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Abstract

Project Code RSA5280026
Project Title Minimization of Apparent Beam Emittance from RF-gun
Investigator Dr. Chitrlada Thongbai

Project Period 3 years

Abstract:

Production of high brightness electron bunches is a key issue for the successful operation of
next-generation light sources, future (short wavelength) FELs, linear colliders as well as plasma
wake-field laser accelerators. A high brightness electron bunch requires high density in a 6-D
phase-space, in other words, having maximum charges in a short bunch with low emittance.
Such electron bunches can be produced with rapid acceleration in an RF-gun and an
enhancement occurs when the time-sliced are all lined up. Beam dynamics study of the PBP-
CMU RF-gun via computer simulation has shown rotation of the slice phase-space ellipses,
causing dilution of the beam projected emittance. The phenomenon seems to be macroscopic
and is likely to be able to compensate employing an RF cavity. In this study, we investigate
time-dependence of the slice phase-space and their responses to the compensation TMO1
fields. Successful in emittance reduction of 50% can be obtained using a % A long TMO10
2856 MHz cavity operating with 40 MV/m field intensity. As the compensation cavity will be
operated at the same frequency as the RF-gun, further study should be integrating the
compensation fields into the RF-gun. Part of the study also found that rotating the coupling—cell
to line up with the wave guide opening results in improvement of the electron beam quality.

Detail study of the RF-gun with the rotated coupling-cell will be further investigated.

Keywords: emittance, RF-gun, phase-space
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dl o/ =N a o/ =9 =Y dyl
21N WesntanniaRann e inieesssqaiiafieatu Bannasinnadliguildn space charge
effects BILHENBNAADADUNIANIHNRIIUFT ﬁqLﬁuﬂmzﬁﬁLﬁﬂm@ugﬂmmudﬂmﬂﬂmﬂ

Al Tutlaquinlfiduiiszandudiedn anunsaannazes space charge aslfdiaanisiseluying



ﬁ@Lzﬁﬂmﬂugﬂﬂﬂmﬂd@ﬂ@@ﬂmmﬂﬂﬂm 1 N1SRAGIAT A A BN aunnans e (RF
cavity) @L&’ﬂmm%gﬂLi'aé”naﬂmmq%mwafﬁﬁwﬁ’amuqqﬂdﬂﬁ space charge ALa@NEVENE
e laansusamsa Lﬁﬂx‘l@ﬁﬂLflﬂ@Lzﬁﬂm‘j@uﬁwﬁwﬁugdﬁuﬁzﬁLL‘N@’mﬂu’mLLS\iLViZﬁﬂN"I
o/ = A a & d” 1 & a & r's
AANDULTNHANTINAUIH AT BenszuuNARBIanaTauLuLl 91 Tudlanasautuuaisan
c§ A a & v e w o a & d' I
(RF—gun) TNEHITONARBLANATEUNAFAILITHINBLANATEUTIVHIUUNNINTI 6-D ia—aitle
HuBENATauAINa1s  (HBNWmWTWlae J. Fraser uaz R. Sheffield [4] @9dialgdndi
break-through ﬁ@?ﬂﬁiyfﬂzjmawﬁmmeﬁﬁLﬁmﬁlﬁﬂm@umfmmqqgﬂ WaSauwieunutiu
wup DC AlEn19isarugan ne-aluai %BEnasaunaseulszanns 100 - 300 keV Faisu
yastiuBidnasanuuuenseniie  ausafeseminalinely RF cavity Bianasswudign
Ufmﬂ‘uﬁ@ﬁ@ﬂﬂm%gﬂLa’ffuﬁuﬁTﬁﬁwzﬁ’qmuqﬁmﬁu MeV nnelunansusansa Sasdasan
NAYEY LSIHANYING INATiB997n space charge MVINHBRAWANEANTN N19RmuTiIdAeyEn
g A N a & P ] A®o PN A L.
14 A N15eenLULTNBIANATBULULBS BN ANATNIEY Alsa mawasteaia (thermionic
cathode) WazszLLTUAPWRAFLLNMANLULUAANT 289 M. Borland [5] wazs1uideay E.

Mo d 1 o A a & .
Carlson [6] 7 [FANEINBRBNUULUMAIRAABIANATEHYEY Los Alamos Naional Laboratory FEL

1
Ya a Y

center fng tudidnasauasianitdnlnalna (photocathode) uazfializEnlEATrmrNG
o o A v & = s A 2 ]
9N space charge Masn1TeenuULIrULINTaTIaSsannumAnlsAuesd  SeniBandn
emittance compensation scheme 89 Carlson  @eu{Fdniuunaniediuuuuaesn1sn@s
a & 1 £% 2 ' o/ !
Adnmsounarnadgedsetiuasienuuuinlemilne daunisansuinasuignsaingg
vinldleelsruududaiadfosaunudngn snAduiefnen  eonuuy  uasWmuTy
a & ' ) o a O a & Ay & Aaa ¢ v = @&
ARANATDUULUDENFTUNARANBIANATAUART TN aciBRsuaudioy Gl
Lmewé’ﬂTuﬂ'ﬁﬁ%mLm@'\aﬁqLﬁm@L&‘ﬂmmmfmﬂquq (State-of-the—art ~ &1SUTN
fdnasauonsionuuuinlnanlng ndnaBianaseu Usyq 1nC 8Rauand 1-5 mm mrad)
AR resBRnuand Mdunmandfnadogeesaieynin uaaslngende qU7A 1
Fauwansanuosna-muUnluwNIuny x [7] I Uafauaud ¢ dnavilenudagiiui (e1aqes
ANTMNFANEA 77) 289995 NIATBUARNUITNIN 95% (FU 1 0) 2BIITUINBHNATINNA (58N
1¥3A9NE1991 phase-space ellipse 138 beam ellipse 14NNy WS unnsfianena
uansneiull ww 90% wip 99% lapdRsusndannnsosmnalFaintiagnepsninniy
WHuNWYNAENYeass (31 1 b) TudnmosesssiewmALULNaAAERawWEinezmann
beam ellipse FIATBUARH X, X WBINBYNARGDATIWAR 111 TWgUil 2 uams  a-aale
. °o a & [ A 24 '3 ' s YA
LHIWAW X WAz beam ellipse ¥BNRIBLANATEN 1 WAN 91NTURDI5LON [8] peinalafd [Hdnng
a P A an o ) & o ga & ¢ v A I aa
AnsnzAa-ails wie BRauawd o geedu 7 ansiadBidnasen BeluilaqiuBEend B8n

uad dnEosidn BRsumnduUATY WisuuUalad (slice emittance) faunmn gl 3



U7 1 ila-aneduunaunss x uas beam ellipse [7]

©al)

] : : 0.94mm.mr
60 T
2 -1 0 1 2
x(mm)

U7 2 a-amaluunanni x was beam ellipse 28481818NATE1 1 Wad e niuesion (8]

U

Slice #3 Slice #2  Slice #1

e

(o )

s

U7 3 wnmnwwansusiazalad (#1, #2, uaz #3) N9eAinanst wa-aguuualad



uazlugUii 4 uanasiandng beam ellipse Amsuusnzalad (#1, #2, uaz #3) Fuds BRauawE

ULUE (A% (o 229TAT9MTN s Ad) 2BNRIBIANA9aN A uar B LHaAATIeinInang 1e9

#3 #2
, 41 #3
#1
/
A B

o/ 1

{ . ! ° A &
U1 4 $ivaging beam ellipse Unusiazalad aasaBiannsan A uaz B

BnuaUTE (projected emittance) wae BRAUANTLIING (apparent emittance) A1AYNBUNTA
AaBANAAd azwudn BRaueudUINgresRIBiannTen A fdminndnesaBidnasen B
fufle Anuniznianszetednrena-awwualadnanainiadresaifnasen Srnantng
wndie Afausndlaing  FenAduiadmauiuazniameans sanludennadmnnidneld
LULSIAEY S119UNN leANENARAuALTUINg nafneflardnsouaznsruIunaTiay
yinlilinndsdfaumduuualadiidfowudlangiesiign  solufennsaslililians
uAdLangRsEURREATTUL transport ilBsinTUgn TR mMwaNTRBLENATEuATE AT

oK

anmsfiraiiAduFdiiunaneianduaznanladuasniandndidnasouiog
duluZoumalatund (9] wiaaviaitioyai HUlTunsaonuuy a¥laznoy Dudidnnsen
wuprdian il inauuuwesRinnfia (thermionic cathode) dwsuT¥duszuutudaiadiig
wlmdnTuuuuusan (alpha-magnet)  @tiuddnmseusonanadindanlszneudfyees
STULUNARANBIANATIUINEY  1evguildefAnduasnatanIuaTAIayNIA  Hn1Avends
@ealinl 101 deyasaumiliannnnsfneidadingnn fvlinnainnisdiunadaanisinaes
TnglUsunaupasiames Brindn ddidnaeeuiindnsniiuuustfiany Sa-adeessusas
naundssmAliFeuiiu Tnsuansdnuoszadneduntam (rotation) 189 E-FILEAHAIN

éﬁ’umm?ugﬂﬁ 5 \iaseninaviyueaana-aiey AINAWININRNLBIBRAUANT (projected



FUT 5 M99 2BINF-FUE AMN29N 2esanBlanasaniindnanduuuuaision

o o/ ay LA o a o/ 1
YaeAnfATaRANF D INAENUAZAaRNTA HNTANENaRIEenn (9]

A A

emittance) W3aBRAUANTUIING (apparent emittance)  HAWIN FULHBI9IN $UFTEVDI K.

@

Kim [11] figadiduununaasnisasungdnuoizassng-as neldnigsseastiudidnsasan

wuasien-laana TEuansl@dnna-alaneldaunnansiondlined dovaludnuo

rB9nSIABNANEIDY X, X Fuanstugl 6

X

I4

SRy

At
R
=

4
i

%
i

U7 6 wla-mly nelfaunensieniilingg (11

el ArsazaEnsautluvderaranasinnisyuesana-ay (Tugusl 5) Tnaliauinens

o T cavity Fifin19n9ransraeaiNegamEnsauTiavin W a-as dniEeafaiunaean

Wad uazaawaliansnsnanuauesdiauawdlsng Wediinezd Aty Seenduumanisd

y ¢ 1 ! o 1 0 A a & !
L'ﬁﬂﬂﬁiiﬁ“ﬁuﬂﬁqﬁNqﬂ ABNIT ﬁﬂ‘]&l"lLL@SﬁWWﬂ'ﬂLVi@\‘iﬂqLu@@Lﬂﬂ@]‘iﬂuﬁf}’]NﬂqqﬂZEﬂ
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INBANHILAYIATIEANANTENUBINITEALTe L ae AU N LH AN RN Tunig
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|
a v o AA o/

asE1saednsssuaz s ATeflipsg s iuunef - Aanangosn
NPT SANELAZNNTITeideARdasTUN T RUINANgRIRINTAANA
LaRANAUSZENS AsuEAnenAans iAnande@esial
ADIANAN BN TNLAZENHIATTINNNTAE (Fonflaniseanuuy a3elaznay
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2 A19ANRNNISITYUATNANTSIFY

2.1 n15NSELIBINNFT-FNL U

Tosanfenisanansdoelisunanmenfiowmes BRNYIANYENITNTZI8VBINF-
S A & & A& s ga o/ A 4 o
MUY PDINALANATENINTUBANATAUULLAGIEN  2B9ANIITEARNNUDINATTHILAZAN
BUNA WnAveau@ealvad (PBP-CMU RF—gun) lagn19nszanseasna-aleasianans 9z
o A A | A @ A 1 I o
TmmﬂmiﬁﬂmmiLm@@ummﬂqmL@ﬂmfﬂu wgﬂﬂmﬂmﬂmﬂmmﬂmﬂm Lmz@%mﬁ?m
AvswarasauNuHan WA nstulassadaesiiudi@nasauuuuetsien  Budaanis
Tusunsn SUPERFISH [12]  aifulusunsudmsunnamasaasiomauiuusiman i e
F1ABIEUIN RF HTndianesau way [ Usunss PARMELA [13] @1M5UAHasnIstaaaniined
Adnmsauiadianasaiaae RN uENLHman MR Busiazisino  TUsunTnisaes (Heu
A93mNNTulAY Los Alamos Accelerator Code Group (LAACG), Los Alamos National Laboratory,
Los Alamos, New Mexico, USA.
A A ® o ' @ A A’ . . ]
tudianasausnatudutudianansauuuy 1%-cell  S-band  side-coupling @4
Usznaudian 3 cavity (AU half-cell, full-cell uaz side coupling cell fouamaluguit 7 Tw
Bdnmsoudl gnoanuuuan A Feuiiaaud 2856 MHz Beifiuand S-band Tasnisaen@n
Tulagian (RF wave) 353979 full—cell waz half—cell azvinsinu side coupling cell 3a8udavinlsitin
a & d'd & ¢ a ] Y o/ & dy o
BANATOUNRYIINNA 3 A4 Lfin resonant B8 3 Tnumdaaid uais 3 dannsausnanniii
FsANAINEDEY RF Tusias cell THun O-mode, TT/2-mode WAz TT-mode T1nn5 tHanne: %
T T/2-mode Baflinanas RF field T half-cell U coupling cell sinafi 7/2 uaz T coupling cell
U full—cell az@inafi T2 ¥in1¥ T half-cell U full-cell Hasingfii T
nsAaanudn@n ity cavity 2e9tiudidnnsenl¥lusunsn  SUPERFISH
Felinaiunianszarrssmnnuiman ity 2 35 Tnafaunins@em azimuth 3L
longitudinal WA nMTAMIM{NTINIBRzIBEAYBY coupling cell T%mmwﬁdﬂﬁﬂﬁmmu
a8 Taamuamsmsn Wl half-cell wazlu full-cell ueNaanaINu
nansAWInariinnsnszanseesaun Mineesusaziad douanslugUil 8 uay U
, . A A& Ao A& P 2 \
9 uary 5U519289 cavity 289DUBIANATEU NANBIANATONINIY AR half-cell wa full-cell s
4 AARRRINNI9INA15ANMIEIY SUPERFISH  WaYAN9N52a82a9a s (WA sny

ATIHENIYBN RF- gun cavity LLNmTu’gﬂﬁ 10



RF input port RF input port

thermionic
cathode
~~N~
NNN
~~s ~‘\
~N\ N\*
side-coupling electron
ide-coupli )
cavity tuning rod beam
Half-cell Full-cell
Coupling-cell

]
=9

FUN

Y

wAngndedea vl Usesnaudiag 3 cavity (8w half-cell, full-cell waz side coupling cell

A a & 4 ‘a v Aa o o
7 YUBLANATDULLUBLEN °?.|1’N@‘LAEIQ@EIWNTTN?ITNW@’]NN’]LL@::@’]TZI‘L;lﬂ’]ﬂ



input file 224 T1/5un38 SUPERFISH @15 U AU sdannuuain&n ka4 RF—gun cavity

2.856-GHz SURIYA GUN AS BUILT (1 1/2 Cell)

1st 1/2 Cell (Flat Heat Dam)

$reg kprob=1, dx=0.03, dy=0.03, freq=2856. ,xmin=0.0, ymin=0.0,
xmax=3.1607, ymax=4.19, xdri=1.83057, ydri=3.49395, beta=0.95, nbsrt=0,
nbslf=1, rmass=-1, rhor=2.842D-6, tempr=20.0, alphat=3.93D-3, tempc=27.5 $
$po x=0.0 ,y=0.0 $

$po x=0.0 ,y=4.19 $

$po x=0.4507 ,y=4.19 $

$po nt=2, x0=0.4507,y0=1.726,r=2.464, theta=0.0 $

$po x=2.9147 ,y=15$

$po nt=2, x0=2.7147, y0=1.5, r=0.20, theta=270.0 $

$po x=2.636 ,y=1.3 %

$po nt=2, x0=2.636 ,y0=1.05, r=0.25, theta=180.0 $

$po x=2.386 ,y=1.02 $

$po nt=2, x0=2.886 ,y0=1.02, r=0.5, theta=270.0 $

$po x=3.1607 ,y=0.52 $

$po x=3.1607 ,y=0.00 $

$po x=0.0 ,y=0.0 $

2nd Full Cell

$reg kprob=1,dx=0.03,dy=0.03, freq=2856. ,xmin= 0.0 , xmax=5.72048, ymax=4.1894617,
xdri=2.66104,ydri=4.044,beta=0.95, nbsrt=1, nbslf=0, rmass=-1,
rhor=2.842D-6, tempr=20.0, alphat=3.93D-3,tempc=27.5 $
$po x=0.000 ,y=0.00 $

$po x=0.000 ,y=0.52 $

$po x=0.3575 ,y=0.52 $

$po nt=2, x0=0.3575, y0=1.02, r=0.5, theta= 0.0 $

$po x=0.8575 ,y=1.05 $

$po nt=2, x0=0.6075, y0=1.05, r=0.25, theta=90.0 $

$po x=0.446 ,y=1.3 $

$po nt=2, x0=0.446, y0=1.5, r=0.20, theta=180.0 $

$po x=0.246 ,y=1.726 $

$po nt=2, x0=2.71, y0=1.726, r=2.464, theta=88.802375 $
$po x=2.66358 ,y=4.1894617 $

$po nt=2, x0=2.66358, y0=1.7685617, r=2.4209, theta=0.0 $
$po x=5.08448 ,y=1.5$

$po nt=2, x0=4.88448, y0=1.5, r=0.20, theta=270.0 $

$po x=4.72758,y=1.3 $

$po nt=2, x0=4.72758, y0=1.05, r=0.25, theta=180.0 $

$po x=4.47758 ,y=1.02 $

$po nt=2, x0=4.97758, y0=1.02, r=0.5, theta=270.0 $

$po x=5.32048 ,y=0.52 $

$po x=5.72048 ,y=0.52 $

$po x=5.72048 ,y=0.0 $

$po x=0.00 ,y=0.0 $
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] r=24.64mm, 90°

o

=/

half cell full cell

U7 9 U519 (2 8%) 2849 half-cell uaz full-cell WEDNTTILEUAWIN WA

INNITAIHINATE SUPERFISH

gﬂﬁ 10 gu%19 (2 §%) 289 half-cell uaz full-cell WATNITNTEANHIBIFWTN (WA

FIHATIINETIYBN RF- gun cavity

WeNaNHILUsuNTH SUPERFISH 9 laasns output amsuiEenTdanidae TUsunss PARMELA e
Ramunsiaaeufiaesiinasenls RF-qun cavity Kaanwga1n PARMELA ax[ma-smuamis
9993D9BIENATEN ( X Vs X UAY Y vs Y) WEpNTanANWHemeusasBinaTen ol
Funkimeanzestudidnagen nsAanlinazuaniing 2.9 A uaz 8dnm5a1 50,000

annALNAlAg SausazenAuNAlASWINBIANATEWAINE AN 31,700 53
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input file 289 T15un98 PARMELA

run 12 2856. -0.004212 1.6457e-7
title . SURIYA RF-gun

INPUT 9 50000 6. .3 3600. 180.
CATHODE 0 0.3 10 0.10971

DRIFTO 11

CELL 3.1607 1.10. 212415 -1
cfield 1

HC-F.t7

CELL 5.67478 1. 1 180. 40 2 10. -1
cfield 2

FC-F.t7

DRIFTO 11

zlimit 3.2

zout

OUTPUT 1

scheff 2.9 1.09.02202000051500.0
start 180. 0.1 15000 10 1000

end

siwafitiannTusunss PARMELA sndinsnsina-aies x—x Tnefisnssniiazngaans 1000
BHNA BENAMHITAUNANN (Fananalugu 1) uaz natasedt wa-awle y—y' uanals
quit 12 Tngezfiunmavapusana-auauuualadagnedaemw m1sefl 1 uaasAn projected

emittance 91N BlAnATaNLTZHIM 9025 BynAuNALAT Ineflauwin(fiunistd energy slit

o a o . . © A & v
NIDINAINTI Tuizuw%\‘l NM19ATWITY  projected  emittance ﬂﬂﬂ@qﬂLﬂﬂmiﬂuTﬁﬂNﬂ”ﬁ

gxz\/<xi2><xi’2>—(xix{)2 waz[ARnEIANEIEN1INTTaEInInE-alY  2a9a1BiAnnTau
NTUBANATEUULLBSIEN 289911983498 SUNSHINE, Stanford  Synchrotron  Research
Laboratoty (SSRL), Stanford Linear Accelerator Center (SLAC) (LLﬂmTugﬂﬁ 13) wunaiianyu
spaa-mafiuansnell  seldanafiwinna-ails  assanadnasenantiuadnasen
PBP-CMU RF-gun 2o9gudfandupsnananiuazaiayme wnnanendedesina danneg
a8 (divergence) fitipLsnn padiadnindnsunIsaanuUL uaswLdIN TN A-FiL %S
Anunssfidudeautioandt dawnusasma-awalinusneosesnisin sagubana-aule
2a9BANATENINTINBENATEULE9 SUNSHINE, SSRL Aifiansniadnasasnes S Aefinsdn
Thapsedauans Tnaflofiensonima-ausiiaztasawdoma-siawualad (wanslugy
7 14 waz 15) audulidianduiutees X uaz X 10988 EnATENaNTNBENATEY
PBP-CMU RF-gun Tnustazdasioanduy fidnuosifindadn (near) Sazlilithudifinnsen
wuuansian PBP-CMU  RF-gun  284gudiqei@Nd2aInaIauuasaIannIn - uuml

AnendauBes iy [Wuduluy 815 UnITRsKINITEAEEN1Tnua N E -
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FUT 11 wla-mule x—x 9asBlianaseuiiaRansondiaznguaes 1000 ayn1am e i siad

U

U7 12 Wa-sule y -y 1psdianasauiafansaniiaznguns 1000 aynanielufiaaiad

U
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G]’]‘j"lx‘i‘ﬁ 1 Nﬂﬂ’]‘iﬁ"l%')ﬂ%@’]ﬂiﬂ‘iLLﬂ‘jN PARMELA

FSuANBIRNATEUINTNBIANATEN PBP-CMU RF-gun

Projected &, Normalized &, Maximum kinetic
(mm.mrad) (mm.mrad) energy (MeV)
Gun exit (X) 6.406 27.673
2.06
(y) 6.423 27.749

gﬂﬁ 13 WNa-qs X — X 298I ANATaRAINLINAIANAT81UTEY SUNSHINE, SSRL

ipRarsauniiaznguees 1000 annanie Wwiaeiad
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FUT 14 F-sle X — X 289818NATaRINTINBLANAT8W PBP-CMU RF-gun ilafia1soifiasga9iaa
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SUT 15 INF-FILE X — X 299BLANATRE DR 040 A REEISIRIAM

U

T ARBARIINALN
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2.2 ANSANEINTISNSZILABINT-ALUY LD IHNWINGIN WHINRN TARDE 6

daniajudn waviinBidnasaunaadngs fenadisiuieHemsaniuusingn
Ta@nesd (6] Tivinnsfinuinisndeuiiuaama-aieeasdidnasen ndudidnnseuuy
815 eNnegudiTeRANf A aNuAzAIERNTA  HTAENAY B ra AHERINULHIAN
Waesusmanlduass Tnal¥n1saiunddian transformation matrix uas usman laAuns S

ﬁﬁmwmq{ﬁm (effective length) 3 H. 9119ABINNNNBBNUBI PBP-CMU RF-gun

transformation matrix ABIULNIARN I HARBLFAIINE L, [14]

solenoid strength S = B, and @ =%SLS.
P

HANTIATHIBIUERITFUT 16 Tnpuanana-aLls aaeusias 1ps slice 299BLANATHN 295 HAMN
uaP phase-space ellipse lngszanns fiasauAgayn X uay X' Beluiinons3duiusiy

an A & [ 1 & ‘[ =t e aa QT o A ° ' ,Gfaz &
REN2INaNRYI] @::L‘Viufmﬁ LHLARNN LN UBDE P RABNFLAUDY LUNN Y DUEVINTEITIEATLNARI X — X LALAIH

NWAIN9289295 (SUT 16 (A) NRANERAD phase-space ellipse TANAS BIFNINNNTEALBLNA

U

o

IINNIMHILBINT - AnwaneTifenistulagsinisidei
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()

317 16 wa-gula (1ps slices) 10981ANATAU (N) 71 13 3. UAIAIMNBANTBY SURIYA RF-gun
(@) 10 BN, NAIANNULNMAN TAUBEA (219 3 TN.) ANNEN 1000Gauss

(m) 10 @3 m’f\‘imﬂl,l,aimﬁﬂienﬁu@ﬂﬁ(mq 3 91.) ANNEN 2000Gauss

18



2.3 MEALATIEANIINTEAVBUNT-FLUT

HaRen90i ING-aT X— X' 189usiaz slice WUdUARLNFUINE-FILT 9Tin1eAaDs
udunsadmil (fasatnsTuguil 17) aenadasiudesungees KJ. Kim [11] Auanslidn
wa-gianmarmeliaimensianilind @uetiuduni z waz a1 ¢ udliduiy
FUMLAZANANHY919) 11 ifleBiRnaaaunuTatsinYed cavity d1guE0u (Hilaunn i
AN Wiefinsasnes cavity axlidn p, = Byx’ = (aksing)x , e ¢ i aeea RF o
ynseBnYed cavity SHATATH a-ae 19 x— X idungraeadunsefifaamdisineiug
U7 18 vinnnsAiasnziniAndiug e slope vB3adRaIEIN X'/ X TBME-FiLld ML
mﬂf@éﬁ'lﬁ@mmﬁmmmLWN—NL‘U% Tﬂﬂgﬂﬁ 17 uaennsld linear fit andimya (x,X) 2849
wa-muaturagaani 20.7 — 28.1 ps uazdnsIdaw X'/ xuaz Y1y vEaAaNduees linear fit
dwsuusia-auweuunalad aaaaiaiad wansiongmlugui 19 Taevesis x uay y
winliiatndiAssiy Haya time response Fsnanmazitildmsuntafnenfieyinnissmie

Ansudaaaana-sssa

20 —

0.00- 058 ps
234 - 536 ps
929 -144 ps
20.7 - 28.1 ps
Fit1: Linear

10 —

X' (mrad)
o
|

-10 —

x(cm)

U7 17 a-mles X — X 1psusiasaad

U

LATNITNIERIIRN X'/ X pasudnzalad laal¥ linear fit

S
%

7

i 4
42!
"

SUT 18 -l nelFauinansieni el a1nnisaiagziaes K.J. Kim [11]

U
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'
=

U7 19 amsndau X'/ xuazy'/y wasmanduees linear fit

o/ A

AMSUUFINN-FU B UL LR (AT AaDaANINag

2.4 UWHINNNISAALALNITTAADINN-ALUY FAI8FUINTIN cavity

Ha FANE N5 REULU AN F-AUEAABARINWARAUIAT  Re190d19mINH
AUTHUNIAAN B,(r) FLYRNITOUNBLENATEN 0 AN T 1ASPINNITLBAINA1ANIZEH
o ¥

NILUFNN BUIALALIIAT Ay WA - gaaaaR N ad3es baReanuldfite Feaziiin

an A ¥
nsanBRnueugUINgH

Ra13nan1anszatsesaunudnan i Tulnue TMo1, [N cylindrical cavity 5#H a [15]

E, = EoJo(klr)cos$eiwt’ (1)
E ="PT3E ;5 kr)sin e, 2)
I X I
. a ' prz ;
B, :—JaoE E,J, (k1r)cosTe“’t : (3)

Tnailarf®u J,(X) A| zero order Bessel function of the first kind UATNITWUAAIANYDS

Horfuuanalugil 20 [(16] Arayig wiliann

%[XVJV(X)] =x"J,,(X). 4)  way J ., (xX)=(-D"J,(x). (5)
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5171 20 Bessel functions: J,(X), J,(x), J,(x). [16]

U

A Jo(kr) =—kJ, (kr). F991NENNTT (3)  UEAIIINITNTLANLYBIFUINUIAAN
B, (r) annuuadrfl nldanaileridn J;(x) Aasidnfugudd r=0 wazAnfinduny
szay 1 mnzandun s e dama-ade Taelfussfinanndiudenniafilng
NgUINA1S (x = 0) Fauamsluusunm U7 21 dmsunistnasemna-aus ngx

DUNIATILAAIAQE 28N

1
10 — 1
I
1
- 1
—_ 1
k= 1
E 0 — o
_}< I
I
7 1
1
1
-10 — 1
1
1
i 1
I
1
ECd i N B R B A B A B H
-0.3 -0.2 -0.1 0 0.1 0.2 0.3
x(cm)

=

U7 21 wa-ails x— X pesusiavalad uas

¥

AHIAYBILLT (ﬂﬁzmmﬁqmmmmgﬁﬂﬂi) 71689n719 UUIeN Te8y X"V"Iﬂ@ui’jﬂﬂ’m
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FIUANHINHITANIBIIRT RINTUARLNF-FLUs LUUA(aF B9zl slope 229 linear

fit x—X' (U7 17 v qUA 21) wirdu X'/ x BegwnsaRensonlidn x'/x suduysiiie

U U
a &

LFAIUUBLANATAUNAUNT 92 [FANANNUS A

otLBe], (o] 00 o
Re

p €

TraiAn U B¢dz] flanswinfusfddnmsenEnulu cavity
R

ef

FMSUNISEEUINAIN cavity TRN1TERwenIsDarasNa- s A IB¢dz W 9z [

a A o . & Y D&
Trai3uann19UseHdBIENATeUAINY cavity udunsaluuny z Wauinusiman i
2891130 TMgr, ATHENNT (3) AmSUTNA TMo o HHEWINUINANTIRIUMALS T =1, §131909

THann
B, =C,sin(ao(t +1,) +¢,) (7)

= = Aa & A ! .
B ) ADIAIVIBLANATBUINYTG cavity

I & la & A @ ! . 1 . @ ' |
WaY ¢, AemarasaHNLHmanazIBianasendading cavity dawmaniinasiiudined
Vinnnsauinanenauue z axli

Iqujdz =Cp[cos(a(t +t,) + ¢, ]Zﬂ‘: (8)

0

Hesuitidinganniat 6)  azliauiniindelfiuudidnnsaundusn (reference)
Py ° 1% = 1% . A o VA & o o

way WesuItdnganniat (8)  aliauinaes cavity MinWBENATEMLNNGY ¥inn1g
WIUITEUNAYIEBS 81950 TMy, cavity 819 | = A uazaanafiaduiiasaes cavity i 1428
MHz, 2856 MHz uay 5712 MHz uazuamsiugUfl 22 wudwisannasdiiuas 4o 30 ps
wsn Tag cavity ANE 2856 MHz THannfisanndesiign uazlfivinnisfinen cavity
ANeNaAEEelE cavity ARG 2856 MHz Winenl =4, %4 uas %A nasannyvinnisusy
ArAsT R anuds BnadegUfl 23 eazfindimanendees cavity fidsnasenisbanauy

PDINF-FLU%
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¢ #
* 4
. $
$ .
¢ ¢ . *
PP +
~ 0001 ® Reference T
3 A 1428 MHz K
5 1|+ 2856MHz .
= + 5712 MHz .
-0.002 — ®
A
-0.003 | | 4
0 20 40 60
time (ps)

Y 1 [ v a & % Aa &
SU7 22 1WaaUsUaINTII e HLUWBIANATEUNAUNT (reference) WAZ NITILUNBLANATN

Y

FEunNLAN 289 TMy cavity lal¥ | = A uazaanudidn 1428, 2856 uaz 5712 MHz

U7 23 WU UaUINTIIE s HUNBIANATAUNALINT (reference) LAy N1TILINBLENATOY

FRe EUNNUIIAN 289 TMo cavity n96i I =2, %A uaz %A iWel¥aiud 2856 MHz
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2.5 nsAnEINIsEaEENIsl a2 I NE-FUY AadRINaTn cavity
NIN1TANEINITARDNTILAZIN A —dLs 29BIANATaY 91NTINEIANATauLLUaTSIaN
PBP-CMU RF-gun HINaRNuwdnanmia aee cavity taet#lUsunas SUPERFISH  Anwuasd

aunulnAn AW cavity  a1niul¥lusunsn PARMELA Tunnsfinmiunisinfdeniiaed

|
A 1 1

a & A a & A & A A& s P

flannTeu IWedildnasauinRanii T uauNudmAn Mieesludidnnsanansian uianiu
AUNNLAAN (WRN289 R cavity ARAuDiauAas 2856 MHz #A4819289 RF cavity AB
5.249 UAz 10.497 wHAWNAT (0.5 WiN LA 1 WiN284ANNEN9ARAN) Lazyine uiulnum TMO10

wae TMOT1

Fiamsing input file 289 115un58 SUPERFISH §1nSUAMasiaunusmnan Winlu TM cavity
2856-MHz TM_010 Cavity
$reg kprob=1, dx=0.1, dy=0.1, freq=2856.0,
xdri=0.0, ydri=2, beta=0.0, nbsrt=1, nbslf=1, rmass=-1 $
$po x=0.0 ,y=0.0%
$po x=0.0,y=4.018%
$po x=10.497,y=4.018%
$po x=10.497,y=0.0%
$po x=0.0,y=0.0 $
Bunnittilugiaodafin RF-cavity nasnszuanfifinaiuens 10.10497 wuufings wazdsas
4.018 ITUFHAT IINNITATNITNENLI RF cavity Hazanies finaud 2856 MHz Tulvam
TMOTO AnANENuAZSAfles 2856 MHz RF cavity 1% n1a@nen wansldlumnsned 2 uay
NaN1aNTYaEYesa L mEn i [FenTsunss SUPERFISH Touanstluguil 24 uas

gﬂﬁ 25

AN5797 2 BRI 2856 MHz RF cavity A tunnsfnEn

cavity cavity length (cm) cavity radius (cm)
1= Agpang ~TMO10 10.497 4.018
Vo= A pang ~TMO11 5.249 1140.00
1= Agpang —TMO11 10.497 4.640
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PO O00S0000000000000000000000000000 )M
DOOOOOOOOOOOOOCOOOOO000000000000OCO0
POOOOOOOOO0O00OOO000O0OCO00000000O0C
[eleleleloleielololololololoolololeleleleleloleleiololololololololele)
4 et b 0000000000 0000Q000C000000000T000000
000 600000000000000000000000000000GCO0

‘]J‘ﬁ 24 NM19N53782BN (N) ﬂm:ﬁfv\lﬂﬂ LR () ’N‘LA"INLLNL‘ViNﬂ T‘H 1-4

s-band

-TMO10 cavity

T g
g L oo t 0 08BRRQR L
oo 90 0QRRX
oo 20 QR
b = oo 28 8QRRRK L
0o 29 @ AR
X000 o e 2eRRRY
b 9 PDOOOOOOOOOOOOO B 228Q08Q L
O0000000000o0 e s -« « csaa 228QR
OOOOOOOOOOOOaun-. ...... 28 0Q®
B = Jpoooocoooocoo0o0ce e« - i ie.cvo0o0e

U7 25 N13N3Ta8EDs (M) BN RN uaz () TWIHUEHIMAN T 1- A, ~TMOTT cavity
nanszaeasaHuEman il azgniin (¥ laeTusunss PARMELA Taenin RF cavity TU
119518977 RF—gun el drift space sauianaaawlsAiaudneasaunudwan Wi
RF cavity aw(# apparent emittance fAnsipafigaiuntsAmaniusiazgn dowudniiu 27 Mv/m

&30 RF cavity 819 1 AIINYNIARAN WAL 40 MV/m @50 0.5 AInnenandu tasfuaod

. ° a 4 2 o
apparent emittance ABNR1BLANATEUIAIINENNNT &, =\/<xi2><xi’2>—(xixi’) WRZANHITHANN
annALNAlAg 9025 fusn FIHWeDNeTn RF-gun (ASBUARHIIAN 50 — 60 ps) NANTIANNID.
uaAeluAn3197 3 uazguil 26 daugUil 27 Seguil 30 uamewa-ausuuualad §1msu 12 ps

L3N
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X' (mrad)

G]’]‘j"lx‘i‘f/% %) N’Nﬂ"l‘iﬁ"lu’]m@"lﬂiﬂﬂmi&l PARMELA

Projected &,

Normalized &,

Maximum kinetic

(mm.mrad) (mm.mrad) energy (MeV)
Gun exit, x-x’ 6.406 27.673 2.06
Drift 1/2- A png 6.423 27.749 2.06
Drift 1- A pand 6.404 27.667 2.06
1= Agpang —~TMO10 27 MV/m 4.788 21.340 2.09
1= Agpang —~TMO10 40 MV/m 5.507 24.943 2.1
1= Agpang —~TMO11 27 MV/m 5.174 31.571 3.46
1= Agpang —~TMO11 40 MV/m 5.113 35.895 4.15
V2= Agpang ~TMO11 27 MV/m 3.292 20.105 2.79
V2= Acpang ~TMO11 40 MV/m 2.829 19.687 3.16

o |@ounet | o |yTMO10, 27 Muim, L waveiengty | () TMO11, 40 MVim, halfvavelengih

-0.8 -0.4 0

-0.8

-0.4 0
x (cm)

04

08

-0.8

-0.4 0
x (cm)

04 08

5U7 26 N19NTa1Lsa N d-FgaaaBianaTauiaaana Nt uBIENA9e, iax1

U

1- A

s-band

-TMO10 RF cavity wae 1/2- A,..q —~TMO11 RF cavity
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U7 27 nanszanpsahuna-alls sasarBianasewunewdng RF cavity

Y

511 28 N9nTzaneinlua-asrasaBidnnsauilant 1- A, ~-TMO10 RF cavity

U

INNAAITAMIUNLIN 1/2- A, . ~TMOT1T cavity WiAn apparent emittance 6%’117%61@1 Wel cavity
Ay ngnanETinuaii suuazdiesd sunalnesnnite i faaudauied 2856 MHz s
1= A pg ~TMO10 cavity 1lsifin apparent emittance fipzsasnnnlnaflaniafiamnsassnely
TBIRTNAN MBI B ENATER IR s U Un s mtendn  cavity sy
1= Ay g ~TMO11 cavity Hnananazlsiaunsnan apparent emittance (A udafafsuulas

o a @ a v
‘W@G\‘]']u"llﬂ\ﬂﬂL@ﬂ@]ﬁﬂurﬁﬂqﬂ@ﬂQQﬂ
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7 (@)27MV/im

X'(m rad)

Kineticenergy(MeV)

050100

-0.4-0.200.20.4

uﬁ 29 N9nN9zansfin e - mﬁwmmmaﬂmmm@mu1 A

x (cm)

S

N

Kineticenergy(MeV)

time(ps)
I T

= 050100
8 T time(ps)
0 —
:E/ — 15t
> - 4 ps
ps
: 8th ps
5 | 12" ps
1 (@)27MV/m
'10 T I T | T
0.4-0.200.20.4

X (cm)

10

-10

-10

] (b)4OMV/m

N

N

Kineticenergy(MeV) -

o

050100

-0.4-0.200.20.4

time(ps)
X (cm)

-TMO11 RF cavity

s-band

N

N

Kineticenergy(MeV)

050100

time(ps)

N 1stps
. 5 4t: BS
- 8" ps
® o0 be
1 (b)4OMV/m
T I T I T T
-0.4-0.200.20.4

x (cm)

U7 30 nanszangfa e - s ess B naTeden 1/2- A «pang — TMO11 RF cavity

TinaaauudsAtmauenaees TMOT0 cavity Tagnns cavity #8910 RF-gun tas(ddl drift

space ANaNINLHINAN WA T TMOTO cavity winfiu 40 MV/m WaA1TAIHITIN PARMELA WaAN

Tumn9197 5 uazgUil 31 dmsunisudsAtANEnaYes TMOTT cavity vinldenn wanzilannugeann

N9 cavity fanufiduiinaniudiesnts
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G]’]‘j"lx‘i‘f/% 5 N’Nﬂ"l‘iﬁ"lu’]m@"lﬂiﬂﬂm‘i&l PARMELA

\HaaBLanATBIeHIT TMOTO cavity 40 MV/m Ailaa Ne1asing o il

Cavity length Projected ¢, Normalized &, Maximum kinetic
(m) (mm.mrad) (mm.mrad) energy (MeV)
Gun exit 6.4059 27.6731 2.06
2.4 2.2566 13.6917 2.92
25 2.2029 13.5523 2.96
2.6242 (% A) 2.1461 12.9761 3.00
2.7 2.1167 13.3369 3.02
3.0 2.0367 13.1675 3.10
3.5 2.0203 13.2557 3.19
5.2485 (4 A) 3.0532 16.5409 3.06
10.4969 (11) 5.5070 24.9430 2.1

U7 31 nsnsvangresBiinaseuluna-aie Hesdiinmsnnieinmg

TMO10 2856 MHz cavity #iflAanena 10.496 cm (A)waz 5.2485 cm (% A)
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. o A & { o A & A
‘jﬁﬁ 32 ﬂﬁiﬂ‘jzf‘mﬂﬂﬂflﬂqﬂL@ﬂmiﬂuTuLWN—ﬂLﬁsﬁ Lﬁﬂﬂ"lﬂmﬂﬁﬁﬂuqu"lu

Y

TMO10 2856 MHz cavity FflAanen 3.0 cm uAz 2.6242 cm (4 A)

INNANTTANHIWLAT cavity AIRAINENTHAENTGT 14 @1H71908A normalized emittance &9
Tinn Fewudn cavity AfANENIUTENTDY 2.6242 UANAT V3R YA HNAIUANTAR
. = A v @ A o A &£ A A .
emittance #1N7IgA UAHHATABIANATEHANATIURNTWENUTZHM 1 MeV  IHBR91984 cavity
Afaamen ¥ A uhaliaunniiinaanmdiseisine (nansaiuamsen PARMELA uamsln
AN3NT1 6 uazgUR 33) nudnan1saan normalized projected emittance &0 wanTdawn Wi
ANHENGIIN usieraena nANWasBIAnATeugeEndics  pdnalsfimnaifletiasngd nns
navanafin tuma-sauuualadeossBiinasen 4 w30 12 ps usn flazgaaan 1ps (U7 34)

wudnile Hauiumanudin 30 Mv/m T cavity ina-siUauuualad uainresaBianasenas

e NGl a

20 20 20

(a) Gun exit |(b) 30 MV/m :';‘ (c) 40 MV/m
20 — 20 — - . - 20— "

08 04 04 08 08 04 0 04 08

04 08 08 04 0
x (cm) x (cm)

0
X (cm)

U7l 33 A19N5YaEFI B NA-MUTIBIRNBIRNATEUA RF-gun exit WRZATENAIHIN TMO10

U

RF-cavity AAHE 2856 MHZ AMNETT 2.6242 cm 7181 field amplitude 30 MV/m &g 40 MV/m

30



A19797 6 NaN1IAIMInaNnTLsunTH PARMELA: TMO10 2856 MHz cavity AANENT YA

Field Amplitude

Projected ¢,

Normalized &,

Maximum kinetic

(MV/m) (mm.mrad) (mm.mrad) energy (MeV)
Gun exit 6.4059 27.6731 2.06

20 3.80600 19.72044 2.53

25 3.31664 17.90141 2.65

30 2.87879 16.16009 2.76

35 2.48913 14.51148 2.88

40 2.14610 12.97613 3.00

45 1.85011 11.58690 3.12

1 °o A t th th th o
U7 34 nanszanpasanBianasanlu T ps, 4 ps, 8 ps WA 12 ps ANENAIHIN

TMOTO 2856 MHz cavity AaHe1a % A 7131 field amplitude 20 MV/m, 30 MV/m uaz 40 MV/m
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2.6 3D simulation

Mnrsmuniaudwan Wi cavity 2e9iiudi@nmsen ¥lusunsu  SUPERFISH
Falinaiiuniansyasansaunauindn ity 2 78 suaEnmneBons azimuth saULNY
longitudinal  sife  narwanalilFsanseasiBunues coupling cell iansraaaLIINTS
Uszunaumananeensuld uarlifinasenisfnurna-ay ast¥nnssuisinisnsyansves
SRR Wy 3 77 Seasnsasaadae ¥ TUsunss CST Microwave studio [17] B
9NNTEEN model 3 AR 189 TuBidneaen (FauanslusuUi 35 ) SeazuansdauansLdions
grueyneniely cavity uial¥nnsriwanidian eigenmode solver NEAHINNTZAE B
aunudwan A Tududidnasen (ﬁummﬁugﬁﬁ' 36 Lngﬁﬁ 37) WEBNI WATRABINN

B15LENBUT

517 35 Tuiaa 3 35 299 DuBiRnaTauLLUans e 29 AUIITENANFVDINAEHUAE

U

ABUNIA WNTAVENReFes N WlUsunan CST Microwave studio (MWS)

() (2)
U1 36 n1ASA yz-plane (M) waz xz-plane (2) uansaNABTaRIN AN
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() (2)

U1 37 n1AGiA yz-plane (1) WAz xz-plane(?) uamaNdinamIN Wi

|
=

LV =4 1 Y @ v ~ ! A o ] o A
LLN’J’T"V’]T‘IZJ‘]J"VZLWHW’J’TNTNNNN’]WiﬂﬂQNH"INLW?J\‘]L@ﬂHﬂ?:l a9 nNgadanaenuNeakIAaR

W29 full—cell uazgpsdnfiBansany coupling cell udalmnuudmantnin wwy 3 357
AwnadlFsanans @ msulusunsn PAREMELA wudnflnaegnefioaszsanisnfeniianian
Bdnmsou leg o siumdoneesnaas RF-gun wudnanddnmseulllfiegdessnats (fifm
x=0,y=0) Lwiﬁmimﬁ'ﬂu@@ﬂmﬂquﬂﬂmqﬁgﬁmmmmu X LAY WNW Y ﬁGLLNW\‘]T‘HEH‘ﬁ 38
WNRFNINANIFINAT N - [l ﬁ’auﬂm?ugﬁﬁ 39 Ganarininlymsenssaedaanisde
wa-qiondy auiinaueuneide weeiiddd dddnaeonfinnanAlifviaiaals

LLBILAN

| o O a & ° kY Aan
U7 38 ANAFAYINYBIANBLANATEN ﬂ’]u’lmiﬂil%ﬁﬂu’]ﬂ 3 HEl

U

Tnaqagudnansessandidnasen eseiufidn x=0,y=0
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U7 39 wa-aie way a-aiey wuualad (12 ps wsn) 2e9anBLianasesu

Awanilaeldannn 3 37 Tngqeendnansans-aus liaseiufida x=0,x' =0

[P a 4' o | . 2 | = o ! A dl ]

TrRunaAniiaznyusumbiees coupling — cell Wianaguuwaunufantugadinfise
o | o A 1 1 [ o an A A& A ~
fuviesiadn usiaganazinu @9 model 3 A5 989 TuBiinasou iUl 40 1laaanawaIAITN
THanH1992DIEHINFBN1TNTTANLANIINVIIABLANATEN JUT 41 uay U7 42 uaeg
AL AN WA wuD 3 7R 999 RF-gun finnsmsgusnumids coupling - cell nasmnlusunss
PAREMELA #ifinensindeniivasannianmliudidnasanil uandluguil 43 uaz qU7 44 S
WU Bidnaseuetinansasnumisiifin (0,0) NNt waza-se Ain1vesnes RF-gun i
fdnuoizpdenafi(Fann  RF-gun  Aiflaninauuins  annisauisaunndnellsungs
SUPERFISH 311 Aasazannnsntdnissnenisdnma-awe (6 denisUsude RF-gun Tu

anuoisiiarFvinnsfnunetvazidasse (U lauian

|
=

U7 40 Tawa 3 75 a9 TuBidnaseuuuLonslaniivinnnsmm coupling-cell

Tﬁ@ﬁuumﬁmﬁ’uﬁﬂﬁmﬁu allaunss CST Microwave studio (MWS)
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] o a &
U7 41 nAde yz-plane uaaaneasan i 2esdiudidnaseuuuueiiian

o

A . @ ' a o | o A
fivinnavam coupling-cell Wag luuwaiReaiuvisinna

U7 42 nAdR yz-plane (N) waz xz-plane () waRIAINENAWIN WA

A a & s A o . % ' a % | o i
ﬂﬂ\‘i‘ﬂuﬂL@ﬂﬁ]‘j@uLL‘U‘U’ﬂq‘iLﬂW‘Vl‘V]’]ﬂ']‘E‘MHu coupllng—cell Twﬂgﬁfmmmmﬂuwgmmu
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A o o A & A A& < A o .
EU‘W 43 ANARNAYINNUBINTBLANATDN @"Iﬂlh«lﬂL@ﬂmﬁﬂuLLUUﬂqﬁL@WWWf]ﬂq‘jﬁHH coupllng—cell

o ' a [ ' ° A 4 O a & Yo A o
Tﬁ@%eﬁuLLurJLﬂﬁrJﬂUWﬂuqﬂ@u T@ﬁ"zm@uﬁﬂﬂq\‘lﬂﬂﬂﬂ"lﬂL@ﬂ@ﬁﬂu "VZﬁTﬂ@ﬂUWﬂVI x=0, y= 0

U7 44 Wa-mes uay Wa-as wualad 2a9a18annsan

U

v

&y a & I's A o . | a o | ° A
mﬂﬁuﬂL@ﬂm‘mmm‘umiLﬂ‘l/\hfl‘l/l’mﬁ‘magu coupllng—cell TW@%THLLH'JL@EIQT]UW@H']W@H

a o

Tnaqneudnansspana-se azindiufidn x=0,x' =0
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3 ﬂgﬂwamsﬁﬁ'ﬂ

Tnaonfanisanassiealusunsunesiiomss  Rnuaneoenisnszansesana-
awe rasardianasenaniudidnaseuuuuenfien  2e9gudiTeRAN A IBINR AN UAZAT
aunA WAneae@eaival (PBP-CMU RF-gun) Trannsnszansaaana-aiemanans 9z
THarnnafnuinisndeuiivnsngudidnasey ignlamldsssanananaiing uazegniels
avsnarasmsumdn i nelulasesdnsestiudidnasonuunension  Budanisly
Tusunsn SUPERFISH iladnansanny RF tuiudidnaaen uaz launas PARMELA diwsy
Anmnaedsnfitesdidnasen ansedeuidmamnauimantiin Tusassion as
Anseina-asuwuualad wudn Snnaguresna-aaalagag1einian

HefnundnunienansTaeresa-as  aesddidnmsauanniudidnasonuuy
a19en 299U 398 SUNSHINE, Stanford Synchrotron Research Laboratoty (SSRL), Stanford
Linear Accelerator Center (SLAC) W‘l_lﬁgﬂﬂ’ﬁﬁml,ﬂ:ﬁﬂ?y;luﬂ@\‘]LWZ\‘I—’NL‘U% sufausnsineinll Toe
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The Plasma and Beam Physics Research Facility at Chiang Mai University has established a THz facility
to focus on the study of ultra-short electron pulses. Short electron bunches can be generated from a
system that consists of a radio-frequency (RF) gun with a thermionic cathode, an alpha magnet as a
magnetic bunch compressor, and a linear accelerator as a post-acceleration section. The alpha magnet is
a conventional and simple instrument for low-energy electron bunch compression. With the alpha
magnet constructed in-house, several hundred femtosecond electron bunches for THz radiation
production can be generated from the thermionic RF gun. The construction and performance of the

alpha magnet, as well as some experimental results, are presented in this paper.

Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.

1. Introduction

Femtosecond electron and photon pulses have become inter-
esting tools for basic and applied applications [1-3]. Short
electron pulses can be used directly [1] or to generate intense
THz radiation [4], ultra-short X-ray pulses [5], and free-electron
lasers [6].

Short electron pulses can be produced in a straightforward
way by using linear accelerators and bunch compressors. In the
case of using a chicane bunch compressor [7], a long relativistic
electron bunch with a small energy spread is accelerated in a
linear accelerator section at zero-phase, such that the head of the
bunch loses energy and the particles in the tail gain energy, while
the energy of the particles in the center do not change. In chicane
magnets, the high-energy particles in the bunch tail travel a
shorter path than the low-energy particles in the bunch head,
thereby leading to bunch compression. After sufficient further
acceleration, the energy spread becomes small again, and a new
step of bunch compression can be implemented.

In the case of using alpha-magnet bunch compression, sub-
picosecond electron bunches can be produced in a smaller facility

* Corresponding author at: Department of Physics and Materials Science, Chiang
Mai University, Chiang Mai 50200, Thailand. Tel.: +66 53 943379;
fax: +6653222776.
E-mail address: jatuporn.st@gmail.com (J. Saisut).

from a thermionic-cathode radio-frequency (RF) gun and the
alpha magnet. It has been possible to produce electron pulses as
short as 120 fs rms and a bunch intensity of 100 pCb by using such
a compression system at the Stanford SUNSHINE facility [4,7,8]. A
similar system to generate femtosecond electron bunches has
been constructed and installed at Chiang Mai University. The
main components of the system are an S-band 1%:-cell RF gun
with a thermionic cathode [9], an alpha magnet, and a SLAC-type
linear accelerator (linac), as shown in Fig. 1(a). At the exit of the
RF gun, electrons have been accelerated to about 2.0-2.5MeV
with a well-defined correlation between energy and time
[Fig. 1(b)]. The electron bunch of 20-30ps from the RF gun
enters the alpha magnet at an angle of 42.29 degrees with respect
to the magnet axis. The particles follow a close loop similar to the
letter o and exit the magnet exactly at the entrance point. In the
alpha magnet, higher energy electrons follow longer paths, while
lower energy electrons follow shorter ones. Therefore, the lower
energy electrons have a chance to catch up to the higher energy
electrons in the front, thereby leading to bunch compression. The
electron bunches are then accelerated in a 3-m single-section
linear accelerator and guided to the experimental station. With an
over-compression at the alpha magnet [Fig. 2(a)], the bunches are
compressed to less than 1ps at the experimental station
[Fig. 2(c)]. Due to velocity dispersion, if the bunches are well
compressed at the magnet exit [Fig. 2(b)], then they would not be
optimum at the experimental station [Fig. 2(d)].

0168-9002/$ - see front matter Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.
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b

Thermionic cathode

Fig. 1. (a) Schematic diagram of the bunch generation and compression system, and (b) particle distribution in energy-time phase space with a histogram at the
RF-gun exit.

Fig. 2. Particle distribution in energy-time phase space with a histogram: (a) and (c) are at the RF-gun exit, and (b) and (d) are at the experimental station.
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Fig. 3. Integration path in the alpha magnet.

Table 1
Alpha-magnet design parameters.

Parameters

Maximum field gradient 450 G/cm
Pole radius 10cm
Good-field region (extent in X) 20cm
Maximum gradient error +0.1%

Bunch compression computer code [10] was employed to
study the bunch compression of our system by using some
information from the RF-gun study detailed in Rimjaem et al. [9].
Through a series of calculations, the optimum field gradient to
generate the short bunch was then obtained. For our system, the
maximum alpha-magnet field gradient of 450 G/cm is expected
for producing a short electron bunch at 20 MeV [9].

2. Design of the magnetic bunch compressor for the THz
facility at Chiang Mai University

The alpha magnet and its properties were first described by
Enge [11]. It has the shape of half an asymmetric quadrupole
magnet, with two poles and a mirror plate (front plate)
terminating the field across the vertical midplane. It is called
asymmetric because the pole face extends further horizontally
than vertically, in order to provide a large horizontal and uniform
field gradient region. The sequence of this alpha-magnet design
follows the quadrupole design, which is discussed in more detail
in Wiedemann [12] and Fischerm [13]. This magnet design was
modified and redesigned based on the alpha magnet of the
Stanford Synchrotron Radiation Lightsource Project [14].

A straightforward way to estimate the excitation currents of
the magnet is to use the integral form of Ampere’s Law:

fﬁ‘dT:NI 4))

By using the approximation that the permeability of iron is
infinite and by choosing the integration part as shown in Fig. 3,
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Fig. 4. Alpha-magnet pole profile for POISSION input and the magnetic field line of
the alpha magnet.

the integration starts from the magnet axis. The result is:

aar ga?
NI:/ —dr=2"— 2
oMo 211 @

where g is the field gradient (Tesla/m), a is the pole radius (m),
N is the number of turns, and I is the current (Ampere). With
the design parameters shown in Table 1, NI=17,905 Ampere-turn.
By considering the space available for the magnet coils and
the size of the hollow copper wires, the number of turns,
N=70turns, was selected. The magnet would require a
maximum excitation current of 255 Ampere to provide the field
gradient of 450 G/cm.

2.1. Computer simulation

The pure quadrupole field, which gives a constant field
gradient along the vertical and horizontal midplane, can be
created from infinitely wide hyperbolic poles. In practice, the
magnet poles are cut to place the excitation coils, thus causing
the field gradient to drop near the corner of the poles. In the
case of the alpha magnet, there are concerns about the homo-
geneity of the field gradient and especially the gradient drop
near the pole corner and the front plate. The field gradient
drop can be compensated by iron shimming near the upper
end of the hyperbola pole by using a tangential technique [12]. At
proper positions on the hyperbola pole profile, the tangential
lines are extended to intercept with the pole root for iron
shimming. The pole profile is optimized by using by POISSION
[15], which calculates the magnetic fields from the input pole
profile (Fig. 4) as well as the field gradients. The calculation
results indicated that the position x=6.3 cm and x=23.8 cm are the
best starting points for tangential shimming, which gives a
gradient error of less than + 0.1% along the midplane, as shown
in Fig. 5.
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Fig. 5. Magnetic field distribution at midplane from the hyperbola pole compared with the final design.

Fig. 6. Magnetic field at x=10cm as a function of current (NI).

2.2. Magnetic field saturation

Magnetic field saturation [11] occurs at high excitation
currents, which causes some regions in the magnet core to have
too high of a magnet flux density. Fig. 4 shows that the return
yoke and the front plate are the regions that have a high flux
density. To reduce this high flux density, the thickness of the front
plate and the return yoke are increased. Fig. 6 shows the magnetic
field from POISSON before and after adding iron at these two
regions. The calculations show that after adding more iron, the
saturation occurs at higher currents (from > 14,000 Ampere-turn
to > 17,000 Ampere-turn).

3. Construction of the alpha magnet

3.1. Construction of the magnet core

The magnet core is constructed from low-carbon steel (0.035%
carbon, yt,~2500-3000). The core is composed of two magnet poles
and a front plate. Each pole piece was fabricated from nine iron
laminations. All components of the magnet core were machined by a
computer numerical controlled (CNC) machine. Fig. 7(a) shows a pole
piece lamination of the alpha magnet. Nine laminations are stacked
and tightened together by long bolts and nuts, as shown in Fig. 7(b).
The complete assembly of the magnet core is shown in Fig. 7(c).
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Fig. 7. (a) A pole piece lamination of the alpha magnet, (b) alpha-magnet poles,
and (c) alpha-magnet assembly.

3.2. Construction of the magnet coils

The magnet coils are constructed from 1 x 1 cm? copper wire,
with a 4-mm-diameter cooling hole. The double pancake
technique is used to wind the hollow copper wire. The wire is
wound by using a winding platform mounted on a rotating table.
In this design, one double pancake has two layers of copper
wire, and each layer has five turns. Before winding the coil, the
wire is wrapped by glass cloth tape as insulation. The wire is
wound five turns for the first layer, and it is cut and connected to
the other end for the winding of the second layer. The wire is
then wound five turns in the opposite direction of the first
layer. The water connectors are connected to both ends of one
double pancake. Seven double pancakes are connected and
stacked together to be one alpha-magnet coil, as shown in
Fig. 8(a). The resistance of the two coils is 94 mQ, resulting in the
total power dissipation of 7.9 kW at a current of 290 A. The 10°C
water, with flow rate of 101/s, is used to remove most of the heat
dissipation. The complete assembly of the alpha magnet is shown
in Fig. 8(b).

4. Performance of the magnetic bunch compressor
4.1. Magnetic field measurement

The alpha-magnet field distribution is measured along the X
direction at the midplane by using a DMT-130-PS Hall effect
Teslameter. The magnetic field gradient is then derived from the
field measurement. Fig. 9 shows the excitation curve of the alpha
magnet from calculations and measurements. A maximum
gradient of 465 G/cm can be achieved, limited by the DC power
supply. Saturation was observed at a current higher than 150 A.
With sufficient water cooling, there is no significant temperature
rise during operation.

4.2. Bunch length measurement

At the experimental station located downstream of the linac,
the 8- to 10-MeV electron bunches were used to generate
coherent transition radiation for electron bunch length measure-
ment. By placing a 25-pum-thick aluminum foil (Al foil) at 45
degrees with respect to the electron path, the backward transition
radiation is emitted perpendicular to the beam axis. A far-infrared
Michelson interferometer was employed to measure the electron
bunch length by an autocorrelation technique [16]. The coherent
transition radiation is collimated by a gold-coated parabolic
mirror. The radiation beam exits through a high-density poly-
ethylene window and enters a Michelson interferometer. The
interferometer consists of a beam splitter, a fixed mirror, and a
movable mirror. In the Michelson interferometer, the radiation is
split into two parts by a beam splitter, and it then travels in
different directions to be reflected back by the mirrors. After
reflection, the two radiation pulses are combined again and
detected by a pyroelectric detector for intensity determination. By
scanning the movable mirror, the radiation intensity as a function
of the optical path difference, called the interferogram, was
obtained, as shown in Fig. 10. For a Gaussian bunch distribution,
the full width at half maximum (FWHM) of the interferogram is
4/In20;. The bunch length measurements for various alpha-
magnet gradients have been conducted, and the results are shown
in Fig. 11.

The measurement results show that short electron bunches
can be generated when the alpha-magnet gradient is higher than
300 G/cm. However, the calculation predicted the shortest bunch
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Fig. 8. (a) Two complete coils, and (b) a completed alpha magnet.
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Fig. 9. Excitation curve of the alpha magnet from calculation (infinite ¢ and finite ¢) and measurement.

Fig. 10. An interferogram obtained from the bunch length measurement.

when using the alpha-magnet gradient of 328 G/cm for the
10-MeV electron beam (see Table 2). Equally short bunches can
be obtained from our system through a broad range of alpha-
magnet gradients due to the large energy spread (8-12MeV).
Calculations from the bunch compression program show that
different electron beam energies require different alpha-magnet
gradients to generate the minimum bunch length, as shown in
Table 2. If the electron bunches have a large energy spread, then
some electrons are compressed at a specific alpha-magnet
gradient, while others are under-compressed or over-
compressed, depending on their energy. It is therefore possible
that equally short electron bunches of a large energy spread beam
can be obtained through a broad range of alpha-magnet gradients.

5. Conclusion

An alpha magnet was successfully designed, constructed, and
tested at the Plasma and Beam Physics Research Facility at Chiang
Mai University. With this alpha magnet constructed in-house, a
few hundred femtosecond electron bunches for THz radiation
production can be generated from the thermionic-cathode RF gun.
The experimental results show that electron bunches as short as
0,~200fs can be generated from the system. Electron bunch
length may be reduced with energy spread and lattice optimiza-
tion. Our short electron bunches will be used to produce
THz radiation for spectroscopy experiments and THz imaging
applications.
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Fig. 11. Bunch length as a function of the alpha-magnet gradient.

Table 2
Alpha-magnet gradient for a minimum electron bunch of different electron
energies.

Electron energy (MeV) Alpha-magnet gradient (G/cm)

(for minimum electron bunch)

8.0 298
9.0 315
10.0 329
11.0 342
12.0 352
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A femtosecond electron source has been developed at the Plasma and Beam Physics Research Facility
(PBP), Chiang Mai University (CMU), Thailand. Ultra-short electron bunches can be produced with a bunch
compression system consisting of a thermionic cathode RF-gun, an alpha-magnet as a magnetic bunch
compressor, and a linear accelerator as a post acceleration section. To obtain effective bunch compression,
it is crucial to provide a proper longitudinal phase-space distribution at the gun exit matched to the

subsequent beam transport system. Via beam dynamics calculations and experiments, we investigate the
bunch compression efficiency for various RF-gun fields. The particle distribution at the RF-gun exit will be
tracked numerically through the alpha-magnet and beam transport. Details of the study and results
leading to an optimum condition for our system will be presented.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Bunch compression can be considered as the exchange of long-
itudinal phase-space parameters [1] and generally requires two steps.
First, an accelerating system creates a correlation between particle
energy and position. Then, a non-isochronous magnetic transport line
is used to rotate the particle distribution in phase-space until the
desired bunch length is reached. The accelerating section is phased
such that the center of the relativistic particle bunch does not see any
field (zero-phase) while the particles ahead of the bunch center are
accelerated and the particles behind the bunch center are decelerated.
Following the accelerating section, the particles travel through an
asynchronous curved beam transport system (chicane). Early particles
within a bunch, having been accelerated, follow a longer path than the
reference particles at the center of the bunch while the decelerated
particles being late with respect to the bunch center follow a shorter
path. All particles are considered highly relativistic and therefore bunch
compression works by way of path variation rather than velocity.

The first step can be eliminated in the case of an electron beam
generated in an RF-gun [1,2], in which the electron emerges from a
cathode, which is inserted into an RF-cavity. The electrons are
accelerated immediately where the acceleration is a strong func-
tion of time because of the rapidly oscillating field. An RF-gun with
a thermionic cathode can produce an electron bunch with a

* Corresponding author at: Department of Physics and Materials Science, Chiang
Mai University, Chiangmai 50200, Thailand. Tel.: +66 53943379;
fax: +66 53222776.
E-mail address: zartparz@gmail.com (K. Kusoljariyakul).

0168-9002/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
d0i:10.1016/j.nima.2010.12.068

correlation between energy and time such that higher energy
particles are at the head of the bunch followed by lower energy
particles. Bunch compression for this case can be achieved using an
alpha-magnet [3], which got its name from the alpha-like shape of
the particle trajectories. In the alpha-magnet, higher energy
electrons follow longer paths, while lower energy electrons follow
shorter ones and thereby leading to bunch compression.

A femtosecond electron source, as shown in Fig. 1, has been
developed at the Plasma and Beam Physics Research Facility (PBP),
Chiang Mai University (CMU), Thailand. Ultra-short electron bunches
can be produced with the bunch compression system consisting of a
thermionic cathode RF-gun, an alpha-magnet as a magnetic bunch
compressor, and a linear accelerator as a post acceleration section.
With a specific RF-gun design and alpha-magnet gradient, the
electron bunch can be compressed down to sub-picosecond scale
[4,5]. To obtain effective bunch compression, it is crucial to provide a
proper longitudinal phase-space distribution at the gun exit matched
to the subsequent beam transport system. Via beam dynamics
calculations and experiments, we investigate the bunch compression
efficiency for various RF-gun fields. The particle distribution will be
tracked numerically from the RF-gun exit through the alpha-magnet
and beam transport. Details of the study and results leading to an
optimum condition for our system will be presented.

2. Electron source

The PBP-CMU RF-gun consists of 1%2 S-band cavities and a
thermionic cathode attached to one wall of the first half cell as
indicated in Fig. 1. The full cell and the half cell are coupled through
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thermionic
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Fig. 1. Femtosecond electron source at the Plasma and Beam Physics Research
Facility (PBP), Chiang Mai University (CMU).

a side coupling cavity, which can be seen in the 3D drawing of the
RF-gun in Fig. 1. The dimensions and fields are specially optimized for
ultra-short bunch generation. Systematic simulation studies were
carried out to investigate the fundamental and practical limits in
reducing the electron bunch lengths and details of RF-gun optimization
as well as beam dynamic studies for generating femtosecond electron
bunches have been described in Ref. [6]. Electron distribution at the
RF-gun exit depends greatly on the RF field in each cell. The optimum
ratio of the RF field in each cell as well as the field intensities play
important roles in the bunch compression. For very high RF-field in the
half cell, the bunch head can become quasi-monochromatic and thus
not suitable for bunch compression [2,6]. Experimentally, the PBP-CMU
RF-gun had been operated at the half cell/full cell field ratio (R) of 0.52
and 0.7. Particle distributions at the RF-gun exit obtained from
PARMEILA [7] at these two field ratios for various field gradients are
shown in Fig. 2 and will be under further investigation for bunch
compression efficiency.

Electrons are continuously emitted with thermal energies from
the thermionic cathode and are extracted by RF-acceleration during
an accelerating phase of the RF-fields at 2856 MHz, in the RF-gun. The
first electron is accelerated rapidly and reaches the end of the half cell
just before the RF-phase becomes decelerating. It is further acceler-
ated through the full cell to reach a maximum kinetic energy of
2-3 MeV at the gun-exit depending on accelerating field gradients.
Later electrons feel some decelerating fields before they exit the half
cell and gain less and less overall energy. The bunch that exits the
RF-gun is about 100 ps long having the highest energy electrons at the
head of the bunch within 10-15 ps [8] forming the useful fraction of
the electron bunch. Higher field ratios (half cell/full cell) for the same
field in the full cell result in lower kinetic energy at the RF-gun exit.

3. Bunch compression

Bunch compression is accomplished by guiding the 20-30 ps
electron bunches from the RF-gun through an alpha-magnet [8].
The electrons enter the alpha-magnet at an angle of 49.29° with
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Fig. 2. Energy-time distribution of the electron bunch at the RF-gun exit for R=0.52
(top) and R=0.7 (bottom), half cell/full cell fields are shown in MV/m.

respect to the magnet axis. Particles entering at this angle follow a
closed loop similar to the letter o and exit the magnet exactly at
the entrance point independent of the particle momentum. The
particle path length is, however, momentum dependent. The
momentum dependent path length S scales with the magnetic
field gradient g as Soc v/fy/g [2]. In the alpha-magnet, the particle
path length, therefore, increases with energy. This allows the lower
energy particles, emitted later in each bunch, to catch up with the
front for effective bunch compression. Later on, the optimized and
compressed part of the electron bunch will be filtered by energy
slits located in the a-magnet vacuum chamber and then acceler-
ated in a SLAC type linac and passing through a beam transport line
to experimental stations. At the experimental station, the electron
bunches reach a minimum bunch length of less than 1 ps.

To evaluate the bunch compression efficiency, particles are
tracked numerically through all components from the RF-gun to
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experimental stations. The traveling time within each component
is calculated by the equations listed in Table 1 and the beam line
parameters are listed in Table 2. The effect of traverse particle
motion is not included in this calculation. The parameters Iy and [,
are drift length and effective quadrupole magnet length, respec-
tively, gis the alpha-magnet field gradient (G/cm), and A is the linac

Table 1
Traveling time within beam line components.

Component Traveling time
Drift space tg=14/pc
Quadrupole magnet ty=1q/pc

Alpha-magnet

ta = (1.91655/Bc)\/B/8

Linac tr = A(cp)/cA

Table 2
Beam line parameters.

Component Length (cm) Gradient
Gun to alpha 67.9 -
Alpha-magnet - Varied
Alpha to linac 1134 -

Linac 304.0 2.7 MeV/m
Linac to experimental station 119.9 -

189

acceleration gradient (MeV/m). The calculation starts by varying
the alpha-magnet gradient while observing the particle bunch
distribution. The optimum compression occurs when the bunch
distribution (at least the head of the bunch) is close to a vertical
line. The optimum compression at various RF-fields for the field
ratio, R=0.52 and, R=0.7 are shown in Figs. 3 and 4, respectively.

As the RF field increases, a higher alpha-magnet field gradient
will be required for optimum bunch compression. Optimum
compression for higher field ratio R can be achieved at lower full
cell RF-field. The bunch lengths evaluated from the simulation by a
FWHM of the particle histogram are summarized in Tables 3 and 4
The calculations suggest an optimum compression for a field of
45 MV/m in the full cell for RF field ratio R=0.52, and 40 MV/m for
the field ratio R=0.7.

Experimentally, bunch length measurements by an autocorre-
lation technique indicated an average bunch length of ¢, ~ 170 fs
[4] for the field ratio R=0.52 and a bunch length of ¢, ~ 350 fs for
the field ratio R=0.7. The operating full cell RF field is approxi-
mately 42-44 MV/m. Therefore, in case of the R=0.7, a lower
RF-field than the current operating condition would allow genera-
tion of shorter electron bunches.

4. Conclusion

Bunch compression efficiency depends greatly on the cavity
RF-fields and the alpha-magnet gradient. Calculation of bunch
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Fig. 3. Optimum electron distributions at the experimental station for R=0.52 when using 40, 42, 45, and 50 MV/m full cell RF-fields with alpha-magnet gradient,g=210, 248,

300, and 392 G/cm, respectively.
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Fig. 4. Optimum electron distributions at the experiment station for R=0.7 when using 38, 40, 42, and 45 MV/m full cell RF-fields with alpha-magnet gradient, g=214, 258,

292, and 346 G/cm, respectively.

Table 3
Condition for optimum electron distributions at the experimental station for the
field ratio, R=0.52.

Half cell field/full Optimum alpha-magnet Bunch
cell field (MV/m) gradient (G/cm) length (ps)
21.24/40 210 0.5
22.34/42 248 0.3
23.9/45 300 0.4
26.55/50 392 1.7

Table 4

Conditions for optimum electron distributions at the experiment station for the field
ratio, R=0.7.

Half cell field/full Optimum alpha-magnet Bunch

cell field (MV/m) gradient (G/cm) length (ps)
26.21/38 214 1.0
27.59/40 258 0.9
28.96/42 292 1.5
31.03/45 346 3.0

compression efficiency can be done by tracking particle distribu-
tion numerically from the RF-gun exit through the alpha-magnet
and beam transport. Experimental results of bunch length

measurement agree with the calculation. The calculations suggest
an optimum compression at 45 MV/m for half cell/full cell field
ratio R=0.52 and at 40 MV/m for the field ratio R=0.7.
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A high brightness electron source of ultra-small emittance and high-average current is one of the most
important components for future accelerators. In a RF-electron-gun, rapid acceleration can reduce
emittance growth due to space charge effects. However, twisting or rotation of the transverse phase-space
distribution as a function of time is observed in thermionic RF-electron-guns and may set a lower limit to
the projected beam emittance. Such rotation being caused by the variation of the RF field with time may be

compensated by fields from a specific cavity. In this work, we study RF-electron-gun phase-space
dynamics and emittance under the influence of external fields to evaluate the compensation schemes.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

A high brightness electron source of ultra-small emittance and
high-average current is one of the most importance components for
future electron accelerators [1,2]. Such beams are used as sources of
very high energy linear colliders, wake-field laser accelerator and
X-ray free electron laser.

In order to achieve high brightness beams, it is necessary to
master the production of such beams in special RF-guns, to develop
diagnostic techniques that provide information of the six-dimen-
sional phase-space distribution of electron bunches on sub-pico-
second time scales, to control the six-dimensional distribution of
the bunch in various ways and to be able to accelerate the electrons
to higher energies without diluting the brightness.

Electron bunches produced from a thermionic cathode RF-gun is
subjected to detrimental effects on the beam emittance, specifically
to a twisting of the time-sliced phase-space. The transverse phase-
space rotation can increase the projected emittance by several
orders of magnitude. Thus, in order to obtain a high brightness
beam, it is highly desirable to minimize this effect. This phenom-
enon may be compensated by passing the beam through a proper
time dependent external electromagnetic field. In this study, we
investigate schemes that reduce the projected emittance while
preserving Louville’s theorem of constancy of the beam emittance
by lining up temporal slices of phase-space distribution.
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fax: +66 53222776.
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2. Method

In this study, we focus on compensation of the particle
distribution from the PBP-CMU RF-gun at the Plasma and Beam
Physics facility (PBP), Chiang Mai University, Thailand. The PBP-
CMU RF-gun consists of 1} S-band cavities and a thermionic
cathode attached to one wall of the first half-cell as shown in
Fig. 1. The full-cell and the half-cell are coupled through a side
coupling cavity, which can be seen in the 3D drawing of the RF-gun
in Fig. 1. The details of RF-gun optimization for the production of
femtosecond electron bunches as well as beam dynamic studies
have been described in Ref. [3]. In this study, the dynamics of
particle motion in the RF-gun and in the external electromagnetic
fields has been simulated with the code PARMELA [4]. Note that the
average half-cell and full-cell fields used in the simulation are 23.9
and 45.5 MV/m as specified in Ref. [3].

2.1. Beam emittance

Beam emittance is the region in phase-space occupied by
particles in a beam [5]. By definition, phase-space is represented
by coordinates and their conjugate momenta. However, for con-
stant energy particles it is more convenient to replace the conjugate
momentum with the slope of the trajectory (x'), defined as

Px = Potanx’ ~ p, tanx’. 1)

In this paper, the term “beam emittance” is used for transverse
apparent or projected emittance while “slice emittance” is used for
emittance of a time-sliced beam. In either case, the emittance is
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Fig. 1. PBP-CMU RF-gun at Plasma and Beam Physics facility (PBP), Chiang Mai
University.

calculated as the r.m.s. emittance, defined by

b= (X2 (X > — Cxix»? @

where the average is taken over all particles i. Space charge forces
and radial fields in RF-cavities can degrade the beam emittance
significantly. The space-charge effect is inversely proportional
to the square of the particle energy. Thus, rapid acceleration
in a RF-gun reduces the space-charge effect. Moreover, space
charge effect causes rotation of the transverse phase-space
distribution due to its energy dependence. Eq. (2) indicates
that if all particles lie on a line in phase space, in other words,
x = mx/, the beam emittance will vanish. Since m is time dependent,
this rotation cannot be ignored if a high brightness beam is to be
achieved. There are several approaches suggested for emittance

minimization, for example, using a solenoid magnet [5], using RF
radial focusing 6], alternative cathode material [7] and special RF-
gun designing.

2.2. Slice phase-space

Fig. 2 shows the transverse phase-space distribution at the PBP-
CMU RF-gun exit every ps along the microbunch. The twisting or
rotation of the time-sliced phase-space can obviously be seen.
Closer inspection of the 1 ps phase-space distribution in terms of
time correlation can be obtained by looking at x'/x and y’/y ratios.
The ratio for each phase-space slice is obtained by fitting data with
robust straight-line fit [8]. The x'/x and y’/y ratios as a function of
time is shown in Fig. 3. This time response will give an estimation of
compensation needed for each phase-space slice. The rotation of
horizontal and vertical phase-space slice are very much alike. Fig. 4
shows the energy-time phase space of the electron bunch at the RF-
gun exit with a histogram. The head of the bunch contains higher
energy particles followed by lower energy ones and the particles
are more concentrated at the head of the bunch. The energy-time
phase-space information should be taken into account for beam
dynamics studies.

2.3. Transverse magnetic fields

To compensate the observed phase-space rotation, different
deflections should be applied to particles that are off-center.
Increasing deflection should be applied for particles at increasing
distance from the beam center. Transverse magnetic modes of a
circular cylindrical cavity TMg;, with azimuthal magnetic fields
increasing with radial positions seem to serve our purpose. The
general expression for the TMy,,, field components are [9]

E, = EoJ,(ky1)COS I? elot

_—pbra

Er - I X1
. a ) pnz ;

B, = —Jw}ﬁ?EOJ o(ki1)COS Te“”‘. 3)

EoJ o(k11)sin p_?l'EZ elot

3. Results and discussion

The TMp;0 mode and TMyp;; mode were investigated in this
study. Since the rotations of horizontal and vertical phase-space
slices are very much alike and the TM fields under the investigation
are azimuthally symmetric, only the results for horizontal phase
space will be presented. The field amplitudes are optimized by
considering the compensation required in each phase-space slice.
The required deflection can be calculated using the x'/x ratio
normalized to the average energy of each beam slice. Analysis of
the time response for the compensation suggested the sin(wt) field
at S-band frequency. The dimensions of the S-band TMy;o and
TMo; cavities used in this study are listed in Table 1. Fig. 5 shows
the phase-space distribution of the simulated beam after passing
the TMo,o cavity with the cavity length of the 1 S-band wavelength.
Figs. 6 and 7 show the phase-space distribution of the simulated
beam after passing the TMg;; cavities with the cavity lengths of
1 S-band and 1/2 S-band wavelengths, respectively. The insets
show the energy-time phase space of the electron bunch after
passing each cavity. Fig. 8 shows the phase-space distribution for
all slices (projected) of the beam at the RF-gun exit and after
passing the TMgp10 and TMyq; cavities. The compensation results
in terms of projected emittance, calculated using Eq. (2), are listed
in Table 2. The beams have gained some energy after passing
through the TMyg,; cavities. Therefore, normalized projected
emittance to the beam average energy will be used for comparison.
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Fig. 3. x'/x and y'[y ratios at RF-gun exit as function of time.

The normalized projected emittance and the beam energy increase
after passing the 1-wavelength-long TMy,; cavity. With the
1-wavelength-long TMg1 cavity, the normalized projected emit-
tance decreases by 10-20% while the beam energy and the energy-
time phase-space remain the same. The 1/2-wavelength-long
TMo1 cavity offers the best compensation of around 30% reduction
but the energy-time phase space becomes undesirable for bunch
compression purposes. Moreover, the geometry of such a cavity is
not practical.

Fig. 4. Energy-time phase-space of electron bunch at RF-gun exit with histogram.

Table 1

Cavity dimensions.

Cavity Cavity length (cm) Cavity radius (cm)
1— As-pana-TMO10 10.497 4.018

1— Zsbana-TMO11 5.249 1140.00
1—s-pana-TMO11 10.497 4.640
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Fig. 6. Phase-space distribution of simulated beam after passing TMo;; cavity with cavity lengths of 1 S-band wavelength.
4. Conclusion capable of lining up the phase-space slice and reducing the
projected emittance of the PBP-CMU beam. However, there are
The study of phase-space dynamics of the electron beam from more parameters that should be included and optimized in
the PBP-CMU thermionic cathode RF-gun through some compen- the study. Further study to find more specific parameters of the

sation electromagnetic fields has been conducted. The preliminary cavities will be conducted. The final results may lead us to a new
simulation results show that the TMg;9 and TMg;; cavities are emittance compensation scheme.
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Fig. 8. Phase-space distribution (projected) of beam at RF-gun exit and after passing TMg;o and TMp;; cavities.
Table 2
Projected emittance obtained from simulation.
Projected &nys (Mmm mrad) Normalized &ms (mm mrad) Maximum kinetic energy (MeV)
Gun exit
(x) 6.406 27.673 2.06
») 6.423 27.749
1 — Zs-pana-TMO10 27 MV/m 4.788 21.340 2.09
1— Zs-bana-TM010 40 MV/m 5.507 24.943 2.11
1— s bana-TMO11 27 MV/m 3.292 20.105 2.79
1= 25 bana-TMO11 40 MV/m 2.829 19.687 3.16
1— As-bana-TM011 27 MV/m 5.174 31.571 3.46
1—Zs-bana-TMO011 40 MV/m 5.113 35.895 4.15
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The production and the utilization of four fundamental probes, namely, electron, ion, neutron
and photon probes, have played a vital role in the research and development in modern science
and technology. These probes are generated by various types of particle accelerators. In Thai-
land, beams of charged particles are accelerated to energies ranging from keV to GeV. Low-energy
(<200 keV) heavy-ion implanters are applied to research in material surface modification, biology
and nanotechnology whereas the MeV tandem accelerator is employed in material surface analysis
and lithography. Relativistic femtosecond electron beams are used to produce transition radiation
with wavelengths in the tera-Hertz (THz) region. Synchrotron radiation is generated from a 1.2-
GeV electron synchrotron coupled to a storage ring. The details of present and future accelerator

R & D activities are presented and discussed.
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I. INTRODUCTION

In Thailand, the first accelerator facility was estab-
lished in Chiang Mai about four decades ago. A nanosec-
ond pulsed neutron generator was constructed and in-
stalled at the Fast Neutron Research Facility on the main
campus of Chiang Mai University (CMU) [1]. The high
stability Cockcroft-Walton-type accelerator was modified
to incorporate beam chopping and bunching devices. A
140-keV deuteron beam was used to produce neutrons
from the T(d,n)* He reaction. Pulsed neutrons, 1.5 — 2
ns, were initially utilized in the measurement of double
differential neutron emission cross sections with a 10-m
flight path [2]. A few years later, a 150-kV heavy-ion
implanter with 0° and 45° beam lines was designed and
constructed [3]. Gaseous ions such nitrogen ions were
generated and used to modify tribological properties of
metals and alloys. Subsequent machines were installed
for ion-bioengineering studies. A decade ago, femtosec-
ond electron bunches from a thermionic RF-gun with a

*E-mail: thirapat@fnrf.science.cmu.ac.th; Fax: +66-53-222774
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bunch compressing a-magnet were built at CMU for the
SURIYA facility [4]. At the beginning of this century,
a synchrotron radiation facility based on a 1-GeV elec-
tron beam coupled to a storage ring was commissioned
at the Synchrotron Light Research Institute in Nakorn
Ratchasima. In this paper, the development and the
present status of accelerator technology and its utiliza-
tions are reviewed.

II. ION BEAM

Development of low- and medium-energy (keV —MeV)
ion-beam accelerators and related technology and appli-
cations has been a main focus of the national research
in accelerator physics. We have established an ion beam
research center at CMU as a unique comprehensive ion
beam and plasma research laboratory in the ASEAN
(Association of Southeast Asian Nations) region. The
laboratory, named Plasma and Beam Physics Research
Facility, is now equipped with a 1.7-MV Tandetron tan-
dem accelerator mainly for ion beam analysis (Fig. 1),
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Fig. 1. Schematic diagram of the 1.7-MV tandem accelerator and ion beam line for ion beam analysis.

a 220-kV Varian versatile ion implanter for various ion
implantations, a 30-kV bioengineering-specialized verti-
cal ion beam line for biological applications, a 30-kV
plasma immersion ion implantation facility for mate-
rial surface modification, a 10-kV ion beam neutralizer
for neutral beam implantation in non-conducting ma-
terials, and a number of plasma facilities. Historically,
a 150-kV deuteron-accelerator-based 14-MeV fast neu-
tron generator, a 150-kV heavy-ion implanter, a 150-kV
high-current broad-beam ion implanter and a 300-kV
ns-pulsed accelerator-based beam line with a chopper-
buncher system [5] for time-of-flight (TOF) Rutherford
backscattering spectrometry (RBS) analysis were also
constructed, but have since been demolished. With ap-
plying all of these ion beam facilities, Thai scientists have
been able to carry out very much research work on ma-
terials modification, surface analysis and biological ap-
plications and achieve significant attainments.

In Thailand, ion beams were first applied for modifi-
cation of solid materials, such as local steels [6], alloys
[7], cermets [8], ceramics [9,10], and semiconductors [11].
We achieved improvements in material surface hardness,
wear resistance, friction coefficient, corrosion resistance,
high-temperature oxidation resistance, optical properties
and formation of nanostructures.

Based on the success in the conventional materials
modification by ion beams, the application of ion beams
was extended to biology. The ion beam biology (IBB)
research has been an emphatic research program in
the field of low-energy accelerator applications. It was
launched in 1998 and since then has continued in Thai-
land. The research is generally aimed at utilizing ion
beam and plasma technology for applications in biology,
agriculture, horticulture, medical science and life science.
This is a highly interdisciplinary field requiring highly in-
ternational and inter-departmental collaborations. Our
work involves equipment development, technology devel-
opment and basic research. The research has led to es-
tablishment of ion beam biotechnology in the country
and has succeeded in ion-beam-induced mutations of lo-
cal rice (Fig. 2), flowers and vegetables and DNA trans-

Fig. 2. Photograph of Thai local rice mutants in either
short straw (the two in the middle) or tall straw (left) in-
duced by N-ion beam bombardment compared with the con-
trol (right).

fer in bacteria and yeasts [12-14]. The basic research
has been focused on investigations of the mechanisms
involved in the ion-beam-induced mutation and DNA
transfer, such as low-energy ion interactions with DNA
and cell envelope materials [15-17].

Besides the applications in materials modification, ion
beams have been applied for material analysis. Two ac-
celerators, namely, the 1.7-MV Tandetron tandem ac-
celerator and the 300-kV medium-energy ns-pulsed ion
beam accelerator, have been employed for material anal-
ysis. The Tandetron accelerator employs two ion sources,
a duoplasmatron ion source and a source of negative
ions by cesium sputtering (SNICS), capable of produc-
ing analyzing ion beams of light species, such as hy-
drogen and helium, and heavy species. The beam line
is currently capable of being used for ion beam analy-
sis techniques such as Rutherford backscattering spec-
trometry (RBS), RBS/channeling, particle induced X-
ray emission (PIXE), elastic (non-Rutherford) backscat-
tering (EBS) and ionoluminescence (IL) with the assis-
tance of commercial and self-developed softwares. The
medium-energy ion accelerator is featured with ns-pulsed
beam so that time-of-flight (ToF) RBS analysis using
medium-energy ion beams is available for detailed anal-
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Table 1. Operating and beam parameters of the electron beam accelerator at CMU.

Parameters RF-gun Linac
Beam energy [MeV] 22-3 610
Macropulse peak current [mA] 1000 50 — 150

RF-pulse length (FWHM) [ps] 2.8 8
Repetition rate [Hz| 10 10

Beam-pulse length [us] ~2 ~0.8

Number of microbunches/macropulse 5700 2300

Number of electrons/microbunches 1.4 x 10° 8 x 107 - 6 x 10®

Fig. 3. The MeV ion beam lithography system and ap-
plication. Left: photograph of the L-shape aperture system.
The arrow points to the aperture. Right: SEM micrographs
of patterns written in a 7.5-um-thick PMMA layer by using
the L-shape aperture system with a 3-MeV He beam.

ysis of materials. Ion beam analysis experiments and
applications have been vigorously used in analyses of el-
ements, elemental depth distributions, radiation damage
in crystals, thin or hierarchical films, and nanostructures
of various materials, including metals, semiconductors,
ceramics, gemstones, airborne dusts and biological or-
ganisms [18,19].

The MeV ion beam has been utilized in Thailand for
ion beam lithography, which has been a useful technique
for microfluidics applications. MeV-ion beam lithography
is a direct writing technique capable of producing mi-
crofluidic patterns and lab-on-chip devices with straight
walls in thick resist films. In this technique, a small
beam spot of MeV ions is scanned over the resist sur-
face to generate a latent image of the pattern. In our
system, the size of the rectangular beam spot is pro-
grammably defined by two L-shaped tantalum blades
with well-polished edges [20,21] (Fig. 3). The minimum
beam spot size is now 1 ym. This allows rapid exposure
of entire rectangular pattern elements up to 500 x 500
pum? in one step. If different dimensions of the defining
aperture are combined with the sample movements rela-
tive to the beam spot, entire fluidic patterns with large
reservoirs and narrow flow channels can be written over
large areas in short time. Fluidic patterns were writ-
ten on silicon (Si) and polymeric PMMA (polymethyl-
methacrylate) for preliminary studies (Fig. 3).

Accelerator-based ion beams have been working, to-
gether with plasma technology, for ion beam nanotech-
nology applications. Not only is the ion beam itself in-

Fig. 4. SiC nanocrystallite formed by C-ion implantation
in a Si wafer: ion beam energy: 40 keV, fluence: 6.5 x 107
ions/cm?, implantation temperature: 400 °C. (a) XRD spec-
trum from the sample. The measurement was done for the
©-20 plane positioned at the angle of 38.4° from the (001)
direction of the substrate. The inset shows the 3C-SiC (111)
peak intensity as a function of the ©-20 plane angle with re-
spect to the substrate (001) orientation (for the 90° case, the
plane is parallel to the wafer surface). The mean SiC grain
size was calculated by using the Scherrer formula to be 8.4
nm. (b) TEM micrograph of the SiC nanograin; one of the
examples, as indicated by the white circle, is seen to be about
6 — 8 nm in size, which is in good agreement with the result
calculated from the XRD spectral peaks.

trinsically a nanotechnology as it works in nanoscale ma-
terials when the ion energy is appropriately controlled,
but also it can be applied to process a material surface
in a way of either top-down or bottom-up for nanos-
tructure formation. The ion beam nanotechnology re-
search was initiated with carbon ion implantation in
tungsten carbide cemented by cobalt (WC-Co) cermet to
achieve a surface nanostructure, which resulted in ultra-
low friction coefficient [22]. This work has led to two US
patents. Later on, the research topics were extended to
include ion beam synthesis of nanocrystalline materials
such as silicon carbide (SiC) [23,24] (Fig. 4), ion beam
and plasma deposition of nanofilms such as diamond-like
carbon (DLC) coatings [25], ion beam lithography of mi-
cro/nanopatterns, ion beam and plasma-induced surface
nanostructures such as nanofibers and nanoislands, ion
beam nanoanalysis, and ion beam nanobiotechnology.
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stations.

III. ELECTRON BEAM

The SURIYA electron beam facility to produce fem-
tosecond electron bunches and THz radiation has been
under development for a decade. Figure 5 shows a
schematic diagram of the bunch generation and com-
pression system [26] using a specially designed radiofre-
quency (RF) gun [27]. In the RF gun, electrons
are continuously emitted with thermal energies from a
thermionic cathode and are extracted and accelerated
during an accelerating phase of the RF field with a fre-
quency of 2856 MHz. At first, electrons are accelerated
rapidly and reach the end of the half-cell just before
the RF phase decelerates. They are further accelerated
through the full-cell to reach the maximum kinetic en-
ergy of 2.0 —2.5 MeV at the gun exit depending on the
accelerating field gradients. Later on, the electrons feel
some decelerating fields and gain less and less overall en-
ergy, resulting in a well-defined correlation between en-
ergy and time. Electron bunches of 20 — 30 ps from the
RF gun are then compressed in an a-magnet, where the
particle path length increases with energy. This allows
the lower energy particles, emitted later in each bunch,
to catch up with the front for effective bunch compres-
sion. The optimized and compressed part of the electron
bunch is then filtered by using energy slits located in
the a-magnet vacuum chamber and is then transported
through a SLAC-type linac and a beam transport line
to experimental stations. At the experimental stations,
the bunches are compressed to less than 1 ps [28]. The
operating and beam parameters are shown in Table 1.

The femtosecond electron bunches are used to gener-
ate intense THz or far-infrared radiation in the form of
coherent radiation. Such radiation is of great interest for
THz spectroscopy and THz imaging applications [29,30].
After acceleration, the compressed electron bunches are
used to generated coherent transition radiation (TR) by
passing through a thin aluminum (Al) foil. The Al foil or
radiator is tilted by 45° facing the electron beam direc-
tion. The backward transition radiation is emitted per-

pendicularly to the beam axis and is transmitted through
a high-density polyethylene (HDPE). The radiation en-
ergy of 19 pJ per macropulse or a peak power of 24 W
was measured by collecting over an acceptance angle of
160 mrad. The available THz radiation, measured us-
ing a Michelson interferometer with a room-temperature
pyroelectric detector, covers wavenumbers from 5 cm™*
to around 80 cm~! (0.15 THz — 2.4 THz). THz spec-
troscopy can be done easily by measuring the power
transmission or the power reflection of a sample via a
Michelson interferometer and the Fourier transforma-
tion, as well as with dispersive Fourier transform spec-
troscopy (DFTS). THz spectroscopy experiments, espe-
cially those on highly absorbing substances, using co-
herent THz transition radiation sources and DFTS tech-
niques, have been reported [31]. Reflection and trans-
mission THz imaging experiments have been conducted
as examples of THz radiation applications using our ra-
diation source [32]. It is possible to extend the spectral
range further by using shorter electron bunches.

IV. SYNCHROTRON LIGHT

The Siam Photon Laboratory (SPL) is an accelera-
tor complex of the Synchrotron Light Research Institute
(SLRI), under the Ministry of Science and Technology of
Thailand. The laboratory is in the technopolis of Surana-
ree University of Technology in Nakhon Ratchasima, 250
km from Bangkok to the northeast.

The Siam Photon Source (SPS) is the first synchrotron
light source in Thailand [33]. Tt is a modified SORTEC
ring, which was owned by the SORTEC Corporation in
Tsukuba, Japan, but is now owned by SLRI, along with
an injector linac and a booster synchrotron. The linac
and the booster synchrotron are being used in the SPS
almost without change. A layout of the SPS is illus-
trated in Fig. 6. The injector linac consists of an elec-
tron gun producing electrons, which are later accelerated
to 40 MeV with a 6-MeV buncher and two 17-MeV ac-



-538- Journal of the Korean Physical Society, Vol. 59, No. 2, August 2011

Table 2. Major parameters of the storage ring of SPS (in
addition to those given in the text.

Electron beam energy [GeV] 1.2
Maximum beam current [mA] 120
Horizontal emittance [nm-rad] 41

Coupling [%] 0.8
Betatron tunes v, vy 4.75, 2.82
Synchrotron tune v 2.33 x 1073

Natural chromaticities &z, €y -9.40, -6.61

Momentum compaction 0.0170
RF frequency [MHz] 118
Harmonic number 32
RF voltage [kV] 120
RF power kW] 14
Number of RF cavity 1
Energy loss per turn [keV] 65.94

Fig. 6. Schematic diagram of the SPS at the SPL.

celeration tubes. The acceleration system is powered by
a 35-MW Kklystron microwave power supply. The typi-
cal electron beam current is 60 — 80 mA. The electrons
transported from the linac are further accelerated from
40 MeV to 1.0 GeV by the booster synchrotron. An
inflector magnet and four bump magnets are used for
beam injection. The yokes of the bending magnet and
quadrupole magnets are made of laminated silicon steel
plate of 0.5 mm in thickness. The reentrant-type RF ac-
celeration cavity is driven by a 108-MHz RF power sup-
ply. The storage ring of the SPS was designed to store
1.0-GeV electrons with a beam emittance of 727 nm-rad.
The circumference of the ring is expandable from 43 m to
81.3 m to provide 4 long straight sections for the installa-
tion of insertion devices. The lattice of the new ring is a
double-bend achromat (DBA) lattice with four superpe-
riods for a total of 8 bending magnets. The modification
requires additional 12 quadrupole magnets, 8 sextupole
magnets and 20 steering magnets. The first synchrotron
light was produced in December 2001. After that, the
light source has continuously been upgraded [34,35]. In
2005, the storage ring energy was upgraded from 1.0 GeV
to 1.2 GeV by replacing the power supply of the bending
magnets [31]. Operating the light source, thus, requires a
ramp-up procedure after injection. The energy upgrade
further reduces the emittance. The energy of the booster

Fig. 7. Schematic diagram of the experimental floor plan
of the SPL.

synchrotron is also planned to be upgraded to 1.2 GeV
to allow full energy injection. With the improved wa-
ter cooling system and many small sub-systems of the
SPS, the beam lifetime at present is 23 hours at 100 mA.
Since 2009, a planar undulator has been installed and is
now being commissioned. To serve the X-ray commu-
nity, a 6.4-T superconducting wavelength shifter (WLS)
transferred from MAXLab (Lund, Sweden) is planned
for producing hard X-rays from the 1.2 GeV ring. The
parameters characterizing the current storage ring are
given in Table 2.

The storage ring of the SPS has 8 beam ports. The
layout of the experimental floor plan is shown in Fig. 7.
Originally, the SPS was constructed, along with the first
beamline, for photoemission experiments (BL4: PES)
[36]. BL4 was later decommissioned in 2009 and was
modified for use with the undulator light (BL3.2a: PES
and BL3.2b: PEEM). Currently, three beamlines are
open to the users. Those are for small-angle X-ray scat-
tering experiments (BL2.2: SAXS), deep X-ray lithog-
raphy (BL6: DXL) [37] and X-ray absorption spec-
troscopy (BL8: XAS) [38]. The number of projects using
BL4: PES, BL6: DXL and BL8: XAS and the number
of publications have been constantly increasing in recent
years.

The beamlines to utilize radiation from the undulator
for PES and PEEM (BL3.2a:PES and BL3.2b:PEEM)
are now being commissioned. Four more beamlines
are currently under construction. Those are for time-
resolved XAS (BL4: XAS), infrared (IR) spectroscopy
and imaging (BL4: IR), X-ray fluorescence (XRF)
(BL5.1) and XAS (BL5.2). The latter two beamlines,
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BL5.1 & 5.2, are being jointly constructed by a consor-
tium of three institutes (Suranaree University of Tech-
nology, Nanotechnology Center and SLRI). In addition,
a hard X-ray beamline has been constructed to utilize
hard X-ray from the 6.4 T WLS for macromolecule crys-
tallography (BL7.2: MX).

The SPL has dedicated tremendous service to research
applications. Here are examples. Application of syn-
chrotron light with the X-ray absorption technique was
used to study cadmium accumulation in rice stems in an
attempt to use bacteria to reduce the Cd that contami-
nates local rice. Rice stems grown with bacteria Cupri-
avidus taiwanensis S2500-3 were found to have 61% re-
duction of cadmium accumulation. With the help of the
synchrotron-radiation-based X-ray absorption technique
at the SPL, Thai scientists found that “Wan Mahakarn”,
a typical plant in tropical countries, was able to accumu-
late heavy metals by the so-called phytoremediation pro-
cess. A quantum mechanical modeling for movement of
water molecules around an ion in solution was done and
was used to calculate the absorption of X-rays. The cal-
culations were confirmed by results of X-ray absorption
spectroscopy measurements at BL8 [39]. In an archeo-
logical study, researchers using X-ray absorption spec-
troscopy at BLS8 studied the forms of copper inside 1300-
to 2000-year-old beads found in four archeological sites
in Thailand. They found that the structures and the
chemical forms of copper in the beads were very similar
to those in 600- to 700-year-old beads found in southern
Italy. “This may indicate a long history of trade be-
tween the south of Thailand and the Mediteranian”, the
researchers commented [40].

V. FUTURE PLAN FOR AN INFRARED
FREE ELECTRON LASER

At Chiang Mai University, we plan to establish a new
research facility centered on the production and the uti-
lization of femtosecond electron pulses and free electron
lasers (FEL) optimized for mid- and far-infrared/THz
radiation. The main goal of the extension to the THz fa-
cility would be the generation of infrared (IR) radiation
covering the mid- and the far-infrared region to wave-
lengths up to the THz region. This broad interest is fu-
eled by promises in support of basic and applied research,
security, biology, chemistry, medicine, etc. Infrared and
THz radiation can be used for security to replace or am-
plify, for example, metal detectors to detect non-metallic,
but dangerous, articles. Furthermore, quality controls of
food products would be possible through packing mate-
rial by examining chemical composition, water content
and freshness of food. In biology and chemistry, IR and
THz radiation is used in spectroscopy to investigate vi-
brations of macro-molecules. Especially, high-intensity
THz radiation has been used to study biological samples
in watery environments rather than in dry condensed

Fig. 8. Schematic diagram of the planned layout of the
new facility for free electron lasers.

states. The structure and the integrity of semiconduc-
tor devices can be investigated through packaging while
studying the circuit layers. All of these are planned ap-
plications.

In order to realize the applications, we will rearrange
and construct the facility area. Recently, a large well-
shielded area became available through the decommis-
sioning of a fast neutron facility, and it is planned to
establish a new center there by first relocating SURIYA
to this location. The size of the new location (12 x 13.5
m?) will allow the installation of several FELs side by
side. The beam from SURIYA will be turned around
by several 180° achromatic deflections to let the elec-
tron beam pass through one of the 2 — 3 FEL undulators
that are required to optimally cover the desired radiation
spectrum. The electron beam from the SURIYA facility
is not optimal now, but by only a modest increase of the
RF power to the RF gun, a beam condition can be gen-
erated that will be optimal for a FEL, but will no longer
be optimal for bunch compression. The source of the
electron beam being a 2.5-MeV RF gun ensures that the
beam emittance is sufficiently small for all FELs. Simi-
larly, the energy spread from the gun is less than 1%. A
schematic outline of the facility is shown in Fig. 8. The
free space available for each FEL with optical cavities is
about 10 m. A photon beam line attached to each FEL
will guide the photons to a well-shielded, radiation-free
area (~150 m?) and an associated experimental location.
We expect to commission the first FEL within five years.

VI. CONCLUSION

In Thailand, accelerators have been vigorously be-
ing developed and related research activities have been
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taken during the last 20 years. Two accelerator bases
are the representatives, namely, the ion and electron
beam laboratory at Chiang Mai University and the Syn-
chrotron Light Research Institute near Bangkok. At
present, in Thailand, there are nearly ten ion accelera-
tors in operation and several are under construction. ITon
beam technology has been broadly applied for materials
modification, material analysis, biology, agriculture and
nanotechnology. High-energy electron beam accelerator
technology has been constantly developed for advanced
applications, including THz radiation spectroscopy. The
synchrotron light research has formed a nationally fo-
cused high-technology accelerator base to be used by
various users. The construction, installation and applica-
tions of accelerators and related technology have signifi-
cantly promoted scientific, technological and educational
development for the country.
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Abstract. This work reports an application of reflective terahertz (THz) imaging for identification
of water distribution in the proton exchange membrane (PEM) fuel cell. The THz radiation
generated from relativistic femtosecond electron bunches is employed as a high intensity source.
The PEM fuel cell is designed specifically for the measurement allowing THz radiation to access
the flow field region. The THz image is constructed from reflected radiation revealing absorptive
area of water presence. The technique is proved to be a promising tool for studying water
management in the PEM fuel cell. Detailed experimental setup and results will be described.

Introduction And Background

“Terahertz (THz) radiation” is the most common term used to refer to frequency 10'? Hz which lies
between the microwave and infrared regions of electromagnetic spectrum [1]. THz radiation has
attracted increasing interest in imaging and spectroscopy in a broad range of applications such as in
medical diagnosis, security measures for airports and screening, radio astronomy, communication
and sensing, and atmospheric studies [2]. This is because THz is non-ionizing and capable of
penetrating a wide variety of non-conducting materials (e.g., clothes, papers, plastics and ceramics);
but it is strongly absorbed by polar molecules such as water, and is reflected by metals [3].

The proton exchange membrane (PEM) fuel cell is a transducer that converts chemical energy
into electrical. The basic single cell consists of a membrane electrode assembly (MEA) sandwiched
between flow-field plates. In the flow channels, water is brought in with reactants in the form of
humid fuels. Meanwhile, water is generated as a byproduct from electrochemical reaction and must
be removed. Visualization of water formation and transport in an operating PEM fuel cell is a
challenging phenomenon due to the opaque nature of traditional gas diffusion layer (GDL), flow
fields and end-plate materials [4]. As water is one of the main constituents of fuel cell, it should be
possible to use THz wave to detect water buildup and removal in the PEM fuel cell.

Our femtosecond electron source, developed at the Plasma and Beam Physics Research Facility,
Chiang Mai University, Thailand, can generate coherent transition radiation in the THz regime
ranging from 0.15 - 2.4 THz (5-80 cm™). In this paper, we demonstrate promising results for
identification of water presence in the flow channels of a PEM fuel cell by reflective THz imaging.

THz Radiation Source

At the Plasma and Beam Physics (PBP) Research Facility, THz radiation is generated in the form of
coherent transition radiation from femtosecond electron bunches [5]. The system to produce such
short electron bunches consists of a thermionic cathode RF-gun, an alpha magnet, and a linear
accelerator (Linac), shown in Fig. 1. At the THz radiation experimental station (Fig. 2), the short

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of TTP,
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electron bunches are used to generate coherent transition radiation by passing through a radiator
made of a 25.4 um-thick Al-foil. The radiator is tilted by 45° facing the electron beam direction.
The backward transition radiation is emitted perpendicular to the beam axis and transmits through a
high density polyethylene (HDPE) window of 1.25-mm-thick and 32-mm diameter. The coherent
radiation, covering much THz spectral range up to 80 cm™ (2.4 THz), yields high intensity radiation
which can be detected with a room temperature detector. The beam profile after 6-cm focal-length
lens shown in Fig. 3 indicates the focused beam width at FWHM to be approximately 2 mm.

Figure 1. Schematic diagram of the system to generate femtosecond
electron bunches.

Figure 2. Schematic diagram of the THz radiation system

Figure 3. THz beam profile after 6 -cm focal -length lens

Experimental Technique & Results

The PEM fuel cell for THz imaging must allow THz radiation to probe the flow channels. From
outer to inner layers (see Fig. 4), our PEM fuel cell consists of end plates, flow fields and a
membrane electrode assembly (MEA). The end plates provide structure rigidity. The flow fields
with serpentine channels guide water and reactant gases to flow in to and out of the cell. The MEA
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is where the electrochemical reaction occurs. On the THz probing side, we insert a THz window
and cut a circular opening on the end plate. The flow field made of brass is machined through its
channels with 2 mm in width and 2 mm in depth. Silicon is selected to be a window of our fuel cell.
It is often used as a window material for THz spectroscopy of liquid samples due to its high
reflectivity in this spectral regime [6]. The Nafion” membrane and the carbon cloth including Pt 5
mg/cm’ were used for the MEA. This PEM fuel cell must operate in conditions as close as possible
to those prevailing in practice (especially in term of current density, gas hydration and
stoichiometry).

Figure 4. PEM fuel cell components designed with machine through
flow field channels made of brass enclosed with a THz window.

Figure 5. Distribution of droplets in the flow channels after 180
minutes from the start of operation with active dimension of 50x100
mm? and current drawn at 10 A.
Visible image.
Fig. 5 shows water buildup in the flow channels of cathode side operating at 30%RH and constant
current 10 A. The water droplets diffused from a membrane electrode assembly (MEA) merged
with the condensed droplets on the flow channel wall forming water columns. At some part of the
flow channel, the surface of the MEA and inner surface of the transparent window were covered
with a water film. Along an arc of the flow channel, more water gathered and clogged the gas flow.
Therefore, gas and water transportation along the flow channels is crucial for PEM fuel cell
performances.
THz Response of Fuel Cell Structures.
For multilayer normal incidence, the overall reflection coefficient /" is given by the relation between
the reflected beam and the incident beam. It can be derived through the elementary reflection

(pj = %), the phase thickness (k;l; = zn(;lj g )) of the /™ layer and assuming no backward
j j+1
waves in the most right medium (M + 1)th layer ) [7], resulting in Equation (1):
—2ik;l;
[= 2E0me Ll oM M-, (1)

1+p]-l"j+1e 77
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Figure 6. Caculation of spectral reflectance of the mulilayer
structures.

The radiation spectral reflection from two interfaces of the sample has specific frequency
dependence depending on the refractive indices of the layers. The refractive index of air, silicon
and water in THz region is 1.000, 3.416 and 2.098 respectively. Calculations of reflected signal
respect to wavenumber from multilayer structures of air|Sijair and air|Si|water are shown in Fig. 6.

Reflectance of air|Sifair is noticeably higher than that of air|Sijwater. The calculation results
suggest that we should be able to distinguish the flow channels from those without water.

Reflective THz Imaging Setup.

Preliminary measurements on non-invasive diagnostics for multilayered fuel cell structures have
been conducted utilizing a reflective imaging setup. A parallel THz beam is reflected off a gold-
coated mirror to a THz lens of 6-cm focal-length. The beam is then focused onto a sample at
approximately 30° incident angle. The focused beam-size at the sample is approximately 2 mm.
The reflected signal from the fuel cell is collected by another THz lens of 3-cm focal-length and
continued to a pyroelectric detector. The model fuel cell under investigation is placed on top of the
X-Y translational stages and scanned using computerized motion controllers with 0.5 -mm travel
range on both axes (see Fig. 7).

Figure 7. A photograph of the reflective THz imaging setup

Reflective THz Image.

Visible images of the flow field before and after covering with Si window are shown in Fig. 8(a)
and 8(b) respectively. As can be seen in Fig. 8(c) representing two channels in the flow field, a
reflective THz image of the flow field taken through Si window provides sufficient
contrast. Because the reflection of brass was high and that of flow channel was low, the shape of
flow channels is recognizable.

Identification of Water Presence in the Channel.

Because hydrated substances are highly absorptive in the THz region, water exhibits strong contrast
to surrounding materials in a THz image. We filled water into the flow channel covered with Si
window for water identification experiment. The THz image in Fig. 9 compares a water-filled
channel with an unfilled channel indicated as air-filled in the figure. The darker area reveals
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absorptive region within the flow channels, with the darkest region lies in water-filled channel. In
order to clearly distinguish the water-filled and the air-filled region, we perform a line-scan plot
(along the dash-line shown in Fig. 10). It is evident that we are able to identify water presence in
the flow field with THz imaging.

1DBIU0D - JUBWIWOD - } NSU0d

[ >]2eqpasy e o

Figure 8. Visible images of a flow field channel (a) before and (b)
after covering with Si window; (c) THz image of (b).

Figure 9. THz image of machine-through-brass flow field channel
with silicon window.

Figure 10. THz -signal line -scan along the dashed line in Fig. 9.

Improve Resolution of THz Image with Mesh Filter.

The resolution is generally the key to determine the quality of the images. In this section, we
discuss the spatial resolution in the context of the geometrical configuration of the reflective THz
imaging system. We investigated the spatial resolution of our reflective THz imaging by one--

consult
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Figure 11. Line scans along the dotted line in Fig. 9 illustrate (a) real
profile of the flow field channel groove at the arc of the cell compared
to THz signal with (b) resolution of 2.6 mm without mesh and (c)
resolution of 1.7 mm with mesh.

dimension THz intensity across an arc of the flow field channel (the dotted line in Fig. 9). Fig.
11(a) illustrates the real profile of an arc of the flow channel having a width of 6 mm. An abrupt
decrease of the THz signal is observed when the detector moves from a position over a rib of the
flow channel to the trench etched into the flow channel, as shown in Fig. 11(b). From THz data, we
achieve a 10% to 90% resolution of about 2.6 mm. Spatial resolution can be improved using a THz
band-pass filter. Reflective THz image of the flow channel was taken with a 180x180 um copper
mesh as a THz filter which has a transmission band between 20-40 cm™. The resolution was
analyzed as described previously and the intensity across the dotted line is shown in Fig. 11(c). The
spatial resolution with the mesh filter yields 1.7 mm.

Conclusions

In conclusion, we demonstrated an application of reflective technique for THz imaging. In this
investigation, a reflective THz imaging system is successfully established and employed for
identifying water presence in flow channels of a PEM fuel cell. A spatial resolution of image may
fall to 1.7 mm when using 180x180 um thin copper mesh. The image results are convincing
evidences for further employing THz radiation from the femtosecond electron source at the PBP
Research facility, Chiang Mai, Thailand as a visualizing tool to study water transport dynamic in
PEM fuel cells.
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Abstract

The PBP-CMU Linac system has been established to generate femtosecond electron bunches and to study their
applications, especially for generation of coherent terahertz (THz) radiations. The dipole magnet and the prototype
quadrupole magnet for the system have been designed and fabricated in house. Both the simulated and the measured
results were used for evaluating the magnet performance and will be used as a guideline for design and fabrication of
magnet devices in the future.

© 2013 The Authors. Published by Elsevier B.V.
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1. Main text

The femtosecond electron and photon pulses research laboratory under the Thailand Center of
Excellent in Physics (ThEP Center) has been established at the Plasma and Beam Physics Research
Facility (PBP), Chiang Mai University (CMU). The laboratory aims are to develop a relativistic electron
source with femtosecond (10™°) bunch length and to study its applications, especially generation of
coherent terahertz (THz) radiations via transition radiation (TR). The radiation in THz frequency range is
widely used, for example, for non-ionizing spectroscopy, chemical and biological imaging, medical
imaging and airport security scanning [1,2].

A layout of the PBP-CMU Linac system is shown in Figure 1(a). The main components are an RF-gun
with a thermionic cathode, an alpha magnet, a linear accelerator (Linac), experimental stations, a dipole
spectrometer magnet and a Faraday cup. Furthermore, along the beamline, there are quadrupole and

* Corresponding author. Tel.: +66-5394379; fax: +66-53222376.
E-mail address: ppugpug@gmail.com.
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steering magnets for beam focusing and guiding; and beam diagnostics instruments for probing the beam
properties. Detail of the current PBP-CMU Linac system was reported in [3].

The PBP-CMU Linac system demands some dipole magnets and quadrupole magnets to support an
expansion of the system to an infrared free electron laser (FEL) facility as the layout shown in Figure
1(b). We have planned to construct the magnet iron cores by using Thai local low carbon steel. Generally,
low carbon steel is classified by percent by weight of carbon (%C) in the steel. Each type of carbon steel
has different B-H saturation curve. For this reason, magnet simulations with various type iron core
materials are needed to evaluate the efficiency of the magnet. The result comparisons will be used for the
iron core material choosing.

This paper presents and compares the magnetic field simulation results and the magnetic fields
measurement results for a dipole magnet and a quadrupole magnet. Both the dipole magnet and the
prototype quadrupole magnet have been designed [4] and fabricated in house at our facility.

(a) Current system

(b) Future expansion for an IR-FEL facility.

Fig. 1. Layout of the PBP-CMU Linac system.

2. Dipole Magnet

Dipole magnet is a magnetic deflection device. In our system the dipole magnet serves as an electron
beam dump and a beam energy analyzer. Figure 2 illustrates a C-shape dipole magnet with a gap of h.
The magnet is excited by electric currents in the coils which are mounted around the two poles. The
magnetic field (B) produce by the dipole magnet is
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where | is the excitation current, N is the number of turns in a coil and h is the air gap. Note that, the
equation (1) is only an approximation since it neglects fringe fields and iron saturation [5]. The radius of

curvature (p) of an electron trajectory in dipole fields is often expressed in terms of the dipole field (B)
and the electron momentum (p) as

1 B[T]
p[m ] 0'2998p [GeVic] @

Fig. 2. C-shape dipole magnet layout

The dipole magnet of the PBP-CMU Linac system, as shown in Figure 3, was placed around the end of
the beamline (Figure 1(a)). The magnet is a C-shape magnet which has been designed to deflect a 15
MeV electron beam by 60° into a Faraday cup. The magnet has 125x125 mm square pole faces with the
gap of 40 mm. The magnet coils were made from water cooled copper wire.

Fig. 3. Dipole magnet of the PBP-CMU Linac system

3. Quadrupole Magnet

With a finite emittance, the transverse beam size will increase as the beam move through a drift space.
Some quadrupole magnets are therefore needed for focusing the beam transverse sizes. Figure 4 shows a
quadrupole magnet layout with a bore radius of R. The magnet consists of 4 pole pieces, 4 coils and a
circular yoke. The red arrow lines in Figure 4 are the magnetic field lines which point from the north
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poles (N) to the south poles (S). A quadrupole magnet focus electron beam on one transverse axis while
defocus on the other. Therefore beam focusing for both transverse axes demands at least 2 quadrupole
magnets, called a quadrupole doublet.

The magnetic fields of a quadrupole magnet are zero at the center of transverse positions and linearly
increase with the transverse positions as

Bx:gy’By:gX’ (3)

where B, and B, are the magnetic field components, x and y are the positions in the transverse axes and g
is the magnetic gradient. The magnetic gradient depends on the excitation current (1) as

215Nl

ok (4)

where N is the number of turns per coil. Focusing properties of a quadrupole magnet is described by the
focusing strength k, whose value depends on the magnetic gradients.

21— 9 [T/m]
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where £ is the particle relativistic factor [6].

Fig. 4. Quadrupole magnet layout showing components and field lines

The quadrupole magnet which is presented in this work is the prototype quadrupole magnet of the
PBP-CMU Linac system as shown in Figure 5. Some of the magnet parameters are shown in Table 1.

Table 1. Quadrupole magnet parameters

Parameter Value Unit
Thickness ( ) 60 mm
Bore radius (R) 20 mm
Number of turns in a coil (N) 110 turn

Coil (15 AWG) Diameter 1.450 mm
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Fig. 5. Prototype gaudrupole magnet of the PBP-CMU Linac system

4. Magnet Simulations

In this work, we use the RADIA code for magnet simulation. RADIA code [7], running as an add-on
application to Mathematica [8], is developed by insertion devices laboratory of the European Synchrotron
Radiation Facility, France. The code is used for calculating the 3D magnetostatic fields of magnetic
devices, especially the devices in charged particle accelerators.

Fig. 6. B-H saturation curves of RADIA carbon steel materials

There are 3 types of carbon steel materials available in RADIA. Their B-H saturation curves and
carbon percentages are shown in Figure 6. The RADIA simulations of the dipole magnet and the
quadrupole magnet were evaluated with various iron core materials listed in Table 2. Figure 7(a) and
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Figure 7(b) show the RADIA simulation model of the dipole magnet and the quadrupole magnet,
respectively.

(a) Dipole magnet (b) Quadrupole magnet
Fig. 7. Model of the magnets for RADIA simulation.

5. Magnet Measurements

The magnetic field measurement device is a Hall probe of a size 1.0x1.3x0.2 cm?® (GMW Group 3
Digital Hall Effect Teslameter). Figure 8 shows measurement setup for the dipole magnet. The hall probe
was attached to a holder which can be moved along y- and z-axes. For the quadrupole magnet, the
measurement setup is shown in Figure 9. The magnet was placed on the measurement stand where probe
could be moved within the quadrupole field region. The Hall probe was placed on x- and z- axes
translation stages equipped with linear actuators and can be moved precisely through computer interface.
The magnet is excited by a current regulated DC power supply and a 0.01Q shunt resistor was used to
determine the supplied current.

Fig. 8. Dipole magnet measurement setup
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Fig. 9. Quadrupole magnet measurement setup
6. Simulation and Measurement Results
6.1. Dipole Magnet

The dipole magnet excitation curve was measured by measuring the magnetic fields B, at the pole
center while increasing currents from 0 to 18 A with 0.5 A step. The measurement results and RADIA
simulations results are shown together in Figure 10. The equation from fitting of measurement data is

B =0.04591 +0.0244 . )

This equation will be used for evaluate the magnetic field values from given excitation currents. The
simulation and the measurement results show that, at the same excitation current, carbon percentage in the
magnet core affects to the magnetic field intensity. The magnet core with lower carbon percentage can
generate higher magnetic field.

The magnetic fields in yz-plane were measured and the results are shown Figure 11. The field
distribution benefits for the electron deflection angle and energy calculation.

Fig. 10. Dipole magnet excitation curves
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Fig. 11. Measured magnetic field distribution of the Dipole magnet (I = 5A).

6.2. Quadrupole Magnet

The quadrupole magnet excitation curve was measured by measuring the fields at (x,y,z) = (20,0,0) mm
position, while increasing current from 0 - 18 A with 0.5A step. The results in Figure 12 show that the
saturation effect starts to occur around 10.5 A for the measurement and at higher current for the

simulations. Polynomial fit of the curves in unsaturated region (0-10.5A) and saturated region (10.5-
18.0A) are

g =5.621 +1.57, ©)
g=-0.111%7+7.631 -8.33, (10)

respectively. These equations will be used in the magnet control and operation of the accelerator system.
The comparisons between the simulation and the measurement results are corresponding to the dipole
magnet as the magnet core with lower carbon percentage generate higher magnetic field gradient.

For transverse gradient measurement, The B, field along the x-axis were recorded at (x,y,z) = (0 to
40,0,0) mm with a 1 mm step and the field gradients were then calculated. The results are shown in
Figure 13 along with RADIA simulation results. The average gradient, within the bore radius range (0-20
mm), from the measurement (for 5 A) is 29 x10™ T/mm and the average gradients from simulation results
are 30.1, 32.2 and 33.5 x10™ T/mm for RadMatSteel42, RadMatSteel37 and RadMatXc06, respectively.

The effective length of a quadrupole magnet is the length which is derived from the longitudinal field
profiles of the magnet as [5,6]

-dz
0 = Jo , (11)
9

where g, is the gradient at the center of the magnet along z. For the effective length measurement, we
measured the magnetic field B, along z-axis at the position x = 10 mm and y = 0 mm. The measurement
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result and the simulation results are shown in Figure 14. The effective lengths can then be calculated by
using (11) with the integral term, Ig -ds, equals to the area under a graph in Figure 14 and g, equal to the

gradient value at z = 0 mm.
simulation are 76.9, 77.0
respectively.

magnetic gradient (10™* T/mm)

The measured effective length is 76.6 mm and the effective lengths from
and 77.0 mm for RadMatSteel42, RadMatSteel37 and RadMatXc06,
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Fig. 12. Quadrupole magnet excitation curves.

Fig. 13. Quadrupole magnet gradients along x-axis (I = 5A).

Fig. 14. Quadrupole magnet gradient along z-axis (I = 5A).
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7. Conclusion

The simulations by using RADIA code and the measurements of the dipole magnet and the prototype
quadrupole magnet were conducted and their results were analyzed. The simulations can evaluate well the
magnet properties; including, the excitation curves and the field distributions for the dipole magnet; the
excitation curves, the transverse gradient and the effective length for the quadrupole magnet. at the same
excitation current, carbon percentage in the magnet core affects to the magnetic field intensity. The
magnet core with lower carbon percentage generates higher magnetic field intensity. The excitation
curves and field distributions from the measurements will be used in the magnet control and operation of
the accelerator system. Both the simulated and the measured results will be used as a guideline for design
and fabrication of magnets for the 180 degree achromat system in the future expansion for an IR-FEL
facility.
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Abstract

A study to upgrade the linear accelerator system at the Plasma and Beam Physics (PBP) Research Facility at Chiang
Mai University (CMU) to be an injector system for an infrared free-electron laser (IR FEL) is underway. The current
PBP linac system consists of an S-band thermionic cathode RF-gun, a bunch compressor in a form of alpha-magnet
and a SLAC-type linear accelerating structure. Since characteristics of the emitted FEL light strongly depend on
electron beam properties, a dedicated work to develop and optimize the injector system to drive the FEL is
particularly important. In this paper, the results of numerical study to optimize the longitudinal electron beam
properties as well as some preliminary results of FEL simulations are presented and discussed.
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1. Introduction

At the Plasma and Beam Physics (PBP) Research Facility, Chiang Mai University, Thailand, the
project to produce THz transition radiation based on femtosecond electron bunches has been establised
for many years [1]. The accelerator system consists of an S-band (2.856 GHz) thermionic RF electron
gun [2], a magnetic bunch compressor in a form of an alpha-magnet [3], an S-band travelling wave linear
accelerator (linac), and various beam diagnostic components. Electron beams with a bunch charge of
about 16-96 pC and an rms bunch length as short as 70 fs were experimentally measured. When the
electron bunches with the mentioned bunch length pass through an undulator, the radiation with a

* Corresponding author. Tel.: +66-53-943-379; fax: +66-53-222-376.
E-mail address: sakhorn.rimjaem@cmu.ac.th.
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frequency of about 0.3 to 3 THz is emitted in phase resulting in an intense coherent radiation. However,
the intensity of the coherent radiation falls off at the frequency higher than 3 THz or at the wavelength
shorter than 100 um. When the radiation wavelength is shorter than the electron bunch length, the
incoherent radiation part dominates the coherent radiation part. To increase the radiation intensity, an
external electric field can be used to stimulate the electrons to emit more coherent radiation via a
microbunching process. The external field must have a frequency and phase such that the electrons loss
their energies into the radiation. This mechanism is a basic principle in production of free-electron lasers,
which can be achieved either using a long undulator, or an external seed laser, or a reclying spontaneous
undulator radiation. The later principle is commonly used in a compact, low energy, and long radiation
wavelength free-electron laser.

A possibility to develop an infrared free-electron laser (IR FEL) facility is studied at Chiang Mai
University. The project focuses on the production and utilization of the mid-infrared (MIR) and far-
infrared (FIR) or THz radiation based on a linac injector and free-electron laser technology [4]. The goal
of the project is to produce the intense coherent radiation with tunable wavelengths covering from 2.5-20
um (MIR) to 20-200 um (THz).

Fig. 1. Schematic layout and components of the possible IR FEL system at Chiang Mai University, Thailand

A plan to upgrade the existing PBP linac system to be the injector for both coherent THz transition
radiation and free-electron lasers is proposed. The foreseen FEL facility will consist of a thermionic
cathode RF-gun, an alpha-magnet, an S-band SLAC-type linac, a 180° achromat section, a planar type
undulator, and an optical resonator (Figure 1). Details of the components in the current PBP linac system
were already reported in [1]. The 180° achromat section, the undulator magnet, and the optical cavity are
new components, which are under detailed consideration. The undulator magnet is chosen to be a planar
type with 22 periods and a total length of 1.67 m. The optical cavity composes of two symmetric
spherical mirrors with a coupling hole on one of the mirrors. To design and optimize the 180° achromat
section, we adopt the magnet lattice of the Kyoto University Free-Electron Lasers (KU-FEL) for initial
study. The achromat section consists of three 60° bending magnets and two sets of doublet quadrupole
magnets. Details of the KU-FEL achromatic system have been described in [5]. Schematic layout of the
proposed IR FEL at Chiang Mai University is shown in Figure 1.

For benchmark, we have investigated the injector parameters of the MARK-III FEL of Duke
University, USA [6] and the FEL-SUT of Tokyo University, Japan [7]. Both facilities use the same type
of the electron source, the magnetic bunch compressor and the accelerating section as the current PBP
linac system. The beam dynamics study and optimization of the proposed injector system starting from
the parameters of both accelerators [6, 7] are performed to achieve the proper electron beam properties for
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driving the IR FEL. The computer code PARMELA (Phase And Radial Motion in Electron Linear
Accelerator) [8] has been used to investigate multi-particle beam dynamics from the RF-gun to the exit of
the 180° achromat section and to optimize the electron beam lattice parameters. For the FEL radiation due
to the interaction between the electron beam and the undulator magnetic field, the study has been studied
using the numerical code GENESIS 1.3 [9]. Some preliminary results of the FEL simulation are presented
and discussed in the last section of the paper.

2. Electron Beam Optimization

The FEL performance depends greatly on electron beam characteristics. Generally, the injector system
for the FEL facility should produce electron beams with high peak current, small transverse emittance,
and low energy spread in order to generate intense coherent FEL light in an undulator. In this study, we
focus on optimization of longitudinal electron beam properties by adjusting the parameters of three main
components; the RF-gun, the linac, and the 180° achromatic section.

PARMELA simulations were performed to study electron beam dynamics in all components, except
the alpha magnet. Since the goal of the optimization aims to produce electron beams with a very low
energy spread (<1%), the electrons with high energy level have been optimized to form a quasi-
monogenetic beam at the head of the bunch. Therefore, the compression in the alpha-magnet for this
useful part of the bunch can be neglected. In this case, the alpha-magnet will serve only as the energy
filter element. Some small energy spread will be induced during the post acceleration of the electron
beam through the linac leading to the electron distribution suitable for the bunch compression
downstream the linac. In our case, the 180° achromat is used as both turn around section and as the
magnetic bunch compressor. For the simulation of multi-particle beam dynamics, we assume that the
cathode emits a uniform stream of 30,000 (macro) particles per 2.856 GHz with a current of 2.9 A. Thus,
a single particle represents a charge of 33.85 fC, which equivalents to 2.12x10° electrons.

2.1. Beam dynamics simulation of the RF-gun

The RF-gun at the PBP facility is a one and a half-cell S-band resonant cavity with a thermionic
cathode and a side coupling cavity. To simulate the RF field distribution inside the RF-gun, the code
SUPERFISH is used [10]. Then, the particle-in-cell code PARMELA is utilized to track multi-particles
through the fields obtained from the SUPERFISH simulation.

The accelerating field gradients of both half- and full-cell cavities were adjusted to produce an
electron bunch with low energy spread, especially at the head of the bunch. These concentrated electrons
at the head of the bunch will be the main contribution in the FEL lasing. The field ratio of the RF-gun is
defined as a ratio of the accelerating field amplitudes at the cathode plane and at the center of the full-cell.
For the field ratio of 1:2 with the accelerating field gradients of 35 and 70 MV/m, the RF-gun provides an
electron beam with low energy spread at the head of the bunch. The three dimensional electron beam
distributions at the RF-gun exit are shown in Figure 2. The distributions for transverse and logitudinal
phase spaces are shown in Figures 3 and 4, respectively.

The electron bunch that actually exits the RF-gun is about 100 ps long (Figure 4). The high energy
electrons with small energy spread are accumulated at the head of the bunch of about 10-15 ps, which is
the most useful fraction of the bunch. Then, the electron bunches are filtered by the energy slits inside the
vacuum chamber of the alpha-magnet to remove low energy electrons. For the RF-gun condition noted
above, we set the energy filter level at 3.81 MeV. This leads to the output electron beams with the
maximum electron energy of 3.91 MeV and the rms energy spread of 0.82%. Parameters of the electron
beam after energy filtering using the alpha-magnet energy slits are listed in Table 1.
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Fig. 2. Three dimensional particle distributions at the RF-gun exit for the field ratio of 1:2 and the accelerating field amplitudes of
35and 70 MV/m
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Fig. 3. (a) Particle distributions in x-y plane and (b) Transverse phase space distribution (x-x’ and y-y’) at the RF-gun exit
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Fig. 4. Particle distributions in longitudinal phase space (energy-time) at the RF-gun exit
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Table 1. Parameters of RF-gun and its output electron beam

Parameter Value

Field ratio 1:2

Half-cell: 35 MV/m

Accelerating field
Full-cell: 70 MV/m

Beam output energy

- Average 3.91 MeV

- Maximum 3.94 MeV

- Minimum 3.81 MeV
Energy spread 0.82 %
Energy filter level 3.81 MeV
Bunch length (FWHM) 15 ps
Bunch charge 33pC

2.2. Beam dynamics simulation of the Linac

The linac at the PBP facility is an S-band SLAC-type travelling wave linear accelerator. In this study,
we consider that the electron beam is accelerated through the linac to reach an average energy of about 15
MeV. In order to achieve an electron bunch with low energy spread, the linac initial phase is varied
between 0° and -90° relative to the reference particle phase at the entrance of the linac. Then, the number
of particles is counted within the desired energy bin (1% in this study). Figure 5 shows the number of
particles within 1% energy spread (N1s) normalized to the total number of the particles entering the linac
(Niotar) Tor different linac phases.

The energy gain from the linac can be adjusted by optimizing the product of the accelerating field (E,)
and the transit-time factor (T), which is linearly proportional to the electron energy at the linac exit. The
product of the accelerating field and transit time factor (EoT) has been optimized to achieve the electron
beam with low energy spread and short bunch length at the exit of the 180° achromat section. The
optimized value of EoT is 4 MV/m, which provides the final maximum and average electron energies of
15.6 and 15.4 MeV, respectively. The longitudinal phase space distributions of the particles at the exit of
the RF-gun and at the exit of the linac for the linac initial phase of -53.7° are illustrated in Figure 5.
Parameters of the electron bunch after exiting the linac are shown in Table 2.

Fig. 5. Number of particles within 1% energy spread normalized to the total number of the particles entering the linac as a function
of the linac initial phase respect to the reference particle phase entering the linac
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Fig. 6. Particle distributions in longitudinal phase space of all particles at (a) the RF-gun exit for the field ratio of 1:2 and the
accelerating field amplitudes of 35/70 MV/m and (b) the linac exit with the linac accelerating initial phase of -53.7° and the product
between the accelerating field gradient and the transit time factor (EOT) of 4 MV/m

Table 2. Parameters of the linac and the electron beam exiting the linac

Parameter Value

Accelerating length 3m

-53.7° w.r.t. reference

Initial phase A o
particle entering linac

Beam output energy

- Average 15.4 MeV

- Maximum 15.6 MeV

- Minimum 15.2 MeV
Energy spread 0.78 %
Energy filter level 3.81 MeV
Bunch length (FWHM) 10.1 ps
Bunch charge 33pC

2.3. Beam dynamics simulation of the 180° achromat and the bunch compressor

In this study, we consider the 180° achromat as a turn-around element and a magnetic bunch
compressor. It is a triple bend type consisting of three dipole magnets and two sets of quadrupole
magnet, which are placed at the straight section between the dipoles (see Figure 1). The goal of the
optimization of this section is to establish the parameters of the dipole and the quadrupole magnets as
well as the drift lengths for transporting the electron beam through and exit the section with a shorter
bunch length and no change of energy spread.

The dipole magnets have the deflecting angle of 60° and the effective length of 35 cm. The electron
bunch length can be adjusted by changing the gradient of the doublet quadrupoles to have the minimum
bunch compression condition. At the electron beam energy of 15.4 MeV, the simulated shortest electron
bunch length of 0.85 ps is achieved with the doublet quadrupoles’ strengths of 56.4 m? and -44.6 m?,
respectively. The particle distributions and energy spectrum of the electron bunch at the exit of the 180°
achromat section with the optimized condition are shown in Figure 7. Optimized specifications of the
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components in the 180° acromat and the electron beam parameters at the exit of the acromat section are
listed in Table 3.
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Fig. 7. Particle distributions in longitudinal phase space at the 180° achromat exit

Table 3. Specifications of the components in the 180° achromat and the electron beam parameters at the achromat exit

Parameter Value

Bending magnet

- Defection angle 60°

- Effective length 35cm

- Curvature 2.99 m*
Quadrupole

- Focusing strength 56.4 m?

- Defocusing strength -44.6 m?
Beam output energy

- Average 15.4 MeV

- Maximum 15.6 MeV

- Minimum 15.2 MeV
Energy spread 0.74 %
Bunch length (FWHM) 0.85 ps
Bunch charge 33pC
Peak current 388 A

3. FEL Simulations

The code GENESIS 1.3 is used to simulate the FEL radiation due to the interaction between optical
fields and an electron beam inside the undulator. At this early stage, the simulations have been performed
in the time-independent mode. The undulator considered for the IR FEL at CMU is a planar type with
specifications listed in Table 4. The undulator gab is adjustable to vary the deflection parameter (K)
between 0.4 and 2.6 in order to provide the radiation wavelengths of 50-200 um. As an example, the
electron beam with an average energy of 15 MeV and an rms bunch length of 1 ps is used in the initial
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simulations. Some preliminary required beam parameters used in the simulations are given in Table 4.
The optical cavity length is set to be 5 m with the diffraction and out coupling losses in the cavity of 5%.

Figure 7 shows the time evolution of the simulated FEL radiation peak power at radiation wavelengths
of 200, 100, 75 and 50 um for the electron beam with an average energy of 15 MeV, an rms energy
spread of 0.5%, and a peak current of 30A. It can be seen that the longer FEL radiation wavelength
reaches the power saturation faster than the shorter one. The numbers of round trips needed to accumulate
the radiation amplification until reaching the saturation condition are within 60 turns for the radiation
wavelengths of 200, 100 and 75 um, while it needs 120 turns for the case of 50 um. It seems that
GENESIS simulation in the time-independent mode has a limit of the simulation for the case of electron
bunch length shorter than the radiation wavelength. Further study using the code GENESIS in time-
dependent mode together with the Optical Propagation Code (OPC) [11] will be performed.

Table 4. Undulator and electron beam parameters used in FEL simulations

Parameter Value
Undulator type Planar
Undulator period length 7.7cm
Number of undulator period 22
Undulator deflecting parameter 0.036 - 3.39
Beam energy 15 MeV
Energy spread 0.5%
Bunch length (RMS) 1ps
Peak current 30A
Normalized emittance (e, €y) 3 mm-mrad
Beam transverse size (64, oy) 0.42 mm
Twiss parameters (Bo, o) 0.72,0
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Fig. 8. Calculated time evolution of the peak power at the radiation wavelengths of 200, 100, 75 and 50 um for the electron beam
with an average energy of 15 MeV, an energy spread of 0.5 %, and a peak current of 30 A
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4. Conclusion

The longitudinal beam dynamics of the injector system for an IR FEL at Chiang Mai University has
been studied using numerical simulations. The results have achieved the parameters suitable for the IR
FEL lasing requirements. By properly adjusting the machine parameters, the electron bunches exiting the
180° achromat section have an average energy of 15.4 MeV, an rms energy spread of 0.74%, a bunch
length of 0.85 ps, and a bunch charge of 33 pC. Further studies and optimization will be proceeded to
investigate both transverse and longitudinal electron beam dynamics. The initial study of the FEL
radiation with wavelengths of 50 to 200 um has been performed for the electron beam energy of 15 MeV
and the bunch length of 1 ps without considering the slippage influence. The total FEL peak power in the
optical cavity of about 10° W can be achieved. However, the time-dependent simulation including optical
cavity parameters will be conducted to investigate the realistic loss in the cavity and the slippage effect.
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RF-gun Phase-space Dynamics and Slice Emittance under Influence of External
Electromagnetic Fields
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A high brightness electron source of ultra-small emittance and high average current is one of
the most important components for the future accelerators. Rapid acceleration in an RF-electron-
gun can reduce emittance growth due to space charge, however twisting of slice emittances from
an RF-electron-gun may be its limitation. Such rotation may be compensated by an external
electromagnetic field. In this work, RF-electron-gun phase-space dynamics and slice emittance in
some electromagnetic field distribution are studied.

Keywords: Beam Emittance, High Brightness Beam, Emittance Compensation.

1. INTRODUCTION

A high brightness electron source of ultra-small
emittance and high-average current is one of the most
importance components for the future electron accelerators
[1-2]. Such beams are used as sources of very high energy
linear collider, wake-field laser accelerator and X-ray Free
Electron Laser.

In order to achieve high brightness beams, it is
necessary to master the production of such beams in special
RF-guns, to develop diagnostic techniques that provide
information of the 6-D distribution of electron bunches on
sub-picosecond time scales; to control the 6-D distribution
of the bunch in various ways; and to be able to accelerate
the electrons to high energies without diluting the
brightness.

The electron bunches produced from an RF-gun are
subjected to detrimental effects on the beam emittance,
specifically twisting of the time-sliced emittance or slice
emittance. This effect can increase apparent emittance by
several orders of magnitude. Thus, in order to obtain high
brightness beam, one has to consider this effect crucially.
This phenomenon may be compensated by dispatch the
beam through a proper external electromagnetic field, for
example, a magnetic field of a solenoid magnet.

2. THEORETICAL BACKGROUND

Beam emittance
Beam emittance is a certain region in phase space
occupied by particles in a beam [3]. By definition, phase
space is represented by coordinate and its conjugate
momentum. However, it is more convenience to replace the
conjugate momentum with slope of the trajectory, X,
defined as:

p, = P, tan x' = pyx". 1)

o~ .
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In this paper, the term “beam emittance” is used for
transverse apparent or projected emittance while “slice
emittance” is used for emittance of time-slice beam. In
either case, the emittance is calculated as r.m.s. emittance,
defined by

g, :\/<x2><x'2>—<xx’>2 @)

Emittance compensation

Space charge forces and radial fields in RF-cavities can
degrade beam emittance significantly. The space charge
effect is inverse proportional to square of particle energy.
Thus, rapid acceleration in an RF-gun can reduce space
charge effect. Moreover, space charge effect causes
rotation of phase-space distribution due to its energy
dependence. Equation (2) indicates that if all particles lie
on a line in phase-space, in other words, X = mx’ where m
is a slope, the beam emittance will vanish [4]. Thus, this
rotation cannot be ignored if high brightness beam is to be
achieved. Some space charge effects can be compensated,
as suggested by E. Carlson [?] using solenoid magnet
focusing. Apart from using a solenoid magnet, there are
several approaches suggested for emittance minimization,
for example, using RF radial focusing [4], alternative
cathode material [5] and special RF gun designing. Only
effect of solenoid magnet will be discussed further.

Transfer matrix of a solenoid magnet

There are several approaches to obtain positions of
particles in phase-space. One of the best options is
numerical integrator. Another option is matrix formalism of
linear beam dynamics. The matrix approach is easier to use
and understand but provide less accuracy and flexibility.

A first-order transfer matrix of a solenoid magnet can be
written as [6]

© 2010 Thai Physics Society
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3. CALCULATION RESULTS AND DISCUSSIONS

The input phase space data for this calculation is
PARMELA [ ] output of SURIYA RF-gun [7] and

SUNSHINE RF-gun [8]. The X—X'distribution of
SURIYA electron beam is shown in figure 1.

FIGURE 1. Phase space distribution of 1-ps-slices at SURIYA
RF-electron-gun exit.

A solenoid magnet with 3 cm effective length is positioned
at the RF-gun exit. The phase-space distributions of
SURIYA RF-gun after the solenoid magnet and a 10-cm-
drift-space are shown in figure 2. The apparent emittance of
the beam at the same location is shown in Figure 3 for
various solenoid field strengths. The minimum.... occurs
when using...

FIGURE 2. SURIYA RF-gun phase space distribution of ips
slices at 10 cm after the solenoid magnet. Left: 1000 gauss
solenoid field. Right: 2000 gauss.
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FIGURE 3. Apparent emittance of electron beam from SURIYA
RF-gun., Left: Apparent emittance as a function of solenoid
magnet field and Right: Slice emittance of the first slice (0-1 ps).
The X —X'distribution of SUNSHINE electron beam is
shown in figure 4. By placing a solenoid and a drift-space
as the previous case, the phase-space distributions for
SUNSHINE RF-gun are shown in figure 5. The apparent
emittance of the beam is shown in figure 6 (Left) and the
slice emittance of the first slice (0-1 ps) is shown in figure
6 (Right).
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FIGURE 4. Phase space distribution of 1ps slices at SUNSHINE
RF-electron-gun exit.

FIGURE 5. SUNSHINE RF-gun phase space distribution of les
slices at 10 cm after the solenoid magnet. Left: 1000 gauss
solenoid field. Right: 2000 gauss.
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FIGURE 6. Emittance of electron beam from SUNSHINE RF-
gun, Left: Apparent emittance as a function of solenoid magnet
field and Right: Slice emittance of the first slice (0-1 ps).

The results show that apparent emittance changes with
solenoid field strength. The emittance can be reduced using
3 cm solenoid magnet and 10 cm drift space up to about
40% for SURIYA RF-gun. However, only about 4%
emittance reduction for SUNSHINE RF-gun was observed
from a similar setup. Noting that, the beam from
SUNSHINE RF-gun is already focused within the RF-gun
cavities while the beam from SURIYA RF-gun is parallel
beam. Thus, the two systems may require different
parameters.
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4. CONCLUSION

Study of.... Matrix....The preliminary results show that
solenoid magnet is capable of reducing apparent emittance
of SURIYA beam. However, there are many parameters
which are not included in this study. Further study of other
devices that may be able to reduce apparent emittance, for
example, cylindrical RF cavity will be conducted. The
final results may lead us to a new emittance compensation
scheme.
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Investigation of Water Distribution in Proton Exchange Membrane Fuel Cells

via Terahertz Imaging
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Abstract— Terahertz (THz) radiation in the form of coherent transition radiation generated from femtosecond electron
bunches is explored for its potential use in imaging applications. Due to water sensitivity, the THz imaging experiment is
performed on a Proton Exchange Membrane Fuel Cell (PEMFC) to assess the ability to quantify water in the flow field of
the cell. In this investigation, the PEMFC design and the experimental setup for the THz imaging will be described. Results

of terahertz images in the flow field will also be discussed.

Keywords—transition radiation, terahertz, imaging, PEM fuel cells

1. INTRODUCTION

Proton Exchange Membrane Fuel Cell (PEMFC) is an
electrochemical device being widely developed as one of
alternative sources for clean energy. The basic single cell
consists of a membrane electrode assembly sandwiched
between flow fields. In the flow fields, water in the form
of humidifier to reactants is brought in, and water
generated as a byproduct from electrochemical reaction is
transported out. Imbalanced of water formation and
removal can cause state of drying-flooding in different
areas within the cell, resulting in poor cell performance
[1]. In order to overcome water management problem and
advance the PEMFC for practical usage, it is vital to be
able to visualize and study dynamic of water distribution
in the PEMFC. Tools such as digital camera, neutron
imaging, and magnetic resonance imaging have been
exploited so far for in situ measurements of water in
different parts of PEMFCs [2]. As example, water
transport problem in the flow field is given here in Figure
1. A snapshot from a video camera of one of the flow
field channels in PEMFC when the channel is empty is
compared with when the channel is water-clogged.

(@) (b)

Fig. 1. Photographs of (a) empty flow field, and (b) water-
clogged flow field after 10 seconds into operation time.
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THz radiation, lies between deep infrared and
microwave, has been known to be water sensitive. Strong
attenuation by water content has earned THz beam as a
preferable tool for non-destructive inspection such as in
food industry and in medical applications [3-4]. Our
femtosecond electron source — developed at Plasma and
Beam Physics Research Facility, Chiang Mai University,
Thailand — can generate a coherent transition radiation in
the THz regime ranging from 0.15 - 2.4 THz (5-80 cm-")
[5 ]. Therefore, we aim to investigate a potential use of
THz imaging to water distribution in PEMFCs. The
present paper focuses on water presence in the flow field
of PEMFC via reflective THz imaging. Our preliminary
results reported here indicate promising application of
THz imaging to water management problems in PEMFCs.

2. THz RADIATION SOURCE

At the Plasma and Beam Physics (PBP) Research Facility,
Chiang Mai University, Thailand, THz radiation is
generated in the form of coherent transition radiation from
femtosecond electron bunches [5]. The system to produce
such short electron bunches consists of a thermionic
cathode RF-gun, an alpha magnet, and a linear accelerator
(Linac), shown in Figure 2(a). At the THz radiation
experimental station (Figure 2(b)), the short electron
bunches are used to generated coherent transition
radiation by passing through a radiator made of a 25.4-
um-thick Al-foil. The radiator is tilted by 45° facing the
electron beam direction. The backward transition
radiation is emitted perpendicular to the beam axis and
transmits through a high density polyethylene (HDPE)
window of 1.25-mm-thick and 32-mm diameter. The
coherent radiation spectrum covering much of the far-
infrared or THz spectral range and high intensity radiation
from mm-waves up to 80 cm™ (2.4 THz) can be detected
with a room temperature detector.
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As graphite is too brittle for machining through, we
instead chose brass for our machine-through flow field.
Alpha magnet For the THz window, we have two candidates: one is a
plexiglass window and the other is a silicon window.
Both window materials are transparent to a certain degree
in THz region. Silicon in particular has been reported to
be used as a window in reflective far infrared fourier
Energy slits transform spectroscopy of water [6]. In this work, we
compare THz images obtained from the two materials in
order to determine a more suitable THz window prior to
constructing the finished cell.

(2)

Linear accelerator
(Linac) —

S W[ 4. REFLECTIVE THz IMAGING SETUP

Schematic diagram of our reflective THz imaging setup is

ey shown in Figure 4. A parallel THz beam is reflected off a

(b) e Linac gold-coated mirror to a THz lens (L1) with f=6 cm. The
. beam is then focused onto a sample at approximately 30°

‘f \‘ HDPE incident angle. The reflected signal from the sample is
i window then collected by another THz lens (L2) with f=3 c¢cm and

:[%:“"“ — THz continued to a pyroelectric detector. The sample is placed

-4 radiation on X-Y stages with computerized motion controllers. The

- / focused beam size at the sample (at the focal point of L1)
:’,ﬁ‘f‘,ﬁf““ L is determined by an array pyroelectric detector (Pyrocam
IIT beam profiler). The focused beam profile shown in

Figure 5 indicates the width at FWHM to be

Fig.2. (a) Schematic diagram of the system to generate approximately 2 mm.
femtosecond electron bunches and (b) THz radiation.

Flat mi
3. PEMFC DESIGN FOR THz IMAGING a mlr:ﬁ’ﬂ‘ﬂlllIIIII]II]II]I;Hz beam
Detecto

1"
The flow field of PEMFC is typically made of graphite, TN ¢~1
. . . . ]
which is machined into channel pattern that allows water ! i
and reactants to flow in and out. For a single cell, only !
one surface of the graphite is machined (called dead-end L2 ! L1
flow field). Unfortunately, the dead-end flow field made , W
of graphite is not transparent to THz. In order to image é
the water in the flow field, we will need to machine
through the channels and enclosed with an appropriate Sample
window for THz probing. Our PEMFC design for THz Fig. 4. Schematic di for reflective THz imagi .
imaeing is shown in Figure 3. ig. 4. Schematic diagram for reflective THz imaging, where
ging W gu L1: focusing lens (f = 6 cm); L2: collective lens (f=3 cm); and
0: 30°.
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Fig.3. (a) PEMFC components designed with machine-
through flow field made of brass enclosed with THz window.
(b) A drawing of finished cell.

Fig. 5. THz beam profile, taken via Pyrocam I1I, at a focal
point of the 6 cm-focal length lens.
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To determine which window material yields a better
THz image of water distribution in the flow filed, we
prepared a sample in the following. First, we machined
brass into 2 mm-width channels, and we sealed the bottom
of the brass tightly with cloth tape. As illustrated in
Figure 6, the channel that is filled with water will be
indicated as a water-filled channel, while the one that is
left unfilled will be indicated as an air-filled channel.
Then, we physically taped down the window material on
top of the brass. The plexiglass window that we used has
a thickness of 1 mm. The silicon window is a silicon
wafer of p-type doping with a thickness of 0.5 mm. Once
the sample is securely placed on X-Y stages, the THz
scanning is started from top-right corner of the sample
along x-direction (horizontal) followed by y-direction
(vertical) with a step of | mm through out the experiment.

¢2mm

@t 2 mm

Water-filled

G Airilled

Fig. 6. Preparation of a machine-through brass with water
filling for THz imaging.

5. RESULTS AND DISCUSSION

The THz image of machine-through-brass flow field with
plexiglass window is shown in Figure 7. The scanning
area of 20x20 mm® sufficiently covers two channels: the
top channel is water-filled and the bottom is air-filled.
The shape of channel — even though, it seems rough
around the u-bend due to a course scanning step — is still
recognizable. In gray-scale, the lighter area indicates a
more reflective region of brass. The darker area reveals
absorptive region within the channels, with the darkest
region lies in water-filled channel. Clearly, we can
identify the water-filled and the air-filled channels from
the image. A small deeply dark area in the air-filled
channel can be spotted, however, which could be
attributed to the fact that our window is not tightly placed
and thus there is a chance of water leakage into the air-
filled channel to which THz radiation is very sensitive.

Similarly, the THz image of machine-through-brass
flow field with silicon window in Figure 8 reveals deep
absorptive region in the water-filled channel. Small
deeply dark area in the air-filled channel can be implied as
water leakage explained earlier. However, the overall
reflected signals from the silicon window are greater than
that from the plexiglass. This is because silicon is more
reflective and is believed to have smaller or minimal THz
absorption than plexiglass. As a result, the gray scale in
Figure 8 can be divided into 7 levels while only 5 levels
are available for Figure 7. Hence, the THz image using
the silicon window should provide more resolved image
than that using the plexiglass window.
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Fig. 7. THz image of machine-through-brass flow field with
plexiglass window.
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Fig. 8. THz image of machine-through-brass flow field with
silicon window.

6. CONCLUSION

In this investigation, the reflective THz imaging system is
successfully established for identifying water presence in
the flow field of PEMFC. The PEMFC is redesigned to
have a machine-through brass and a THz window for THz
probing in the flow field region. In search of THz
window materials for the PEMFC, we found that THz
images from both plexiglass and silicon windows clearly
distinguish water-filled region in the machine-through-
brass flow field. However, the silicon window provides
greater reflected signals, yielding more depth into details
of the image than the plexiglass window. The image
results are convincing evidence for further employing
THz radiation from the femtoelectron source at the PBP
Research facility, Chiang Mai, Thailand as a visualizing
tool to study water transport dynamic in PEMFCs.
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Femtosecond Electron Bunches and Terahertz Radiation Source
at Chiang Mai University
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Abstract— A system to produce femtosecond electron bunches and THz radiation has been developed at the Plasma and
Beam Physics Research Facility, Chiang Mai University, Thailand. The system consists of a thermionic cathode RF-gun, an
alpha magnet as a magnetic bunch compressor, and a linear accelerator as a post acceleration section. High intensity THz
radiation in the form of coherent transition radiation is produced when short electron bunches traverse a vacuum-metal
interface. The radiation is of great interest as a potential high intensity THz or far-infrared radiation source. Overview of
the system, the generation of femtosecond electron bunches, the generation of coherent THz transition radiation and the
recent experimental results on THz spectroscopy and THz imaging will be presented and discussed.

Keywords— electron bunch, far-infrared, femtosecond, THz

1. INTRODUCTION

Femtosecond electron and photon pulses have become
interesting tools for basic and applied application [1-3].
Such short electron bunches can be used directly [1] or to
generate intense THz radiation [4], ultra short X-ray
pulses [5], and free electron lasers (FELS) [6].

Short electron bunches can be produced in a small
accelerator facility from a thermionic cathode RF-gun and
a magnetic bunch compression system in form of an a-
magnet. At the Stanford SUNSHINE facility, it has been
possible to produce electron pulse as short as 120 fs rms
and a bunch intensity of 100 pCb [7]. A similar system
was established at the Plasma and Beam Physics Research
Facility, Department of Physics and Materials Science,
Faculty of Science, Chiang Mai University. Figure 1
shows a schematic layout of the system set-up and area.
The main components of the system are a thermionic
cathode RF-gun, an o-magnet, a SLAC-type linear
accelerator (linac), beam steering and focusing elements,
beam diagnostic instruments, RF system, and control
units. The femtosecond electron bunches will be used to
generate intense THz or far-infrared radiation in the form
of coherent radiation. Such radiation is of great interest
for THz spectroscopy and THz imaging applications.

2. GENERATION OF FEMTOSECOND
ELECTRON BUNCHES

Figure 2 shows the schematic diagram of the bunch
generation and compression system using the specially-
design RF-gun, which was studied and reported in [8]. In
the RF-gun, electrons are continuously emitting with
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thermal energies from the thermionic cathode and are
extracted and accelerated during an accelerating phase of
the RF-fields at 2856 MHz. The first electron is
accelerated rapidly and reach the end of the half-cell just
before the RF-phase becomes decelerating. It is further
accelerated through the full-cell to reach maximum
kinetic energy of 2.0-2.5 MeV at the gun-exit depending
on accelerating field gradients. Later electrons feel some
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Fig.1. Schematic layout of the system at Chiang Mai
University for generation of short electron bunches and
terahertz radiation
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Fig.2. Schematic diagram of the electron bunch
generation and compression system.

decelerating fields and gain less and less overall energy
resulting in a well-defined correlation between energy and
time.

Electron bunches of 20-30 ps from the RF-gun are
then compressed in an a-magnet, where the particle path
length increases with energy. This allows the lower
energy particles, emitted later in each bunch, to catch up
with the front for effective bunch compression. The
optimized and compressed part of the electron bunch is
then filtered by energy slits located in the a-magnet
vacuum chamber and then transported through a SLAC
type linac and a beam transport line to experimental
stations. At the experimental station, the bunches are
compressed to less than 1 ps [9]. Operating and beam
parameters are shown in Tablel.

TABLE 1. Operating and beam parameters.

Parameters RF-gun  Linac

Beam energy [MeV] 2.2-3 6-10
Macropulse peak current [mA] 1000 50-150
RF-pulse length (FWHM) [us] 2.8 8

Repetition rate [Hz] 10 10
Beam-pulse length [us] ~2 ~0.8

Number of microbunch/macropulse 5700 2300

Number of electrons /microbunch 1.4x10°  8x10’ - 6x10°

3. GENERATION OF THz RADIATION

The electron beam after acceleration was used to
generate intense THz radiation in the form of coherent
transition radiation (TR) utilizing a 25.4-um-thick Al-foil
of 24 mm diameter as a radiator. The radiator is tilted by
45° facing the electron beam direction. The backward
transition radiation is emitted perpendicular to the beam
axis and transmits through a high density polyethylene
(HDPE) window of 1.25-mm-thick and 32-mm diameter.
A copper light cone is used to collect the radiation into a
room-temperature pyroelectric detector. A cross-sectional
diagram of the experimental setup to generate the THz
transition radiation is shown in Figure 3.

The radiation energy of 19 uJ per macropulse or a
peak power of 24 W was measured by collecting over an
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Fig.4. Schematic diagram of the THz
Michelson interferometer.

acceptance angle of 160 mrad. The Radiation Spectrum
was measured using a Michelson interferometer, whose
schematic diagram is shown in Figure 4. Backward
coherent transition radiation exits through a HDPE
window and enters a Michelson interferometer. The
interferometer consists of a beam splitter, a fixed and a
movable first surface mirror, arranged as shown in the
figure. The radiation field entering the Michelson
interferometer is split into two parts by the beam splitter,
both travelling in different directions to be reflected back
by mirrors. After reflection, parts of the two radiation
pulses are combined again and absorbed by a detector to
determine the intensity. By scanning the movable mirror
position, an autocorrelation of the radiation pulses can be
obtained. The radiation power spectrum as displayed in
Figure 5 can then be derived via the Fourier Trans-
formation of the autocorrelation pattern. The available
THz radiation covers from 5 cm™ to around 80 cm™
wavenumber (0.15 THz — 2.4 THz). At low frequency (<
5 cm?), the spectrum was suppressed by effects of the
beam splitter, by mirror diffractions and by shielding
inside the small metallic vacuum chamber [10, 11]. The
spectrum seem to extend to above 80 cm™ (2.4 THz)
where noise becomes dominate. These can be further
minimized with better detection and amplification system.
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Mesurements of silicon refractive index from transmission
led - and reflection experiment had been conducted to
] demonstrate THz spectroscopy using our coherent THz
i transition radiation. Figure 6 shows interferograms
le o obtained from the experiments. Figure 7 shows the

3 measurement results compare to the results from [14, 15].
1 The measurements confirm that silicon has an almost
1e6 3 constant real refractive index of about 3.42. THz
1 spectroscopy experiments, especially that of highly
absorbing substances using coherent THz transition
. . radiation source, had been reported in [16].
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Fig.5. THz Radiation power spectrum.
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The THz spectroscopy can be done easily by measuring 331

power transmission or power absorption of a sample via a
Michelson interferometer and the Fourier Transformation.

Although phase information has been lost in the 1 @
measurement, optical constants of the sample can be 3.0
obtained by some modeling or Kramers-Kronig
calculation [12]. Dispersive Fourier Transform Spec-
troscopy (DFTS) [13] may also be used for direct
determination of optical constants of a sample. In a DFTS
setup, a sample is inserted in one arm of the 341 .
interferometer, causing attenuation and dispersion of the 33
radiation pulse. The attenuated and dispersed pulse can be
recorded and its attenuation factor and phase shift can
then be recovered. The attenuation and dispersion can be 311
related to optical constants of the sample depending on ‘ ‘ ‘ ‘ ‘ O
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the optical configuration of the measurements. With the .
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DFTS technique, the phase information can be recovered wavenumber (1/cm)
in measurements using a Michelson interferometer.

80

Fig.7. Experimental results for real refractive index of silicon
(o : our measurement, A : from [14], x : from [15])

4.0

20 | 5. THz IMAGING EXPERIMENTS

The Schematic diagram of THz imaging system is shown
in Figure 8. THz radiation from the source is focused on a

00 +-—-—-— i — i — e —

intensity (mV)

20 sample and the sample is then scanned using an Xxy-
10 & s 4 2 0 2 4 translation stage controlled by a computer. The
path difference (mm) transmitted radiation is detected by a room-temperature

06 pyroelectric detector. Computer program is employed to
os ] (®) calculate and analyze THz intensity at difference points

on the sample for THz images construction. Figure 9
shows an example of THz imaging obtained from the
opening pattern on Al-foil concealed in an envelope.
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Fig.6. (a) radiation interferogram, (b) double-pass

transmission iterferogram, and (c) reflection interfeogram. Fig 8. Schematic diagram of THz imaging system
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Fig 9. THz imaging of the opening pattern (shown in the
inset) on Al-foil concealed in an envelope.

6. CONCLUSION

A system to produce femtosecond electron bunches and
THz radiation has been developed at the Plasma and
Beam Physics Research Facility, Chiang Mai University,
Thailand. The system consists of an RF-gun with a
thermionic cathode, an alpha magnet as a magnetic bunch
compressor, and a linear accelerator as a post acceleration
section. After acceleration, the compressed electron
bunches are used to generated coherent transition
radiation by passing through a thin Al-foil. The radiation
spectrum covers much of the far-infrared or THz spectral
range and high intensity radiation from mm-waves up to
80 cm® (2.4 THz) can be detected with a room
temperature detector. Reflection and transmission
spectroscopy as well as THz imaging experiments were
conducted as an examples of THz applications using our
radiation source. It is possible to extend the spectral range
further by using shorter electron bunches.
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Abstract

The Photo Injector Test facility at DESY, Zeuthen site
(PITZ), is dedicated to develop and optimize high
brightness electron sources for short wavelength Free-
Electron Lasers (FELs) like FLASH and the European
XFEL, both in Hamburg (Germany). Since October 2009
a major upgrade is ongoing with the goal to improve the
accelerating components, the photocathode drive laser
system and the beam diagnostics as well. The essential
new feature in the running will be an in-vacuum 10 MW
RF directional coupler to be used for the RF monitoring

and control. In this context a significant improvement of
the RF stability is expected. RF pulses of 800
microseconds with 10 Hz repetition rate will be used. The
most important upgrade of the diagnostics system will be
the implementation of a phase space tomography module
(PST) consisting of three FODO cells each surrounded by
two screen stations. The goal is an improved
measurement of the transverse phase space at different
charge levels. The upgraded facility will be described.



INTRODUCTION

High brightness electron sources for short wavelength
Free Electron Lasers (FEL) are being developed and

Fig.1 Schematic of the upgraded PITZ facility

components are being replaced or newly installed. The
major items of this upgrade are the exchange of the
electron gun, the exchange of the booster cavity and the
installation of a phase space tomography module. The
schematic of the upgraded facility is shown in Fig.1. A
gun of the same type as the previous one is installed now
in PITZ. The conditioning has started and the gun will be
characterized in 2010. Currently, a peak RF power of 2.7
MW was reached during gun conditioning.

NEW 10 MW IN-VACUUM RF COUPLER

In the previous PITZ setup [2] signals from 2 directional
couplers (5 MW each) have been used to control the RF
power in the gun cavity. This setup implies ceramic
vacuum windows after each coupler and a T-combiner to
mix both waves and feed them into the gun cavity. A
possible cross-talk of both directional couplers and
uncertainty in the gun cavity response complicated
significantly the operation of the LLRF system. The feed-
back loop became extremely complex, non-reliable and
could not be used for the beam measurements. This

optimized at the Photo Injector Test facility at DESY,
Zeuthen site [1]. In the recent running break major

resulted in large gun phase fluctuations since only the RF
feed-forward has been applied [3].

To improve the control on the RF in the new PITZ gun
(gun prototype 4.1) a newly developed 10-MW in-
vacuum directional coupler has been installed [4] after the
T-combiner. The main advantage of its usage compared to
the previous RF feeding scheme is a direct control on the
combined forward wave and on the wave reflected from
the gun cavity. First signals from antennas of the 10-MW
in-vacuum directional coupler are shown in Fig.2, where
the amplitude (power) and the phase of gun forward and
reflected pulses are presented. After the upgrade of the
RF system, the optimization of the phase shifter position
located in one of two arms of the 10-MW klystron
became more straightforward. It is reduced to the
maximization of the gun forward power amplitude while
the gun is being kept close to the resonance temperature.
Preliminary studies on the possibility of feedback loop
implementation have been done at a power level of
~0.3 MW and different gun resonance temperatures. The
feed-back applied at these conditions resulted in an
improvement of the gun phase stability by a factor of
about 3. Preliminary measurements of the RF phase jitter
of the vector sum with a closed feed back loop yielded the
RMS value of ~0.2 deg. More detailed studies on LLRF



regulation are foreseen when the nominal RF power in the
gun cavity (~7 MW) will be achieved.

THE NEW BOOSTER CAVITY

A new booster cavity based on a Cut Disk Structure
(CDS) was developed and will be mounted at PITZ in
spring 2010 [5]. The booster cavity will have an improved
cooling system. It will be able to accelerate electrons
above 20 MeV/c and will be suitable for long bunch
trains. The booster cavity is under preparation to be
inserted in the beam line of PITZ.

The photo injector arrangement is a full metal system and
operates in the ultra high vacuum range. The residual gas
should be free of hydrocarbons and the contribution to the
total pressure of oxygen or oxygen containing gases
should be negligible. Otherwise, one would get an
oxidation or
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will start using turbo molecular pumps. Later an ion getter
pump arrangement supplemented by titanium sublimation
pumps will allow stable RF conditions.

THE PHASE SPACE TOMOGRAPHY
MODULE

The module consists of three FODO cells, whereby pairs
are separated by a screen station. The number of screens,
namely four, has been chosen in order to obey the
requirement for as much as possible projections used for
the reconstruction. The tomography theory proposes
equidistant angular steps between each two projections,
wherefrom the phase advance between two adjacent
screens is 45 degrees. It has been shown in [5] that such a
phase advance delivers the smallest emittance
measurement discrepancy using a multi-screen method
with four screens. An upstream cell with identical
geometry can be used as well to increase the number of
projections.

The desired systematic uncertainty of the measured
emittance is below 10 %. This corresponds to a relative
deviation of the measured spot size on a screen of 10 %.
As the geometry of the module is rather compact with
short but strong focusing quadrupole magnets, the 10 %
deviation of the spot size sets tight requirements on the
mechanical alignment of the components. Those are given
in the table 1 below:

Table 1: Components mounting tolerances in rms values .
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Fig.2. Signals from 10-MW in-vacuum coupler - forward
and reflected RF pulses. RF power in dBm (upper Fig.)
and the phase along the RF pulse (below) have been
measured at the power level of ~1.6 MW for the pulse
length of 100 ps. No feed-back has been used for this
measurement.

poisoning of the photo cathode and consequently reducing
its life time. Presently, a vacuum conditioning of the
booster is running to reduce the out-gassing rate. It is
done by baking at a separated test arrangement. After that,
the booster will be installed at PITZ whereby the pumping

Misalignment Value | Units
Longitudinal quadrupole off-set 0.1 pm
% ! ! Quadrupole roll angle 10 mrad
| o Quadrupole pitch angle 20 mrad
S o A Quadrupole yaw angle 20 mrad
2 fMM""W Longitudinal screen off-set 0.1 pm
=% / Screen rotation around x- and y- axes | 10 mrad
£ 50 —

The positioning of the screen stations and quadrupoles is
done by means of a laser tracker and a hexapod, see Fig.3:
Five of those screen stations and eleven quadrupoles have
to be installed in the module.
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K stepper motor

laser tracker



Fig. 3: The alignment of a screen station of the
tomography section by means of a laser tracker and a
hexapod.

IONIZATION PROFILE MONITOR

An lonization Profile Monitor (IPM) [7] will be inserted

in the rear part of the beam line, in the first step only for
one projection of the beam profile. One of the advantages
of such a device is the possibility to work at high bunch
charge and long bunch trains.
The IPM consists of an electrode, called the “Repeller
plate”, and a high spatial resolution detector (MCP). Both
components have a definite potential.  Additional
electrodes are installed to provide an uniform electrical
field between the Repeller plate and the MCP, see Fig 4.
The residual gas inside the beam tube is ionized by the
electron beam. The produced ions are accelerated in a
homogeneous electrical field toward the MCP. After
amplification inside the MCP, electrons hit a phosphor
screen. A CCD camera records the phosphorescence to a
computer for further evaluation.

Grid with

/different
potentials

Fig 4: IPM set up
with grids

LASER SYSTEM

For generation of flat-top pulses an Yb:YAG laser system
is used. This laser generates long pulse trains that contain
up to 800 individual “micropulses” in the train. A flat-top
shape of the individual pulses of the train is accomplished
by means of a multicrystal birefringent filter [8]. In this
filter, the flat-top pulse shape is obtained by stacking
several replicas of the input pulse, where the number of
replicas is by one larger than the number of crystals used.
The temperature of the individual crystals is precisely
controlled in such a manner that the light field of the
neighbouring replicas of the input pulse interfere
constructively. High-quality flat-top pulses with rising
and falling edges of approx. 2 ps duration are generated
this way. In contrast to other arrangements [9,10], the
produced pulses exhibit a precisely linear polarisation,
which allows to further amplify them in a diode-pumped
Yb:YAG amplifier chain and convert them to the fourth
harmonics (A = 257.5 nm) while maintaining the flat-top
shape.

The duration of the pulses emerging from the bi-
refringent filter depends on the effective number of
crystals in it. Changing the pulse shape is accomplished

by appropriately rotating the birefringent crystals in the
shaper. Figure 5 shows the flat-top pulses of
approximately 23.4 ps duration (FWHM) generated by
using thirteen 2.7 mm thick YVO, crystals in the shaper
following further amplification in Yb:YAG amplifier
stages and after conversion to the fourth harmonics. An
innovation of the laser beam line is the integration of a
gated intensified CCD camera. A fraction of the UV laser
beam propagating from the laser to the photo injector is
split off and directed onto a fast intensified CCD camera.
The shape of the UV pulse was measured by cross-
correlating it with a second femtosecond infrared pulse.
Alike the photocathode, this camera is also located at an
image position of the aperture that is used for generating
the spatial flat-top profile. By selecting an exposure time
of approximately 500 ns as well as an appropriate trigger
it is possible to measure the spatial intensity distribution
for each laser bunch within the pulse train. These images
will be used to extract position, size and intensity of the
UV laser beam as well as their variations within the pulse
train. A first example of such a measurement is shown in
Fig. 6.

The air conditioning in the laser room was improved with
the goal to minimize oscillations of the temperature. The
maximum temperature oscillation is now +/- 0.1 degree as
specified.

Fig. 5: Flat-top UV pulse of 23 ps duration produced by
the photo injector drive laser at PITZ.
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Fig. 6: Variation of beam position (upper left), beam size
(upper right) and laser pulse energy (lower right) during a
train of 850 laser bunches derived from the signal of the
gated, intensified CCD camera. For comparison, the UV
pulse energy as observed using a photomultiplier (PMT)
on the laser table is also depicted (lower left).

THE BEAM INHIBIT SYSTEM (BIS)
The BIS is an independent hardware, which protects parts
of the system from destruction due to false operation. The
logic is processed by a Siemens SPS S7-300 [10[.

The communication with the control system is realized
via Ethernet UDP protocol. The BIS detects the state of
magnets, vacuum valves, screens, cathode, shutters,
Emittance Measurement Systems (EMSY's) and Faraday
cups to define maximum pulse length for the klystron,
charge and numbers of laser pulse. The operating modes
can be predefined or are self-detected from the state of the
facility.

TV SYSTEM - CAMERA TESTS

The following cameras were tested in the lab:
e JAI (CCD): TM-2040, BM-141 [12].
e Prosilica (CCD): GC-13050, GC-1380, GE-1380
[13]
e PhotonFocus (CMOS):
[14]
All cameras have a GigE interface. The Prosilica GC-
1350 was measured each time as a reference camera. The
main criteria the comparison are sensitivity of the camera,
shutter speed, signal to noise ratio and radiation hardness.
The camera measurements procedure can be divided in
two parts:
o taking frames for different gain levels with
closed cap, so called dark frame
o taking frames for different gain levels from the
object which was illuminated by a lamp.
The first measurement gives a noise distribution in the
camera itself.
Also some other important features like gain range,
possibility to adjust the black level, shutter control were
studied. All cameras except PhotonFocus series have a
possibility to control the gain at range approximately up
to 24 dB. All cameras except PhotonFocus series and JAI
TM-2040 have good noise distribution, mean and rms
values. Unfortunately all Prosilica series have automatic
black level control and look up tables made in such a way
that they cut in a part of the signal. All the cameras have a
good controllable shutter speed with a minimum shutter
time of about 10 us. A radiation hardness test is foreseen
in the near future. The summary plots are shown in the
figures 7 and 8. To summarize we can say that the JAI
BM-141 is the best choice for our measurements.

D1312-80, D1312-40

CONCLUSION

A major upgrade of the PITZ facility is ongoing. The
electron gun is exchanged and under commissioning. A
new accelerating booster cavity is under preparation to Be
installed in the beam line. The upgrade of the beam
diagnostics is ongoing mainly by installation of the phase
space tomography module. The complete restart is
assumed in summer 2010.

REFERENCES

[1] F.Stephan et al., Photo Injector Test Facility and
Construction at DESY, FEL 2000, Durham.

[2] F.Stephan et al., Detailed characterization of electron
sources at PITZ, yielding first demonstration of European
X-ray Free-Electron Laser beam quality, Phys.Rev.
Special Topics-Acc. And beams, 13, 020704, (2010)

[3] F.Stephan, M.Krasilnikov, "High Brightness Beam
Measurements at PITZ", talk at Workshop on the physics
and applications of high brightness electron beams, Maui,
Hawaii,16-19.11.2009,  http:  //pbpl.physics.ucla.edu
/HBEB/.

[4] MEGA Industries, H28 Sanford Drive, Gorham, ME
04038

[5] V.V. Paramonov et al., Design Parameters of the
Normal Conducting Booster cavity for the PITZ-2 Test
Stand.

[6] G. Asova et al., Phase space tomography diagnostics
at the PITZ facility, Proceedings ICAP 2006, Chamonix,
France

Camera Comparison, sensitivity

i i

JAITM-2040 Prosilica gc1350  Prosilica gc1380  Prosiica ge1380 JAIBM-141

Photonfocus- Photonfocus-
D1312-40 D1312-80

Cameratype

Fig. 7: CCD camera comparison: Sensitivity in arbitrary
units



Camera Comparison, noise
1000
@ Mean value
B RMS value
100 +— —|
Z
H
3
8
k3
@
2
s
£
10 1
1
Photonfocus- Photonfocus- JAI TM-2040 Prosilica Prosilica Prosilica JAIBM-141
D1312-40 D1312-80 gc1350 gc1380 ge1380
Cameratype

Fig. 8: CCD camera comparison: noise in counts

[7] A. Hofmann et. al., EPAC2008, Genoa

[8] L.Will, G.Klemz, Generation of flat-top picosecond
pulses by coherent pulse stacking in a multicrystal
birefringent filter, Opt. Express 16, 14922 (2008).

[9] S. Zhou, et al., Efficient temporal shaping of ultrashort
pulses with birefringent crystals, Appl. Opt. 46, 8488-
8492 (2007).

[10] I. Bazarov et al., Efficient temporal shaping of
electron distributions for high-brightness photoemission
electron guns, Physical Review ST — Accel. Beams 11,
040702 (2008).

[10] http://www.automation.sicmens.com

[12] http://www.jai.com/

[13] http://www.prosilica.com/

[14] http://www.photonfocus.com/



WEPB10

Proceedings of FEL2010, Malmo, Sweden

LOW-CHARGE SIMULATIONS FOR PHASE SPACE TOMOGRAPHY
DIAGNOSTICSAT THE PITZ FACILITY
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C. Thongbai, CMU, Chiang Mai 50200, and ThEP Center, Bangkok 10400, Thailand

Abstract

The Photo Injector Test Facility at DESY, Zeuthen site
(PITZ) aims to optimize high brightness electron sources
for linac-based FELs. Since the performance of an FEL
strongly depends on the transverse electron beam emit-
tance, the electron source is studied in details at PITZ by
measuring the emittance with the help of the Emittance
Measurement SY stems (EMSY). The EMSY employs the
dit scan technique which is optimized for 1 nC bunch
charge and, therefore, it might not be an optimal choice
for low charge bunches. To extend the ability of the fa
cility for transverse phase space measurements, a module
for phase-space tomography diagnostics and its matching
section areinstalled in 2010. The basic components of the
module are four screens separated by FODO cells. It is
designed for operation with high charge and low energy
beams. This work studies the performance of the tomog-
raphy module when it is operated with low charge beams.
Theinfluence of different beam parametersis evaluated ac-
cording to the requirement to match the envelope to the
optics of the FODO lattice. Simulation results and phase
space reconstructions are presented.

INTRODUCTION

PTTZ aims to optimize high brightness electron sources
for linac-based FELs like FLASH and the future Euro-
pean XFEL. Since the performance of an FEL strongly de-
pends on the transverse electron beam emittance, the last
is a major point for the photo-injector optimization pro-
cess done at PITZ. In the last run period only the sin-
gle dit scan technique using an Emittance Measurement
System - EMSY, has been used [1,2]. EMSY consists
of horizontal and vertical actuators with 10 and 50 um
slits masks and a YAG/OTR screen for beam size measure-
ment. A new module for phase space tomographic diag-
nostics and its matching section, both undergoing commis-
sioning at the moment, extends the ability of the facility
to characterize the transverse phase space. At the same
time the old TESLA booster cavity was replaced by aCDS
booster which is expected to deliver beam momentum up
to 30 MeV/c. Figure 1 shows the new schematics of the
PITZ beamline - PITZ 1.8. The tomography module, sit-
uated in the second part of the beamline, consists of three
FODO cellsand four diagnostic screensas shownin Fig. 1.
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More details about the design of tomography module can
be found in [3,4]. The phase advance between the FODO
cellsis 45° which is expected to deliver the smallest emit-
tance measurement error using the four screen method as
shown in [4]. The FODO cells are only 0.76 m and there-
fore the design Twiss parameters for a periodic solution
to be achieved are rather stringent - 3, = 0.999 m and
ayxy = £1.125. In order to deliver the expected Twiss pa-
rameters up to nine quadrupole magnets upstream the to-
mography module can be used. In this paper ssimulations
with 100 pC bunch charge for tomography diagnostics are
presented. In the first part the emittance optimization at
EMSY1, which is normally used for emittance measure-
ments, using ASTRA [5] is presented and then matching
solutions are shown. Finally, phase space reconstructions
for some of the matching cases are demonstrated.

EMITTANCE OPTIMIZATION

To study the performance of the tomography module
when it is operated with low charge bunches, simulations
are performed using ASTRA. The beam evolution is sim-
ulated from the cathode to the EMSY 1 station. The ini-
tial conditions for the simulations are shown in Table 1.
The laser spot size is chosen as a compromise between

Table 1: The Initial Parameters of the Simulations

parameter value units
Laser pulse length 20 ps
rise/fal time 2 ps
kinetic energy 0.55 ev
rmslaser spot size 0.150 mm
bunch charge 100 pC
RF-gun  gradient at the cathode 60 MV/m
Booster  phase on-crest
Tracking macro particles 200000 particles

particles

small emittance at EMSY 1 and bigger spot size consid-
ered as suffering less from space-charge effects. The cri-
teriafor the simulations is to optimize the emittance at the
EMSY1 station for a momentum range from 15 MeV/c to
32 MeV/c. The focusing solenoid magnetic field and gun
phase are optimized. Simulation results predict that the
maximum emittance at EMSY 1 for this momentum range
is0.185 mm mrad.

FEL technology I: Injector and Linac
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Figure 1: The new layout of PITZ beamline (PITZ 1.8).

Figure 2 shows the evolution of the normalized emit-
tance and rms beam size along the beamline until 10 m for
a beam momentum of 20.6 MeV/c. The normalized pro-
jected emittance and rms beam size on EMSY1 are corre-
spondingly 0.183 mm mrad and 0.172 mm. Figure 3 shows
the obtained slice emittance and slice (-function, at the
same location. Both show alignment of the longitudinal
slices and expected easier matching.
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Figure 2: Simulated rms beam size and normalized emit-
tance evaluated along the beam line for 100 pC bunch
charge and 20.6 MeV/c beam momentum. The position
of EMSY 1 is shown at 5.74 m downstream the cathode.
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Figure 3: Slice emittance (left) and slice beta function
(right) for a beam momentum of 20.6 MeV/c at EMSY1.

MATCHING SOLUTION

At the beginning of the next run period the new booster
cavity will accelerate the beam momentum only up to
24 MeV/c, therefore the matching solutions were achieved
for momenta from 15 to 25 MeV/c. Matching into the to-
mography section has been performed using the V-code [6].
The V-code is a beam dynamics simulation tool which is
able to calculate the statistical moments of a bunch distribu-
tion as an input and calculate trajectories of those moments
through electro-magnetic fields. The matching starts from
EMSY1 to the first screen of the tomography module and
uses seven quadrupoles. In practice it is desirable to use as

FEL technology I: Injector and Linac

few magnets as possible but according to simulations the
four Twiss parameters cannot be matched simultaneously
having a limited range of quadrupole gradients. In the sim-
ulations, the gradients of the last two quadrupoles in the
matching section are kept constant and have values close
to the magnets inside the module in order to make the first
periodic cross in front of the first screen. This is needed
because those two magnets have stronger influence on the
Twiss o parameters which are harder to adjust in the pres-
ence of space charge and short quadrupoles. The other five
quadrupoles are varied to match and minimize the devia-
tion of the Twiss parameters on the first screen. The solu-
tions from the V-code are plugged into ASTRA and tracked
from EMSY1 until the end of the module. In this tracking
3D space charge and the measured quadrupole fields are
included. The solutions which deliver 3-mismatch A3,
both for the horizontal and vertical planes, less than 50%
are evaluated. At the moment the best solution is the one
that can achieve a B-mismatch of 24% in the horizontal
and 17% in the vertical plane for a beam momentum of
20.6 MeV/c. The -functions for the best solution from
EMSY1 until the end of the tomography module is shown
in Fig. 4(a).
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(a) B -functions from EMSY 1 up to the end of the tomography module.
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(b) Comparison of the B-functions with- and without space charge SC ef-
fect inside the tomography module.

Figure 4: Twiss 3 -functions for beam momentum of
20.6 MeV/c.
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Figure 4(b) shows a comparison of the 3-functions along
the FODO lattice for the case with- and without space
charge effects. The matching is not as easy as expected
for 100 pC bunch charge because these simulations for op-
timized emittance are in a space charge dominated regime
as shown in Fig. 5. The space charge over emittance ratio
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Figure 5: Space charge over emittance ratio as a function
of beam momentum.

as defined in [7] and shown in Eq. (1) is higher than 1 for
the whole range of momenta which corresponds to space
charge dominated regime.

- Io°
N 2ﬁ’7[0€%v7
where | is beam peak current, Iy = 17 kKA is the Alfven

current, o - the rms beam size, and ¢, is the normalized
emittance.

p o)

PHASE SPACE RECONSTRUCTION

The transverse phase space of the electron beam on the
first screen can be reconstructed from projections of the
(x,y) distributions on the four screens of the tomogra-
phy section using the Maximum ENTropy-MENT [8] al-
gorithm. More details about the phase space reconstruction
can be found in [4]. Figure 6 shows results of the (y,y’)
reconstruction using a perfectly matched solution for the
case without space charge forces.
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(a) Original distribution. (b) Reconstruction result.
Figure 6: Original and reconstructed vertical phase space

of a perfectly matched case for a beam momentum of
20.6 MeV/c.
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Figure 7 shows the result from a solution which has a
B-mismatch of 17% in the vertical plane. Visually it can be
concluded that in the second case the spot size is bigger and
the reconstruction delivers higher density in the tails then
there is. Table 2 summarises parameters of the original and
reconstructed phase spaces for both cases.
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(a) Original distribution. (b) Reconstruction result.
Figure 7: Original and reconstructed vertical phase space
for beam momentum of 20.6 MeV/c with 17% mismatch.

Table 2: Summarized Parameters of the Original and Re-
constructed Phase Spaces (subscripts case 1, 2 referred to a
perfectly matched and 17% mismatched case accordingly).

Parameters Original Reconstruction A[%]
Oy 1 0.068 0.069 0.67
Oyy' 1 0.051 0.052 1.00
€y,N,1 0.182 0.181 0.89
Oy,2 0.092 0.080 4.97
Oyy’ 2 0.0102 0.010 1.45
Ey,N,2 0.296 0.355 20.0

CONCLUSIONS

The simulation results show that it is not easy to match
a 100 pC bunch charge optimized for minimum emit-
tance since the beam is still in the space charge dominated
regime. It is possible to achieve good solutions but it is
cumbersome to do fine quadrupole gradient adjustments.
Higher energy is another possibility to overcome this prob-
lem. The work continues to find a good matching with this
setup. To decrease the space charge effects others param-
eters will be adjusted - for example laser spot size and the
case which emittance is not fully optimize will be matched.
Simulations with even lower charges are considered.
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Abstract—The THz radiation from femtosecond electron
bunches is focused on a sample which will be scanned
using an xy-translation stage. The transmission intensity at
different points of the sample are detected to construct a
THz image. THz images of some samples were
demonstrated using the THz imaging system.

I. INTRODUCTION AND BACKGROUND

THz radiation is electromagnetic wave having wavelengths
of 1000um to 100 um (300 GHz - 3 THz) and lies in a gap
between Microwave and Infrared. Over the past 20 years, this
gap has been an unexplored region but nowadays sources and
applications of THz radiation have rapidly developed [1-4].
One of its major applications is THz imaging, especialy for
noninvasive or nondestructive inspection. Applications of THz
imaging which are widely developed are, for example,
detections of weapons, explosives and drugs in packaging
materials [5-8] as well as noninvasive inspection of defect in
integrated circuits (1C) [9]. THz imaging has been investigated
for cancer diagnostic because the radiation is highly sensitive
to water content [10] and, for the same reason, it can be
applied for quality control of agricultural products[11]. These
examples show that THz imaging can becomes a powerful tool
for defense, science, industry, agriculture, medical, and
pharmaceutical applications.

Intense THz radiation can be generated in form of coherent
transition radiation by using short electron bunches which are
available at the Plasma and Beam Physics Research Facility
(PBP), Department of Physics and Materials Science, Faculty
of Science, Chiang Mai University. This THz radiation is used
as a source of the THz imaging system

II. GENERATION OF THZ RADIATION

A THz facility based on femtosecond electron bunches has
been established at the Plasma and Beam Physics Research
Facility (PBP), Chiang Mai University. Femtosecond electron
bunches are generated from a system consisting of an RF-gun
with a thermionic cathode, an apha-magnet as a magnetic
bunch compressor and a linear accelerator as a post
acceleration section. These short electron pulses can be used
to produce high intensity THz radiation in the form of
coherent transition radiation by placing an aluminum foil (Al-
foil) in the electron path, representing a transition between
vacuum and conductor [12]. The available THz radiation
covers from 5 cm™ to around 80 cm™ wavenumber which
corresponded to frequency range from 0.3 THz to 2.4 THz.

IIl. THZ IMAGING SYSTEM

Schematic diagram of a THz imaging system (transmission
measurement) at the Plasma and Beam Physics Research
Facility (PBP), Chiang Mai University is illustrated in Fig. 1
for transmission measurement. THz radiation is focused on a
sample which will be scanned using an xy- translation stage
controlled by a computer. The transmission intensity (I1) will
be detected by a room-temperature pyroelectric detector.
Computer program will be employed to calculate and analyze
intensity at difference points on the sample for THz image
construction.

Fig. 1 Schematic diagram of the THz imaging system
at Chiang Mai University

IV. RESULTS

THz radiation can penetrate into non-polar dielectric
materials such as paper, plastic and textile. The radiation is
blocked by metal and is absorbed by water content.

By using a copper cone as a focusing element, the THz
image of holes on Al-fail [Fig. 2(a)] placed in an envelope is
shown in Fig. 2(b). Positions and spot sizes of the patterns
from the THz image correspond well to those of the Al-fail
sample. Using a Tsurupica THz lens [13] as a focusing
element, Fig. 3 (a) and (b) show a water drop sample and its
THz image. Low intensity area on the THz image displays
feature of the drop which absorb THz radiation. The resolution
of THz images can be improved by using a copper mesh [14]
shown in Fig. 4(a) as a high pass THz filter. The copper mesh
filter is placed in front of the first focusing element in the
imaging system. A THz image of a cut pattern on Al-foil [Fig.
4(b)] obtained with filter is shown in Fig. 4(d) which resolves
finer structure the pattern.
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Fig. 2 (a) Holes on Al-foil and (b) THz image of holes.

Fig. 3 (a) Water drop sample and (b) its THz image.

a b

Fig. 4 (a) Copper mesh filter (b) Cut pattern on Al-foil and
THz image (c¢) without and (d) with copper mesh filter.

V. CONCLUSIONS

A THz imaging system based on femtosecond electron
bunches was successfully setup and tested at the Plasma and
Beam Physics Research Facility (PBP), Chiang Mai
University. The system can construct THz images of Al-foil
patterns concealed in an envelope and water content samples.
The image resolution can be improved by using a copper mesh
as THz filters. Image processing techniques can be applied to
further improve image resol ution.
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The Accelerators and Related R&D Activities at Chiang Mai University

C. Thongbai ", S. Singkarat *°, L.D. Yu®, and T. Vilaithong

Abstract— The production and utilization of four fundamental probes, namely, electron, ion, neutron and photon, have
played vital role in the research and development of modern science and technology. These probes are generated by various
types of particle accelerators. At the Plasma and Beam Research Facility (PBP), Chiang Mai University, Thailand, beams of
charged particles are accelerated to energies ranging from the keV to the MeV region. Low energy (< 200 keV) heavy ion
implanters are applied to research in material surface modification, biology and nanotechnology whereas the MeV tandem
accelerator is employed in material surface analysis and lithography. Relativistic femtosecond electron beam is used to
produce transition radiation with wavelength in the THz region. Details of the present and future accelerator R & D

activities are presented and discussed.

Keywords— accelerator, ion beam, electron beam, material modification, ion beam biotechnology, linac, THz radiation, FEL

1. INTRODUCTION

In Thailand, the first accelerator facility was established
in Chiang Mai about four decades ago. A nanosecond
pulsed neutron generator was constructed and installed at
the Fast Neutron Research Facility on the main campus of
Chiang Mai University (CMU) [1]. The high stability
Cockcroft-Walton type accelerator was modified to
incorporate beam chopping and bunching devices. The
140 keV deuteron beam was used to produce neutrons
from the T(d,n)* He reaction. The 1.5 — 2 ns pulsed
neutrons were initially utilized in the measurement of
double differential neutron emission cross sections with a
10-m flight path [2]. A few years later, a 150 kV heavy
ion implanter was designed and constructed [3]. Gaseous
ions such nitrogen ions were generated and used to
modify tribological properties of metals and alloys.
Subsequent  machines were installed for ion-
bioengineering studies. A decade ago, femtosecond
electron bunches from a thermionic RF-gun with a bunch
compressing a-magnet were built at CMU [4]. In this
paper, the development and present status of the
accelerator technology and its utilizations are reviewed.

2. ION BEAMS

Development of low and medium energy (keV —
MeV) ion beam accelerators and related technology and
applications has been a main focus of the national
research in accelerator physics. We have established an
ion beam research center at CMU as a unique
comprehensive ion beam and plasma research laboratory.
The Plasma and Beam Physics Research Facility (PBP),
formerly named the Fast Neutron Research Facility
(FNRF), is now equipped with a 1.7-MV Tandetron

* Corresponding author. Tel: +66 53 943369; Fax: +66 53 943445;
E-mail: chlada@yahoo.com

® Department of Physics and Material Science, Chiang Mai
University, Chiang Mai, Thailand.

® Thailand Center of Excellence in Physics, Commission on Higher
Education, Bangkok, 10400, Thailand.

tandem accelerator mainly for ion beam analysis (Fig. 1),
a 220-kV Varian versatile ion implanter for various ion
implantations, a 30-kV  bioengineering-specialized
vertical ion beam line for biological applications, a 30-kV
plasma immersion ion implantation facility for material
surface modification, a 10-kV ion beam neutralizer for
neutral beam implantation in non-conducting materials,
and a number of plasma facilities. Historically, a 150-kV
deuteron accelerator based 14-MeV fast neutron
generator, a 150-kV heavy ion implanter, a 150-kV high-
current broad-beam ion implanter and a 300-kV ns-pulsed
accelerator-based beam line with a chopper-buncher
system for time-of-flight (TOF) Rutherford backscattering
spectrometry (RBS) analysis were also constructed but
now demolished. With applying all of these ion beam
facilities Thai scientists have been able to carry out so
much research work on materials modification, surface
analysis and biological applications and achieve
significant attainments.

The ion beam has been applied for modification of
solid materials such as local steels [5], alloys [6], cermet
[7], ceramics [8,9] and semiconductors [10]. We achieved
improvements in material surface hardness, wear
resistance, friction coefficient, corrosion resistance, high-
temperature oxidation resistance, optical properties and
formation of nanostructures. Based on the success in the
conventional materials modification by ion beams, the
application of ion beam was extended to biology. The ion
beam biology (IBB) research has been an emphatic
research program in the field of low-energy accelerator
applications since 1998. The research is generally aimed
at utilizing ion beam and plasma technology for
applications in biology, agriculture, horticulture, medical
science and life science. The research has led to
establishment of the ion beam biotechnology in the
country and succeeded in ion-beam-induced mutations of
local rice, flowers and vegetables and DNA transfer in
bacteria and yeasts [11-13]. The on-going basic research
is focused on investigations of mechanisms involved in
the ion-beam-induced mutation and DNA [14-16].

Besides the applications in materials modification, ion
beam has been applied for material analysis. Two
accelerators, namely, the 1.7-MV Tandetron tandem
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accelerator and the 300-kV medium-energy ns-pulsed ion
beam accelerator, have been employed for the purpose.
The Tandetron accelerator employs two ion sources, a
duoplasmatron ion source and a cesium (Cs) sputter ion
source, capable of producing analyzing ion beams of light
species such as hydrogen and helium and heavy species.
The beam line is currently able to perform ion beam
analysis techniques such as Rutherford Backscattering
Spectrometry (RBS), RBS/channeling, Particle Induced
X-ray Emission (PIXE), Elastic (non-Rutherford)
BackScattering (EBS) and lonoluminescence (IL) with
assistance of commercial and self-developed softwares.
The medium-energy ion accelerator is featured with ns-
pulsed beam so that Time-of-Flight (ToF) RBS analysis
using medium-energy ion beams can be available for
detailed analysis of materials. lon beam analysis
experiments and applications have been vigorously
developed in analyses of elements, elemental depth
distribution, radiation damage in crystals, thin or
hierarchical films, and nanostructures of various materials
including metals, semiconductors, ceramics, gemstones,
airborne dust and biological organisms [17,18].
Furthermore, the MeV ion beam has been utilized for ion
beam lithography which has been a useful technique for
microfluidics application. MeV ion beam lithography is a
direct writing technique capable of producing microfluidic
patterns and lab-on-chip devices with straight walls in
thick resist films [19,20].

Accelerator-based ion beams have been working
together with plasma technology for ion beam
nanotechnology applications. The ion beam nano
technology research was initiated with carbon ion
implantation in tungsten carbide cemented by cobalt
(WC-Co) cermet to achieve surface nanostructure which
resulted in ultra-low friction coefficient [21]. Later on, the
research topics have been extended to include ion beam
synthesis of nanocrystalline materials such as silicon
carbide (SiC) [22], ion beam and plasma deposition of
nanofilms such as diamond-like carbon (DLC) coatings
[23], ion beam lithography of micro/nanopatterns, ion
beam and plasma induced surface nanostructures such as
nanofibers and nanoislands, ion beam nanoanalysis, and
ion beam nanobiotechnology.

3. ELECTRON BEAM

The SURIYA electron beam facility to produce
femtosecond electron bunches and THz radiation has been
developed for a decade. Fig. 2 shows the schematic
diagram of the bunch generation and compression system
using a specially designed radiofrequency (RF)-gun
[24,25]. In the RF-gun, electrons are continuously
emitted with thermal energies from a thermionic cathode
and are extracted and accelerated during an

Fig. 1. Schematic diagram of the 1.7-MV tandem accelerator and ion beam line
for ion beam analysis.

PXREODGE=m-+ e oz e SRR

cs 7

Alpha Magnet

9.3 m

Fig. 2. Schematic layout of the accelerator system at Chiang Mai University for generation of short
electron bunches. Q: quadrupole magnet, SC: screen, CT: current monitor, TR and PXR: transition and
parametric X- radiation experimental stations.
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accelerating phase of the RF-fields at 2856 MHz. At first
electrons are accelerated rapidly and reach the end of the
half-cell just before the RF-phase becomes decelerating.
They are further accelerated through the full-cell to reach
the maximum Kinetic energy of 2.0-2.5 MeV at the gun-
exit depending on the accelerating field gradients. Later
on the electrons feel some decelerating fields and gain
less and less overall energy resulting in a well-defined
correlation between energy and time. Electron bunches of
20-30 ps from the RF-gun are then compressed in an a-
magnet, where the particle path length increases with
energy. This allows the lower energy particles, emitted
later in each bunch, to catch up with the front for effective
bunch compression. The optimized and compressed part
of the electron bunch is then filtered by energy slits
located in the o-magnet vacuum chamber and then
transported through a SLAC type linac and a beam
transport line to experimental stations. At the
experimental stations, the bunches are compressed to less
than 1 ps [26]. Operating and beam parameters are shown
in Table 1.

Table 1. Operating and beam parameters of the electron
beam accelerator at CMU.

Parameters RF-gun Linac
Beam energy [MeV] 2.2-3 6-10
Macropulse peak current 1000 50-150
[mA]

RF-pulse length (FWHM) | 2.8 8

[us]

Repetition rate [Hz] 10 10
Beam-pulse length [us] ~2 ~0.8
Number of 5700 2300
microbunch/macropulse

Number of electrons 1.4x10° 8x10’ -
/microbunch 6x10°

The femtosecond electron bunches are used to
generate intense THz or far-infrared radiation in the form
of coherent radiation. Such radiation is of great interest
for THz spectroscopy and THz imaging applications [27-
28]. After acceleration, the compressed electron bunches
are used to generated coherent transition radiation (TR) by
passing through a thin aluminum (Al)-foil. The Al-foil or
radiator is tilted by 45° facing the electron beam direction.
The backward transition radiation is emitted
perpendicularly to the beam axis and transmits through a
high density polyethylene (HDPE). The radiation energy
of 19 uJ per macropulse or a peak power of 24 W was
measured by collecting over an acceptance angle of 160
mrad. The available THz radiation, measured using a
Michelson interferometer with a room-temperature
pyroelectric detector, covers from 5 cm™ to around 80 cm’
! wavenumber (0.15 THz — 2.4 THz). THz spectroscopy
can be done easily by measuring power transmission or
power reflection of a sample via a Michelson
interferometer and the Fourier Transformation as well as

with Dispersive Fourier Transform Spectroscopy (DFTS)
technique. THz spectroscopy experiments, especially that
of highly absorbing substances using coherent THz
transition radiation source and DFTS technique, have
been reported [29]. Reflection and transmission THz
imaging experiments were conducted as examples of THz
radiation applications using our radiation source [30]. It is
possible to extend the spectral range further by using
shorter electron bunches.

4. FUTURE PLAN FOR IR-THz FEL

At Chiang Mai University, we plan to establish a
new research facility centered on the production and
utilization of femto-second electron pulses and Free
Electron Lasers (FEL) optimized for mid and far
infrared/THz radiation. The main goal of the extension
into the THz facility would be the generation of infra-red
(IR) radiation covering the mid and far-infrared regime to
wavelengths up to the THz regime. The broad interest is
fueled by the promises in support of basic and applied
research, security, biology, chemistry, medicine etc.
Infrared and THz radiation could be used for security to
replace or amplify, for example, metal detectors to detect
non-metallic but dangerous articles. Furthermore, quality
controls of food products would be possible through
packing material by examining chemical composition,
water content and freshness of food. In biology and
chemistry IR and THz radiation is used in spectroscopy to
investigate vibrations of macro-molecules. Especially,
high intensity THz radiation has been used to study
biological samples in watery environment rather that in
dry condensed states. The structure and integrity of
semiconductor devices can be investigated through
packaging while studying the circuit layers. All of these
are our planned applications.

In order to realize the applications, we will
rearrange and construct the facility area. Recently, a large
well shielded area became available through the
decommissioning of a fast neutron facility, and it is
planned to establish the new center there by first
relocating SURIYA to this location. The size of the new
location (12 x 13.5 m?) allows the installation of several
FELs side by side. The beam from SURIYA will be
turned around by several 180° achromatic deflections to
let the electron beam pass through one of 2 - 3 FEL
undulators which are required to optimally cover the
desired radiation spectrum. The electron beam from the
SURIYA facility is not optimal now, but by only a modest
increase of the RF-power to the RF-gun a beam condition
can be generated which is optimal for a FEL although not
anymore for bunch compression. The source of the
electron beam being a 2.5 MeV RF-gun ensures that the
beam emittance is sufficiently small for all FELs.
Similarly, the energy spread from the gun is less than 1 %.
A schematic outline of the facility is shown in Fig. 3. The
free space available for each FEL with optical cavities is
about 10 m. A photon beam line attached to each FEL will
guide the photons to a well shielded, radiation free area (~
150 m?) and associated experimental location.
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Fig. 3. Schematic diagram of the planned layout of the new facility for free electron lasers.

5. CONCLUSION

At Chiang Mai University, accelerators and the
accelerator-based research activities have been vigorously
being developed in recent 20 years. Two accelerator bases
are representatives, namely the ion and electron beam. lon
beam technology has been broadly applied for materials
modification, material analysis, biology, agriculture and
nanotechnology. Electron beam accelerator technology
has been constantly developed for advanced applications
including THz radiation spectroscopy. The construction,
installation and applications of the accelerators and
related technology have significantly promoted the
scientific, technological and educational developments.
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Accelerator-based THz Radiation source at Chiang Mai University

J. Saisut *%* | K. Kusoljariyakul ¢ , P. Wichaisirimongkol ¢,
P. Thamboon ®¢, M.W. Rhodes °° and C. Thongbai *°

Abstract— A THz radiation source based on femtosecond electron bunches has been constructed at the Plasma and Beam
Physics (PBP) research facility, Chiang Mai University. The accelerator system consists of an RF-gun with a thermionic
cathode, an alpha-magnet as a magnetic bunch compressor, and a linear accelerator as a post acceleration section.
Coherent transition radiation emitted from short electron bunches was used as the THz radiation source. This THz radiation
can be used as a source of the THz imaging system and THz or far-infrared spectroscopy. The generation and
characterization of the THz will be presented. Recent experimental results on THz spectroscopy and THz imaging will be

presented and discussed.

Keywords— femtosecond electron bunches, Coherent transition radiation, THz radiation

1. INTRODUCTION

A THz facility based on femtosecond -electron
bunches has been established at the Plasma and Beam
Physics Research Facility (PBP), Chiang Mai University.
Femtosecond electron bunches are generated from a
system consisting of an RF-gun with a thermionic
cathode, an alpha-magnet as a magnetic bunch
compressor and a linear accelerator as a post acceleration
section as shown in Fig.1. In the RF-gun, electrons are
continuously emitting with thermal energies from the
thermionic cathode and are extracted and accelerated
during an accelerating phase of the RF-fields at 2856
MHz. The first electron is accelerated rapidly and reach
the end of the half-cell just before the RF-phase becomes
decelerating. It is further accelerated through the full-cell
to reach maximum Kinetic energy of 2.0-2.5 MeV at the
gun-exit depending on accelerating field gradients. Later
electrons feel some decelerating fields and gain less and
less overall energy resulting in a well-defined correlation
between energy and time. Electron bunches of 20-30 ps
from the RF-gun are then compressed in an a-magnet,
where the particle path length increases with energy. This
allows the lower energy particles, emitted later in each
bunch, to catch up with the front for effective bunch
compression. The optimized and compressed part of the
electron bunch is then filtered by energy slits located in
the o-magnet vacuum chamber and then transported
through a SLAC type linac and a beam transport line to
experimental stations. At the experimental station, the
bunches are compressed to less than 1 ps. These short
electron pulses can be used to produce high intensity THz
radiation in the form of coherent transition radiation.
Typical operating parameters and electron beam
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E-mail: jsaisut@chiangmai.ac.th

? Department of Physics and Materials Science, Chiang Mai University,
Chiang Mai 50200, Thailand.

® STIR, Chiang Mai University, Chiang Mai 50200, Thailand.

¢ ThEP Center, Commission on Higher Education, Bangkok 10400,
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characteristics at SURIYA facility are complied in Table
1.

Alpha
magnet

linac

Thermionic cathode

Fig.2. Schematic diagram of the electron bunch
generation and compression system.

TABLE 1. Operating and beam parameters.

Parameters RF-gun Linac

Beam energy [MeV] 2.2-3 6-10
Macropulse peak current [mA] 1000 50-150
RF-pulse length (FWHM) [us] 2.8 8

Repetition rate [Hz] 10 10
Beam-pulse length [us] ~2 ~0.8

Number of microbunch/macropulse 5700 2300

Number of electrons /microbunch 1.4x10°  8x107 - 6x10°

2. GENERATION OF THz RADIATION

At PBP facility, the THz radiation is generated in the
form of transition radiation by placing an aluminium foil
(Al-foil) in the electron path, representing a transition
between vacuum and Al-foil. When electron passes
through an interface between two media of different
dielectric constants, it emits electromagnetic fields. In the
case of a normal incidence, the radiation energy W per
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unit angular frequency de per unit solid angle dQ for
the backward transition radiation from vacuum-conductor
interfaces is given by [7]

dw e’fsin* 0 1
= 2 2 N2’ @
dodQ 7z°c(l- " cos” 0)

where @ is the angle between the emitted radiation
direction and the inverse direction of electron trajectory (-
z axis). For relativistic electrons (y >>1 and 8 —1), the

maximum intensity can be obtained at @ ~ +1/y . In case

of a 45° incidence, the backward radiation emitted at 90°
with respect to the beam axis with its spectral-angular
distribution given by the contribution of parallel and
perpendicular polarization radiation.

dw"  e?p? 2sing—+/23cos ¢ i @)
dQdw 27%| (V2 — Bsin@cosg)? — fZcos’ @
and

dw*  e?p? V2 cosfsin ¢ 2, 3)
dQdw  27°c| (\2 - Bsin@cosg)? — B2 cos® O

where y is the emission angle between the direction of
emitted radiation and the -z axis, while ¢ is the azimuthal
angle defined in the xy-plane with respect to the -x axis.
The radiation from an electron bunch becomes
coherent and highly intense at wavelength about or longer
than the bunch length. The intensity of coherent radiation
is proportional to the number of radiating electrons
squared and thus exceeds greatly that of incoherent
radiation at the same wavelength. Total electromagnetic
radiation emitted from a bunch of N electrons at radiation
frequency @ is 1(®)= NI (@)[L+(N 1) f(w)], where
I, (w) is the radiation intensity from a single electron and
the bunch form factor f (@) is the Fourier transform of the

longitudinal bunch distribution square. Since the radiation
spectrum is proportional to the Fourier transform of the
bunch distribution, the short bunch is therefore desired for
production of broadband radiation spectrum. The
radiation brightness in Fig.3 shows that electron bunches
of 100 fs can provide broadband radiation in far-infrared
regime with the wavenumber cover from 5 cm™ to 200
cm™. This intense coherent transition radiation greatly
exceeds that of a black body as well as that of synchrotron
radiation.

B

1x10"
1x10%
1x10®
1x10"
1x10"
1x10”
1x10™
1x10%
1x10°
1x10° \ \ \ \ \
0 100 200 300 400 500
wavenumber, emL

synchrotron
radiation

black-body
radiatio

Fig.2. Radiation brightness B (ph/s/mm?/100%BW) for
coherent transition radiation from electron bunches of ¢, =
50, 100, and 200 fs compared to black body radiation and
synchrotron radiation.

3. CHARACTERIZATION OF THz RADIATION

The electron beams after acceleration was used to
generate coherent transition radiation utilizing a 25.4-um-
thick Al-foil of 24 mm diameter as a radiator. The radiator
is tilted by 45° facing the electron beam direction. The
backward transition radiation is emitted perpendicular to
the beam axis. The radiation is collimated by a 1-inch 90°
parabolic mirror and transmits through a high density
polyethylene (HDPE) window of 1.25-mm-thick and 32-
mm diameter. A copper light cone is used to collect the
radiation into a room-temperature pyroelectric detector. A
cross-sectional diagram of the experimental set up for
measuring the transition radiation is shown in Fig.4.

3.1. THz RADIATION INTENSITY

The detector signal of THz radiation was clearly
observed. The radiation energy of 9 uJ per macropulse or
a peak power of 12.5 W was measured by collecting over
an acceptance angle of 160 mrad.

radiator

_ Y — R

' HDPE
:‘ \ / window
1

THz TR
radiation

4

parabolic /

mirror —

Fig.3. Setup to generate THz Transition radiation.

3.2. THz RADIATION PROFILE

The THz radiation profile or the spatial distribution is
obtained from the setup as shown in Fig.4. The system
consists of Tsurupica lens [8], a translation stage and
Pyrocam 111 camera [9]. The collimated THz radiation is
focused by the lens to Pyrocam Il1 which attached on the
translation stage. The recorded profiles are shown in
Fig.5.

Fig.4. THz radiation profile measurement setup.

The radiation beam size is estimated from the
projection of the profile both X and Y plane. By applying
Gaussian distribution to the projections, the FWHM of the
projection can be obtained. It is then able to scale back to
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the radiation beam size in front of the lens by recording
the profiles along Z axis. According to the fitting results,
the radiation beam diameter is equal to 2.42 cm. The
result agrees well with the radiation beam diameter
limited by the size of the parabolic mirror (2.54 cm
diameter). The maximum intensity is located at angle of
70 mrad with respect to the center of the radiation cone.
Theoritically for a 7 MeV beam, which is the mean
energy of the beam in the measurement, the maximum
intensity is located at 68 mrad with respect to the center of
the radiation cone. Figure 6 shows comparision of THz
profile betaween calculation for beam energy of 7 MeV
and experiment at Z = 0.6 cm. The experimental results is
slightly difference from the simplify of the theoretical
even the electron beam have a large energy spread
ranging from 5 to 10 MeV. Possible reason for this small
discrepancy is that the in coming radiation is not perfectly
parallel but it has small divergence due to the parabolic
mirror focusing. The radiation might not be radiated at the
focal point of parabolic mirror.

Fig.5. THz radiation profile along Z axis; (a) Z = - 1.4 cm, (b)
Z=-0.6cm,(c)Z2=0.0cm,(d)Zz=0.6cm, (e) Z=1.4cm.

€) (b)

Fig.6. THz radiation profile from; (a) theoretical calculation
for beam energy of 7 MeV and (b) experiment at Z = 0.6 cm.

3.3. THz RADIATION POWER SPECTRUM

The radiation power spectrum can be derived via
Fourier Transformation of the autocorrelation pattern or
interferogram  which ~ obtain ~ from  Michelson
interferometer as shown in Fig.7 coherent transition
radiation exits through a HDPE window and enters a
Michelson interferometer. The interferometer consists of a
beam splitter, a fixed and a movable first surface mirror,
arranged as shown in the figure. The radiation field
entering the Michelson interferometer is split into two
parts by the beam splitter, both travelling in different
directions to be reflected back by mirrors. After reflection,
parts of the two radiation pulses are combined again and
absorbed by a detector to determine the intensity.

At an optical path difference & between both
spectrometer arms, the combined radiation pulses are the
radiation from the fixed arm, E (t)=TRE(t), and the

radiation from the movable arm delayed in time by §/c,
E,(t)=RTE(t+05/c). Here R=R(w) and T =T(w) are
the reflection and transmission coefficients of the beam
splitter. The intensity measured at the detector is then

Fig.7. Schematic diagram of the THz
Michelson interferometer.

14(6) o [[TRE(®) + RTE(t+5/c)[ dt -

o Lyo+2[|RT P E(R)E"(t+5/c) dt ,

where |, o 2J'| RTE(t)|?dt is independent of the path

difference 6 and represents the baseline. The
autocorrelation pattern obtained from the measurement is
shown in Fig. 8. By scanning movable mirror, we can
construct “an interferogram’ which is the variation
intensity above the base line as a function of path
difference. An interferogram just represent the radiation
autocorrelation.

1(6) = 2Re [|RTE(@E *(t+5/c)dt. (6)

The expression of interferogram in frequency domain
using a Fourier transformation is then

1(5) =2 ReﬂR(w)T (0)E (w)\ze"”‘%da) - (7)

The radiation power spectrum is the Fourier transform of
the interferogram from eq.(7)

R@T(@EW) = [1(5)e " ds=FT{i(5)}: ®
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Fig.8. Autocorrelation pattern or interferogram
The radiation power spectrum displayed in Fig.9 can be
derived via Fourier Transformation of the interferogram.
The available THz radiation covers from 5 cm™ to around

55 cm™ wavenumber which correspondeding to a
frequency range from 0.3 THz to 1.8 THz.
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Fig.9. THz Radiation power spectrum.

5. APPLICATIONS
5.1 THz SPECTROSCOPY

The THz spectroscopy can be done easily by
measuring power transmission or power absorption of a
sample via a Michelson interferometer and the Fourier
Transformation. Although phase information has been
lost in the measurement, optical constants of the sample
can be obtained by some modeling or Kramers-Kronig
calculation [10]. Dispersive Fourier Transform Spec-
troscopy (DFTS) [11] may also be used for direct
determination of optical constants of a sample. In a DFTS
setup, a sample is inserted in one arm of the
interferometer, causing attenuation and dispersion of the
radiation pulse. The attenuated and dispersed pulse can be
recorded and its attenuation factor and phase shift can
then be recovered. The attenuation and dispersion can be
related to optical constants of the sample depending on
the optical configuration of the measurements. With the
DFTS technique, the phase information can be recovered
in measurements using a Michelson interferometer.

5.2 THz IMAGING

A schematic diagram of a THz imaging system
(transmission measurement) at the Plasma and Beam
Physics Research Facility (PBP), Chiang Mai University
is illustrated in Fig. 9 for transmission measurement. THz
radiation is focused on a sample which will be scanned
using an xy- translation stage controlled by a computer.
The transmission intensity (I+) will be detected by a room-
temperature pyroelectric detector. Computer program will
be employed to calculate and analyze intensity at
difference points on the sample for THz image
construction. Figure 11 shows an example of THz
imaging obtained from the leaf concealed in an envelope.

Fig. 9 Schematic diagram of the THz imaging system
at Chiang Mai University.

[ —
"

= =]

X femen)
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Fig.11. (a) Leaf and (b) its THz image.

4. CONCLUSION

Intense THz radiation can be generated in form of
coherent transition radiation by using short electron
bunches which are available at the Plasma and Beam
Physics Research Facility (PBP), Department of Physics
and Materials Science, Faculty of Science, Chiang Mai
University. The radiation energy is 9 wJ per macropulse or
12.5 W peak power collecting over an acceptance angle of
160 mrad. The available THz radiation covers from 5 cm™
to around 55 cm™ wavenumber. This THz radiation can be
used as a source of the THz imaging system and far-
infrared or THz spectroscopy. In additional, sub-pico
second feature of the radiation pulse will open up
opportunities for time-resolved studies of ultrafast
processes using THz radiation.
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Abstract

A possibility to develop a compact linac-based Infrared
free-electron laser (IR FEL) facility has been studied at
Chiang Ma University (CMU) in  Thailand.
Characteristics of the emitted FEL light and reiability in
operation of the FEL system are determined by the
properties of the electron injector, the undulator, and the
optical cavity. The proposed injector system for the future
IR FEL is based on the electron linear accelerator system
a the Plasma and Beam Physics Research Facility at
CMU (PBP-CMU). Numerical and experimental studies
to adjust the existing system to be able to drive the IR
FEL have been performed. The results of preliminary
studies and the proposed parameters for the injector and
the FEL system are concluded in this contribution.

INTRODUCTION

Linac-based free-electron lasers (FELS) have recently
gain interest worldwide in the accelerator and particle
beam community as the new generation light source,
which can be utilized in numerous applications.
Characteristics of the output FEL radiation are determined
by the properties of the electron beam and the undulator,
where the light is emitted. Since the FEL light sources
require electron beams of high quality, the development
and optimization of the injector system are important.

Electromagnetic radiation in the infrared wavelength
regime, especialy the far-infrared (FIR) or THz radiation,
is of a great interest source for applications in various
fields [1-4]. A possibility to develop an infrared free-
electron laser (IR FEL) is studied at the Plasma and Beam
Physics Research Facility, Chiang Mai University (PBP-
CMU). At this initial stage, we concentrate on the
development of an FEL covering the THz radiation
wavelength around 50-200 um. Study of the FEL
radiation in the mid-infrared (MIR) and near-infrared
(NIR) regime will be considered in the future.

In order to develop the FEL system, optimization of
both injector and FEL system is ongoing. In this paper, we
concentrate on an overview of the project and preliminary
optimization of a thermionic based €lectron
radiofrequency (RF) injector to produce electron beams
with properties yielding the requirements for an IR FEL.

PROPOSED IR FEL FACILITY
Generally, an IR FEL facility consists of an injector
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system for generating and accelerating electron beam, an
undulator magnet for FEL lasing and an optical cavity for
amplifying the FEL radiation output power. For the
considered injector system of the proposed IR FEL at
CMU, we plan to make use of the existing linac system as
much as possible while maintaining its functionality as
the femtosecond electron and photon pulse facility.

The proposed IR FEL system shown in Fig. 1 consists
of an injector system, an accelerating structure, a 180°
achromat section, an undulator magnet and an optical
cavity. The injector system combines a thermionic
cathode RF-gun and an alpha magnet as a magnetic bunch
compressor. The accelerating structure is an S-band
travelling wave SLAC-type linac, which can be used to
accelerate an electron beam to reach a maximum energy
of about 30 MeV. The injector system, the linac structure,
beam steering and focusing elements as well as beam
diagnostic instruments upstream the achromat section will
be modified from the existing PBP-CMU linac system
[5]. The undulator magnet is a planar type with alength of
1.67 m. The optical cavity composes of two symmetric
spherical mirrors with a coupling hole on one of the
mirrors. Some parameters of the undulator and the optical
cavity used in preliminary FEL optimization are listed in
Table 1.

Figure 1: Schematic layout of the possible IR/THz FEL
system at Chiang Mai University, Thailand.

In electron beam and FEL optimizations, we consider
two scenarios. The first one is studying the FEL radiation
in the case of the electron beam whose bunch length is
longer than the radiation wavelength. The other oneis for
the case of the electron beam whose bunch length is
shorter than the radiation wavelength.
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Table 1: Parameters of Undulator and Optical Cavity

Used in FEL Calculations

Parameter Value
Undulator type Planar
Undulator length 167m
Number of period 22
Period length 7.7cm
K-parameter 0.4-152
Optical cavity length 5m

compression in the alpha magnet for this useful part the
bunch can be neglected. Some small energy spread will be
induced during the post acceleration of the electron beam
in the linac leading to the electron distribution suitable for
the bunch compressor downstream the linac. The 180°
achromat is used as both turn around section and as the
magnetic  bunch  compressor. Electron  beam
optimizations for this case are presented in another
contribution [7].

let9

le+8

—

Infrared reflectivity of optical cavity 95%

The FEL radiation due to the interaction between
optical fields and an electron beam with a bunch length
longer than the radiation wavelength has been studied
using the numericadl code GENESIS 1.3 [6]. As an
example, the electron beam with an rms bunch length of a
few ps has been considered. Preliminary required beam
parameters used in the simulations for the radiated
wavelength of 100 um are shown in Table 2. With the
aforementioned parameters, the expected FEL power ison
the order of tens of megawatt as shown in Fig. 2. The
numbers of round trips needed to accumulate the radiation
amplification until reaching the saturation condition are
about 60 and 80 turns for the cases of no loss and with 5%
loss in the optical cavity, respectively. The undulator
parameter (K) of 1.52 has been used in the simulation.
With the optical cavity length of 5 m, the electron
macropulse length of about 3 ps is required. Due to the
back-bombardment effect, the available macropulse
length of electron beam exiting the thermionic RF-gun at
the PBP linac system is about 1-2 ps. Therefore, the
modification of the RF power system may be required.

Table 2: Beam Parameters Use in GENESIS Simulations

Parameter Value

Beam energy 15 MeV
Relative energy spread (rms) 0.5%
Longitudinal rms bunch length (c,) 2ps

Bunch charge (Qy) 30pC

Peak current (1) 30A
Normalized beam emittance (gy.¢,) 3t mm-mrad
Beam size (oy,0) 0.3mm
Twiss parameters (Bo,00) 0.7,0.3

For this conventional FEL scenario, the alpha magnet
will serve only as the energy filter element. From the
optimization of the electron distribution at the RF-gun
exit, the electrons at the head of the bunch with high
energy level form a quasi-monogenetic beam. Therefore,
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Figure 2: Simulated radiation power evaluation at the
radiation wavelength of 100 pum for the electron rms
bunch length of 2 ps without and with 5% power loss in
the optical cavity.

The FEL mechanism in case of eectron beams with
bunch length shorter than the radiation wavelength has
been studied and reported in [8]. This scenario is known
as the pre-bunched FEL. The study results show that the
saturation mechanism in the pre-bunched FEL seems to
be different from the conventional FEL. The saturated
peak power in this case is much higher than that for the
long electron bunches. It has been proposed that to
generate the THz light with the pre-bunch FEL, the
electron beam with the bunch length less than 100 fs is
required [8, 9].

We have previously shown that it is possible to generate
electron bunches with an rms bunch length of less than
100 fs [10]. With this short bunches, the intense THz
radiation from coherent Transition Radiation (TR) is
expected to cover the wave number ranging from 5 cm™
to 400 cm™. For this scenario, the alpha magnet will be
used as a magnetic bunch compressor prior to the post
acceleration by the linac. It will also be used as an energy
filter utilizing its energy scrapers. The 180° achromat
system for this case will be a turn-around section to save
the space of the accelerator tunnel. Therefore, we can
choose the position of the current experimental station to
be the entrance of the 180° achromat. Then, the achromat
section can be an isochronous magnetic system, which the
beam characteristics before entering and after exiting the
achromat system remain unchanged.

Since the FEL mechanism of the pre-bunched FEL
cannot be smulated by using the well-known numerical
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codes e.g. GENESIS, a further methodical study is
required. The interaction between the electron beam and
the optical fields in this case will be investigated and
reported in the future.

ELECTRON BEAM OPTIMIZATIONS
FOR PRE-BUNCHED FEL

Longitudinal Beam Dynamic Smulations

The FEL performance depends on both the longitudinal
and transverse properties of the electron beam. Beam
dynamics simulations using the code PARMELA [11] and
BCompress [12] were performed to study the optimal
longitudinal electron beam parameters suitable for driving
the FEL. The transverse properties have been studied
using the beam envelope optics code Particle Beam 2003
[13].

PARMELA simulations were performed to investigate
electron beam dynamics inside the RF-gun including
effects of the space-charge force. Results of optimization
of the thermionic RF-gun for producing the femtosecond
electron bunches for the linac-based FIR (THZ) radiation
source have been reported in [10]. The revised study for
the injector system of the IR FEL has been performed
based on some available information from the previous
study. In PARMELA simulations, we assume that the
cathode emits the uniform electron beam with 100,000
macro-particles at an emitted current of 2.9 A per 2856
MHz RF cycle. Therefore, each macro-particle represents
a charge of 10.15 fC. Starting from these specifications,
we assume that the entrance of the isochronous achromat
system begins at the current TR station. Electron bunches
will travel through the achromat section and reach the
entrance of the undulator with unchanged longitudinal
properties. The particle distribution in the energy-time
phase spread of a single bunch with the kinetic energy of
about 15 MeV is shown in Fig. 3.
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£ 144 L 300 O
4 C
14.2 ! ! | . } 0
0 50 100 150 200 250 300 350
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Figure 3: Simulated particle distribution in energy-time
phase space of a single bunch at the entrance of the 180°
acromat with histogram fitted by a Gaussian distribution
with o, of 50 fs.
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The relation between the relative rms energy spread of
electrons and the bunch charge has been studied by
selecting a fraction of the electron bunch using energy
dlits inside the alpha magnet vacuum chamber. A portion
of electrons with different relative energy spreads are
compressed differently inside the apha magnet. By
adjusting the alpha magnet gradient in the simulation, we
can obtain the relationship between the energy spread and
the bunch charge, which the results are shown in Fig. 4
for the case of an electron bunch length of 50 fs and 100
fs.
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Figure 4: Simulated bunch charge as a function of relative
rms energy spread for the electron bunch length of 50 fs
(dash line) and 100 fs (solid line).

Results of the bunch compression study using the
apha magnet show that with a relative energy spread of
below 0.7%, the bunch charge increase proportionaly to
the energy spread. Then, it stays constant with the bunch
change of about 93 pC and 107 pC for the rms bunch
length of 100 fs and 50 fs, respectively. This can be
explained that with the rms energy spread larger than
0.7% the selected bunch contains some electrons with
lower energies, which are not properly compressed inside
the apha magnet. Only the high energy electrons are
compressed and form the condense distribution at the
head of the bunch. Preliminary study results show that it
is possible to produce the electron beam with the bunch
length about or shorter than the suggested requirement for
the pre-bunched FEL [8].

Optimization of Beam Transport Line

The beam envel ope along the beam transport line from
the RF-gun exit to the entrance of the achromat has been
studied and optimized. Initial transverse beam parameters
are estimated from the PARMELA distribution at the RF-
gun exit with the rms beam size of 25 mm and the
normalized beam emittance of 3.8 7 mm-mrad. By
carefully optimizing the parameters of each component
aong the beamline, we achieved the final beam at the
entrance of the 180° achromat with the properties suitable
for the FEL system. The proposed beam optics of the
injector system is illustrated in Fig. 5. Some optimized
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beam transverse parameters are shown together with
longitudinal propertiesin Table 3.

Gyy (MM}

: ‘ : ‘ ‘ " 7180° achomat
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Figure 5: Simulated beam envelops from the exit of the

RF-gun to the entrance of 180° achromat.

Table 3: Typical Parameters at the PBP Linac System and
Optimized Electron Beam Parameters Using Beam Optics
and Beam Dynamics Simulations

Parameter Value
Microbunch repetition rate 2856 MHz
Macropul se repetition rate 1-10Hz
Current macropulse width 1-2ps
Beam energy 15 MeV
Energy spread (rms) 0.7%
Minimum longitudinal rms bunch 50fs
length (c7)

Bunch charge (Qy) 107 pC
Peak current (1) 844 A

Normalized rms emittance (&, ) 3.8 1 mm-mrad

Horizontal beam size (oy) 0.394 mm
Vertical beam size (cy) 0.321 mm
CONCLUSION

The specifications of the injector system for the
proposed IR FEL facility at Chiang Ma University in
Thailand have been studied. Simulation and numerically
studies showed that it is possible to use the existing linac
system to produce electron beams with the specifications
suitable for the IR FEL lasing requirements. The electron
beam with a few ps bunch length can be used for the
conventional IR FEL oscillator, while the electron beam
with the bunch length less than 100 fs is considered for
the pre-bunched FEL. By properly adjusting machine
parameters, the 15 MeV electron beam with the minimum
rms bunch length of 50 fs, a bunch charge of 107 pC and
a peak current of 844 A can be produced. Further study
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will be performed to accumulate the useful information
for technically modifying the current linac setup at
Chiang Mai University to serve as the injector system for
the future IR FEL.
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THz RADIATION SOURCESBASED ON RF-LINAC
AT CHIANG MAI UNIVERSITY

C. Thongbai”, P. Boonpornprasert, S. Chunjarean, K. kusoljariyakul,
S. Rimjaem, J. Saisut, S. Supakul
Chiang Mai University, Chiangmai, 50200, Thailand
Thailand Center of Excellence in Physics, Bangkok 10400, Thailand

Abstract

A THz radiation source in a form of coherent radiation
from short electron bunches has been constructed at the
Plasma and Beam Physics (PBP) research facility, Chiang
Mai University. The accelerator system consists of an RF-
gun with a thermionic cathode, an alpha-magnet as a
magnetic bunch compressor, and a SLAC-type linear
accelerator. Coherent transition radiation emitted from
short electron bunches passing through an Al-vacuum
interface was used as the THz radiation source. This THz
radiation can be used as a source of the THz imaging
system and THz spectroscopy. Details of the accelerator
system and THz radiation production will be presented. A
plan for extension to accommodate Free Electron Lasers
(FEL) optimized for mid-infrared and far-infrared/THz
radiation will also be discussed.

INTRODUCTION

THz radiation is electromagnetic radiation spectrum
which has wavelength of 1000pum to 100 pm (300 GHz -
3 THz) and lies in gap between Microwave and Infrared.
In the past, this gap is unexplored region but nowadays
technologiesand applications of THz radiation were
developed rapidly and were reviewed in [1-4]. A THz
facility based on femtosecond electron bunches has been
established at the Plasma and Beam Physics research
facility (PBP), formerly the Fast Neutron Research
Facility (FNRF), Chiang Mai University. Figure 1 shows
a schematic layout of the system.The main components of
the system are a thermionic cathode RF-gun, an alpha-

magnet as a magnetic bunch compressor, a SLAC-type
linear accelerator (linac), beam steering and focusing
elements, and beam diagnostic instruments.

The 1-1/2 cell S-band RF-gun was designed and
optimized [5] for bunch compression such that the first
electron is accelerated and reaches the end of the half-cell
just before the field becomes decelerating. It is then
further accelerated through the full-cell to reach
maximum Kinetic energy of 2.0-2.5 MeV at the gun-exit
depending on accelerating field gradients. Later electrons
feel some decelerating fields and gain less and less overall
energyresulting in a well-defined correlation between
energy and time for bunch compression. Electron bunches
of 20-30 ps from the RF-gun are then compressed in an
a-magnet, where the particle path length increases with
energy. This allows the lower energy particles, emitted
later in each bunch, to catch up with the front for effective
bunch compression. The optimized and compressed part
of the electron bunch is filtered by energy slits located in
the alpha-magnet vacuum chamber and then transported
through the linac and the beam transport line to
experimental stations. At the experimental station, the
bunches are compressed to less than 1 ps [6]. These short
electron pulses can be used to produce high intensity THz
radiation in the form of coherent transition radiation.
Typical operating parameters and electron beam
characteristics are shown in Table 1.

Figure 1: Schematic diagram of the accelerator system at Chiang Mai University for generation of short electron
bunches and THz radiation [Q:quadrupole magnet, CT:current monitor, SC:screen, TR: transition radiation].
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Table 1: Operating and Beam Parameters

Parameters RF-gun Linac
Max. beam energy [MeV] 25-3 10-15
Macropulse peak current [mA] 1000 150
Beam pulse length [us] ~2 ~0.8
Macropulserepetation rate [Hz] 10 10
Number of microbunch/macropulse 5700 2300
Number of electrons/macropulse 1.4x10°  6x10°

GENERATION OF THzRADIATION

Total electromagnetic radiation emitted from a bunch
of N electrons at radiation frequency w is
I (@) = NI (0)[1+ (N -1) f ()],
where | (@) is the radiation intensity from a single

electron and the bunch form factor f(w) is the Fourier
transformation of the longitudinal bunch distribution
squared. As a consequence, the short bunch is suitable
and desired for production of broadband radiation
spectrum. At a wavelength about or longer than the bunch
length, the radiation from an electron bunch becomes
coherent and the intensity of coherent radiation,
proportional to the number of radiating electrons squared,
exceeds greatly that of incoherent radiation at the same
wavelength. Electron bunches of around 100 fs can
provide broadband radiation in THz regime covering up
to 3 THz [7].

The electron beam after acceleration is used to generate
THz radiation is in the form of coherent transition
radiation (TR). At the experimental station, transition
radiationis produced by placing an aluminium foil (Al-
foil) in the electron path, representing a transition
between vacuum and Al-foil. The Al-foil radiator is 25.4
um thick and 24 mmin diameter. The radiator is tilted by
45° facing the electron beam direction. The backward
transition radiation is emitted perpendicular to the beam
axis and transmits through a high density polyethylene
(HDPE) window of 1.25-mm-thick and 32-mm diameter.

A copper light cone or a THz lens are used to collect
the THz radiation into a room-temperature pyroelectric
detector. The radiation energy of 19 pJ per macropulse or
a peak power of 24 W was measured by collecting over
an acceptance angle of 160 mrad. Experimentally, the
transition radiation spatial distribution as well as
horizontal and vertical polarizations of radiation were
observed using a PYROCAM and a wire-grid polarizer
from Graseby-Spec (Model 1GP223). The results are
shown in Fig. 2. An asymmetry shown up in horizontally
polarized beam should very well be a result of the Al-foil
orientation which is tilted 45° horizontally as predicted
theoretically.

The radiation spectrum measured using a Michelson
interferometer is shown in Fig. 3 (dot-line). The available
THz radiation covers from 5 cm™ to around 80 cm™
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wavenumber (0.15 THz - 2.4 THz). At low frequency (<
5 cm?), the spectrum was suppressed by effects of the
beam splitter and the periodic response is the effect of the
pyroelectric detector [8]. The spectrum seem to extend to
above 80 cm™ (2.4 THz) where noise becomes dominate.
These can be further minimized with better detection and
amplification system.

Figure 2: THz transition radiation profiles taken with a
polarizer rotated 0, 45, 90, 135, 180 degree respectively.
The last profile is taken without any polarizer.
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Figure 3: The radiation power spectra taken in humid air
(solid) and in ambient air (dot-line).

THz SPECTROSCOPY AND IMAGING

THz spectroscopy can be done easily by measuring
power transmission or power absorption of a sample via a
Michelson interferometer and the Fourier Transformation.
As shown in Fig. 3 (solid), the radiation spectrum taken in
humid-air reveals several water absorption lines.
Although phase information has been lost in the
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measurement, optical constants of the sample can be
obtained by some modeling or Kramers-Kronig
calculation [9]. Dispersive Fourier Transform Spec-
troscopy (DFTS) [11] may also be used for direct
determination of optical constants of a sample. In a DFTS
setup, a sample is inserted in one arm of the
interferometer, causing attenuation and dispersion of the
radiation pulse. The attenuated and dispersed pulse can be
recorded and its attenuation factor and phase shift can
then be recovered. The attenuation and dispersion can be
related to optical constants of the sample depending on
the optical configuration of the measurements. With the
DFTS technique, the phase information can be recovered
in measurements using a Michelson interferometer. A
THz imaging system has been setup and tested at PBP.
For transmission measurement, THz radiation is focused
on a sample which is scanned using an xy- translation
stage controlled by a computer. The transmission
intensity will be detected by a room-temperature
pyroelectric detector. Computer program will be
employed to calculate and analyze intensity at difference
points on the sample for THz image construction. Figure
4 shows an example of THz imaging obtained from the
leaf concealed in an envelope.

Figure 4: Leaf and its THz image.

FUTURE EXPANSION

As a plan to become a research facility centered on the
production and utilization of femtosecond electron pulses
and accelerator-based light sources covering the mid and
far-infrared regime to wavelengths up to the THz regime.
Preliminary designs of the extension have been studied as
the diagrams shown in Fig. 5. A planar undulator can be
added to the beamline to produce coherent undulator
radiation from short electron bunches. The existing
beamline can be extended and turned around by a 180°
achromatic system to let the electron beam pass through
an undulators and an optical cavity as an IR-THz FEL.
Figure 6 shows results of a preliminary study of the
radiation output from some electron bunch lengths and an
undulator (22 periods of 0.077 m period length) with and
without FEL optical cavity. The radiation outputs cover
well beyond 6 THz spectral range. Details of the study to
accommodate the extension are reported in [11-13].
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Figure 5: Diagrams for future expansion of the accelerator
system with (bottom) and without (top) an FEL cavity.
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Figure 6: Radiation output from some electron bunch
lengths and an undulator (22 periods of 0.077 m period
length) with and without FEL optical cavity.

CONCLUSION

Intense THz radiation can be generated in form of
coherent transition radiation by using short electron
bunches which are available at the Plasma and Beam
Physics Research Facility (PBP), Department of Physics
and Materials Science, Chiang Mai University. The
available THz radiation covers from 5 cm™ to 80 cm™
wavenumber. This THz radiation can be used as a source
of the THz imaging system and far-infrared or THz
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spectroscopy. Plan for future expansion with a planar
undulator will allow more coverage of the IR-THz
spectrum regime.
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LINAC-BASED THZ IMAGING AT CHIANG MAI UNIVERSITY
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Abstract

At the Plasma and Beam Physics Research Facility
(PBP), Chiang Mai University, intense THz radiation is
generated in a form of coherent transition radiation from
femtosecond electron bunches. The THz radiation is used
as a source of THz imaging system which was
successfully setup and tested. The radiation is focused
onto a sample which will be scanned using an xy-
translation stage. The transmission or reflection at
different points of the sample are recorded to construct a
THz image. Details of the setup and the experimental
results from the system will be presented. The THz
imaging to accommodate a future IR-THz Free Electron
Laser (FEL) will also be discussed.

INTRODUCTION

A THz facility based on femtosecond electron bunches
has been established at the Plasma and Beam Physics
Research Facility (PBP), Chiang Mai University.
Femtosecond electron bunches are generated from a
system consisting of an RF-gun with a thermionic
cathode, an alpha-magnet as a magnetic bunch
compressor and a linear accelerator as a post acceleration
section. At the experimental station, the bunches are
compressed to less than 1 ps. The experimental results
reported in [1] show that electron bunches as short as o,
=200 fs can be generated from the system. Typical
operating parameters and electron beam characteristics of
the facility are complied in Table 1.

The femtosecond electron bunches can be used to
produce high intensity THz radiation in the form of
coherent transition radiation by placing an aluminium foil
(Al-foil) 45° in the electron path, representing a transition
between vacuum and conductor [2]. The backward

transition radiation is emitted perpendicular to the beam
axis as shown in Fig. 1. The radiation is collimated by a
1-inch 90° parabolic mirror and transmits through a high
density polyethylene (HDPE) window of 1.25-mm-thick
and 32-mm diameter. The available THz radiation covers
wavenumbers from 5 cm™ to around 80 cm™ which
corresponding to a frequency range from 0.3 THz to 2.4
THz. This THz radiation is used as a source of the THz
imaging system.

radiator

%electrons
- _
1
HDPE
| / window
4

/  THzTR
radiation

T

parabolic /

mirror —

Figure 1: Setup to generate THz Transition radiation.

THZ IMAGING SYSTEM

A schematic diagram of the THz imaging system
(transmission measurement) at the Plasma and Beam
Physics Research Facility (PBP), Chiang Mai University
is illustrated in Fig. 2 for transmission or reflection
measurement. THz radiation is focused on a sample
which will be scanned using an xy- translation stage

Table 1: Operating and beam parameters

Parameters RF-gun Linac
Maximum beam energy (MeV) 2.0-2.5 6-12
Macropulse peak current (mA) 700-1000 5-150
RF-pulse length (us) 2.8 8
Repetition rate (Hz) 10 10
Beam-pulse length (us) 2 0.8
Number of microbunches per macropulse 5700 2300
Number of electrons per microbunch 1.4 x 10° 1.4 x 10°
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controlled by a computer. The transmission or reflection
intensity will be detected by a room-temperature
pyroelectric  detector. Computer program will be
employed to calculate and analyze intensity at difference
points on the sample for THz image construction.

Focusing
element

element
I Sample& I 0

Xy-stage
Collimated | controller

Focusing

Detector

Ixy)

Terahertz
Radiation

=

Figure 2: Schematic diagram of the THz imaging system
at Chiang Mai University.

The Transmission Mode THz Imaging

The transmission mode THz imaging is suitable for
materials which are transparent to THz radiation, e.g. non
metallic and non polar materials. It is possible to
construct contrast images from totally transmitted signals
of various materials. Figure 3 shows the THz imaging
system setup beside the electron beamline at the
experimental station and this setup use Tsurupica lens as a
focusing element.

Flat mirror

Tsurupicalens

Sample holder

| Pyroelectic detector

X-y trandlation stage |

Figure 3: The THz imaging system setup at the
experimental station.

By using a copper cone as a focusing element, the first
THz image circular cuts of various sizes in an Al-foil
[Fig. 4(a)] placed in an envelope is shown in Fig. 4(b).
The holes diameter varies from 4 — 9 mm. Positions and
spot sizes of the patterns from the THz image correspond
well to those of the Al-foil sample.

THz and Long Wavelength FELs
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9mm 7mm 6 mm 5mm 4m

Figure 4: (a) Optical and (b) THz images of circular cuts
of various sizes inan Al-foil.

Figure 5(a) is an Al-pattern and Fig. 5(b) is its THz
image scanned using the Tsurupica lens as a focusing
element. The THz image can demonstrate the rough
feature of the sample but not its details especially at the
big slot of the sample. Since our THz radiation source is
board band, the focusing spot size of the THz radiation
beam is about 3-4 mm. By using a copper mesh as a high
pass THz filter [3, 4], the focusing spot size can be
reduced to about 2 mm [4]. The copper mesh filter is
placed in front of the focusing element in the imaging
system. The image quality can be improved when the
sample is scanned using mesh filter. Visually, more
details of the sample can be seen as shown in Fig. 5(c).

a

Figure 5: Cut pattern from Al-foil and its THz images; (a)
Optical image of the sample, (b) its THz images achieved
without mesh filter and (c) its THz image achieved with
the mesh filter.

By using a transmission mode THz imaging, the THz
image of a fresh leaf which contains water contents inside
is successfully demonstrated. The THz image of a leaf
sample [Fig. 6(a), (c)] placed in an envelope is shown in
Fig. 6(b), (d). The low intensity area of THz image is
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corresponding to the leaf. Obviously, it shows the shape
of the leaf which corresponds to its optical image.

a b

Figure 6: Leaf samples and its THz images; (a), (c)
Optical images of the leaf which clearly shows the leaf
structure and (b), (d) its THz images achieved with the
mesh filter.

The Reflection Mode THz Imaging

The reflection mode THz imaging is suitable for
materials which reflect THz radiation, e.g. metallic
samples. The reflection mode THz imaging setup at PBP
is shown in Fig. 7. A collimated THz beam is reflected off
a gold-coated mirror to a THz lens of 6-cm focal-length.
The beam is then focused onto a sample at approximately
30° incident angle. The reflected signal from the fuel cell
is collected by another THz lens of 3-cm focal-length and
continued to a pyroelectric detector. The sample under
investigation is placed on top of the X-Y translational
stages and scanned using computerized motion
controllers.

Figure 7: the reflection mode THz imaging setup.
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Identification of Water in Flow Channels of PEM Fuel
Cells using THz imaging [5] has been studied. A model
cell of a PEM fuel cell shown in Fig.8(a) is machine-
through-brass flow channel plate which sealed the bottom
side of the plate tightly with a cloth tape. Then some
channels were filled with water and the cell was covered
by a Si window (see Fig. 8(b)) that allows THz access.
The THz image in Fig. 8(c) shows a water filled channel
and an unfilled channel indicated as air-filled in the
figure. The darker area reveals absorptive region within
the flow channels, with the darkest region lies in water-
filled channel. In order to clearly distinguish the water-
filled and the air-filled region, we perform a line-scan plot
(along the dash-line shown in Fig. 9). It is evident that we
are able to identify water presence in the flow field with
THz imaging.

13{ C
16 Water-filled
E 1 channel
~ 12
£
E 10
5 3
> 6
. Air-filled
, channel

02 4 6

§ 10 12 14 16 18

X-dimension (mm)
Figure 8: Photographs of a machine-through-brass flow
channel plate (a) before and (b) after covering with Si
window; (c) THz image of (b).

Figure 9: THz-signal line-scan along the dashed line in
THz image.

CONCLUSION

At PBP, Chiang Mai University, the transmission mode
and reflection mode THz imaging systems were
successfully setup and tested. We successfully
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demonstrate THz images of Al-foil patterns which reflect
the THz radiation, THz images of water content samples
which absorb the radiation and THz images of the model
cell of a PEM fuel cell. The image resolution is limited by
focusing spot size and it can be improved by scanning
samples with mesh filter. To extend the ability of the
imaging system based on the transition radiation source,
the simple scanning system can be combined with the
Michelson Interferometer to allow “Interferometric
Imaging” [6]. This system is able to provide both
information; typical THz imaging and the radiation power
spectrum. The power spectrum, the Fourier Transform of
the interferogram, from various positions on the sample
will provide THz images of different frequencies. Both
the transmission mode and reflection mode THz imaging
experiments will be performed using a future IR-THz
Free Electron Laser (FEL) which have wavelengths of
200um to 50 pum as a source of the systems.
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Abstract— The PBP-CMU Linac system has been established to generate femtosecond electron bunches and to study their
applications, especially for generation of coherent terahertz (THz) radiations. The dipole magnet and the prototype
quadrupole magnet for the system have been designed and fabricated in house. Both the simulated and the measured results
were used for evaluating the magnet performance and will be used as a guideline for design and fabrication of magnet

devices in the future.

Keywords— dipole magnet, quadrupole magnet, magnetic field measurement, Radia code.

1. INTRODUCTION

The femtosecond electron and photon pulses research
laboratory under the Thailand Center of Excellent in
Physics (ThEP Center) has been established at the Plasma
and Beam Physics Research Facility (PBP), Chiang Mai
University (CMU). The laboratory aims are to develop a
relativistic electron source with femtosecond (10™) bunch
length and to study its applications, especially generation
of coherent terahertz (THz) radiations via transition
radiation (TR). The radiation in THz frequency range is
widely used, for example, for non-ionizing spectroscopy,
chemical and biological imaging, medical imaging and
airport security scanning [1,2].

A layout of the PBP-CMU Linac system is shown in
Figure 1(a). The main components are an RF-gun with a
thermionic cathode, an alpha magnet, a linear accelerator
(Linac), experimental stations, a dipole spectrometer
magnet and a Faraday cup. Furthermore, along the
beamline, there are quadrupole and steering magnets for
beam focusing and guiding; and beam diagnostics
instruments for probing the beam properties. Detail of the
current PBP-CMU Linac system was reported in [3].

The PBP-CMU Linac system demands some dipole
magnets and quadrupole magnets to support an expansion
of the system to an infrared free electron laser (FEL)
facility as the layout shown in Figure 1(b). We have
planned to construct the magnet iron cores by using Thai
local low carbon steel. Generally, low carbon steel is
classified by percent by weight of carbon (%C) in the
steel. Each type of carbon steel has different B-H
saturation curve. For this reason, magnet simulations with
various type iron core materials are needed to evaluate the
efficiency of the magnet. The result comparisons will be
used for the iron core material choosing.

This paper presents and compares the magnetic field
simulation results and the magnetic fields measurement
results for a dipole magnet and a quadrupole magnet. Both

*Corresponding author
Email : ppugpug@gmail.com

(a) Current system

(b) Future expansion for an IR-FEL facility.

Fig. 1. Layout of the PBP-CMU Linac system.

the dipole magnet and the prototype quadrupole magnet
have been designed [4] and fabricated in house at our
facility.

2. DIPOLE MAGNET

Dipole magnet is a magnetic deflection device. In our
system the dipole magnet serves as an electron beam
dump and a beam energy analyzer. Figure 2 illustrates a
C-shape dipole magnet with a gap of h. The magnet is
excited by electric currents in the coils which are mounted
around the two poles. The magnetic field (B) produce by
the dipole magnet is

g AN (1)

h
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where | is the excitation current, N is the number of turns
in a coil and h is the air gap. Note that, the equation (1) is
only an approximation since it neglects fringe fields and
iron saturation [5]. The radius of curvature (p) of an
electron trajectory in dipole fields is often expressed in
terms of the dipole field (B) and the electron momentum

(p) as

B [T]

-11=0.2998 .
[m] p [GeV/c]

L @)
P

The dipole magnet of the PBP-CMU Linac system, as
shown in Figure 3, was placed around the end of the
beamline (Figure 1(a)). The magnet is a C-shape magnet
which has been designed to deflect a 15 MeV electron
beam by 60° into a Faraday cup. The magnet has 125x125
mm square pole faces with the gap of 40 mm. The magnet
coils were made from water cooled copper wire.

Fig. 2. C-shape dipole magnet layout

Fig. 3. Dipole magnet of the PBP-CMU Linac system

3. QUADRUPOLE MAGNET

With a finite emittance, the transverse beam size will
increase as the beam move through a drift space. Some
quadrupole magnets are therefore needed for focusing the
beam transverse sizes. Figure 4 shows a quadrupole
magnet layout with a bore radius of R. The magnet
consists of 4 pole pieces, 4 coils and a circular yoke. The
red arrow lines in Figure 3 are the magnetic field lines
which point from the north poles (N) to the south poles
(S). A quadrupole magnet focus electron beam on one
transverse axis while defocus on the other. Therefore
beam focusing for both transverse axes demands at least 2
quadrupole magnets, called a quadrupole doublet.

The magnetic fields of a quadrupole magnet are zero at
the center of transverse positions and linearly increase
with the transverse positions as

B=gy, By=g9x 3)

where B, and By are the magnetic field components, x and
y are the positions in the transverse axes and g is the
magnetic gradient. The magnetic gradient depends on the
excitation current (1) as

24 NI

where N is the number of turns per coil. Focusing
properties of a quadrupole magnet is described by the
focusing strength k, whose value depends on the magnetic
gradients.

g [T/m]
k 2]1=0.2998 ———
[m?] BE [Gev]’ ®)

where £ is the particle relativistic factor [6].

The quadrupole magnet which is presented in this work
is the prototype quadrupole magnet of the PBP-CMU
Linac system as shown in Figure 5. Some of the magnet
parameters are shown in Table 1.

Fig. 4. Quadrupole magnet layout showing components
and field lines

Fig. 5. Prototype qaudrupole magnet
of the PBP-CMU L.inac system
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Table 1. Quadrupole magnet parameters

Parameter Value
Thickness ( £) 60 mm
Bore radius (R) 20 mm
Number of turns in a coil (N) 110 turns
Coil (15 AWG) Diameter 1.450 mm

4. MAGNET SIMULATIONS

In this work, we use the RADIA code for magnet
simulation. RADIA code [7], running as an add-on
application to Mathematica [8], is developed by insertion
devices laboratory of the European Synchrotron Radiation
Facility, France. The code is used for calculating the 3D
magnetostatic fields of magnetic devices, especially the
devices in charged particle accelerators.

There are 3 types of carbon steel materials available in
RADIA and their details are shown in Table 2. The B-H
saturation curves are show in Figure 6. The RADIA
simulations of the dipole magnet and the quadrupole
magnet were evaluated with various iron core materials
listed in Table 2. Figure 7(a) and Figure 7(b) show the
RADIA simulation model of the dipole magnet and the
quadrupole magnet, respectively.

RadMatXc08
- - - RadMatSteel37|
- - - RadMatSteeld?2 e

2.0 4

B (Tesla)

0.0 T T 1
0.00 0.01 0.02 0.03

H (Tesla)

Fig. 6. B-H saturation curves of RADIA carbon steel
materials

(a) Dipole magnet (b) Quadrupole magnet

Fig. 7. Model of the magnets for RADIA simulation

Table 2. Carbon percentage for low carbon steels available

in RADIA
Name in RADIA code | % carbon (by weight)
RadMatXc06 0.06
RadMatSteel37 0.13
RadMatSteel42 0.16

5. MAGNET MEASUREMENTS [9,10]

The magnetic field measurement device is a Hall probe of
a size 1.0x1.3x0.2 cm®*(GMW Group 3 Digital Hall
Effect Teslameter). Figure 8 shows measurement setup for
the dipole magnet. The hall probe was attatched to a
holder which can be moved along y- and z-axes. For the
quadrupole magnet, the measurement setup is shown in
Figure 9. The magnet was placed on the measurement
stand where probe could be moved within the quadrupole
field region. The Hall probe was placed on x- and z- axes
translation stages equipped with linear actuators and can
be moved precisely through computer interface. The
magnet is excited by a current regulated DC power supply
and a 0.01Q shunt resistor was used to determine the
supplied current.

Fig. 8. Dipole magnet measurement setup

Fig. 9. Quadrupole magnet measurement setup
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6. SIMULATION & MEASUREMENT RESULTS
Dipole Magnet

The dipole magnet excitation curve was measured by
measuring the magnetic fields B, at the pole center while
increasing currents from 0 to 18 A with 0.5 A step. The
measurement results and RADIA simulations results are
shown together in Figure 10. The equation from fitting of
measurement data is

B =0.04591 +0.0244 . 9)

This equation will be used for evaluate the magnetic field
values from the excitation currents. The simulation and
the measurement results show that, at the same excitation
current, carbon percentage in the magnet core affects to
the magnetic field intensity. The magnet core with lower
carbon percentage can generate higher magnetic field.

The magnetic fields in yz-plane were measured and the
results are shown Figure 11. The field distribution
benefits for the electron deflection angle and energy
calculation.

Fig. 10. Dipole magnet excitation curves
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Fig. 11. Measured magnetic field distribution of the Dipole
magnet (I = 5A).

Quadrupole Magnet

The quadrupole magnet excitation curve was measured
by measuring the fields at (x,y,z) = (20,0,0) mm position,
while increasing current from 0 - 18 A with 0.5A step.
The results in Figure 12 show that the saturation effect
starts to occur around 10.5 A for the measurement and at
higher current for the simulations. Polynomial fit of the
curves in unsaturated region (0-10.5A) and saturated
region (10.5-18.0A) are

g =5.621+1.57, 9)
g=-0.111+7.631 -8.33, (10)

respectively. These equations will be used in the magnet
control and operation of the accelerator system. The
comparisons between the simulation and the measurement
results are corresponding to the dipole magnet as the
magnet core with lower carbon percentage generate
higher magnetic field gradient.

For transverse gradient measurement, The B, field
along the x-axis were recorded at (x,y,z) = (0 to 40,0,0)
mm with a 1 mm step and the field gradients were then
calculated. The results are shown in Figure 13 along with
RADIA simulation results. The average gradient, within
the bore radius range (0-20 mm), from the measurement
(for 5 A) is 29 x10™ T/mm and the average gradients from
simulation results are 30.1, 32.2 and 33.5 x10™ T/mm for
RadMatSteel42, RadMatSteel37 and RadMatXc06,
respectively.
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Fig. 12. Quadrupole magnet excitation curves.

Fig. 13. Quadrupole magnet gradients along x-axis (I = 5A).
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The effective length of a quadrupole magnet is the
length which is derived from the longitudinal field
profiles of the magnet as [5,6]

» Jga (11)

where g, is the gradient at the center of the magnet along

z. For the effective length measurement, we measured the
magnetic field B, along z-axis at the position x = 10 mm
and y = 0 mm. The measurement result and the simulation
results are shown in Figure 14. The effective lengths can
then be calculated by using (11) with the integral

term, _[ g-ds, equals to the area under a graph in Figure 14

and g,equal to the gradient value at z = 0 mm. The

measured effective length is 76.6 mm and the effective
lengths from simulation are 76.9, 77.0 and 77.0 mm for
RadMatSteel42, RadMatSteel37 and RadMatXc06,
respectively.

Fig. 14. Quadrupole magnet gradient along z-axis (I = 5A).

7. CONCLUSION

The simulations by using RADIA code and the
measurements of the dipole magnet and the prototype
quadrupole magnet were conducted and their results were
analyzed. The simulations can evaluate well the magnet
properties; including, the excitation curves and the field
distributions for the dipole magnet; the excitation curves,
the transverse gradient and the effective length for the
quadrupole magnet. at the same excitation current, carbon

percentage in the magnet core affects to the magnetic field
intensity. The magnet core with lower carbon percentage
generates higher magnetic field intensity. The excitation
curves and field distributions from the measurements will
be used in the magnet control and operation of the
accelerator system. Both the simulated and the measured
results will beused as a guideline for design and
fabrication of magnets for the 180 degree achromat
system in the future expansion for an IR-FEL facility.

ACKNOWLEDGEMENT

Authors would like to thank Mr. P. Wichaisirimongkol,
Mr. K. Kusoljariyakul, Mr. N. Kangrang and Miss S.
Chunjareon for technical supports. Authors would like to
acknowledge the support from the National Research
Council of Thailand (NRCT), the Thailand Research Fund
(TRF), the (Thailand) Commission on Higher Education
(CHE), the Thailand Center of Excellence in Physics
(ThEP), and the department of Physics and Materials
Science, Chiang Mai University.

REFERENCES

[1] Siegel, P.H. 2001. Terahertz Technology, IEEETrans.
Microwave. Theory & Tech. 55: 910-928.

[2] Tonouchi, M. 2007 Cutting-edge terahertz
technology, Nature photonics, 1: 97-105.

[3] Thongbai, C.; et al. 2008. Femtosecond Electron
Bunches, Source and Characterization. Nuclear
Instruments and Method A 587: 130-135.

[4] Russenschuck, R. 2003. Electromagnetic design of
accelerator magnets. In CERN Accelerator School:
Intermediate  Course on Accelerator Physics.
Zeuthen, Germany, 25-26 september. pp 411-440.

[5] Tanabe, J.T. (2005). Iron dominated Electromagnets.
Singapore: World Scientific Publishing.

[6] Wiedemann, H. 2007. Particle Accelerator Physic,
3 ed. New York: Springer.

[7] Retrieved August 25, 2012 from the World Wide Web:
http://www.esrf.eu/Accelerators/Groups/
InsertionDevices/Software/Radia

[8] Mathematica is a registered trademark of Wolfram
Research, Inc.

[9] Umezawa, M. et al. 1999. Magnetic Field
Measurement of the Air Slot Dipole Magnet. In
Proceeding of PAC1999. New York, USA, 29 March
— 2 April. pp 3366-3368.

[10] Takeuchi, T., et al. 2004. Magnetic Field
Measurement of Quadrupole Magnets for S-LSR. In
Proceeding of EPAC2004. Lucerne, Switzerland. 5-9
July .pp 1693-1695



10th Eco-Energy and Materials Science and Engineering Symposium, Ubon ratchathani, Thailand, December 5-8. 2012

Optimization of Longitudinal Electron Beam Properties for Linac-based
Infrared Free-electron Laser at Chiang Mai University
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Abstract— A study to upgrade the linear accelerator (linac) system at the Plasma and Beam Physics (PBP) Research
Facility at Chiang Mai University (CMU) to be an injector system for an infrared (IR) free-electron laser (FEL) is underway.
The current PBP linac system consists of an S-band thermionic cathode RF-gun, a bunch compressor in a form of alpha-
magnet and a SLAC-type accelerating structure. Since characteristics of the emitted FEL light strongly depend on electron
beam properties, a dedicated work to develop and optimize the injector system to drive the FEL is particularly important. In
this contribution, the results of numerical study to optimize the longitudinal electron beam properties as well as some
preliminary results of FEL simulations are presented and discussed.

Keywords— beam dynamics, infrared free-electron laser, FEL injector, linac-based FEL

1. INTRODUCTION

At the Plasma and Beam Physics (PBP) Research
Facility, Chiang Mai University, the project to produce
THz transition radiation based on femtosecond electron
bunches has been establised for many years [1]. The
accelerator system consists of an S-band (2.856 GHz)
thermionic RF electron gun [2], a magnetic bunch
compressor in a form of an alpha-magnet [3], an S-band
travelling wave linear accelerator (linac), and various
beam diagnostic components. Electron beams with a
bunch charge of about 16-96 pC and an rms bunch length
as short as 70 fs were experimentally measured.

When the electron bunches with the above mentioned
bunch length pass through an undulator, the radiation
with a frequency of about 0.3 to 3 THz is emitted in phase
resulting in an intense coherent radiation. However, the
intensity of the coherent radiation falls off at the
frequency higher than 3 THz or at the wavelength shorter
than 100 um. When the radiation wavelength is shorter
than the electron bunch length, the incoherent radiation
part dominates the coherent radiation part. To increase the
radiation intensity, an external electric field can be used to
stimulate the electrons to emit more coherent radiation via
a microbunching process.The external field must have a
frequency and phase such that the electrons loss their
energy into the radiation. This mechanism is a basic
principle in production of free-electron lasers, which can
be achieved either using a long undulator, or an external
seed laser, or a reclying spontaneous undulator radiation.
The later principle is commonly used in a compact, low
energy, and long radiation wavelength FEL.

*Corresponding author (S. Rimjaem):
Tel +66 53 943 379, Fax +66 53 222 776
Email address: sakhorn.rimjaem@cmu.ac.th

A possibility to develop an infrared free-electron laser
(IR FEL) facility is studied at Chiang Mai University. The
project focuses on the production and utilization of the
mid-infrared (MIR) and far-infrared (FIR) or THz
radiation based on a linac injector and free-electron laser
technology [4]. The goal of the project is to produce the
intense coherent radiation with tunable wavelengths
covering from 2.5-20 um (MIR) to 20-200 pum (THz).

Fig.1. Schematic layout and components of the possible
IR FEL system at Chiang Mai University, Thailand

A plan to upgrade the existing PBP linac system to be
the injector for both coherent THz transition radiation
experimental station and free-electron lasers is proposed.
The foreseen FEL facility will consist of a thermionic
cathode RF-gun, an alpha-magnet, an S-band SLAC-type
linac, a 180° achromat section, a planar type undulator,
and an optical resonator (Figure 1). Details of the
components in the current PBP linac system were already
reported in [1]. The 180° achromat section, the undulator
magnet, and the optical cavity are new components which
are under detailed consideration. The undulator magnet is
a planar type with 22 periods and a total length of 1.67 m.
The optical cavity composes of two symmetric spherical
mirrors with a coupling hole on one of the mirrors. To
design and optimize the 180° achromat section, we adopt
the magnet lattice of the Kyoto University Free-Electron
Lasers (KU-FEL) for initial study. The achromat section
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consists of three 60° bending magnets and two sets of
doublet quadrupole magnets. Details of the KU-FEL
achromatic system have been described in [5]. Schematic
layout of the proposed IR FEL at Chiang Mai University
is shown in Figure 1.

For benchmark, we have investigated the injector
parameters of the MARK-III FEL of Duke University,
USA [6] and the FEL-SUT of Tokyo University, Japan
[7]. Both facilities use the same type of the electron
source, the magnetic bunch compressor and the
accelerating section as the current PBP linac system.
Electron beam and undulator parameters of the MARK-III
FEL and the FEL-SUT are shown in Table 1.

Table 1. Parameters of electron beam, undulator, and FEL
wavelengths at MARK-I11 and FEL-SUT

Parameters MARK- | FEL-
Il SUT
Electron beam
Average energy (MeV) 25-45 40
Energy spread (%) 0.3 1.0
Peak current (A) 15.45 >20
Bunch length (ps) 0.5-3 2-3
Bunch charge (pC) 140 -
Undulator & FELS
Period length (mm) 23 32
Number of period 47 43
Deflecting parameter - 0.6-2.5
Radiation wavelength ( um) 2-9 4-46

Based on the parameters in Table 1, the beam
dynamics study and optimization of the proposed injector
system are performed to achieved the proper electron
beam parameters for driving the IR FEL. The computer
code PARMELA (Phase And Radial Motion in Electron
Linear Accelerator) [8] has been used to investigate
multi-particle beam dynamics from the RF-gun to the exit
of the 180° achromat and to optimize the electron beam
lattice parameters. For the FEL radiation due to the
interaction between optical fields and electron beams, the
study has been studied using the numerical code
GENESIS 1.3 [9]. Some preliminary results of the FEL
simulation are presented and discussed in the last section
of this paper.

2. ELECTRON BEAM OPTIMIZATION

The FEL performance depends greatly on electron
beam characteristics. Generally, the injector system for the
FEL facility should produce electron beams with high
peak current, small transverse emittance, and low energy
spread in order to generate intense coherent FEL light in
an undulator. In this study, we focus on optimization of
longitudinal electron beam properties by adjusting the
parameters of three main components; the RF-gun, the
linac, and the 180° achromatic system.

PARMELA simulations were performed to study
electron beam dynamics in all components, except the

alpha magnet. Since the goal of the optimization aims to
produce electron beams with a very low energy spread
(<1%), the electrons with high energy level have been
optimized to form a quasi-monogenetic beam at the head
of the bunch. Therefore, the compression in the alpha-
magnet for this useful part of the bunch can be neglect. In
this case, the alpha-magnet will serve only as the energy
filter element. Some small energy spread will be induced
during the post acceleration of the electron beam through
the linac leading to the electron distribution suitable for
the bunch compression downstream the linac. In our case,
the 180° achromat is used as both turn around section and
as the magnetic bunch compressor. For the simulation of
multi-particle beam dynamics, we assume that the cathode
emits a uniform stream of 30,000 (macro) particles per
2856 MHz with a current of 2.9 A. Thus, a single particle
represents a charge of 33.85 fC, which equivalents to
2.12x10° electrons.

Beam Dynamics Simulation of the RF-gun

The RF-gun at the PBP facility is a one and a half-cell
S-band resonant cavity with a thermionic cathode and a
side coupling cavity. To simulate the RF field distribution
inside the RF-gun, the code SUPERFISH is used [10].
Then, the particle-in-cell code PARMELA is utilized to
track multi-particles through the fields obtained from the
SUPERFISH simulation.

The accelerating field gradients of both half- and full-
cell cavities were adjusted to produce an electron bunch
with low energy spread, especially at the head of the
bunch. These concentrated electrons at the head of the
bunch will be the main contribution in the FEL lasing.
The field ratio of the RF-gun is defined as a ratio of the
accelerating field amplitudes at the cathode plane and at
the center of the full-cell. For the field ratio of 1:2 with
the accelerating field gradients of 35 and 70 MV/m, the
RF-gun provides an electron beam with low energy spread
at the head of the bunch. The three dimensional electron
beam distributions at the RF-gun exit are shown in Figure
2. The distributions for transverse and logitudinal phase
spaces are shown in Figures 3 and 4, respectively.

Fig.2. Three dimensional particle distributions at the RF-gun
exit for the field ratio of 1:2 and the accelerating field
amplitudes of 35 and 70 MV/m

The electron bunch that actually exits the RF-gun is
about 100 ps long (Figure 4). The high energy electrons
with small energy spread are accumulated at the head of
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the bunch of about 10-15 ps, which is the most useful
fraction of the bunch. Then, the electron bunches are
filtered by the energy slits inside the vacuum chamber of
the alpha-magnet to remove low energy electrons. For the
RF-gun condition noted above, we set the energy filter
level at 3.81 MeV. This leads to the output electron
beams with the maximum electron energy of 3.91 MeV
and the rms energy spread of 0.82%. Parameters of the
electron beam after energy filtering using the alpha-
magnet energy slits are listed in Table 2.

Fig.3. Particle distributions in the transverse phase space
(x-x" and y-y’ plane) at the RF-gun exit

Fig.4. Particle distributions in longitudinal phase space
(energy-time) at the RF-gun exit

Table 2. Parameters of RF-gun and its output electron beam

Parameters Value
Field ratio 1:2

Half-cell: 35 MV/m
Full-cell: 70 MV/m

Accelerating field

Beam output energy

- Average 3.91 MeV

- Maximum 3.94 MeV

- Minimum 3.81 MeV
Energy spread 0.82 %
Energy filter level 3.81 MeV

Bunch length (FWHM) | 15 ps
Bunch charge 33pC

Beam Dynamics Simulation of the Linac

The linac at the PBP facility is an S-band SLAC-type
travelling wave linear accelerator. It can be used to
accelerate an electron beam to reach a maximum energy

of about 30 MeV. In this study, we consider that the
electron beam is accelerated through the linac to reach an
average energy of about 15 MeV. In order to achieve an
electron bunch with low energy spread, the linac initial
phase is varied between 0° and -90° relative to the
reference particle phase at the entrance of the linac. Then,
the number of particles is counted within the desired
energy bin (1% in this study). Figure 5 shows the number
of particles within 1% energy spread normalized to the
total number of the particles entering the linac for
different linac phases.

Fig.5. Number of particles within 1% energy spread
normalized to the total number of the particles entering the
linac as a function of the linac initial phase respect to the
reference particle phase entering the linac

The energy gain from the linac can be adjusted by
optimizing the product of the accelerating field (Ey) and
the transit time factor (T). This product is linearly
proportional to the electron energy at the linac exit. The
product of accelerating field and transit time factor (EoT)
has been optimized to achieve the electron beam with low
energy spread and short bunch length at the exit of the
180° achromat section. The optimized value of EoT is 4
MV/m, which provides the final maximum and average
electron energies of 15.6 and 15.4 MeV, respectively. The
longitudinal phase space distributions of the particles at
the exit of the RF-gun and at the exit of the linac for the
linac initial phase of -53.7° are illustrated in Figure 4.
Parameters of the electron bunch after exiting the linac are
shown in Table 3.

Fig.5. Particle distributions in longitudinal phase space of all
particles at (a) the RF-gun exit for the field ratio of 1:2 and
the accelerating field amplitudes of 35/70 MV/m and (b) the
linac exit with the linac accelerating initial phase of -53.7°
and the product between the accelerating field gradient and
the transit time factor (ET) of 4 MV/m
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Table 3. Parameters of linac and the electron beam exiting
the linac

Parameters Values
Accelerating length 3am
Initial phase -53.7° w.r.t. reference

particle entering linac

Beam output energy

- Average 15.4 MeV

- Maximum 15.6 MeV

- Minimum 15.2 MeV
Energy spread 0.78 %
Bunch length (FWHM) | 10.1 ps
Bunch charge 33pC

180° Achromat and Bunch Compressor

In this study, we consider the 180° achromat as a turn-
around element and a magnetic bunch compressor. It is
an triple bend type consisting of three dipole magnets and
two sets of quadrupole magnet, which are placed at the
straight section between the dipoles (see Figure 1). The
goal of the optimization of this section is to establish the
parameters of the dipole and the quadrupole magnets as
well as the drift lengths for transporting the electron beam
through and exit the section with a shorter bunch length
and no change of energy spread.

The dipole magnets have the deflecting angle of 60° and
the effective length of 35 cm. The electron bunch length
can be adjusted by changing the gradient of the doublet
quadrupoles to have the minimum bunch compression
condition. At the electron beam energy of 15.4 MeV, the
simulated shortest electron bunch length of 0.85 ps is
achieved with the doublet quadrupoles’ strengths of 56.4
m*and -44.6 m™, respectively. The particle distributions
and energy spectrum of the electron bunch at the exit of
the 180° achromat section with the optimized condition
are shown in Figure 6. Optimized specifications of the
components in the 180° acromat and the electron beam
parameters at the exit of the acromat section are listed in
Table 4.
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Fig.6. Particle distributions in longitudinal phase space at
the 180° achromat exit

Table 4. Specifications of the components in the 180°
achromat and the electron beam parameters at the achromat
exit

Parameters Values

Bending magnet

- Defection angle 60°

- Effective length 35cm

- Curvature 299 m*
Quadrupole

- Focusing strength 56.4 m?

- Defocusing strength -44.6 m*?
Beam output energy

- Average 15.4 MeV

- Maximum 15.6 MeV

- Minimum 15.2 MeV
Energy spread 0.74 %
Bunch length (FWHM) 0.85 ps
Bunch charge 33pC
Peak current 38.8 A

3. FEL SIMULATIONS

The code GENESIS 1.3 is used to simulate the FEL
radiation due to the interaction between optical fields and
an electron beam inside the undulator. At this early stage
the simulations have been performed in the time-
independent mode. The undulator considered for the IR
FEL at CMU is a planar type undulator with a period
length of 77 mm and a number of periods of 22. The
undulator gab is adjustable to vary the deflection
parameter (K) between 0.4 and 2.6 in order to provide the
radiation wavelengths of 50- 200 um. As an example, the
electron beam with an average energy of 15 MeV and an
rms bunch length of 1 ps is used in the initial simulations.
The undulator specifications and some preliminary
required beam parameters used in the simulations are
listed in Table 5. The optical cavity length is set to be 5 m
with the diffraction and out coupling losses in the cavity
of 5%.

Figure 7 shows the time evolution of the simulated
FEL radiation peak power at radiation wavelengths of
200, 100, 75 and 50 p m for the electron beam with the
average energy of 15 MeV, rms energy spread of 0.5%,
and peak current of 30A. It can be seen that the longer
FEL radiation wavelength reaches the power saturation
faster than the shorter one. The numbers of round trips
needed to accumulate the radiation amplification until
reaching the saturation condition are within 60 turns for
the radiation wavelengths of 200, 100 and 75 um, while it
needs 120 turns for the case of 50 um. It seems that
GENESIS simulation in the time-independent mode has a
limit of the simulation for the case of electron bunch
length shorter than the radiation wavelength. Further
study using the code GENESIS in time-dependent mode
together with the Optical Propagation Code (OPC) [11]
will be performed.
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Table 5. Undulator and electron beam parameters used in
FEL simulations

Parameters Value
Undulator type Planar
Undulator period length 7.7¢cm
Number of undulator period 22
Undulator deflecting parameter 0.036 - 3.39
Beam energy 15 MeV
Energy spread 0.5%
Bunch length (RMS) 1ps
Peak current 30A
Normalized emittance (e, &) 3 mm-mrad
Beam transverse size (64, o) | 0.42mm
Twiss parameters (Bo, o) 0.72,0

108+ T
] /7 e
200um ;" / /100 um
- /-

Peak power (W)

0 20 40 60 80 100 120 140
Round trip

Fig.7. Calculated time evolution of the peak power at the

radiation wavelengths of 200, 100, 75 and 50 pm for the

electron beam with an average energy of 15 MeV, an energy

spread of 0.5 %, and a peak current of 30 A

4. CONCLUSION

The longitudinal beam dynamics of the injector
system for an IR FEL at Chiang Mai University has been
studied using numerical simulations. The results have
achieved the parameters suitable for the IR FEL lasing
requirements. By properly adjusting the machine
parameters, the electron bunches exiting the 180°
achromat section have an average energy of 15.4 MeV, an
rms energy spread of 0.74%, a bunch length of 0.85 ps,
and a bunch charge of 33 pC. Further studies and
optimization will be proceeded to investigate both
transverse and longitudinal electron beam dynamics. The
initial study of the FEL radiation with wavelengths of 50
to 200 um has been performed for the electron beam
energy of 15 MeV and the bunch length of 1 ps without
considering the slippage effect. The total FEL peak
power in the optical cavity of about 10° W can be
achieved. However, the time-dependent simulation
including optical cavity parameters will be conducted to
investigate the realistic loss in the cavity and the slippage
effect.
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Abstract— A THz radiation source based on RF-linear accelerator had been constructed at the Plasma and Beam Physics
(PBP) research facility, Chiang Mai University. The accelerator system consists of an RF-gun with a thermionic cathode, an
alpha-magnet as a magnetic bunch compressor, and a linear accelerator as a post acceleration section. Coherent transition
radiation emitted from short electron bunches is used as the THz radiation source. This THz radiation can be used as a
source of the THz imaging system and THz or far-infrared spectroscopy. The generation and characterization of the THz is
presented. Recent experimental results on THz spectroscopy and THz imaging are presented and discussed. A plan for

extension to accommodate infrared Free Electron Lasers (FEL) is also presented.

Keywords— coherent transition radiation, femtosecond electron bunches, FEL, THz radiation

1. INTRODUCTION

THz radiation is electromagnetic radiation spectrum
covering wavelengths of 2000 pm to 100 pm (0.3 x 10 *
— 3 x 10 *? THz) and lies in the gap between Microwave
and Infrared. In the past, this gap was an unexplored
region but nowadays THz technologies and applications
have been developed rapidly and were reviewed in [1-4].
An RF-linac-based THz facility has been established at
the Plasma and Beam Physics (PBP) research facility,
formerly the Fast Neutron Research Facility (FNRF),
Chiang Mai University. Figure 1 shows a schematic
layout of the system. The main components of the system
are a thermionic cathode RF-gun, an alpha-magnet as a
magnetic bunch compressor, a SLAC-type linear
accelerator (linac), beam steering and focusing elements,
and beam diagnostic instruments.

The RF electron gun is a 1-1/2 cell S-band (2856 MHz)
with a side coupling cavity and was specially designed
and optimized [5] for bunch compression using an alpha-
magnet. The gun produces an electron bunch of 2.0-2.5
MeV maximum Kkinetic energy with a well-defined
correlation between energy and time such that later
electrons gain less and less energy. Electron bunches of
20-30 ps from the RF-gun are compressed in the alpha-
magnet, where the particle path length increases with
energy. This allows the lower energy particles, at later
times in each bunch, to catch up with the front for
effective bunch compression. The optimized and
compressed part of the electron bunch is filtered by
energy slits located in the alpha-magnet vacuum chamber
and then transported to the linac. The electron beams are
then accelerated through the linac to 10 -15 MeV. At the
experimental station, the bunches are compressed to be
less than 1 ps [6,7]. These short electron bunches can be
used to produce high intensity THz radiation in the form
of coherent transition radiation [8].

* Corresponding author. E-mail: chitrlada.t@cmu.ac.th
Tel: +66 53 943379, Fax: +66 53 222776

2. GENERATION OF THz RADIATION

Total electromagnetic radiation emitted from a bunch of N
electrons at radiation frequency o is

I (@) = Nl (@)[1+ (N -1) f (@)], 1)
where | (@) is the radiation intensity from a single

electron and the bunch form factor f(w) is the Fourier
transformation of the longitudinal bunch distribution
squared. Since the radiation spectrum is proportional to
the Fourier transform of the bunch distribution, the short
bunch is therefore desired for production of broadband
radiation spectrum. At a wavelength about or longer than
the bunch length, the radiation from an electron bunch
becomes coherent and the intensity of coherent radiation,
proportional to the number of radiating electrons squared,
exceeds greatly that of incoherent radiation at the same
wavelength. The radiation brightness in Figure 2 shows
that electron bunches of 100 fs can provide broadband
radiation covering from 5 cm™ to 200 cm™ wavenumber.
This intense coherent transition radiation greatly exceeds
that of a black body as well as that of synchrotron
radiation.

At the PBP facility, the THz radiation is generated in
the form of transition radiation by placing an aluminium
foil (Al-foil) in the electron path, representing a transition
between vacuum and Al-foil. When electron passes
through an interface between two media of different
dielectric constants, it emits electromagnetic fields. In the
case of a normal incidence, the radiation energy W per
unit angular frequency de per unit solid angle dQ for
the backward transition radiation from vacuum-conductor
interfaces is given by [8]

dw  e°B%sin’o @)
dwdQ  z%c(l- p%cos? 6)*'
where @ is the angle between the emitted radiation

direction and the inverse direction of electron trajectory
(-z axis). For relativistic electrons (y >>1 and g —1), the

maximum intensity can be obtained at & ~ +1/y .
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Fig.1. Schematic diagram of the accelerator system at Chiang Mai University to generate short electron bunches
and THz radiation [Q:quadrupole magnet, CT:current monitor, SC:screen, TR: transition radiation]
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Fig.2. Radiation brightness B (ph/s/mm?/100%BW) for
coherent transition radiation from electron bunches of o, =
50, 100, and 200 fs compared to black body radiation and
synchrotron radiation

In case of a 45° incidence, the backward radiation emitted
at 90° with respect to the beam axis with its spectral-
angular distribution given by the contribution of parallel
and perpendicular polarization radiation.

aw" _e*p’ 2sin@ —/28cos ¢ 3)
dQde  27°c| (V2 — Bsinfcosg)? — 52 cos? O

dw* _e’p V28 cos fsin ¢ 2, )
dQdew 27°c| (\/2 - BsinOcosg)? — 2 cos? O

where @ is the emission angle between the direction of
emitted radiation and the -z axis, while ¢ is the azimuthal
angle defined in the xy-plane with respect to the -x axis.

At the experimental station, the Al-foil radiator is 25.4
um thick and 24 mm in diameter. The radiator is tilted by
45° facing the electron beam direction. The backward
transition radiation, described by equation (3) and (4), is
emitted perpendicular to the beam axis and transmits
through a high density polyethylene (HDPE) window of
1.25-mm-thick and 32-mm diameter.

A copper light cone or a THz lens are used to collect
the THz radiation into a room-temperature pyroelectric
detector. The radiation energy of 19 pJ per macropulse or
a peak power of 24 W was measured by collecting over an

acceptance angle of 160 mrad. Experimentally, the
transition radiation spatial distributions as well as
horizontal and vertical polarizations of radiation were
observed using a PYROCAM and a wire-grid polarizer
from Graseby-Spec (Model 1GP223). The results are
shown in Figure 3. An asymmetry shown up in
horizontally polarized beam was a result of the Al-foil
orientation which is tilted 45° horizontally as predicted
theoretically [8].

The radiation spectrum measured using a Michelson
interferometer is shown in Figure 4 (dashed-line). The
available THz radiation covers from 5 cm™ to around 80
cm? wavenumber (0.15 THz — 2.4 THz). At low
frequency (< 5 cm™), the spectrum was suppressed by
effects of the beam splitter and the periodic response is
the effect of the pyroelectric detector [7]. The spectrum
seems to extend to above 80 cm™ (2.4 THz) where the
noise becomes dominate. These can be further minimized
with better detection and amplification system.

Fig. 3. THz transition radiation profiles taken with a
polarizer rotated 0, 45, 90, 135, 180 degree respectively.
The last profile is taken without any polarizer.

3. THz SPECTROSCOPY AND IMAGING

THz spectroscopy can be done easily by measuring
power transmission or power absorption of a sample via a
Michelson interferometer and the Fourier Transformation.
As shown in Figure 4 (solid line), the radiation spectrum
taken in humid-air reveals several water absorption lines.
Although phase information has been lost in the
measurement, optical constants of the sample can be
obtained by some modeling or by Kramers-Kronig
calculation [9]. Dispersive Fourier Transform Spectro-
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Fig.4. The radiation power spectra taken in humid air (solid)
and in ambient air (dashed-line)

scopy (DFTS) [10] may also be used for direct
determination of optical constants of a sample. In a DFTS
setup, a sample is inserted in one arm of the
interferometer, causing attenuation and dispersion of
theradiation pulse. The attenuated and dispersed pulse can
be recorded and its attenuation factor and phase shift can
then be recovered. The attenuation and dispersion can be
related to optical constants of the sample depending on
the optical configuration of the measurements. With the
DFTS technique, the phase information can be recovered
in measurements using a Michelson interferometer. A
THz imaging system has been setup and tested at the PBP
facility. For transmission measurement, THz radiation is

(b)

focused on a sample which is scanned using an Xxy-
translation stage controlled by a computer interface. The
transmission intensity is detected by a room-temperature
pyroelectric detector. Computer program is employed to
calculate and analyze intensity at difference points on the
sample for THz image construction. Figure 5 shows an
example of THz imaging obtained from the leaf concealed
in an envelope.

Fig. 5. Leaf and its THz image.

4. FUTURE EXPANSION

As a plan to become a research facility centered on the
production and utilization of femtosecond electron pulses,
accelerator-based light sources covering the mid and far-
infrared regime to wavelengths up to the THz regime have
beem studied. Preliminary designs of the extension are
shown in the diagrams in Figure 6. A planar undulator can
be added to the beamline as in Figure 6(a). With short
electron bunches from the current PBP accelerator system,
coherent undulator radiation can be produced. The
existing beamline can also be extended and turned around
by a 180° achromatic system to let the electron beam pass
through an undulator and an optical cavity as an IR-THz
FEL (Figure 6(b)) .

@)

Fig. 5. Diagrams for future expansion of the accelerator system (a) without and (b) with an FEL cavity.
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Generally, an electron trajectory as a pure sine wave in
the undulator produces the radiation in the forward
direction with a fundamental wavelength (4,) of

A
Jo= T 2K, (5)

2y
where A is an undulator period length. To achieve the

radiation at a desired wavelength, either K of the
undulator or the beam energy can be varied.

Results of the preliminary study of

The radiation output from the undulator with 22
periods of 0.077 m period length are investigated and
shown in Figure 7. The beam and the undulator
parameters used for the study are listed in table 2. The
effect of electron bunch length on the coherent undulator
radiation from the setup in Figure 6(a) is clearly seen. The
preliminary simulation study on the radiation from an
FEL optical cavity (oscillator) as the setup shown in
Figure 6(b) has been numerically investigated using the
FEL code GENESIS 1.3 [11] in the time-independent
mode. The FEL radiation outputs cover well beyond 6
THz spectral range.

Table 2. Parameters used for calculation and simulation

Parameters Value
Beam

Beam energy, E 15 MeV
Longitudinal rms bunch length, o, 0112ps
Peak current, I, 30A
Undulator

Undulator type, material Planar, SmCos

Undulator period length, A, 7.7¢cm
Deflecting parameter, K 0.036-3.39
Undulator length 1.694m

Frequency (THz)
1

10

10° \\\\\‘ \\\\\‘

10° o oS & 1ps-FEL
10 <
10°
=
s 10° 0.1ps
4
5 10
% 10°
D_ 2
':é 10
D 10" 1ps
o
10°
10* 2ps
10°
3
10° = L I
10 100

Wave number (cm-)

Fig. 7. Radiation output from 0.1 ,1 and 2 ps electron bunch
lengths and an undulator (22 periods of 0.077 m period
length) with (0) and without (solid lines) FEL optical cavity

5. CONCLUSION

Intense THz radiation can be generated in the form of
coherent transition radiation by using short electron
bunches which are available at the Plasma and Beam
Physics Research Facility, Department of Physics and
Materials Science, Chiang Mai University. The available
coherent THz transition radiation covers from 5 cm™ to 80
cm™ wavenumber (0.15 — 2.4 THz). This THz radiation
can be used as a source of the THz imaging system and
far-infrared or THz spectroscopy. The plan for future
expansion with a planar undulator with and without the
FEL optical cavity will allow more coverage of the IR-
THz spectrum regime.
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