small to be measured (less than
one or two percent). The beam emittances before and after the ESQ
medule were equal within our 10 percent measurement uncertainty.
The envelope parameters of the output beam were in reasonable
agreement with those predicted by an envelope code. Using a larger
diameter beam (2.9 ¢m), we transported up to 64 mA of H™ beam
through the first module. The current was limited by the performance
of the present H™ source.

Because of test stand scheduling conflicts, only preliminary tests
of the the CCVYV accelerator module have been performed. We used
the 1.4 cm diameter beam at about 30 mA, running 70 ms pulses at
200 keV. We will run long pulses and obtain 200 kV emittance data
when the test stand is again available (probably in April).

In our design it was difficult to estimate the effect of stray parti-
cles from beam-gas collisions. Even though our H™ source was oper-
ated at high gas pressure (14 mTorr) in order to maximize its output,
our ESQ electrode currents (around 4 mA) were much smaller than
our worst-case estimates. Our open-system high pumping conduc-
tance design was evidently quite effective.
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Fig. 2. The 200-kV CCVYV prototype, showing matching/pumping
module and a single CCVV acceleration module. Small insulating
support rods are shown near the ESQ electrodes.

ITER Beamline Design

At present the baseline design for the ITER (Intemational Ther-
monuclear Experimental Reactor) neutral beam system (9] calls for
70 MW of [ delivered to the plasma. To meet this requirement it is
proposed to use three ports with a total of 9 beamlines arranged in a
vertical stack of three beamlines per port. Each beamline (Fig. 4)
contains two vertical arrays of 45 accelerating channels per array and
each channel accelerates 0.14 A of D" to 1.3 MeV. Therefore, each
beamline delivers up to 8.75 MW of D, so that cight beamlines can
deliver the required power while one beamline is on standby.

The proposed system will use improved D" sources, multiaper-
tre CCVV accelerators, and gas neutralizers. The residual ions
remaining after neutralization are swept out by electrostatic deflec-
tors into beam dumps. Cryopanels, located at the accelerator exit and
neutralizer exit pump the excess gas.

The 1.3 MeV ESQ-focused accelerator design includes a
100 keV matching/pumping module and twelve 100 keV accelerator
modules, with overall length 260 cm. If the energy requirements
should change, modules can be added or deleted. The CCVV feature
permits varying the beam energy at constant current, avoiding shine
through during the low plasma density phase of startup.

The size of the CCVV mcdules and the number of modules
required was determined by the chosen current per channel (0.14 A).
1f high-current sources become available, the size of the modules can
be scaled up and the number reduced. For example, 0.56 A/channel
could be handled by ESQ modules operating at the same electric ficld
strengths but scaled up a factor of two in all dimensions. The
mechanical construction would be considerably simplified.

Power System

We plan to use a different approach from neutral beam systems
based on positive ions, where the low-impedance accelerators handle
large currents (~100 A) at relatively low voltage (~100 kV) and fast
series and shunt switchcs, acting in a few microseconds, provide fault
damage protection. This type of protection is less practicable for
megavolt CCVYV applications; fortunately, the increased accelerator
impedance favors other types of control, as discussed below.

200

Co- XSL 093-192%

0 ' ' z.(cm)

Fig. 3. Beam envelopes and quad locations for a system (see Fig. 1)
with standard maiching/pumping section and nine CCVV modules,
accelerating 200 mA of H™ from 100 keV to 1 MeV.

3L 993-943

Fig. 4. Schematic of ITER beamline. From right to left are the
CCVYV accelerator assemblies, the guas neutralizers, the electrostatic
ion separators, and the beam dumps.
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Accel Pow, ly for ITER

The high-frequency technology under investigation for gener-
ating high voltage (1 MV) for ITER is similar to that adopted widely
by the low voltage power supply industry. To reduce the size of the
transformer components we propose 1o use a frequency between 50
and 100 kHz. Although the overall size of a high voliage power
supply is mainly dictated by the high-voltage gradients, the use of
high frequency reduces the energy storage due to stray capacitance
and allows rapid primary control. This should eliminate the need for
costly shunt switching fault protection. Switching power supplies
using solid state devices have achieved efficiencies approaching 90%
in low voltage converter applications [10). We are also investigating
the use of vacuum devices.

To achieve high overall efficiency, we are investigating a modu-
larized step-up technique to generate the high voltage which we call
the Cascaded Resonant Transformer Reciifier (CRTR) system
(Fig. 5). We maintain high efficiency by minimizing the leakage
inductance, maximizing the shunt inductance, and by tuning to cancel
the reactive losses. The ferromagnetic materials being tested are the

nickel-zinc and manganese-zinc ferrites. We are in the process of -

constructing a ten stage, 100 kV prototype driven by an advanced
MOSFET frequency converter. Details will be given upon comple-
tion of the prototype.

Although high frequency technology reduces the energy storage,
in the megavolt range the electrodes must nevertheless be protected
from the energy in stray capacitance. In the standard way, a lossy
inductance will be inserted in series with the stray capacitance. This
lossy inductance, which uses toroidal magnetic material, limits the
spark-down current and absorbs most of the energy.

CCV Decelerarion for lon Implantati

. A CCVY module can also be used for deceleration. This reduces
the design current, but, in fact, applications such as semiconductor
processing require relatively small current. Using the same envelope
code that we used to design our CCVV accelerators (cf. Fig. 3), we
have shown [1] that the output voliage of our CCVV prototype
(slightly modified) can be varied between 200 kV and 20 kV at a
constant current of 80 mA. The beam energy in the matching/
pumping module remains unchanged. We hope to test this type of
operation in the near future. A design optimized for low energy flexi-
bility, with quadrupoles shortened to reduce the phase advance, could
be tunable from 200 kV to 10 kV or less, depending on the current.

Advanced Semiconductor Applications
Most modem commercial ion implanters for semiconductor
manufacturing are multi-purpose machines, operating from 200 kV to
less than 20 kV. The lower energies are used to produce fast
switching shallow junction devices. Devices have also grown verti-
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Fig. 5. Proposed power supply concept. Two modules are shown;
ten would be required for a 1 MV system.

cally, to three and four meal layers, so that 200 kV performance
remains important. Reasonably constant throughput and good diver-
gence arc also essential in a production system. In present commer-
cial systems, these requircments are met by two-stage accelerator
systems, e.g., a 20 kV injector with a 180 kV boost. Current drop off
becomes serious only below 26 kV, and beam divergence of 1° 10 2°
has been adequate up to now. However, as feature sizes push below
1 micron, future systems may require reduction of beam divergence
1o 0.5° or less, for high aspect ratio structures. The CCVV decel
structure is capable of meeting these anticipated future requirements.

Our CCVV envelope results described above take the beam
emittance into account but not the cffect of nonlincarities in the
system. Fully self-consistent particle dynamics in the CCVV system
will soon be studicd using the ARGUS 3D code [11]. Meanwhile, we
have estimated the output divergence angle at low energies.
Depending on the ion source, beam divergence of less than 0.5°
appears to be feasible. Beam expansion can be used to cool the beam
to a lower transverse temperature than that in the plasma source.
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Abstract

The Microwave Tokamak Experiment (MTX) is under
construction at LLNL to investigate the feasibility
of intense, pulsed microwave radiation for plasma
heating on future ignition tokamaks. A
high -average -power free-electron laser (FEL) will use
the Experimental Test Accelerator (EIA-II), a linear
induction accelerator, in combination with an
advanced high-field wiggler, to produce 1-2 MW of
power at 1-2 -nm wavelengths for periods of up to 0.5
s. The design of the FEL, termed the intense
microwave prototype (IMP), is described, along with
the status and major issues associated with the
experiment.

Introduction

Electron cyclotron heating (ECH) has become an
important option for achieving and sustaining
ignition in the next generation of tokamaks, such as
the Compact Ignition Tokamak (CIT) and the
International Thermonuelear Engineering Reactor
(ITER).! Table 1 lists the major requirements of
an ECH source.

Table 1. ECH source requirements.

frequency (GHz) 140 - 600
Total average power (MW) 0 - 30
Overall efficiency (%) 15-30
Center frequency adjustment(X) + 25

Rapid frequency tuning over 100 ms(¥) ¢+ 3-5

Figure 1 illustrates the geometry of ECH. The
coupling structure consists of simple mirrors, which
are removed from the plasma edge, thereby reducing
impurity influx and minimizing neutron activation
issues. High flux densities (100 kH/cmz) can be
achieved with £CH, requiring small port access. The
ECH resonance is also highly localized so that by
frequency -tuning the source (5% over 100 ms), one can
adjust the heating location to improve confinement
time and to suppress disruption processes.

There has been considerable interest in using the
induction-linac driven FEL (1FEL) for ECH over the
past two years. Previous experiments using the ETA
and ELF facilities demonstrated peak powers of over
1 GW and conversion efficiencies of over 35% at 35
GHz using a tapered w1ggler.z The same facility
operated at 140 GHz in an untapered configuration and
produced peak powers of over 50 MW and total gains of
63 dB.3 Simulation codes showed good agreement
with the measurements. While these experiments
operated at low repetition rate (PRF) and, thereby,
low average power, the recent developments in
high-brightness, high-repetition-rate technology have
made a high-average-power IFEL feasible.d

For ECH applications, the relativistic beam
energies and high currents of the IFEL are well
suited for operation at high frequencies and high
powers. The high-gain amplifier configuration of the
IFEL allows the low-power master oscillator to be

B=5-10T

fce ~B =140-280 GHz
Neut ~£222-8 x1020m3

Figure 1. Geometry for ECH heating.

frequency swept for rapid tuning. The short pulse
length mitigates electrical breakdown issues. The
intense nature of the outputl pulses also offers the
unique opportunity for using nonlinear mechanisms for
efficient current drive and other applications.S

Overview and FEL Simulations

Figure 2 shows the layout of the MTX
experiment.® Figure 2(a) shows the ETA-11
factlity, consisting of a nominal 1-Mev injector and
6 to B accelerating sections to achieve 6 to 10 MeV
of beam energy.’ The IMP wiggler is located in the
ETA-I1 vault along with FEL microwave diagnostics.
An optical train of six mirrors is used to transport
the FEL output power to the tokamak, as shown in Fig.
2(b). The MTX uses the Alcator-C tokamak, which has
been relocated to LLNL from MIT. Alcator-C produces
a high-field (> 9-T), high-density (n > 4 x
1020m-3) target plasma that is relevant to future
machines. The toroidal field coils are cooled by
1iquid nitrogen and can operate at a maximum rate of
about twelve shots per hour. The design objectives
for the MTX FEL are to produce 1-2 MW of average
power at a frequency of 140 or 250 GHz for durations
of up to 0.5 s.

Figure 3 shows the results of simulation codes
for the IMP FEL operating at 250 GHz where the axial
variation of the wiggler magnetic field and the
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Figure 3.

corresponding microwave output for tapered operation
are plotted. Exponential gain and saturation

occurs over the first 2 m of the wiggler, while an
additional 3 m is required for tapering and high
extraction efficiency. TYable 2 lists the performance
predicted at 250 GHz. Over 10 GW of peak power and
2.5 MW of average power is predicted, providing a
design margin over the MIX requirements. High mode
purity is predicted for tapered operation, along with
a wide amplifier bandwidth.

lable 2. Summary of simulation results for 250 -GHZ
FEL.

Peak 1Egy outpul power (GW) > 12 (M)

TEgy mode fraction (%) > 97

Extraction efficiency (%) > 40 (37)*

Peak noise power (MW) 3

3-dB amplifier bandwidtn (%) 10

Average 1tgy power (MW) 2.1

« Wwith system errors: 0.1% wiggler error, 1 mm
offset, ¢ 1% energy sweep; pulse format - 5 kHz, 50
ns.

7

Axial field profile and outputl power for 250-GHz FEL.

ETA-11 Accelerator and Beam Transport

lable 3 lists the beam parameters required to
operate the FEL and compares them with the ETA-11
design objectives and present status. The ETA-1I
is designed to deliver a bright beam at high average
power. The brightness required for microwave FELS
is 20 to 40 times less than the value measured on
€1A-11.9 Similarly, the energy variation and
macropulse length are within the ETA -1l design
objectives. For higher .current operation, an
anode -cathode design will be used that produces
3 kA, but at a predicted brightness of over
1 x 108 A/(rad-m)2,

Figure 4 shows the beamline transport for the
FtL. Solenoidal lenses are used to transport and
match the electron beam from the accelerator to the
wiggler. 1he design resuits in less than 10%
varfation in the diameter of the beam envelope and
predicts only small emittance growth. The transport
section contains a section for accelerator
diagnostics as well as periodic graphite limiters to
scatter and remove any halo electrons with a large
transverse velocity component.
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Table 3. Summary of ETA-11 objectives and FEL requirements
Parameter High -brightness Microwave FEL Initial
objectives 250 (140) GHz measurements®

Energy (Mev) 6 - 20 9 - 10* (6-7.4) 2.3 - 5.2
Current (KkA) 1.5 3.0 1.5 - 2.0
Brightness 2.0 0.1 2.0 - 4.0
[ x 109 A/m2-r21
Pulse width (ns) °

-~ FWHM 70 10 70

- *Flat top" 50 50 50
Energy variation (%) +0.4 +1 -
PRF, burst (Hz) 5000 5000 1 -3¢
Burst length (s) 30 0.5 -

*  See paper M24: W.C. Turner et al., this conference.
+ Cperation up to 5 kHz demonstrated on offline facility.
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Figure 4.

The input master oscillator microwave signal is
coupled into the wiggler collinearly with the
electron beam using a 45 -degree mirror in the
beamline. The mirror contains an aperture through
which the electron beam is focused and couples the
input signal with an expected 10-16 d8 insertion
loss. Except for the graphite limiters, the 1inear
beam fi11 factor (beam radius / wall radius) has been
kept at less than about 50% to avoid potential wall
loading. At the output of the FEL, the microwave
radiation can either be deflected into an anechoic
diagnostic chamber using a movable mirror or it can
be allowed to continue fnto the microwave
transmission system to the tokamak.

The FEL interaction causes the electron beam
exiting the wiggler to have a large energy spread.
An achromatic magnet reimages the beam at nearly
right angles to the beamline, where the beam is
expanded to reduce the power density. The beam
absorber is a simple graphite slab that uses therma)
inertia during the 0.5-s macropulse and is cooled
between shots.

IMP Wiggler

For operation at millimeter wavelengths and high
average powers, the FEL wiggler must operate with
steady-state fields (to accommodate high PRF
accelerator operation), must allow the wiggler field
to be arbitrarily tapered, and must achieve high
magnetic fields with small transverse error fields to
avoid beam steering. Table 4 1ists the wiggler

72

Plan view of beamline for 250-GHz FEL.

requirements. The wiggler design uses iron
electromagnet pole pieces in conjunction with
permanent magnets to achieve the required field
strength and tunability. A similar design, operating
at a lower field, is presently in use in a 25-m
wiggler that is part of a 10-um FEL experiment at
LLNL.

Table 4. Requirements for IMP wiggler.
Period (cm) 10
Gap (cm) 3.7
Length (m) 5.5
Peak field (kG) 4.1
RMS field error (X) 0.1
8-field tuning range (%) >37

Figure 5 1llustrates the basis of the high-field
design, and Fig. 6 shows the pole piece
configuration. The permanent magnets are placed
adjacent to the iron pole pieces to bfas the B-H
curve of the iron to higher field strengths. In the
process, the linear range of operation is reduced as
indicated in the figure. For the IMP design, the
maximum field is operated at an acceptable value of
about 85% of the Halbach 1imit, and a S0X tuning
range is achieved. The IMP wiggler is presently in
fabrication. Assembly and testing will occur this
summer, with installation planned for this fall.
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Microwave System

Figure 7 shows an elevation view of the microwave
system for the 250-GHz FEL. A S-kW gyrotron is used
as the master oscillator and has been tested off
1ine. A Viasov coupler is used to launch a
free -space Gaussian beam, which 1s then coupled into
the wiggler using the mirror coupler described
above.

Four primary mirrors transmit the FEL output to
the tokamak over a 20-m distance in a 20-in.-diam
evacuated pipe. At aillimeter wavelengths and for
high peak powers, quasi-optical transport is favored
over waveguide methods due to attenuation and surface
heating. The transmission system for the IFEL s
windowless, thereby avoiding thermal and bandwidth
issues associated with using a window at high average
power and with a tunable source. The mirrors are
approximately 44 x 58 cm in diameter and are being
fabricated with a 5-pin. finish. Alignment
tolerances are not severe -- about + 3 mm at each
mirror. Simulations predict an overall transmission
loss of less than 8X at 250 GHz, with most of the
loss (4%) occurring at the first mirror due to loss
of sidelobe power in the antenna pattern from the FEL
waveguide.

Two major issues in a high-power microwave FEL
are surface breakdown and thermal heating in the
interaction waveguide.!0 Figure 8 shows the
waveguide geometry. The waveguide is highly
overmoded (d/a = 30) and operates in the TEy,
mode, as determined by the FEL resonance condition.
An elliptical waveguide is shown since it provides
additional margin to keep the beam f111 factor at
less than S0X. The first experiments to be conducted
will use a circular waveguide of equivalent area for
ease of fabricatfion.

At millimeter wavelengths, surface heating,
rather than surface breakdown, determines the maximum
power 1imit in the waveguide. With 10 GW of peak
power, the maximum surface fields will be about 140
MV/m. Based on an extrapolation of Stanford Linear
Accelerator Center data for 3-10-GHz, 2.5-us-wide
pulses, the threshold for surface breakdown for a
250-GHz, 50-ns pulse 1s over 5000 MV/m. A threshold
of 360 MV/m measured using the 35-GHz FEL and an
unconditioned cavity, extrapolates to a threshold of
1000 MW/m. Thus, surface breakdown 1s not expected.
Multipacting is also of concern, but the experiment
operates outside of the range for multipacting in
either a field-free region (0.07 < fd < 10 GHz-cm;
IMP = 750 GHz-cm) or in the presence of the wiggler
field (0.2 < f./f < 1; IMP = 0.04). 1In addition,
the 50-ns pulse length is much less than the volume
fonizaton time for the vacuum quality of interest
(1076 Torr).

figure 6. Pole piece design- for laced electromagnetic wiggler.
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figure 7. Elevation view of microwave system for 250 -GHz FEL.

f+— 2 (188)



3x35cmliD
waveguide
E-beam

Wiggler pole piece

Figure 8. Interaction wavequide geometry.

The peak surface-wall load is a unique issue for
the IFEL because of the intense field strengths that
occur over the last 1-2 m of the interaction
waveguide. At 10 GW of peak power, Lhe peak wall
loads are 0.07 J/cm? per pulse, which is aboutl 10%
of the damage threshold measured for an uncoated
copper surface. In general the temperature rise is
kept to less than 30°C during the 50 -ns pulse to
avoid surface fatigue. Thus, for the MTX experiment,
the peak wall loads are not expected to be a major
issue. For operation at higher average powers in
ignition tokamaks, a corrugated waveguide tinat
operates in the low-loss HEyymode will be used.

At 2 MW of average power, the peak wall loading
is 300 W/em? near the end of the interaction
waveguide. For the 0.5-s shot duration of the MIX
experiment, thermal inertia will limit the
temperature rise of the wall to less than 80°C so
that only low levels of cooling between shots will be
required. Again, for higher power devices and
long -pulse operation, the use of a corrugated
waveguide will reduce the average wall loading to a
tractable value.

Plans for Experiments

The first series of FEL and plasma heating
experiments is planned for this summer. While the
1MP wiggler is in fabrication, the air core wiggler
used in the previous FLF experiments will be used for
early "single-pulse® experiments at 140 GHz. This
will require ETA-1I to operate at 6 MeV and 2.5 kA
and is expected to produce up to 2 GW of peak power.
These experiments will allow first evaluation of the
ETA -1I beam for driving an FEL, will test the
microwave transmission system, and will allow
preliminary studies of the ccupling of intense
microwave pulses to the plasma.
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During FY90, after installation of the IMP
wiggler, experiments will continue at 140 GHz but
with $-kHz pulse trains of up to 10 -ms duration.
This pulse train will deliver over 6 kJ of energy to
the plasma for bulk heating experiments, and will
begin to address issues of high -average -power
transport of both the electron and microwave beams.

Operation at 250 GHz for 0.5 s will require an
upgrade in ETA-11 power conditioning and energy as
well as changes in the master oscillator and
microwave diagnostics.  This is expected to be
completed during FY31, allowing ECH experiments at
higher tokamak fields and densities, near to those of
interest to CI1 and IVER.

Summary

The technology for constructing a multi megawatt
FEL operating at millimeter wavelengths appears
feasible using the induction linac. The ability to
transport and use bright, high-power electron beams
for an FEL will be developed on the E1A-11 and IMP
Facilities. The MIX experiment will investigate the
ability to transport intense microwave beams, to
couple them efficiently to ithe tokamak plasma, and to
use predicted nonlinear effects for current drive and
other advanced concepts.

*Work performed under the auspices of the U.S.
Department of Energy by Lawrence Livermore National
Laboratory under contract W-7405 -ENG-48. .
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STATUS OF THE ETA-II LINEAR INDUCTION ACCELERA'FOR
HIGH BRIGHTNESS RESULTS*

W. C. Tumner, J. K. Boyd, J. C. Clark, and W. E. Nexsen

Lawrence Livermore National Laboratory
P. O. Box 808, L-626 -
Livermore, Califomia 94550 *

Abstract

A two-aperture collimator has been used to measure brightness of
the electron beam produced by the injector and the first 20 acceleration
cells of the ETA-II iincar induction accelerator. Osmium alloy
dispenser cathodes produce the electron beam. For accelerated
currents up to 1.5 kA with 2.0- to 2.7-MeV beam energies the
measured brightness is 4 x 107 A/(rad-m)2, exceeding our design goal
by a factor of 2. At the highest current, 2.0 kA, a beam brightness of
2.6 x 109A/(rad-m)?2 has been measured.

Introduction

The Experimental Test Accelerator II (ETA-II) accelerator is the
latest in a series of linear induction electron accelerators built zt the
Lawrence Livermore National Laboratory. The initial objectives of the
ETA-II experimental program are to create high-brightness, high-
average-power clectron beams. Both parameters are related to the
usefulness of the induction accerator as a driver for a shor-
wavelength, high-average-power free-electron laser (FEL). Design
parameters for ETA-II are 10-McV beam energy, 3-kA current, 50-ns
pulse flat top, and 5-kHz repetition rate. The accelerator consists of a
nine induction cell injector, sixty induction accelerator cells, and four
magnetic compression pulse-power modulators. The emphasis in this
paper is on measurements of beam brightness. The experiments were
done at low repetition rate with the injector plus the first 20
acceleration cells. Beam energy was typically 2.5 MeV, current up to
2 kA, and repetition rate 1 to 3 Hz. Descriptions of ETA-II are given

clsewhere 12
Description of the Experi

The choice of cathode and the electron optics design of the
electrode shapesin the extraction region of the injector are crucial for
obtaining high and uniform current density and for minimizing the
transverse phase space volume of the clectron beam. For the
experiments reported here, we use thermionic, osmium-coated

.

dispenser cathodes. Previous experiments have shown the intrinsic
brightness of this type of cathode to exceed 1.2 x 10'? A/(rad-m)2 up
to current densities of 140 A/cm?; the current density and brightness
are uniform to within £10% over the cathode area.3 Diagrams of the
ETA-II cathodes and extraction electrode shapes are shown in Fig. 1.
The extraction geometry consists of a curved cathode surrounded by a
non-emitting focusing electrode, an intermediate electrode, and the
anode pipe through which the beam is extracted. The cathode is
mounted on the end of a stalk inserted through the bore of five
induction cells, while the anode pipe is inserted from the opposite
direction through four additional induction cells. Solenoidal coils
incorporated into the anode induction cells focus the beam inside the
anode pipe. Axial magnetic field strength is typically 0.5 to 1.0 kG.
The cathode is designed to be operated with nearly zero magnetic field
component normal to its surface in order to minimize the canonical
angular momentum of the extracted electron beam. This is
accomplished with two coils placed over the cathéde-anode region on
the outside of the vacuum chamber. Current in these coils opposes the
focusing ficld in the anode pipe and is adjusted to null the normal
magnetic field component on the cathode surface. The electrode
shapes and relative locations have been designed with the DPC panticie
code.4 For a cathode to anode voltage of 1.5 MV the DPC code
predictsa -limited current of 2140 A for the 8.9-cm-diam
cathode of Fig. 1(a) and of 3126 A for the 12.7-cm-diam cathode of
Fig. 1(b).

For the experiments reported below, the brightness of the electron
beam is measured with a ficld-free, two-aperture collimator, which is
shown schematically in Fig. 2. A sine/cosine coil pair between the
collimator apertures corrects for misalignment between the collimator
and beam axes. A pair of solenoidal coils at the end of ETA-II and
70 cm in front of the first aperture of the collimator is used to focus
the beam to a waist halfway between the two apertures.
Experimentally, this is done by adjusting the strength of the solenoidal
lens to maximize current through the second aperture. The apertures
are holes with radius @ = 1.5 mm drilled through range-thick 3.8-cm

a) b)
Bucking coils Anode induction cells (4 ea)
Cathode
induction
cells (5 ea)
e
Cathode (R = 36.5 cm) Anode pipe Cathode (R = 36.5 cm)
Intermediate electrode Focus solenoid
100 cm -
Figure 1. Diagrams of the cathode-anode region of the injector for the

(a) 8.9-cm-diam and (b) 12.7-cm-diam cathodes.
* Performed jointly under the auspices of the U. S. DOE by LLNL under W-7405-ENG-48 and for the DOD under SDIO/SDC-ATC MIPR No.

W31RPD8D5005.
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graphite disks and separated by a distance L = 61.6 cm. A gated image
intensifier CCD camera is used to observe the beam image on the first
aperture. The image is typically about 1 cm in diameter. Steering coils
(also sine/cosine wound) over the focus solenoids direct the beam
onto the first aperture. Resistive foil-wall return-current monitors
measure the beam current before and after each aperwure. Referring to
Fig. 2 we define /y as the current that exits the accelerator and falls on
the first aperture, /5 as the current through the first and incident on the
second aperture, and /3 as the current through the second aperture.
The (normalized) beam brightness is defined by

1
By? V4 5

where By is the usual relativistic factor, V4 = n2a%/L2 = 1.32 x 10-10
(rad-rn)? is the transverse four-dimensional phase space acceptance
defined by the collimator, and § = 8(BY, Io/la, I3/l, alLY < 1 is a
space-charge correction factor. The beam energy, and therefore By, is
calculated from capacitance probe monitors of voltage applied to the
induction cell gaps. The space-charge correction factor accounts for
the reduction of phase space acceptance due to space-charge spreading
of the beam. For this correction we use a formula derived by
Caporaso,$ which gives an upper bound on § and therefore a lower
bound on the beam brightness estimated from /3.

Attention to vacuum quality is very important for obtaining the
results reported in this paper since the osmium-coated dispenser
cathode can be easily poisoned by too high a partial pressure of
electronegative compounds such as water vapor, oxygen, and
fluorocarbons. The basic requirement is that the desired space-charge-
limited current density {10 to 20 A/cm2) be achieved at a temperature
low enough to ensure stable cathode operation for the time required to
obtain the data (approximately twenty operating days for
measurements with a given cathode). It has previously been shown
that a leak-tight, unbaked vacuum system with O-ring seals and base
pressure P < 1 x 107 Torr is adequate to meet this requirement.3 In
this case the base vacuum pressure consisted mostly of water vapor
and residual amounts of methane, carbon monoxide, and their
fragments. Although by modern standards this pressure is not too
difficult to achieve some attention has to be taken to avoid the
sometimes disappointing results obtained with this type of cathode in
acclerator environments. For the experiments reported here we
avoided materials that contribute high water vapor pressure (i.c.,
plastic insulators), chose an O-ring (Viton) and dielectric insulation
fluid (FC-75 Fluorinert) combination that limits permeation of
diclectric fluid into the high vacuum region to very low levels, and
also ensured that there were no detectable atmospheric leaks before
operating the cathode. Once this was achieved the background
pressure—p = 5 x 10-8 Torr with the cathode hot—was routinely
obtained, and there have been no indications of cathode deterioration
for the duration of our experiments. This vacuum oressure is
maintained with two turbomolecular and two cryo pumps mounted
over the cathode region of the injector. No high temperature bakeout is
required, and all vacuum seals are standard O-rings.

Experimental Results

As a check of basic cathode operation we have measured cathode
emission current versus temperature for fixed mjector voltage.
Cathode temperature is measumd with an optical pyrometer and
quoted as a brightness temperature ( Cn) uncorrected for emissivity of
the cathode surface. Temperature varies significantly over the cathode
surface: the coolest region is at the center, while the hottest regions are
near the outside of the cathode and directly over the spiral-wound
heater filament imbedded in the back of the cathode. In this paper we
always refer to temperature at the cathode center. At 1000°Cg the
temperature dlffcrcnlml bclwcen hottest and coolest region of the
cathode surface is 60 Cg (16 Cg ) for the 8.9-cm (12.7 cm) diameter
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Two-hole collimator

(fleld free)
L N |
Focus 2 l
|vr772]
ETA-I I 0 h—s: :::(0) f ——e (0 I —
1 4
a=1.5mm ‘ 1
L=616mm

Deflection colls

Figure 2. Schematic diagram of the field-free, two-
aperture collimator used for electron beam brightness
measurements.

cathode. Heater power required to maintain the cathodes at 1000°Cg is
1078 W (17.3 W/cm?2) for the 8.9-cm-diam cathode ard 1414 W
(11.2 W/cm?) for the 12.7-cm-diam cathode. Emission current versus
temperature is shown in Fig. 3 for the 8.9- and 12.7-cm-diam
cathodes. For these two cathodes, the injector voltage was 0.9 and
1.2 MV, respectively, at saturation. Both sets of data show a sharp
knee at the transition from emission to space-charge-limited operation.
The transition temperature is low enough to ensure very long cathode
lifetime in spacc-chargc—limiled operation. The larger cathode seems to
be superior since, for the data in Fig 3, the transition occurs at lower
temperature (970°Cy versus 1090 Cp) even though the saturated
current density is somewhat higher (15.8 A/cm? versus 12.9 A/cm?).
Application of Richardson’s law gives a work function for the 12.7-
cm-diam cathode: that is 0.2 ¢V lower than for the 8.9-cm-diam
cathode. For measurements of beam brightness we always operate the
cathodes in the space-charge-limited region.

=T T
g 3000 ~\—- o .
= 12.7-cm-diam. cathode,
s v=12MV
3
S 8.9-cm-diam. cathode,
S 1000 V=09 MV -
£
1]
900 1000 1100 1200

Brightness temperature, T {'Cg)

Figure 3. Emission current vs temperature for the
(a) 8.9-cm- and (b) 12.7-cm diam cathodes.

In Fig. 4 we show a plot of injector current versus voltage for the
8.9-cm-diam cathode with all data points space charge limited.
Relativistic corrections to Child’s law are small up to the maximum
applied voltage, so the data are in good agreement with a three-halves
power law / ~ V372, The experimental data in Fig. 4 and similar data
for the 12.7-cm-diam cathode fall ~15-20% below the DPC predicted
current for a given applied vollage.

Electron beam brightness data obtained with the apparatus shown
schematically in Fig. 2 are summarized in Tables 1 and 2 for the 8.9-
and 12.7-cm-diam cathodes. Brightness is given in the far right-hand
column, while beam energy, beam current (/; in Fig. 1), currents
exiting the first (/) and second (/3) apertures of the collimator, and
the space charge correction factor 8 are given in the other columns.
For both cathodes, data were taken for a range of beam currents and
over several run days with slightly different beam transport conditions
to verify the reproducibility of the data. For the 8.9-cm-diam cathode,
the brightness J = 4 x 109 A/(rad-m)2 is essentially constant within
experimental error with beam current varying from 0.85 kA to 1.4 kA.
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Figure 4. Injector current vs voltage for the 8.9-cm-diam
cathode.

At 1.5 kA, the 12.7-cm-diam cathode has a similar brightness {5 x
10% A/(rad-m)2], but at higher currents the brighmess values recorded
are somewhat reduced: at 1.7 kA, J = 1.7 x 109A/(rad-m)2, and at
2.0kA, J =32 x 109A/(rad-m)2. Whether this decrease in brightness
is a real trend or an artifact of less than optimum tuning of the
accelerator is unknown at present.

‘With the large currents being accelerated in these experiments and
the relatively low beam energy, beam transport is dominated by the
space charge of the beam rather than by beam emittance. To measure
beam brightness with the two-hole collimation scheme and avoid
being overwhelmed by space charge it is necessary to use small
apertures and sample a relatively small fraction of the total beam
current. The question naturally arises whether the brightness values
obtained are representative of the whole beam. Earlier measurements
of the intrinsic cathede brightness? and the DPC simulation results
support the notion that beam brightness is uniform. In principle, one
could scan the beam across the coilimator to obtain a brightness
profile, but in practice this method has been impractical because of the
spatial beam sweep induced by energy variation and because of the
time needed to tune the accelerator for a given data point. Reducing the
encrgy variation of the beam to 1% for a 50-ns flat top is one of the
primary goals of the ongoing experimental program. In addition, afier
repeating these measurements with the full 60 accelerator cells, we
plan to measure the total beam brightness with either the pepper pot
method used 1o study the intrinsic cathode brightness3 or a collimator
with superimposed axial magnetic field.

For the bulk of the data in Tables 1 and 2, beam transport
calculations with experimentally measured values of current in the
solenoidal focusing magnets predict envelope oscillations with
roughly 2:1 ratio because of mismatch. At present, we do not have
diagnostic capability to measure these oscillations. One attempt (on
1/31/89 in Table 2) was made to eliminate them by using a set of
focusing currents that, in theory, had very small envelope oscillations.
Although the result obtained, J = 3.2 x 109 A/(rad-m)2 at / =
1.14 kA, is respectable, it is not quite as good as earlier data.

Di .

In Fig. 5 we plot brightness versus current for the ETA-II data
included in Tables 1 and 2 together with measurements of the intrinsic
brightness previously measured for a dispenser cathode. For currents
of 1.5 kA or less the ETA-II brightness measured with the two-
aperture collimator is 4 x 109 A/(rad-m)2. To our knowledge this
brightness is the highest recorded in an induction accelerator, and it
has been obtained at a current that is very reasonable for a high power
FEL. This brightness value exceeds our original design goal by a
factor of 2, and, if maintained during acceleration to the final beam
energy required by the FEL resonance condition, is sufficient for
efficient production of an FEL beam with a wavelength of less than
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Table 1. Summary of brightness results obtained with the 8.9-cm-diam cathode.

Beam  Baam
encrgy  cument Iy I3 J
Dac (MeV) ®A) By (A A b (100 Afadm?)

1122/88 254 115 589 248 118 0595 43
1129788 254 115 589 170 118 0645 40
1129/88 241 085 563 2319 113° 0583 0058 4.710.5
11/30/88 275 126 631 525 112 0565 38
1/1/88 270 140 620 62122 107 0.54510.050 3.9 0.3

Table 2. Summary of brightness resulls obtained with the 12.7-cm-diam cathode.

Bean  Bam
encrgy  cusrent I Iy J
Dae (MeV) (A) By (A A 5 (10°Atdm?)
117789 2.4 id8 628 32 9.7 0.356 50
120/89 222 20 524 330 56 0581 26
12189 2.14 1.52 5.09 17 192 0540 55
121/89 214 1.52 509 17 94 0554 49
12189 231 .72 543 2 45 06% 1.7
13139 2.05 1.14 5.11 M 46 0446 32
10"E T— T T TITTT] T 7 T T TT1TH
-~ [— O ETA-ll 8.9-cm-diam cathode 3
[3 - ® ETA-}l 12.7-cin-diam cathode ¢ b
g — @ intrinsic cathode brightness (Ret. 3) n
3 B ]
b m
2 10" |— ] —
b = e 3
) = o ggo 3
@ B ° 3
» | . -
9 L1 b opra [ |
10 1 10
Cathode current (kA)

Figure 5. Brightness vs accelerator current.

1 pm. Referring to Fig. 5 the measured ETA-II brightness is about a
factor of 3 less than the brightness measured for a dispenser cathode
in simple piane geometry without beam extraction. The code
calculations suggest that some degradation of brightness occurs in the
extraction region because of nonlinear forces on the electron beam as it
enters the anode pipe. However the code also predicts brightness
about a factor of 2 higher than that experimentally observed. Perhaps
some of this discrepancy can be explained by the fact that our
measurement can be viewed as a lower bound due to several effects:
first, the space charge correction itself is a lower bound; second, it is
possible that we have not found the best accelerator conditions for
transporting the beam through the two apertures of the collimator; and,
finally, the results may be limited by energy sweep of the beam across
the collimator, which often results in rather narrow-peaked signals
being recorded.
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LOW EMITTANCE IMMERSED AND NON-IMMERSED FOILLESS
DIODES FOR HIGH CURRENT ELECTRON LINACS®
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D. L. Smith, M. D. Haworth*, C. A. Frost,
G. T. Leifeste and J. S. Wagner
Sandia National Laboratories, Albuquerque, NM 87185
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ABSTRACT

A low emittance immersed foilless diode injector
was designed and built for the upgraded RADLAC-II
accelerator. The design is for a 5-MV, 40-kA annular
beam with a 9-nm outer radius. A conical cathode field
shaper eliminates the previocusly observed large cathode
shank losses. The non-immersed foilless diode approach
was utilized in the design of the Sandia recirculating
linear accelerator (RiLA) injectcr. A low eunergy design
(~1.7 MV) and high energy (4 MV) design were carried
out in conjunction with a solenoidal vacuum bezm
transport and injection system.

Foilless diode electron sources are the most
appropriate for very high current, high energy linear
accelerator. They produce well defined 10 - 100-kA
beams that can be easily transporied ard further
accelerated through the post-accelerating gaps of the
device. The beam transport can be accomplished either
with magnecic lenses and solenoids or wvith ionized
plasma channels operating in the Jon Focusing Regime
(IFR). (1)

Ve have investigated two types of foilless diodes:
a magnetically immersed and a non-immersed
configuracion. The non-immersed diodes are ideally fit
for che lower end of the beam current range of
interest. Both approaches can produce very low
temperature beams with transverse velocities of the
order of B} = 0.05. The immersed diodes are preferred
for applications where the beam either does not exit
the solenoidal magnetic field such as free electron
lasers, x-ray production devices, microwave generators,
etc., or is extracted from the accelerator after it has
acquired high energies (-20 MV). The reason is that
these diodes produce beams with considerable canonical
angular momentum (Py) which spin quite fast once out of
the magnetic field in vhich they were generated.
Consequently, after extraction, an additional term is
quadratically added to the transverse velocity equal to
the angular velocity vyp. The non-immersed foilless
diode does not have the canonical angular momentum
limitations; however, because of space charge in the A-
K gap region, it cannot produce larger than 20-kA
laminar beams with reasonable size radia (5-10 cm).

The beam in the RADLAC-I1(2) accelerator is
magnetically transported and accelerated up to 20 MV
before being extracted from the 20-KG solenoidal
magnetic field. On the other hand, in our
Recirculating Linear Accelerator (RLA)(I) the beam is
extracted from the diode injector at energies between
1.5 - 4 MV and is then injected into a

closed geometry racetrack-shaped beam containment
vessel similar to a conventional "storage ring." There
the beam is recirculated many times through the post-
accelerating gaps with the aid of a non-magnetic IFR
transport channel. lence, for the RADLAC-11

*This work was supported by the U.5. Department of
Energy under contract number DE-ACOA-76DICN’89, by
DARPA/AFUL under Project Order AFWLB6-154, and by the
U.S. Navy SPAVAR under Space Task 145-SNL-1-9-1.

accelerator, we selectdd an immersed foilless diode
while for the RLA, the non-immersed diode appears to be
a more appropriate choice.

In this paper, we report a new immersed foilless
diode for the upgraded RADLAC-11(3) accelerator and a
non-immersed foilless diode injector for the Sandia
Recirculating Linac.

The New RADIAC-II Fojlless Diode Injector Design

Figure 1 shows the RADLAC-II injector cavity where
the foilless diode and both the cathode and anode field
shapers are located. The beam current is monitored by
a Rogowski coil located 1.4-m downstream from the A-K
gap of the foilless diode. The total current emitted
by the cathode shank and by the cathode field shaper
(Fig. 1) is measured by a larger Rogowski monitor
surrounding the basg of the field shaper inside the
injector cavity.

MOMTON 1 ruse
————r] —
1' d

DIODE STACK ¥ DIODE STACK 2

A-K GAP BEAM ROGOWSKY

Fig. 1. RADIAC-1I injector cavity.

A conical design was chosen for the new cathode
field shaper which starts at the cathode end plate with
a 10-cm diameter cylinder and tapers off smoothly at
the cathode tip. The half angle of the cone is 4° and
the radius of the conical surface as a function of the
distance from cathode end plate is such that it can
provide magnetic insulation against radial emission all
along its length. The magnetic field at the A-K gap is
20 kG.

Some radial losses occur in a region where the
magnetic insulation would be expected to fail if there
were not a self-magnetic field Bg. On the anode side
of the region, magnetic insulation is obtained due to
the guiding magnetic field B,. Figure 2 shows the
equipotential surfaces for the conical injector as
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¥ig. 2. Equipotential plot for the mew conical

field shaper.
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obtained by the JASON(4) code, and Figure 3 gives the
electron map for the new injector geometry. A new
version of MAGIC(3) which includes subroutines allowing
space-charge limited emission from slanted conducting

surfaces was utilized for these simulations. The shank
current losses are 7.5%.
28 CINSULATOR STACK;
- H 2.5 uv
TTTTsw T
1
t
Tl |
< t ___cous
' . x x x x”
B
L]
. ’.k ANODE S UV
[ ou008
P . O Lmme o Ao 63 kA
o 30 L] 20 120
z{cm)
Fig. 3. Electron map for the new injector. The

applied voltage to the A-K gap is 4.75 MV.
All electron losses occur radially and
account only for 5 kA of the 68 kA total
shank current.
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Fig. 4. Total shank and beam current for a 4.1-MV
injector voltage. The shank current
losses (=shank current minus beam current)
are less than 113,

Fig. 5. Time-integrated pinhole photograph of the

bean from the new injector. The slight
ellipticity is due to a small parallax
between the beam and camera axis.

The experimental results indicate goud agreement
between nuwerical simulation and measurements. The
rmeasured cathode shank current losses are only S-11%.
Bean currents range from 35 kA at 3.6 MV to 4% kA at
4.1 MV (Fig. 4). The cathode shank current for those
shots was 37 kA and 45 kA. As shown by the time-
integrated x-ray pinhole photograph (Fig. 5), the beam
halo is eliminated and the beam is annular without an
appreciable filling-in. From Figure 5, we estimate(ﬁg
a p|=0.10.

1003

The superior beam quality produced by the injector
has been further verified in the most recent
expcriments(7). A very well defined ~40 kA annular
beam was generated and transported through the first
half of the upgraded RADLAC-1I accelerator structure
(=5 m downstream from the cathode tip) without any
losses or beam quality deterioration. Actually the
measured B| after the beam had been accelerated by the
first two post-accelerating gaps was smaller than that
at the injection point and of the order of ﬂl =0.08.

The RLA Non-lmmersed Foilless Diode Injector and Beam
Transport System

The present RLA configuration consists of a 1.7-MV
isolated Blumlein injector(l) and one post-accelerating
cavity with the accelerating gap located inside the IFR
channel. The electron diode of the injector is outside
the racetrack and ~1.5 m away. The beam cannot be
transported fruom the injector to the racetrack with a
straight IFR channel formed by the same low electron
beam (LEEB) ionizing technique as the one utilized for
the racetrack IFR. The solenoids of the two IFR
channels would aot be compatible at the intersection
point. The foilless diode design presented here
produces a very cold beam which can be magnetically
transported into the injection area through a vacuum
line with minimum beam temperature increase.

The diode design presented here incorporatess the
advantages of both a planar and an immersed foilless
diode. It produces a fairly parallel laminar beam with
small divergence as in the case of the planar diode
(Fig. 6). The pinching effect of the anode foil is
eliminated along with the canonical angular momentum
term of an immersed foilless diode.
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Fig. 7. Injector voltage
as measured
along the
diode stack.

Fig. 6. Non-immersed
foilless diodes
can produce
very cold beams.

Close to the anode electrode, the beam encounters
the magnetic field region of the tramsport system. The
cathode is at zero magnetic field. The electric field
at the cathode is kept as low as possible and at a
right angle to the cathode surface (Ey = 0). The
electron emission region is specified by an area
covered with felt which starts undergoing explosive
electron emission at as low an electric field as
60 kV/cm. The current density for these configurations
scales as

_ 3.52x10

d2

b]

3[72/3 ) l]3/2 W

where y = eV/mc 2 + 1 The A-K gap (d) is selected
depending on the beam radius and total current required
for each diode voltage.

In designing these diodes, we select first the
approximate A-K gap and define the emitting area
according to the scaling foimula (1). Then we define
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the shape of the electrodes using the JASON code. (4)
Finally, vwe use the code TRAJ(B) to study the beam
production and to design the magnetic transport system.
Much care is taken In designing the cathode surfaces to
avoid electric fields in excess of 200 kV/cm. However,
since the voltage of the present injector is bi-polar
(Fig. 7)., attention is given to reducing the field on
the anode electrode. Figure 8 is a design of the
1.7-MV diode with both cathode and anode electrode
shapes optimized. Figure 9 shows the electron
trajectories for ~he 1.7-MV case. Figure 10 shous the
magnetic
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Fig. 8. Both the anode and cathode surface shapes
are optimized for minimum electric field
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Fig. 11. Electron trajectories for a 4-MV

beam.

field on axis generated by two solenoids and three
focusing coils. It must be close to zero not only at
the emitting surface of the cathode but also at the
injection point in order to prevent any interference
vith IFR channel. Figure 11 presents a 4-MV, 10-kA
design for our new RLA injector.

° CONCLUSIONS

A new immersed and a non-immersed foilless diode
injector has been recently designed and constructed
respectively for the upgraded RADLAC 1I and the
Recirculating Linear Accelerator (RLA). Creedon's
model formalism(9), the JASON code and the new version
of MAGIC PIC code that includes the slant geometry
package was extensively utilized for the immersed diode
injector design. The design of the non-immersed diode
and beam transport system is simpler. and only the
JASON and the trajectory code TRAJ were necessary to
simulate this diode.

The new RADLAC-II injector has been installed and
very successfully operated. It met and in many
instances exceeded all of our design goals. The
previously observed excessive electron losses have been
eliminated. The total measured shank current is only
5-10% higher than the 40-kA beam current. A high
quality annular beam was generated with a ﬂ% of 0.1 and
normalized emittance equal to 0.8 rad-cm. his beam
was injected into the RADLAC-II beam line and £urther
accelerated by the first two post-accelerating gaps
vithout losses or emittance increase.

The non-immersed foillesd diode injector will be
installed in our RLA and experimentally validated in a
few weeks. We expect it to produce a very low
temperature and emittance electron beam which will be
transported in a vacuum beam pipe with no losses and
minimum quality degradation. The eliminatior. of the
anode foils and of the previously utilized gas cell,
wire zones and classical IFR, makes this injector
attractive.
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RADLAC-II UPGRADE EXPERIMENTS
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M. G. Mazarakis, J. W. Poukey, and D. L. Smith
Sandia National Laboratories

87185

Albuquerque, New Mexico

Abstract

The linear induction accelerator, RADLAC II, is
being upgraded to produce a 20-MeV, 40-kA, annular
electron beam. Prior to the upgrade, RADLAC II
produced a 15-MeV, 15-kA electron beam. Modifications
tc the pulsed power, injector, and magnetic transport
have resulted in a faster rising flat-topped voltage
pulse. A high quality, 40-kA, 2.0-cm diameter beam
with a low perpendicular thermal velocity, ﬁlc, has
been;produced from the injector, f}<0.2. The high
quality beam has been accelerated through two
accelerating gaps. The final four accelerating stages
are being added to RADLAC II and transport experiments
through the full accelerator are beginning.
Simulations show the beam quality will be maintained
through the entire accelerator.

Introduction

RADLAC 1I is a pulsed, high gradient linear
induction accelerator. The electron beam is produced
in a 5-MeV injector and transported in a 20-kG magnetic
guide field through six, 2.5 MeV accelerating gaps that
were designed to minimize beam instabilities.l The
performance of the accelerator has been improved by
straight-forward changes to the gulsed power and
modifications to the injector.2,3 The upgrade was
performed in three steps. The first step was
installation of the modified pulsed power feeding the
injector, the second was adding two accelerating
stages, and finally, we are going to the full
accelerator.

Pulse Power Modifications

In the final upgraded accelerator, iour Marx
generators rather than two, will be used to drive four
Hermes-II1 intermediate storage capacitors (15C).% The
oil-water interfaces were relocated to provide
symmetrical, low inductance feeds (Fig. 1). Each ISC
charges two pairs of pulse-forming linmes (PFL) through
low inductance, low jitter, laser-triggered gas
switches developed for PBFA 11.% The PFLs were
lengthened to increase the pulse width from 40 to
S0 ns. The improved geometry and electrical properties
of the new pulsed power configuration provide for
faster charging times and enables two self-breaking
water switches per line to close, rather tham one,
resulting in a flat-topped voltage pulse at the diodes.
Figure 2 is 2 comparison of the old and new diode
voltage waveforms.

scceLIRa TG Cavy

Diagram of the upgraded accelerator showing
component layout.

Figure 1.
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Figure 2. Comparison of the old and new diode

waveforms. The Marx charge in both cases
was 85 kV.
n {+] m

Before the upgrade the RADLAC-II injector produced
a 3-MeV, 15-kA, 40-ns electron beam. Time integrated
x-ray pinhole photographs of the old injector showed
the beam was large and had a halo that was
approximately the same diameter as the drift tube,
Figure 3(a). Particle simulations for this geometry
indicated there was a large loss of shank current (60%)
due to the loss of magnetic insulation on the cathode

ORIGINAL INJECTOR MODIFIED NJECTOR

—{saen— -flz.:l——

SOTH SHOTS USED A 2.0 cm 0.0., 1.4 ¢m LD. CATHODE

Filgure 3. Comparison of x-ray pinhole photographs
from the old injector (3z.) and the new
injector (3b.)

shank. There was also electron emission from the face

of the cathode holder allowing electrons to fill the
drift pipe. Nonuniformities of 40% in the magnetic
guide field also contributed to the poor beam quality.
These coils were replaced by new magnets that produced
fields with variations of only 15%.

The cathode shank was redesigned to reduce spurious
electron emission and maintain magnetic insulation to
minimize electron losses.3 The modified Injector and

CH2669-0/89/0000- 1005301 .00©1989 IEEE
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the improved magnetic field produced a 2-cm diameter,
5.3-MeV, 47-kA annular beam. Figure 3(b) is a pinhole
photograph of a beam produced by the new injector. The
] for this beam was 0.16. The maximum perpendicular
velocity can be calculated directly from measurements
of a time-integrated, x-ray pinhole photograph. The
measured annulus width is a function of the cathode
dimensions, the applied magnetic field, the beam enerpy
and camera geometry. There are known quantities and
can be used to calculate 8| from lLarmor radius
effects.b Typical measured values for B| ranged from
0.1 to 0.19 and agreed with the values obtained from
particle simulations.

The measured injector currents are consistent with
the space charge limited currents predicted by analytic

theory. The space charge limited current is given hy:7
r
* 0 2/3 0372 Ay D 85 -1
Lixar = (1-03L0G72-07207 k) = (e = )
LS + 1, L* = Dimensionless number
511
equal to the anode-
cathode gap in cm
ro+r
1 2
rb - 7 ., 6 = R-r2 a = rz-r1

For the RADIAC injector, ry = 0.7 em, rp = 1.0 cm,

R = 1.6 cm, and L™ = 1.0 em. A comparison of the
predicted current and measured current along with our
geometry is shown in Figure 4.
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Fipure 4. Comparison of analytical and experimental

currents is shown in part a. The peowmetry

ts shown in part b

Acceleration Experiments

The next phase of the experiment was to accelerate
the beam through one accelerating gap. Hollow electron
beams with energies of 3.5 to 4.2 MeV and beam currents
of 25-35 kA were produced in the injector and
accelerated to final energies of 5.6 to 6.3 MeV. The
pinhole photographs indicated there was some expansion
of the beam and some*thickening of the annulus. The
final p] for these beams was 0.08-0.12. Figure 5 shows
a pinhole photograph of one of the accelerated beams.

Figure 5. Pirhole photograph of beam after

acceleration through one gap.
.

The beam was then accelerated through two
accelerating gaps resulting in final energies of 7.3 to
8.3 MeV and currents of 27 to 36 kKA. A pinhole
photograph for one of these shots is shown in Figure 6.
The final p£| for these beams was 0.09 to 0.12. Again,
these values are consistent with particle simulations.

Pinhole photograph of beam after
acceleration through two gaps.

Figure 6.

The full accelerator has now been installed and
experiments have begun. The final accelerator will
produce a higher current, higher enerpy, better quality
beam.  Table 1 shows the comparison between the old
beam parameters and the predicted parameters for the
upgraded accelerator, based on thr experimental
results.
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Table I

Comparison of RADLAC-I1 Beam Parameters

Parameter Before Upprade After Upprade
Energy ((y-1)mc2) 14 MeV 20 MeV

{1.75 MV/stage)

(2.5 MV/stage)

Current (I) 18: kA 42 kA
Beam _Radius (r) 1.4 cm 0.9 cm
Perpendicular 0.16 ¢ 0.05 ¢
Thermal

Velocity (ﬂlc)

Normalized 7.5 rad-cm 5.9 rad-cm
Emittance

Including

Rotation (ep)

Brightness (Bp) 33 A/(rad-cm)? 123 A/(rad-cm)2

Parameters from before the upgrade are based on
measured output from the accelerator. Parameters for
the upgraded beam are based on particle code
predictions of accelerator performance using measured
input beam parameters from the first step injector
experiments. The normalized emittance, ¢p, is defined
as

=V + ya?

1 1 2
where (P,/c) -3 ;? rk Bk

In the accelerator magnetic guide field, rx and By are
the cathode radius and magnetic guide field at the
cathode, and (Pp/c) = ryfs after extraction from the
magnetic guide field. The brightness is defined as?

1
3 -
(ttn)

Conclusions

We have improved the performance of the RADLAC-I1
accelerator. An injector has been developed that
produces a high voltage, high current, high quality
annular beam. The beam has been accelerated stably
through two accelerating gaps. Simulations and
experiments indicate the full accelerator will produce
a 20-MeV, 40-kA annular beam with a p_l < 0.2.
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OPTIMIZATION OF PULSE QUALITY FOR A LINEAR
INDUCTION ACCELERATOR

S. Eckhouse and M. Markovits

Maxwell Laboratories, Inc.
8888 Balboa Avenue
San Diego, CA 92123

Abstract

Maxwell Laboratories, Inc. has undertaken an effort to
develop and optimize Linear Induction Accelerator (LIA) cells and
drivers for these cells. Major emphasis was given to improved
pulse quality properties regarding the flatness of the accelerating
voltage waveshape. As part of this effort, a LIA test stand was
designed, constructed, and tested. This paper presents the major
design considerations, description of the test stand, results of circuit
modeling the LIA cell and its driving pulse power system, and
results of testing this LIA system. The measured pulse waveshapes
of the tested Linear Induction Accelerator cell are in good agreement
with the numerical circuit modeling, and they exhibit a very high
degrec of flatness, #0.4% for 65ns pulsewidth and *1.2% for
80 ns pulsewidth, for optimal switching conditions. Additional tests
underway are described.

Introduction

Induction Linear Accelerators have the capability of
accelerating multi kiloamp electron beams to energies of tens of
MEVs. Such electron beams find important applications as potential
drivers for high power Free Electron Lasers and as sources for deep
penetration flash x-ray radiography. Most Linear Induction
Accelerator (LIA) applications require a high brightness beam and a
small electron energy spread in the beam. In a LIA, the energy
spread of the electron beam is mostly controlled by the pulse power
source driving the cells of the LIA. The energy variation of the
clectrons in the beam is directly proportional to the voltage variation
in the accelerating pulse sensed by the beam. Other effects, such as
space charge or timing errors, may also contribute to the energy
flatness, but it is clear that a poor high voltage pulse quality in each
accelerating cell will result in a large value of energy spread of the
accelerated eicctron beam. Maxwell Laboratories has undertaken an
effort to develop and optimize LIA cells and pulse power drivers for
these cells, with improved pulse quality properties. As part of this
effort, a LIA test stand was designed, constructed, and tested.

The Test Stand

The test stand includes a pulse power source that uses a
Blumlein pulse forming line and an induction accelerating cell. The
cell can be loaded with different types of magnetic materials to
investigate the interaction between the cell and the pulse power
system.

The pulse power system for the LIA test stand is composed
cf 1082 (2 x 5Q), 100 ns water Blumlein pulse forming line (PFL)
that is charged up by a fast 4 stage standard Maxwell Porta-Marx.
The Blumilein is switched by a coaxial midplane, low inductance,
precision triggered switch that is directly interfaced to the Blumlein
PFL. The Blumlein PFL is connected to the cell using two short
(3 nsec), parallel rigid 20Q2 oil transmission lines that are connected
to two HV connector points on the LIA cell. The cell has four
identical HV connections. Two of them are used for cable
connections, and two for compensating resistors that load the pulse
power source in parallel with the cell. The Blumlein, the rigid
coaxial lines, and the four HV connectors on the cell are shown in
Figure 1. Great care has been taken in the design and construction
of the pulse power system and its interface to the induction cell to
minimize apy pulse distortion effects that may arise as a result of the
pulse power system or its cell interface. The main rationale for this
“clean” pulse power system design was to try and separate between
pulse distortion effects that originate from the pulse power system,
from pulse distortion effects that have to do with the induction cell
and its magnetic materials. The use of a stiff (10Q) source to drive

HOUSING FOR
COMPENSATION ———
RESISTOR

20 N OIL
FEED LINE

- 2 x5 O WATER
BLUMLEIN

Figure 1. Design of Maxwell Linear Induction Accelerator test stand
transmission line.
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Figure 2. Mechanical layout of test induction cell.
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the cell is another significant element in achieving a good HY pulse
quality applied to the cell. Such a pulse power source may have
limited applications for high repetition rate LIAs where efficiency
may be of prime importance, but is an excellent driver for low
Tepetition rate LIAs where the efficiency of the accelerator is not an
important issue.

The test induction cell mechanical layout is shown in
Figure 2. The space devoted to the magnetic core has anID of
25 cm , an OD of 50 cm, and a total length of 35 cm. This space
can be loaded with a varying number of ferrite cores or Metglass
cores. A total axial length of 25 cm in the core volume has a coaxial
structure that'may behave as a coaxial transmission line loaded with
the magnetic material that is tested in the cell. A length of 10 cm
does not have this "perfect” coaxial structure. Thus, by comparing
the cell electrical behavior with magnetic cores located in these two
axial locations, a better understanding of the importance of this type
of cell design can be achieved.

The cell uses a radial HV insulator that separates the oil
insulated volume of the cell from the evacuated region. The cell and
insulator were optimized for minimum HYV stresses on the insulator.
The cell is also equipped with a water cooled DC focusing solenoid
that is part of the cell structure. Great care has been taken in keeping
very tight mechanical tolerances in the cell design, in particular in
control of the cell axis, the magnetic axis, and the accelerating gap.
The cell is constructed in such a way that mechanical control of the
cell axis can be achieved without opening the cell or disturbing the
accelerator structure when such a cell is integrated into a full LIA
structure. The cell can also be conveniently disassembled to
facilitate change of magnetic materials for varying test conditions.

Numerical Gircuit Modeli

The cell and its driving pulse power system were modeled
using Maxwell's MAX-CAP, a simple circuit code, and a Maxwell
circuit code equipped with a magnetic material model capability. A
simple equivalent electrical circuit model of the cell and its pulse
power driver are shown in Figure 3. This simple model models the
cell as a lumped constant inductance in parallel with the cell (gap-and
oil) capacitor and the compensating resistor. The result of the
calculated cell voltage signal using this simple model for different
switching times of the Blumlein switch are shown in Figure 4. The
inductance of the module is based on the use of 14 TDK PE11B
ferrites with 25 mm thickness, 50cm OD, and 25 cm ID. The
35 uH inductance was calculated assuming a constant magnetic
permeability of 500 through the full length of the pulse. As canbe
seen in Figure 4, the flatness of the pulse depends to a large extent
on the switching time of the Blumlein switch. By choosing this
time, onc can achicve a flat pulse, a positive slope pulse, or a
negative slope pulse. A more realistic cell electrical model that takes
into account wave effects, was also investigated. For d!e opgratiqg
conditions of the cell and pulse power system described in this
paper, wave effects do not play a very significant role, judging from
the experimental puise quality that is measured on the cell, as
presentedbelow.

>
235 a
>

335 uH

j

Figure 3. Equivalent circuit of induction cell and its pulse power
driver.
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Figure 4. Induction linac module accelerating voltage waveshape
simulation for different delay times of the Blumlein switching with

respect to the Marx generator erection: (a) 350 ns, (b) 400 ns, and
(c) 500 ns.

Measurements Results

For the purpose of diagnosing the pulse propagation into the
cell, the cell was equipped with E-dot and %—dot pmbei that measure
local voltages and currents as they propagate into the cell. These
probes include a current and voltage measurement probe at the feed
to the cell, a current measurement probe that measures the current
into the load resistor, and an E-dot probe that measures the induced
accelerating electric ficld at the accelerating gap. This last probe is
the most critical one from the point of view of measuring the
performance of the induction cell, since it measures the real
accelerating voltage that is sensed by electrons when they enter into
the accelerating gap. This probe was constructed by wrapping an
insulated copper sheet on a rigid coaxial cable that was pushed (see

tube into the gap region. This probe

Figure 2) through the drift
measures the voltage at the center of the accelerating gap.
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. Figure 5 shows voltage traces as measured by this probe for
different triggering times on the Blumlein main switch. As can be
scen in Figure 5, the best operating conditions with the “most fiat®
voltage pulse are achieved for a delay of 410 nsec in the firing time
of the main switch with respect to the erection of the Marx
generator. This value agrees very well with the value calculated in
the numerical circuit modeling. The flatness of the measured pulse
is 10.4% for 65 ns pulsewidth, and +1.2% for 80 ns pulsewidth. A
typical current waveshape measured on one of the ballast resistors is
shown in Figure 6, together with the E-dot waveshape as recorded

(a) N

SHOT NO. 5829
DELAY = 310 ns

70 kV/DIV

MLA. 76,883

(b) v

SHOT NO. 4529
L | DELAY =410 ns |

70 kV/DIV

MLA-29,65¢

(c)

SHOT NO. 7229
| DELAY = 520 ns

105 kv/DIV

NLAS 625

20 ns/DIV

Figure 5. Induction linac module measured accelerating gap voltage
waveshapes for different triggering times of the Blumlein switch:
(a) 310 ns, (b) 410 ns, and (c) 520 ns.
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L v
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1 kA/DIV

70 kVv/DIV

MLA 28054

50 ns/DIV

Figure 6. Comparison of compensating resistor current waveshape
Rogowski probe measurement to E-dot probe voltage waveshape
measurement at the induction cell accelerating gap.

for the same shot as the one shown in Figure 5-b. As can be seen in
Figure 6, the current through the (water) ballast resistor has an
oscillation superimposed on it. This distortion in the current
waveshape is a result of the resonant function of the Rogowski coil
used to measure the current, as found during calibration of the
Rogowski coil with a square pulse. As can be seen from the
measurements in Figure 5, the cell behaves as an ideal inductive
load, and no wave effects are observed experimentally.

An additional series of measurements is now underway,
where the cell is loaded with a smaller number of ferrites distributed
in different locations inside the cell to detect any wave effects that
may distort the accelerating voltage pulse shape. We are also
planning to carry out a similar series of measurements using high
quality Metglass cores that were manufactured and wound by Allied
Corporation. These measurements will be done under a joint
Allied/Maxwell R&D effort to develop LIAs with Metglass cores
that will have superior pulse quality with reduced dimensions. [1}
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A 4-MEGAVOLT, 5-KILOAMPERE PULSED-POWER HIGH-BRIGHTNESS
*
ELECTRON BEAM SOURCE

R. L. Carlson, L. A. Builta, T. J. Kauppila, D. C. Moir, and R. N. Ridlon
Los Alamos National Laboratory
P. 0. Box 1663
Los Alamos, New Mexico 87545
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Abstract ©

The REX machine at Los Alamos is being used to gen-
erate a 4-MV, 5-kA, 50-ns electron beam. The beam is
produced by a planar velvet cathode, accelerated
through a foilless anode aperture, and transported by
an air core magnetic lens. Extensive measurements of
the time-resolved (<1 ns) properties of the beam using
a streak camera and high speed electronic diagnostics
have been made. These parameters include beam current,
voltage, current density, and emittance for a single
cathode/anode configuration. Results i{ndicate beam

brightness 1in excess of lDBAlmz-radz. Numerical
simulations of the experiment have been performed with
ISIS, a time-dependent PIC code, and are in good agree-—
ment with the measurements. This electron beam source
is being considered as an injector to a linear 1induc—
tion accelerator and can be operated at higher voltages
and currents as a stand-alone flash x-ray machine.

1. Introduction

The Relativistic Electron-Beam Experiment (REX)
machine at LANL {s used to generate a 4-MV, 5-kA, 50-ns
electron beam. The generation and transport of this
beam 1s being carefully examined for its potential ap-
plication as an injector for the Dual Axis Radiographic
Hydro-Test Facility (DARHT) accelerators. Measurements
of the time-resolved electron beam current, voltage,
and emittance produced by a velvet cathode are
presented {in comparison with ISIS particle-in-cell
simulations (Ref. 1). The experimental arrangement is
discussed in Section 2 and the data and results are
presented in Section 3.

2. Experimental Arrangement

The electron source consists of a 76.2-tm diam vel-
vet cathode mounted on a field forming electrode (Fig.
1). The velvet cloth is inset in the surface of the
cathode assembly about 1 mm to keep the fiber tips
flush with the metal surface. The aluminum field form—
ing electrode, which is coated with glyptal to suppress
emission, 1{is flat 1in the anode region. The
anode/cathode (A-K) gap is 147.6 am and the anode aper—
ture 1s 152-mm diam. The field forming electrode is
centered on a Lucite-radial 1insutator with embedded
aluminum grading rings. The 1{nsulator assembly
separates the oil-filled pulse forming l1ine (PFL) from
the vacuum diode and contains a 125-8 radial-liquid
resistor. The stainless steel vacuum vessel which 1in-
cludes the anode is cryogenically pumped. Typical

vacuum in the A-K region is 3 X 16~ tore.

The magnetic field used for beam extraction is gen-
erated by a 1.7-m-1.d. bucking cofl centered 145 mm
behind the cathode and a 244-mm-long, air-core,
solenoid extraction magnet whose center is located
377.0 mm from the cathode. The inside and outside
radii of the solenoid are 114 mm and 216 mm, respec-
tively. Figure 2 is a map of the axial magnetic field
as a function of axial position (z) and radius (r)
about the axis of the machine. The voitage puise pro-

Work performed under the auspices of the U.S.
Department of Energy.
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duced by the Marx generator/PFL i1s routinely measured
with capacitive (E—dot) monitors: located .in the oil=
filled transmission:line before the radial resistor and
in a plane that {s midway across the A-K gap on the
vacuum side. The voltage monitors have been calibrated
by measuring the electron beam energy with a magnetic
spectrometer. The current is measured with four sym-
metrically located, magnetic sense (B-dot) loops. The
current is measured before the radial resistor (I-
tube), in the vacuum (I-total), at the anode aperture
211 mm from the cathode (I-diode), and at the drift
tube 720 mm from the cathode (I-transport). The four
symmetric signals from the B-dot loops are summed pas-
sively at the machine and transmitted along with the E-
dot signals to a screen room using - 30 m of RG214.
The pulse currents and voltages are integrated with 1-
us time constant S0-8 integrators recorded on Tektronix
7103 oscilloscopes. The bandwidth of the measurements
is limited by cable attenuation at the higher fre-
quencies.

The emittance of the electron beam is measured by
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intercepting the beam with a brass disc (3.2-mm thick,
216-mm diam), which contains a linear array of 17, l-mm
diam holes separated by 10 mm, located vertically along
the diameter. The mask is located 817 mm from the
cathode. The measurement is made with the electron
beam nearly collimated at a diametar of - 100 mm. The
peak extraction magnet field to produce this beam con-
ditfon 1s 850 G. The beam that is transmitted through

the holes drifts 204 mm before striking a 0.5-mm-thick
strip of Bicron 422 scintillator. Light from the scin-
tillator is imaged onto the photocathode of an IMACON
500 streak camera using a 3.5-inch-diam Questar tele-
scope and two turning mirrors. Typical sweep speed for
alt of the measurements was 2 ns/mn. Time resolution
of the streak camera data was 1imited by the 1.3-ns
FWHM response time of the scintillator. Streak data
were recorded on Kodak Royal X-Pan (RXP) film.

3. Data and Results

Oscillograph traces of the voltage (V-tube) and
current monitor (I—diode) are shown in Figs. 3a and 3b,
respectively. As stated above, the voltage monitor was
calibrated using a magnetic spectrometer. The result—
ing constant is 2.55 = 0.04 MV/V. The current monitor
was finserted in a 50-8 coaxial pulse line described in
Ref. 2 and yielded a calibration constant of 6.05
0.30 KkA/V.

N i
PN i
<

4
—

Fig. 3. V-tube and I-diode at 3.8 MV (0.5 V/div)

4.8 kA (0.2 V/div) Recorded at 10 ns/div.

and

Figure 4 is a plot of electron beam current versus
voltage. Experimental data, obtained by varying the
Marx charge voltage, are shown as diamonds with the

error bars 1indicating the current uncertainty. The
upper curve with circles is the result of a simulation
using the ISIS particle-in-cell code (Ref. 3). Middle

and lower curves come from Child-Langmuir (Ref. 4) non—
relativistic planar diode and Jory-Trivelpiece (Ref. 5)
relativistic planar diode, respectively. The ex-
perimentally measured current is almost twice that
expected from a simple planar relativistic diode.
Experimental data are in reasonable agreement with ISIS
calculations, but are systematically lower.
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Photographic reproduction of a streak camera emit-
tance measurement is shown in Fig. 5. Time sweep is
from left to right and from the start to the end of
light is 50 ns, in agreement with electrical measure-
ments. The voltage across the A-K gap is relatively
flat across 30 ns of the pulse. The streak record on

RXP film 1{s scanned with a S50-um aperture using a
microdensitometer. The subsequent film density is con-
verted to relative 1ight intensity by using the

exposure curve obtained for the RXP film with local
processing. The analysis is generally performed on the
30-ns flat top of the pulse, where the beam energy
variation is = 1.5%. The data are time averaged over
the 30-ns fiat top and additionally sampled at the cen-
ter of the pulse over 1 ns. In either case, the
analysis to obtain the emittance is the same. Figure 6
is a plot of relative beam intensity as a function of x
obtained from the emittance mask streak record. Each

of the distributions represents a sample of the beam
that is transmitted through the -1-mm-diam hole 1in the
mask. A beam that 1is cold (born with no transverse
energy) would generate a rectangular distribution 1 mm
in diameter. Because of finite temperature, the beams
have gaussian distributions. The location of the peaks
relative to the mask yields information on beam conver-
gence as well as beam radius. These data are used to
produce an x-x' plot, where 90% of the beam is included
in the temperature as well as the diameter (Fig. 7).
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Fig. 5. Streak Record of Emittance Mask.
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Fig. 6. Relative Intensity of Beamlets Across the
Center of the Beam.
Overlayed on the x-x' plot are the x-x' results of

cold beam simulations by Mission Research Corporation
(Ref. 3) and LLNL (Ref. 6). The simulations inciude
the effect of the emittance mask that shorts the radial
electric field. Clearly, nonlinear space-charge af-
fects the measurement, and these simulations included
the mask in order to make comparisons with the ex-
perimental results, Figures B8a and 8b are ISIS
simulations with the radial electric field shorted at
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Fig. 8a. ISIS S'imul-ution with Emittance Mask.
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ISIS Simutation without Emittance Mask.

the emittance mask location and show the effect of no

Fig. 8b.

emittance mask. The edge emittance of the beam for
Fig. 7 is obtained by calculating the phase:space area
of the x-x' plot divided by r, and gives values of 0.12
and 0.058 cm-rad for data fntegrated over 30 and 1 ns,
respectively. The corresponding Lapostolle emittance
from ISIS is 0.05 cm-rad for a monoenergetic beam, and
therefore, must be compared to the 1-ns data. The
brightness of the REX beam at 4 MV and 5 kA integrated

over the 30 ns flat top is 3.5 x 108 Almz-rad .
The effective cathode temperature can be measured

by examining a single beamlet coming from the center of
the mask. The center beamlet produces a gaussian
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intensity distribution with an X = 0.42:mm; the mask

hole radtus is 0.5 mm. This produces an effective tem-
perature of 130 eV (Ref. 5). The temperature predicted
according to Ref. 7 §s 18 eV using a cathode radius of
38.1 mm; this discrepancy is not understood at present.

4. Conclusion

Extensive measurements of the time-resolved
properties of the electron beam have been presented and
compared with simulations. Agreement between simula—
tion and experiment is excellent; therefore, ISIS can
be used as a tool to design an electron f{njector for
DARHT. This agreement is exemplified by the x-x‘' plot,
where the only input to the code is the beam energy as
measured by the spectrometer and the
extraction magnet field Bz(r.z). The remaining beam

dynamics issues are completely predicted by the simula-
tion. Therefore, the nonlinear space-charge forces,
extracted current, beam transport, and focusing are
correctly calculated by the code.
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A NOVEL SMALL PERIOD ELECTROMAGNETIC UNDULATOR FOR FREE ELECTRON LASERS*

W.Zhou, A.N.Fang and W.Z.Tang
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Abstract

A new kind of small-period electromagnetic undula-
tors is proposed in this paper. The concept of this
proposal comes from numerical calculation, which shows
that optimizing the shape of the current and ferromag-
netic area could enhance the field strength of the
small-period electromagnetic undulator. A computer code
is conducted for calculating the field distribution of
the undulator by means of nonlinear finite element meth-
od, which shows the alterant concept could also decline
the space harmonics of electromagnets. Based on the
aumerical datas, a model undulator is constructed and
measurements (using a Hall probe) is carried out on it.
Experimental results have a quite good agreement with

numerical calculation.

Introduction

A sopall period undulator used in the FEL has the
advantage of generating shorter wavelength radiation
with a given electron energy or conversely reduce the
voltage and size, then the cost of accelerator required
to achieve a target wavelength. This system is current-
ly a subject of considerable interest.

The main problem of small period undulator appli-
cation is the magnetic field intensity at beam position
will decrease so rapidly with the shorting of the
period. It is hard to build physical magnet arrays with
very small periods to generate very short wavelength.
In this paper, we optimize the shape of the current and
ferromagnetic area. It could enhance the magnetic field
of small period electromagnetic undulator and also dec-
1ine the space harmonics of the field distribution. To
compare with the structure of general rectangular coil
and ferromagnetic core form, the magnetic flux density
can be increased by a factor 1.3-1.47. For a electro-
magnetic undulator with a periodicity of 3.9 mm, at a
point 1 om stands apart from the ferromagnet surface,
the radial magnetic flux density 8, per ampre Br/[ value
can be increased from a9x16> kG/amp to 114X10°3 kG/amp.

*This work was supported by the Chinese National

Science Foundation.

Calculation of Magnetic Flux Demsity

If the coil and ferromagnetic core both are rect-

angular shape and neglect the magnetic resistance, the
analytical solution could be derived in this simplest
condition. When the magnet is in cylindrical form, the
distribution of the inner radial magnetic flux density
is found to be

Belr.1)= Z PYTR sm[l;k-c)wld».] s [;nuk-l)l 1, [2((;1:4)!}1)

(kR L [ (k) L{atk)a/a) ¢

vhere I., I} are the Bessel functions of pure imaginary
argument zero and first order respectively. a is the
inner radius of the cylindrical form electromagnet. Me

is the length of period. h is the half width of coil.
r

>
D~
»

h S
CHANNEL
L] L L[]

COPPER IRON
Side view of general electromagnet with

Fig~1.
rectangular coil and ferromagnetic core form.

From the analytical formula, the radial magnetic
flux density By will be decreased rapidly with the
increase of the distance from the ferromagnet surface
and the shorten of the period. On the other hand, the
field variation of Br along Z direction is distributed
with significant spatial harmonics.

When the shape of coil and core are not simple
rectangular form, we have to calculate the magnetic
flux density with numerical calculation method. In this
paper, the finite element method is presented. This
method can easily adapt to the nonrectangular boundari-~
es and interfaces of medium of those models with
complex physical and geometric conditions. Divide the
fleld into triangular meshes and use the automatic zon-
ing successively.

At the same time, 1if we consider the magnetic per-
meability M of the ferromagnetic material is varied
with the magnetic flux density B and the relation u=y®l
is nonlinear and nonanalytical. We use low order inter-

polation to construct the approximative function of 8
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sectionally and iteratively compute B several times The magnetic flux density can be increased by a factor
untill the magnetic potential A(r,2 ) satisfy the defind of 1.3-1.47.

accuracy. In this paper, the controlled value of accu-

racy is: Br
A(()_ A(:-A) ;z%
b= <edh @ ’
1000

Yor the sake of confirming up the accuracy of this
calculating code, a theoretically and experimentally
known simple form electromagnet was checked at first.
The result of calculating was in keeping with the known
value very good.

Optimizing Design of the Construction of mm Period
Undulator

SS§ 88§

For optimizing design, we optimize the shape of 0 w 4w m ﬂm 000 120  IncA)
the current and ferromagnetic area, including the ratio

of the core height to the period, the ratio of the coil
width at surface to the period, the shape of coil and Fig-3. The comparison of optimizing design of a
core, and the shape of the magnet pole. cylindrical electromagnet and a general

am
The configuration of a optimizing design of a rectangular electromagnet.(A=3.9,; 4=1 mn)

magnet element of a 3.9 mm period undulator as an ex- * Computed value of a optimizing design of

ample is shown in Fig-2. a cylindrical electromagnet.

e Measured value of a general rectangular
electromagnet double-sided, 2 mm gap.
(ref. 1)

¢ Measured value of a general rectangular
single-sided electromagnet. (ref. 1)
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On the other hand, in this paper the designed
electromagnetic undulator is in cylindrical form. The
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magnetic flux density is related more closely with the
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copper distance out of magnet surface but is lossely with the
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inner diameter, so we can wider the inner diameter,
then the current channel is wider than that of rectan-

Period Ag =3.9 mm gular form.
T)=0.1625 ma

T2=0.24375 mm Br
T3=1.1375 e §s)
T4=0.325 ma

T§=2.25 wm
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Ty=3 um lml
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Fig-2. Configulation of optimizing design of an
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element of a 1.9 em period undulator.

The construction of a magnet element is composed 2wt
by two half DT4A soft iron ring. (this kind of magnetic

material having saturation value 15.5 kG).
0 a5 1% Zimm)
The comparision of the B8.~1 relation of the
optimizing design and general design (ref. 1) are shown Fig-4. Diagram of field distribution

mn
(A=3.9; 4=1 om)

* General rectangular pole shape, I=400a
the same 3.9 mm undulator and same 1 mm from magnet. s Optimized polegshapef 1=400 ap ’

« Optimized pole shape, I=1000 a

in Fig-3. To compare with the rectangular magnet with

87

f+— 2 (208)



From Fig-4, it is obviously that the space harmo-
nics is declined by optimizing the pole shape.

Because of the size of the Hall probe is not so
small (1.7 omX1.7 om X 0.35 mm) and in order to mill the
A=4.8 cm is
The coils are wound with 124

optimized core easily, an enlarged model
constructed and measured.

turns of 0.9 mm diameter wire and formed by hot mould

pressing. As shown in Fig-5, the experimental results
have a quite good agreement with numerical calculations.

Br

(65)

500

400

300

2001 *\\

100 / .\ Z(um)

0 2 % 3 ] 60
-9 \ /
-200 \
~4001 N
500 e
Fig-5. The comparison of computed and measured

value.

® Ar4.8 cm, 4=8 mm.1[=1025 a.
(computed result).
s A=4.8 cm, 4=8 mm.$1=1025 a.
(measured result).
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Conclusion

To optimize the shape of the current and ferromag-
netic area could enhance the field strength and decline
the space harmonics ©of the snall‘perlod electromagnetic

undulator. The construction is simple and practical.
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Abstract

A 10-m rare-earth permanent magnet hybrid
undulator [1] called NISUS (Near-Infrared Scalable
Undulator System) is being installed by Spectra
Technology, Inc. (STI) for use in the Boeing
Aerospace Company (BAC) free-electron laser (FEL)
prograa series. The design has been optimiszed for
operation at a l-pa wavelength with the BAC
accelerator parameters. A remotely-adjustable
compound taper is utilized to achieve optimum startup
gsin and high saturat:d extraction. Notable
improvements include the use of wedged poles for
higher field strength and magnetically seanmless
structure which accommodates frequent two-plane
steering correction without drift spaces.
important development is the finding that magnetic
field errors can be substantially reduced using thin
iron shims attached to the permanent magnets.

Introduction

Performance demands have increased for
undulators. Long scalable undulators are becoming
necessary for various applications. Modularity,
field quality and serviceability are major
requirements of an undulator system. A major goal of
STI has been to build NISUS from modules which would
allow easy scaling to longer lengths without
redesign. The NISUS design parameters are listed in
Table 1. The on-axis magnetic field strength is
5.6 kG in a 3.89 ca period and 1.44-ca gap.

Table 1

NISUS DESIGN PARAMEIRRS
UNDULATOR
Length 10 =
Period - 3.89 ca
Peak Field 5.8 kG
Gap 1.44 ca min.
Clear Aperture 1.14 ca
a_ (ras) 1.44 max
Energy Taper Adjustable to 20%
E-BEAN
Baergy 121 Mev
Peak Current §00 A
Bnergy Spread 1% F¥
Baittance 0.02 ca-rad (77rf)
PHOTORS
Wavelength 1.08 p=
Rayleigh Range 3.7 m

The NISUS design includes a number of
isprovements relative to the technology used in the
earlier tapered hybrid undulator (THUNDER) {2]. The
use of the wedged-pole configuration [3) bas provided
a major increase in field strength, has reduced the
harmonic content to less than two percent, and
assures that no portion of the poles operate near
saturation. Another major difference stems fros an
upgraded method of providing e-beam steering and
focusing correction. The new NISUS magnetic
structure is mesaless, eliminating the drift spaces

previously used to accommodate steering stations.
This simplifies construction since careful phase
tuning of drift is unn Y.

Systen Components

An isometric drawing of the assembled undulator is
shown in Pigure 1. The 10-m, 256 period undulator
magnetic structure is built in 18 modules, each
consisting of 18 periods. The entire structure rests
on an optical table which is firmly mounted to the
floor of “he acceleratcr chamber. The optical table
provides a rigid, vibration damped, and scalable
platform. The modular arrays of vanadium permendur
poles and samarium cobalt magnets are supported from
above and below on long aluminum box beams. The
upper box beam is rigidly held by six strongback
support stanchions. The magnetic field may be
tapered by varying the gap separation. Each remotely
adjustable gap separation mechanism is attached to
the box beam and moves an undulator half up and down.
The mechanisa consists of two rigid threaded-rod
actuators driven by a worm-gear and ball nut
assenbly. Linear variable differential transformer
(LVDT) gap sensors with 1-pam resolution provide
closed-locop position feedback. The drive accuracy
and reproducability are expected to be equivalent to
the resolution because the attractive force between
undulator halves eliminates backlash. Bach magnetic
structure section is connected to its nearest
neighbor by a tuning fork shaped flexure joint, which
allows for angular variation between sections as the
gap is tapered. The sides of the undulator are open
for easy access to the vacuum chamber components.

Figure 1

The NISUS vacuum system configuration is
depicted in Pigure 2. A 1.2-m length of vacuum tube
section is shown, together with the associated 2-axis
kinematic mount. Commensurate with the undulator
section length, each vacuum tube section consists of
two subassumblies. One subsection bas a set of
independently controlled steer-focus wires, the other
has a pop-in target mount, and ports for non-

CH2669-0/89/0000-0783301.00©1989 IEEE

ff— 2 (208)



interrupting beam diagnostics and pumping. Both
flu?r?scent 'screens and non-contact stripline beam
position monitors are used for e-beam sensing. Tests
have shown that the lead C-rings achieve a leak-free
seal tolcfant of large misalignments between vacuum-
tube sections. Bach of the modular sections can be
independently removed for servicing. Side contact
cooling is provided.

Figure 2

Two-plane steering correction is provided in
NISUS by an efficient distributed coil system which
is mounted directly on the vacuum chamber. The
steering system consists of four wires mounted in
close proximity to the pole tips, as suggested by
Halbach [4]. Four copper ribbons are oriented at
approximately 60 degrees with respect to the
borizontal axis. The primary function of the wire
ribbons is to supply e-beam steering. By changing
the relative symmetries of the currents in each of
the wires, steering or focusing fields at any angle
can be generated.

A 16-pole mockup has been used to test the
4-wire steering system concept. The strength and
field quality produced in both steering and focusing
current configurations has been verified. The system
is found to produce a horizontal steering field of
1.3 G/amp, which, at 10 A, provides over 300 G-cm of
integrated steering field in a 25-ca length. In the
mockup the poles are unpowered so that higher order
moments in the steer-focus field distribution can be
studied without being overpowered by the 5.6-kGC
prinary field. Standard multipole analysis
determined that higher order impurities generated by
the 4-wire configuration are acceptably small. These
moments are expected to contribute less than one
percent change in e-beam radius over the 10-am
undulator length. The main source of these
impurities is wire misplacement.

The basic features of the NISUS magnetic
structure were also first verified with a prototype.
This mock-up verified achievement of the design
5.6-kC on-axis field strength using wedged poles.
This strength for the fundawental field component is
at least 15 percent higher than achievable with
straight-poles at this gap to period ratio.

The prototype has also shown that two sections
can be joired in a magnetically seanless manner and
that the tuning fork shaped flexure joint between
sections operates correctly when used to achieve a
tapered field. The pole alignment, pinning and
clamping techniques have been verified and the magnet
insertion procedures determined. By replacing some
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of the poles with canted poles, the cant angle needed
for equal two-plane focusing was established.

Canted-pole two-plane focusing has been selected
over curved-pole focusing [5] for NISUS primarily
because of the higher achievable on-axis field
strength. The canted-pole system avoids a field
strength limitation imposed by saturation of
overbanging pole tips [6]. While curved poles
Blninize the resonant coupling between the
synchrotron oscillations and betatron motion of
trapped electrons, this is not a concern for the e-
beaa brightness and other parameters of interest [8].
Furthersore, canted poles together with the internal
4-wire steering and focusing system allows additional
operational flexibility in an adjustable gap
undulator. The available focusing trim allows the
desired equal two-plane focusing condition to be
maintained over all ranges of gap and e-beam energy.

A plot of the measured transverse field gradient
produced by the canted poles in the 26-pole NISUS
prototype is shown in Figure 3. Comparison with
comparable data measured for THUNDER [2] reveals an
interesting difference. In THUNDER the gradient is
considerably more nonuniform with axial position; the
gradient drops nearly to smero between the poles.

This difference apparently results because the
thickness of the straight poles used in THUNDER takes
up a smaller fraction of the undulator period. The
thicker NISUS wedged poles are considerably wider at
the tip. Por a pole tip cant angle of 10.8 mrad, the
measured average gradient dB/dx in NISUS is about 100
G/cn and the peak gradient is approximately 130 G/ca.

150 4

d8,/dx (G/cm)

2Z(em)

Pigure 3

Based on these measurcments, the desired nominal
equal two-plane focusing condition is provided in
NISUS by canting a total of 8 central poles out of 32
in each section. The required average gradient is so
small that a subset of poles is canted in each
undulator module in order to make the cant angle
reproducible in manufacturing. E-beam transport is
indistinguishable from fully distributed canting
since the discrete canted pole regions occur
frequently within the 9-m betatron period.

Field Shionj

In practice, undulator field quality has been
limited by the presence of several undesirable
factors, caused in part by inhomogeneities in the
permanent magnets and pole imperfections. One of the
most studied errors is that of the half-period
integrals under each undulator pcle [8].

Calculations of the effect of field errors in long
undulators [9] show that it is highly desirable to
isprove the ras variation of these integrals from the
typical values of 0.5 to 1.5 perceat achieved in high
field strength permanent magnet undulators. The
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techniques used to construct the current generation
of undulators for 0.5 and l-pm operation are not
suitable for further extrapolation. These methods
consist of tighter mechanical tolerances and higher
rejection rates of the permanent magnets with
resultant cost penalties. Magnet and pole interchange
algorithms for error compensation have not been
perfected and will be labor intensive at best. What
is needed is a method of tuning an undulator to the
desired fields after it has been assembled.

An important result of the NISUS magnetic
structure prototype work is the finding that field
errors can be dramatically reduced by a
straightforward field tuning method. The basic
concept iz that thin iron shims are used to
selectively shunt a small fraction of the field lines
from regions where the field is higher than desired.
The shims are placed on the surface of the magnets in
the shallow recess between pole tips, thereby
shunting field lines from one pole to another.The
shins are easily placed or adjusted by hand, and are
therefore a preferable tuning technique compared to
magnet or pole interchange. With the large scalar
potential difference between the poles, the shims are
completely saturated and the number of field lines
shunted is determined simply by their thickness. The
field modification induced by the shin is largely
confined to the region of two poles, and it has been

h experimentally that it is approximately linear
in the shim thickness and additive with that of shims
on neighboring poles.

Given that the field reduction is predictable,
one can generate algorithms that modify the field in
a predetermined way. Thus far, the shims have been
applied to the problem of reducing the rms level of
balf period dipole field errors. By symmetry, the
field modification has no integrated dipole
component. However, the shims are still useful for
correction of these steering errors. Shims allow a
redistribution of any arbitrary dipole errors to a
new distribution, which can be simply a constant
(independent of axial position) error. This constant
error can be canceled with an externally applied
field of large spatial extent. Thus, the shims are a
means for converting high spatial frequency errors to
lower spatial frequencies where they can be dealt
'iﬂl: by a simple bias field provided by the steering
coils.

The capability of magnetic shims for correcting
the primary field component has been demonstrated in
the central region of the 26-pole NISUS mockup.

Shown in Figure 4 are the half-period field integrals
under the 18 central poles. Only the residual errors
are shown, that iz, the contribution of the best fit
sine wave has been removed. The initial kick errors
are shown as the points connected by the dotted
lines. The quality of construction of this initial
prototype was not as well controlled as NISUS itself,
and prior to shisming the rms value of residvals
compared to the underlying field is 1.3 percent.
Following placement of appropriately chosen shims and
one iteration, this value is reduced to 0.11 percent.

Conclusion

NISUS has achieved the goals of scalability,
modularity, serviceability, and high field quality
need for advanced FEL and Synchrotron radiation
application. At the time of this writing, all of the
undulator modules have been assembled and the last §
meters are undergoing magnetic field testing. The
first 5 meters were installed following its magnetic
certification, in the fall of 1988, complete
installation is anticipated by the fall of 1989 prior
to full system operation. NISUS rms errors in the
half-period field integrals can be substantially
reduced using thin iron shims attached to the

permanent magnets. A shimming algorithm has been
demonstrated which allows arbitrary dipole steering
errors to be redistributed into a constant dipole
error which can be easily canceled by the internal
steering coils in NISUS.
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A SECOND SUPERCONDUCTING WIGGLER MAGNET FOR THE DARESBURY SRS

M.W. Poole, V.P. Suller and S.L. Thomson
SERC Daresbury Laboratory, Warrington WA4 4AD, U.K.

Abstract

A second superconducting wiggler magnet will be
installed in the SRS as a wavelength shifter, adding a
6T radiation source to the present 5T one. A warm bore
design with a short central pole will minimise the tune
shift and emittance blowup of the electron beam.
Relocation of a chromaticity-correcting sextupole
magnet to provide space for the wiggler has potentially
serious effects on the dynamic aperture that are
examined.

>

1. Introduction

A ST superconducting magnet has been operating as
a wavelength shifter on the SRS since 1982; its design
has been previously describedls2 and its effect on
the SRS beam properties has also been discussed3. The
five existing experimental stations, together with two
additional ones under development, have become heavily
oversubscribed with the demand for synchrotron radia-
tion in the range 10-50 keV and even higher energies
are sought by some users. A second wiggler facility
has now been fully funded and detailed planning and
construction is in progress.

The sch:ntific case for the new facility is based
on the needs of x-ray diffraction, protein crystal-
lography, small angle scattering and EXAFS {biological
and dilute) and implies the utilisation of a wide fan
of radiation to gain maximum advantage. For this
reason a wavelength shifter with a single high field
region and an opening angle of at least 50 mrads has
been chosen, allowing its utilisation simultaneously by
five major experimental stations. Recently it has been
decided to add an extra high flux density station as
close in to the storage ring as possible: when in use
this Laue station will block off all other users of the
line. It appears possible that this unique facility
can be placed about 7.5 m downstream from the wiggler
source point, where the power density will be several
won~2 and peak fluxes of more than 101} photons s~ lon~
per 0.1% band can be cbtained. The normal stations
will have a brilliance ~ 1013 photons s~lam~2mraa=2 per
0.1% band.

With beam lines already planned or in use from
eleven of the sixteen dipoles or adjacent straights of
the SRS it has become increasingly difficult to include
further expansion of the facilities. Efficient exploi-
tation of the new wiggler will demand considerable
floor area and this will only be possible if the
wiggler is installed in the straight immediately
upstream of the injection one: the implications of this
choice are addressed in this paper.

2. Cryogenic Requirements

The existing superconducting wiggler runs from a
large, closed circuit refrigeration system supplied by
Sulzer with surplus capacity for a second wiggler. A
two-stage compressor about 100 m from the storage ring
feeds helium gas to a local cold box which liquefies it
using heat exchangers, two high speed turbines and the
usual J-T expansion valve. The system is fully
computer controlled and automates the cool-down of the
wiggler over 3-5 days, maintaining tolerable tempera-
ture differentials. A short (~ 10 m) helium transfer
line connects to the magnet cryostat in the storage
ring, which contains only about 30 % of liquid helium.

Although the refrigerator has at least 30 W avail-
able for the new wiggler dltfetenc‘es in magnet design
philosophy have required careful assessment of opera-
tions with two wigglers at the same time. As will be
described in the next section, in order to achieve the
highest magnetic field level a low pressure (~ 2 bar)
crycstat has a clear advantage, whereas the present
wiggler operates at 3.8 bar during cool-down. To avoid
excessively long cool-down the new magnet will there-
fore employ liquid nitrogen precooling and include the
possible addition of liquid helium directly from a
dewar where necessary. Use of a much larger helium
volume will also give the second wiggler an attractive
endurance, perhaps in excess of one week when not
energised. Not only does this make it relatively
immune from compressor trips but it gives time for
liquid helium to be siphoned off before planned main-
tenance, or alternatively to be topped up when the
refrigerator returns to its gas mode during cool-down
of the first wiggler. It is hoped that simultaneous
cool-down of the two magnets can be achieved in about
seven days.

The large volume of helium in the new system makes
it undesirable to invest in a recovery/storage system
for helium gas as employed at present. In any event,
the present wiggler has not quenched during its seven
years of operation so a gas pressure surge seems
unlikely. However the opportunity will be taken to
replace the refrigerator control system by a more
modern option. The new transfer line for the second
wiggler will need to be ¢ d to the opposite side of
the storage ring, a distance of at least 35 m.

3. Wiggler Magnet Design

An outline design of the new wiggler has Leen
carried out in order to confirm the feasibility of a 6T
specification. Preliminary conclusions can be reported
here but it should be noted that a final design has yet
to be chosen. Conservative design criteria are pre-
ferred and, for example, it has been assumed tha® the
Nb~TL conductor will operate well below i.s noticnal
rating. Warm bore operation has been selected to avoid
complicated interaction with the adjacent storage ring
UHV environment: with a beam-stay-clear vertical
aperture of 34 mm the inter-coil gap is unlikely to be
much less than 70 mm even in the absence of provision
for in-situ bakeout of the beam chamber. Use of
magnetic steel poles is therefore essential to achieve
6T on the beam centre line, and a return yoke is
necessary both to enhance the useful field and to
reduce unwanted leakage fields.

The preliminary design has been made with both 2D
(PE2D) and 3D (TOSCA) electromagnetic design codes.
The focusing effect of such a \liggl‘t magnet depends
on the second field integral“, [BZ.d1, but this can be
adequately compensated by adjustment of other storage
ring lattice magnets; a local p tion sch has
been adopted recently on the SRS to minimise the
increase in vertical source size’ and also has the
advantage that the second wiggler effect no longer
depends strongly on its exact location in the ring.
However a serious effect remains in a lattice such as
the SRS where no zero dispersion locations exist: the
beam emittance is increased by the wiggler contribution
to the third field integral, fl:T’.dl, in the storage
ri.ng‘. To a good approximation the emittance change
can be represented as follows in SRS-2:-
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In the case of the existing 5T wiggler the measured
field integrals were 4.4 ’l‘gn and 14.1 T'm and the above
formula predicts an emittance of 1.4 x 10-7 m-rad, an
increase of 34% which is in good agreement with the
lattice computationsS, Scaling these integrals to 6T
operation would suggest an emittance blow-up of more
than €0% due to the second wiggler alone and this is
considered to be unacceptable. It is therefore very
important to minimise ITB 3.1 in the new wiggler
magnet and this will be achieved by adopting a short
central pole together with end poles as long as can fit
vithin the available space of a little over 1 metre.
The resultant field distribution in one half of the
magnet is illustrated in fig. 1, together with the
existing wiggler for comparison; such a design should
limit the emittance increase to about S0%.
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Fig. 1. Vertical field distribution on beam axis

through half of wiggler magnet, for existing
(ST) and proposed (6T) magnets.

The design example shown in fig. ' is character-
ised by a major coil excitation on its centre pole with
only a smaller trim coil being necessary on the end
poles, about St of the ampere-turns assisting the
production of the required 1T field level and ensuring
a zero field integral through the magnet. The peak
field on the central pole coils should be less than 7T,
and these coils will probably adopt a graded current
density mode of operation. The three-dimensional field
studies suggest that a field integral homogeneity of
about 0.5 mT-m should be attainable within the good
beam aperture of : 15 mm, leading to a transverse field
harmonic error much smaller than the installed
non—-linear correction capability (for example, of the
chromaticity correcting sextupoles).

In order to avoid the need for a water-cooled
synchrotron radiation absorber within the wiggler a
horizontal agrsrture of 160 mm has been selected for the
besa pipe (the electron beam-stay-clear is 135 mm).

The vertical attraction between the coils will be
reacted by a stainless steel plate in the mid-plane
whose thickness must be minimised at the beam centre
line: however, its stiffness will be assisted by the
coils themselves and the deflection should be accept-
able with a steel thickness of 2-3 mm. Axial pre-
stressing of the coils, probably using tie bolts, will
also be necessary to overcome the axial magnetic forces
of up to 1 MNm~l,
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4. SRS Modifications

The selection of a straight section so close to
the SRS injection area has serious implications that
will necessitate additional modifications. The radia-
tion beam line must cross the injection transfer line
from the booster synchrotron close to the storzge ring.
The UHV environment of *the ring is at present protected
by differential pumping stages and this isolation
factor will reduce significantly when the new beam pipe
is in place. At present it is hoped that it will not
prove necessary to convert the whole transfer line to
bakeable, UHV gquality. However the opportunity will be
taken to make a series of other improvements, such as a
better beam position monitoring systea.

There is a general problea that will also arise
due to shortage of space. For example the septum
pulsed power supply, located immediately adjacent to
its magnet, will need to be made smaller and the septum
drive mechanism may need to be modified for similar
reasons. The problem is exaggerated by the need to
accommodate the new high flux density station as close
to the ring as possible. The proposed scheme has a
shield wall very close to the ring components and care-
ful design will be required to ensure acceptable access
to this part of the storage ring. The existing
labyrinth access to the ring tunnel will also have to
be relocated.

Within the ring itself space for the new wiggler
can only be found by removing some existing components.
Each SRS straight has immovable upstream (D quadrupole
and vertical steering t) and 4 tream
(P quadrupole and multipole corrector) modules which
leave little space for insertion devices. Furthermore
this straight has one of the vacuum sector valves vhose
movement would have major consequences for the control
system philosphy. The two components that can be more
readily relocated are the beam scraper, that only needs
shielding reinforcement wherever it goes, and the
D sextupole, one of four used to control the SRS
vertical chromaticity. The resultant space thereby
made available is about 1.2 m, and it is within this
allocation that the second wiggler is being designed.

Although mechanically easy, the sextupole magnet
movenent is causing some concern over its effect on the
SRS bean properties. In a series of accelerator
physics experi in at months it has been demon~
strated that injection and subsequent accumulation of
bean is very difficult if this magnet is shorted out.
This investigation has been panied by dynaaic
aperture computations seeking to explain the poorer SRS
performance. FPigure 2 shows the results of some track-
ing calculations, illustrating a significant aperture
reduction on breaking the four-fold sysmetry of the
sextupoles. The beam-stay-clear aperture at this
location is t 20 ma horizontally and &t 8 sm vertically.
Replacement of the sextupole to a nearby straight
achieves some advantage compared with a complete
removal. It is already known’ that the betatron tune
working point in SRS-2 is sensitive to a number of
resonance lines, for example the structure resonance
o - 2Q, = O, but the sextupole move results in beam
loss on the following: .

JQR = 19
QROZQ"-‘:
S A

This considerably reduces the available tune space and
may well explain the experimental injection results.
Theoretical and experimental studies are now receiving
high priority in order to find the optimum solution to
this problem.
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Fig. 2. Dynamic aperture comparison before and after
sextupole magnet removal from one straight.

S. Conclusion

Design of the d superconducting wiggler
magnet is now well advanced and it is planned to place
a contract for manufacture later in the year. Prepara-
tions for the modifications to the storage ring and
transfer line are also under way and detailed assess-
ments of the implications for SRS performance are in
progress. It is hoped to instal the new magnet in the
second half of 199%1.
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EFFECT OF TAPERING ON OPTICAL GUIDING AND SIDEBAND GROWTH
IN A FINITE-PULSE FREE-ELECTRON LASER
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Vashington, DC 20375-5000

Abstract

The development of an optical pulse of finite
axial extent is studied by means of a numerical code.
It is found that increasing the tapering rate reduces
refractive guiding, causing the optical vavefronts to
become more convex, thus spreading the optical field
into a larger cross-section. This increases the
output pover and efficiency. Concomitant with this,
there is a significant reduction in the sideband
modulation of the optical field.

I. Introduction

Ve present the results from a numérical study of
a high-current (~ kA), high-pover (~ GW), short
vavelength (-~ um), tapered-viggler free-electron laser
(FEL). The results indicate that tapering, in
addition to enhancing the extraction efficiency, has
the further benefit of improving the quality of the
output by suppressing sideband modulation of the
optical field. The results are used to illustrate the
transition betveen refractive guiding and gain
focusing as the tapering rate is varied.

II. Formulation

The vector potential of the optical field is
given by
A (-]
As =3 exp[i (E Zz - nt]]ex + C.C.,
vhere A is the slovly-varying envelope, @ is the
radian frequency, and e_ is the unit vector along the
x axis. Ve assume that "A may be expanded as

~ 2, 2
a(t'z.() - nz-o an(z.t) LI'I (Zr l!‘s )
x exp [-(l - ia) rzlrsz], (1)

vhere a = |e IA/ncz, ~le| is the charge on an electron
of rest-mass m, and l.n is the Laguerre polynomial of
ordex n. In (1) r_(z,t) is the spot-size, a(z,t) is
proportional to th2 curvature of the optical field,
and {a (z,t)} are the transverse optical mode
coeffilients. Substituting (1) into the vell-known
parabolic vave equation and employing the source-
dependent expansion technique of Ref. 1, one obtains
the set of equations given in Ref. 2 for the evolution
of r_, @, and {a_ ). The code includes betatron motion
in asplanat viufer vith parabolic pole faces. 13)

The synchrotron motion is generalized from that given
in Ref. 2 by the addition of the betatron terms in the
equation for the electron phase.

The electron beam is taken to have a parabolic
density distribution in the transverse plane and a
Gaussian distribution in the transverse velocities.
The normalized edge emittance for such a distribution
may be defined by:

.

172
€ =276 [<x2><725x2) - (vax>z]

and similarly for € . Here <...> indicates an average

over the entire bead.

The relativistic factor for a synchronous 2
electzon vith no betatron motion is given by v =

(w/2ck )(1 + 3'212). vhere a_ = leleIkvncz, B, is the
induction and Zulk' is the viggler period. The form
of tapering employed in the computations is obtained
simply by prescribing a constant rate of decrease of
energy dy_/dz < O for a synchronous electron.

The Parameters for the computations presented

herein are listed in Table I. The effective energy
spread due to emittance is given by

Y, (cxz + :yz)/2
[:_"] = 2 Z°
T Temit (Zrbo] (1 + af /2)

vhere r, 1is the electron beam radius. The full
ponderokstlve bucket height for electrons on axis is
given by .

[i(_r.] ) {Iavlalfn
Y (1 . a‘z,/z)
172

x [cos{t - (& sent, - {r)sinlr]} ,

vhere a = |ajexp(i¢), E =¥ + ¢, and the phase

v = (/¢ + k )z - at of the §ynchronous electron is
rélated to th¥ rate of change of e in the tapered FEL
by

bucket

dy, a_lu |of
- "Trnsin (v + 9.

Table I. Parameters for a high-pover, rf-linac FEL

Electron Beam

Bnergy, ncz 175 Mev
Current, I 450 A
Normalized edge emittance, € = € 153 mm-mrad
Radius, r, 7 1 mm
Viggler
Pulse length 6.7 ps
Induction, Bv 6.4 kG
Period, 2llkv 4.7 cm
Length 2 m
Input Radiation
Vavelength, 2rc/® 1 ym
Spot size, rs(O) 1.25 mm
Pulse length™(FVHM) 31.4 ps
Peak input pover 450 NV

Table IXI lists the full huckgi height for the
various tapering rates dy _/dz = ¢”° dv_/dt employed in
the computations. Note that for the lﬁput pover of
450 WV essentially all the electrons are initially
trapped. Also listed in Table II are the initial
resonance phases lt.
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Table II. Resonance phases and tapering rates

dr}/dz Initial Full bucket Energy spread
Resonance height due to
(-71) Phase lsyr/lebuckel emittance
L]
£.(%) (%) oy /v denie
(X)
-0.1 2.5 0.96
-0.3 7.6 0.89
-0.5 12.7 0.82
-0.7 17.9 0.75
-0.9 23.3 0.67 0.12
-1.1 28.9 0.6
-1.3 34.5 0.52
-1.5 41.2 0.44

III. Results and Discussion

Herein ve shall present the results for tvo
tapering rates only. The tvo cases discussed in
detail suffice since there is a gradual change in the
physical characteristics in going from one tapering
rate to the next.

(a) Sideband Instability and Pulse Modulation

The tapering rate has a dramatic effect on the
profile of the output optical pulse. This is
illustrated rather well in Figs. 1 (a) and (b) which
display the normalized radiation field amplitude a
(z) for the fundamental optical mode at the wiggle
exit. The tvo cases correspond to initial resonance
phases = 2.5° and 34.8°. In the presence of the
sidebands, the optical field will be modulated at a
period xnod given by

172
2
1+ a v/2

Mpod = [Zaw [ao IEB A.
Taking |a| = 1.4x10"%, one finds Apod = 0-09 mm
vhich is vithin 10X of the period 0%%the prominent
oscillations observed in Fig. 1(a). On the other
hand, vhen the tapering rate dy_/dt is
sufficiently fast the synchrottSn motion of the
electrons is nonadiabatically distorted. This
tends to suppress sideband growth. {2] For the
parameters considered here and the tapering rate
for Fig. 1(b), one finds that, if @ n is the
synchrotron frequency, sy

dyr/dt
—rr | - 1/5,
stn(' =)

vhence the synchrotron motion is marginally
nonadiabatic. The distortion of the synchrotron
motion is responsible for reduced sideband grovth.

(b) Optical Guidin

optical guiding may be shown to arise from two
distinct features of the FEL mechanism. [4] :
Refractive guiding, vhich is described by the reactive
(real) part of the refractive index, is due to the
phase shift of light. A distinguishing characteristic
of this type of guiding is that the optical wvavefronts
are plane under the conditions of perfect guiding.
The other type of guiding, gain focusing, is described
by the resistive (imaginary) part of the refractive
index. In this case, under the conditions of perfect
guiding, the vavefronts are convex, corresponding to
the fact that there is a net pover flow, due to
diffraction, avay from the electron beam.
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Figure 2 shovs o(z), vhich is proportional to the
curvature of the vavefronts, at the end of wiggler.
The significant feature of Fig. 2 is that the
curvature is less for the less rapidly tapered case.
In particular, in the vicinity of z = 1.2 mm in Pig.
2(a), the curvature is negative, indicating that the
vavefronts in this region are in fact concave. On the
other hand, in the case of rapid tapering, Fig. 2(b),
the vavefronts are convex all through the pulse,
indicating a flov of ﬁover avay from electron beam
throughout the pulse. Consistent with this, Fig. 3
indicates a larger spot size for the more rapidly
tapered case.
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IV. Conclusions

Summarizing the results, it is found that in
addition to enhancing the efficiency, tapering
improves the quality of the output by suppressing
sideband grovth. Further, it is found that as the
tapering rate is increased there is a gradual
transition from a refractive-guiding regime to one
vhere gain focussing dominates, ‘with optical pover
diffracting laterally along the convex wavefronts.
The increased transverse extent of the optical field,
rather than an increase in the field amplitude is the
major reason for efficiency enhancement as the
tapering rate is increased.
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COMPUTER SIMULATION OF FEL SIDEBANDS IN A STRONGLY DISPERSIVE WAVEGUIDE

B.J. Sternbach®
Lawerence Berkeley Laboratory
1 Cyclotron Rd.
Berkeley, CA 94720

Abstract

With the development of high power FEL'’s, it is necessary to
consider the development of sidebands in the radiation spectrum.
These sidebands can considerably widen the bandwidth of the FEL
output and if sufficdient power is developed, this can lead to the
detrapping of electrons. It has been noted previously that the effects of
waveguide dispersion can affect the sideband gain and location{1]{2].
In this report the author describes a set of coupled equations suitable
for the study of the radiation spectrum of an FEL. These equations
include all the efferts of waveguide dispersion. A computer simulation
that numeriml}y integrates these equations is used to study sideband
growth and saturation in the regime of strong dispersion.

Introduction

Many instances of high power FEL'’s have been demonstrated in
recent years. In the regime where powers are high and electron
bunching is strong, the development of sidebands to the fundamental
FEL frequency is likely. These sidebands broaden the radiation
spectrum and under certain conditions can cause detrapping of the
electrons from the FEL bucket. It has been noted previously thatin a
waveguide FEL, the dispersion caused by the waveguide will have a
significant effect on the sideband physics. Of particular interest is the
regime where the group velocity of the radiation becomes equal to the
parallel velocity of the electrons(1]. These conditions cannot be
properly described by the usual FEL equations since the major
assumption, that of slowly varying amplitude and phase, breaks
down. In this paper, a formalism previously developed to deal with
waveguide FEL’s is briefly described. A computer simulation based
on this formalism is used to illustrate some aspects of general
sideband physics, particularly the regime of strong dispersion.

Basic Equations
In this section the equations used in the computer simulation are

described. The derivation of these equations are described in great
detail elsewhere(3)[4].

If we assume that the radiation field consists of a finite number
of discrete frequendies, then we can derive a pair of first order linear
dif ferential equations for each frequency. It is assumed that only
forward traveling radiation is important and that nonlocal effects are
negligible. The equations that result are

O e sing

oz (1a)

%— - gme,, . (1b)

2 ”mndnm
,;m..m_mo,_z_z_ , @
(14 8yo)

Here a, and ¢, are respectively the amplitude and slowly varying
phase of the radiation. The superscripts mn refer to the transverse

* Work supported by the U.S. Department of Energ y, at the Lawrence
Berkeley Laboratory under contract #DE-AC03-76SF00098.

with

waveguide mode and the subscript j refers to the particular frequency
being followed. The quantity 6p represents the difference in phase
between the peak of the current component at that frequency and the
botiom of the pondermotive well defined by radiation at that
frequency. The quantity 7;™= depends on the FEL geometry and is
given here for a linear wiggler in a rectangular waveguide. The terms
a and b represent respectively the x and y dimensions of the
waveguide. The term A, is the Fourler amplitude of a quantity that
goes like the number line density of electrons divided by y, the
relativistic energy factor. The term a, is the wiggler vector potential
normalized by €/mec2.

The evolution of the current, and therefore the factors 8, and
Ao can be obtained by following the motion of individual particles. In
terms of y and t, the partidle motion in a lincar wiggler is given by

&-1., (3a)
dy
and a - "g‘ Vx ngl dg‘(l#) ’ (3b)

i
where a, is the normalized vector potential of the radiation field. Each
term in the sum of (3b) will move at a different speed in a waveguide.
Since the vector potential of the wiggler field is much lar ger then that
of the radiation field it is a quite good approximation to assume that v,
and v, do not depend on the magnitude of the radiation field. Thus
they are

V= @
1+82(z)
and v.-cqll-——-——-— . o)
. Y
The Computer Simulation

The computer simulations described in this paper were
performed on a CRAY 2 supercomputer. Eqns. (1) and (3) were
integrated using a version of the GEAR integration package. Since
following an entire electron pulse would require too much memory, a
length of the electron beam is followed with periodic boundary
conditions. The radiation equations follow a particular Fourier
component so the longer this length is, the more resolution one can
achieve in the simulation. For the simulations done here the length of
beam in the simulation was 32 times the bucket length of the
fundamental frequency. This gives 3.1% resolution in the radiation
spectrum calculations.

The sidebands in these simulations are assumed to start from
noise. This noise is assumed to have a flat power spectrum and the
total noise power is an input parameter. The simulations in this paper
have an input noise power of 5 watts.

Basic Sidcband Physics
The sideband instability is seen only when the FEL approaches

CH2669-0/89/0000-1239501.00©1989 IEEE
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Table I. Simulation perameters
Relativistic energyy 7.1
Wiggler peak field 380 KA
Wiggler wavelength 9.8 am
Radiation frequency 348 GHz

Beam current 800 amps
Waveguide size 9.8x29 omn
Equilibrium radiation power(TEO!) 200 MW

saturation and the electron beam is tightly bunched. Thus for this
section we will use a simulation where there is one macroparticle per
bucket to study sideband gain. This is good model as long as
sideband power is small compared to the power in the fundamental.
‘This will allow us to understand some aspects of sideband physics
without being confused by complexities due to the electron
distribution.

The simulations of this section use the parameters of Table 1.
These are similar to the parameters of the ELF experiment at
Livermore. The plots in Fig. 1 were started from an equilibrium
where the particle was started in the center of the bucket. Thus the
equilibrium exhibits no synchrotron oscillations.'Normally both the
upper and lower sidebands grow. Contrary to expectations from the
simple theary to date, the lower sideband has significantly higher gain
than the upper sideband. When only the lower sideband is allowed to
grow, it exhibits a spectrum nearly the same as the simulation with the
full spectrum. However, if only the upper sideband is allowed to
g row, there is no amplification at frequencies higher than the
fundamental.

The observed features can be explained if one considers the
creation of FEL sidebands as stimulated scattering. The lower
sideband is the Stokes wave and the upper sideband is the anti-Stokes

ive. The scattering medium is the tightly bunched electrons which
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Figure 1 Spectrum at 3 meters.
(a) Fuli radiation spoctrum. (b ) Only lower sideband is allowed 1 grow.
Not shown is a case where only the upper sideband was allowed to grow.
No amplification of the upper sideband was seen at all in that case.

T
1.0 2.0

naturally cecillate at the synchrotron frequency. If one starts with an
equilibrium where there is initially no synchrotran oscillation, then the
upper sideband cannot grow in a two wave process since it must grow
at the expense of the synchrotron oscillation. Fig. 2 illustrates that if
one starts from an equilibrium with a large synchrotron oscillation,
and if only the upper sideband is allowed to grow, then one does
observe amplification at the upper sideband frequency and the
synchrotron oscillation decays in amplitude. *
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Figure 2 When only the upper sideband is allowed in the

simulation, it must grow at the expense of the synchrotren oacillation.

Effect of Dispersi Locati 1 Gain of Sideband

In this section we examine some onc particle per bucket
simulstions of FEL sidebands for different levels of dispersion. The
parameters used are basically that of Table I except that for different
waveguide sizes the wiggler field needed for resonance is changed.
For each of these simulations, only a TE?! mode is followed. The
dispersion then depends only on b, the y dimension of the waveguide.
The x dimension, a, in these simulations arc adjusted to give the same
cross sectional area for the waveguide in each simulation.

800.0

Fig. 1a and Figs. 3a through 3c represent simulations in
successively narrower waveguides. This represents increasing the
amount of dispersion. The final plot in Fig. 3c represents a case
where the group velocity of the fundamental frequency in the
waveguide is equal to the paralle] velocity of the electrons. This “no-
slip® condition can be written most simply as

™ =k, | )
where for each waveguide mode
o= 2 . m

Here k,, is the wiggler wave number and k, is the radiation wave
number. Sncck, depends on w through y,, the three dependent
quantitics sre the radiation frequency, the wiggler wavelength, and the
waveguide size.

The effect of dispersion on sidebands can be summarized as
follows. Dispersion causes the sidebands to occur at a greater distance
from the fundamental frequency. Even for the simulation in Fig. 1a
where dispersion is relatively small, this is a significant effect. An
analysis ignoring dispersion would predict a separation of the
sideband from the fundamental for Fig. 1a to be about 3.5 GHz. It
can be seen that the actual separation Is closer to 7GHz. This
scparation can be seen to increase for smaller waveguide heights in
Fig. 3. Also the gain can be seen to decrease for smaller waveguide
heights. When the “no-slip” condition is satisfied as in Fig. 3¢, the
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sideband gzin can be seen to be suppressed entirely. For a sideband
frequency to grow, it must modulate the current over a region of many
FEL buckets. If the radiation group velocity and the electron paraliel
velocity are identical, then no information can travel along the electron
beam and therefore sidebands cannot grow.

Nonli Sideband Simulati

In this section we examine a full many particle sideband
simulation where the sideband power is allowed to grow until it is of
the same order of magnitude as the fundamontal frequency. In this
regime, the one particle per bucket simulation is no longer relevant.
The parameters used are once more those of Table I with the exception
that the FEL is started from an input signal of 60kW and the peak
wiggler field is 3.59kG to start the FEL at the peak of the gain curve.

The radiation spectrum in Fig. 4 is taken at 6 meters where there
is sufficient sideband power for the syster to be highly aonlinear.
Four upper sideband peaks are cleerly visible. The first lower
sideband peak is dear and is nearly as high as the fundamental. Other
sideband peaks exist below this, but as waveguide dispersion
becomes more prominent the spectrum becomes more complicated. As
the buckets for the lower sidebands become large enough for these
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Figure 4 Rediation spectrum at 8 meters for full FEL simulation.
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simulation and can be seen to be quite far from the many particle
simutation in the nonlinear regime.
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Figure 5 Power vs. distance for full FEL simulation

frequencies to become self- amplifying, the electrons “leak” out of the
fundamental frequency bucket to interact with the lower sideband
bucket and therefore are decelerated. Thus if an untapered FEL is long

enough, power will continue to be produced by electrons cascading
into lower buckets and this process will continue to widen the FEL

spectrum into lower frequencies.

Conclusion
Computer simulations can give many insights into the behavior

- of FEL sidebands. They seem to confirm that the sideband instability

is a process similar to stimulated scattering. Simulations performed in
highly dispersive waveguides show that dispersion can have a large
effect on the location and gain of FEL sidebands. In the case where
the electron velocity and the radiation group velocity become equal,
the sideband instability is completely suppressed.
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