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The Validity and Value of a Quantitative SPECT Reconstruction Package (QSPECT)
for evaluating Multi-center Clinical Trials

by

Hidehiro Iida, D.Sc., Ph.D.*', Hiroshi Watabe, Ph.D.”', Tetsuya Akamatsu, B.S¢.*!,
Mayumi Nakazawa, M.Sc.”', Keisuke Matsubara, M.Sc.*', Asako Takeuchi, M.Sc.™’,
Michiaki Iwata, M.Sc.*!, Takuya Hayashi, M.D., Ph.DD.*!, Chiaki Yokota, M.D., Ph.D.*?,
Kazuto Fukushima, M.D., Ph.D.**, and Shinji Fukumoto, B.Sc.**

Jrom
*Department of Investigative Radiology, National Cardiovascular Center Research Institute,
. p g. .
*“Department of Cerebrovascular Medicine. National Cardiovascular Center Hospital, and
*IDepartment of Radiology, National Cardiovascular Center Hospital

" SPECT has the potential to provide parametric functional images. in a“quantitative” manner, for several radio-
tracers i pivo, as has been widely done with PET. Due to the ready availability of SPECT. in addition to the well-
“established delivery transportation of various radio-ligands. SPECT has an advantage for large-scale clinical
evaluation. It has, however. been considered that the accuracy and inter-institutional reproducibility of SPECT are
not well verified. which is largely attributed to a lack of general consensus of reconstruction procedures (attenua-
tion scatter correction). We have recently developed a novel method to reconstruct SPECT images from existing
projection data including appropriate corrections for scatter and attenuation in the object, We have demonstrated
that this program is capable of providing accurate radio-distribution in the brain and thorax regions, and also rest-
Diamox CBF using split-dose [ amphetamine (IMP). Various phantom experiments also supported the vahdity
of inter-institutional reproducibility. These data suggested that QSPECT could be a useful tool for quantitative
mapping in clinical research. allowing for large scale clinical evaluations even when using SPECT cameras from dif-

ferent manufacturers.
(Received july 7, 2007 : accepted July 11, 2007)

Key words : SPECT, cerebral infarction. cerebral bivod flow reserve, quantitative
Jpn J Neurosurg (Tokyve) 16 : 742-752, 2007
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Seatter Estimation by Use of Transmission
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Fig.2 Schematic diagram of the
transmission ~dependent  convolu-
tion subtraction {TDHCS) methad
mplemented it the QSPECT pro-
gram for scatter correction. Geo-
mMetric means ol emission  projec-
tons were st convolved with an
empirically determined scatter func-
ton, and were scaled  pixel- by
pixel wusing an empirically defined
relation hetween the scatter frac-
ton and attenuation factor, Trans-
MISSion projections were generat-
ed rom & constant /& map in the ob-

ston

Projection data

-Compton scatler correction
(Transmission-Dependent

Convoluiion Subtraction)

MLEM Reconstruction

Fum.honal xmdg,e Cdk‘uldll()n

o % KPR (RS TH S R LR,

ML= _f:: . ;|(.{ R /2 T L SR R PR S LS P

LY A B Illl%}ﬁ SPLIPY 1T it

o e 75 :7‘/'7-_,’?'
Ul 12 W SRR 72 v S 20 L Tl

P

GPEEL o pinf gt

S TSRS S S RIS M - e N e

FoliR i o v sl

;.v 31 &
1 ES 5

il 4 ATRREL A AN
i 53 N }]L'_Esi."'.da s S HENL

744 . R R THE I [T

Fig. 3

timated . ey . .
ject. The inverse of the transmis-
ston projection is displaved in the
heure.

4 map
TCT projection
Flow chart of the QSPECT reconstruction

algorithm. Transmission projection was generat-
ed from o homogeneous [t map generated
by the edge detection procedures.

G 53 2 5 s PR 2 i
R AN EAR T 1 AP

; ol I S T R A N
VALK R AVI, - v.)Lf_ [ ) ku)’)

SPECT (2 kit 280 foniuhl 2 Ui 2 il B g
UEBTEY s bl
ZusdrahiI SPECT 7% fli-) fouiiit

i ilibad [N

I
e SIAD LT

Joedr -

[ S . g
Ve TR T

AT 5 s i

-242-



B2 Dopamine
CFIBEF)

Fig. 4 Comparison of SPECT images vb-

tained from typical clinical studi-

Left tmiges were calculated

by conventional programs without

scatler correction for the brain,

and without scatter or attenuation
correction for the myocardium,
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Fig. 5 Schematic diagram of the dual-table ARG
protocol for assessing two regional CBF
images, at rest and after acetazolamide, IMP
is intravenously injected twice, once at the
time of SPECT scan (t=0min) and again
4t approximately 30 min. Arterial blood is
sampled at approximately 10 min, for cal-
ibrating the standardized arterial input func-
tion. Acetazolamide is administered at ap-
proximately 1} min before the second IMP
administration.
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Rest-Diamox CBF images in pt with moderate risk

Rest
Diamox

52

g

Rest £

=

£

Diamox

Typical examples of CBF images at rest and after acetazolamide by the
dual-table ARG method with the QSPECT reconstruction. Two patients
had MCA occlusion. The upper case indicated reduced flow reactivity after
acetazolamide, but normal CBF at rest. The Lower case indicated reduced
CBF at rest, and reduced CBF reactivity after acetazolamide.

Fig. 6

(m{/100g/min)
90

images at rest and after acetazolamide administration
ohtained with dual-table ARG and QSPECT programs with those obtained
with "0 PET. Good agreement in image contrast and absolute values are

Fig. 7 ~ Comparison of CBF
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control 1s to view these phantom images.

Bt Energy spectra ebtained from two typical detector systems. Nal
detector normally display two peaks, for which enerpy windows 1o
cover bhoth peaks are recommended. In case of a plastic scintilator,
peaks are not visibic, and thus carcful attention is needed,

VT

b
o S 1)
i e TwrXdz b carly % detaved iftys oz
FF RO AT M, KUY L Ay, Kowo i
X IMZ DU AR (T BP (8 5405 B, Kb EIF I SAHHA . ERA, &b
ES I Uer (1) U2 L0 2 wohiffoomi 2 tio JL % k. 4L
LTl Rt S R IS S8 S L DT TS I D)
BP =V, 1 (2) _ e
1‘L‘.:&-~. AT Ravag{ A R DR AT B
TR BT RS g NG S Pod ki iBE S SR hid D b
SR RPILRIE VL BT _
FROFig 8 POk A a s = 20 b7z A}‘—C' ‘(/.)(4'!-“,'?‘}:%,[/] (5}
LT carly A% 4 >, dcl;xyc-(l T L AL E o o
TR e, e VI NS LIS o IO N T (I A At -

Cot - [_ C (f } ko : ":)_ :il ‘-»’/”miﬁ)\"lll"'-: \g"“l{'i: "L.' l\ I\l E'_ ’_ (N ,f_, l: :;"

L=, G e P . - - .

cl 1=K (_',, ) k (3) BP wifftie 120 AT 2 T
M TR e T

-

PR 702 507 20 IMZ 90 carly 03 & dolaved s, 5

IR K e SOORGETHE TR K i = BE Wifieo i Fig. 8B (2

Jpu ] Newvosurg VoL 16 xo 1 2007, o0 7449

-247-



AR SO T & D )T delaved W & BP W%
RLL T 505 Bk s o280, 1521
MUEDME F L T AW TO S &7,

PC AL M ORI A4 £ — 2 27 TH - 72 SPECT
BT, LN EAE 9 AT AT LR 000 kR T
EDLANIAD, EOICMERZRENRS A= 1DdoR
(- AEERII O D) LR GRELZIML Tl Wi 2t
Wit ot L il h o, TTIZTALA G Y D
WREHHZ BN E N TV 205 Z SICIBIMEESE -~ ik
2V TENGIEArE B L D,

QC DIFFH(EICDNT

MIGUER Vv — 7 TE, T AT SPECT ihiff
PRGN $5 L DOBRGENMHEUR BT 7 0 75 L e BB i i
fEL. MeEmlo -3, MARAPIOMRIPE, & 512 PET *
9y BUIoGTHE L C &, B A—h -2 A8
fleiifgeos - -3 % it ST, BEOTETI o)
WAk e T
Faosifadt s,

1) 20U A —

% QC

2) §HE o A — Y DOWL

3) EtdlE 7 o b 2o SRR R
VAL A 7 o b SR S PRI B oo H R

5) 2o

PRzl 4¢hﬁW£i]HWG)SPEClﬁuﬁU?H‘JVﬂ'hlb
JEARM MR BNITH Y, ZHnRdE Sy EREs
{4 2 {4 2 :L#--ﬁw %%X—ﬁ—mﬂﬁf
HPfi%2 OHIE /AT £ — YU Lo TAYY -4 PUS LR
LS LS AH FZ TN IR
LAZET D AREDHIBC K - THEES 5 2435 T
(Fig. 9A). £ 7 ERCEHTERVEOGHIZ &V TiE, l‘iu
OB 1T X ANI R R K — ¢ K Bl 4 BEIBE Y

TETVD

SR BRI oo by PEE A

*7a

TAHZENE LY, Nal oo FL =904 752
Foy 2 v F L= VOB TIRGUE W A D05 (1 FToh;

iz 2 onEr— 2ol HLORMRTHESL. TS
ZF oy vy L —YORGIZIE Ay DML
Lo kﬂﬂkf’lﬁ]“’f) )\.. N AfLT’-J — ’L’:{a",’-f{&L s

s 3 e
{RETHS

Wiz k

StkOFRE

PN A IRk By () W R SRy T4 KW TERITR (S A T7
2, 8% OPGHT o ol oA &
750 Ravtik

RRER(OFASS AR 1914 B Uhral VA

16 % 10 °

¥

Pk 5 2 SN TS, MY QC o FTdhit
MR T =7 DML 270 TS Loy =

RN 2 28 b T I EA FEES ) o7 fiiili 4
AEHRT S 2 BT E, ESIEMETARBI 7 DY S
LA L 28 THi 2 o /ERE - (LS BETE i (R o i
WAT A S, MG 7 O 7 AEEIRUEA 2 L IR
ENLLOTH D, EGIFREINE o L

THEERNID g CH S, PINZH 7T, £4QC
ZWEET D 0OQU NI 7 7 o b LT DR &
AL 07 ESYMC AR E B I A — A — 0t —
AR EDREAEDARTRNTSH S,
L Rt et L izt 3’2(’f LS — 7 DR
TOHHMA70F 2RI 2 LU N,

Bk 27 IMP % fdi - 7240505 &5 & 2Ny i geny
@ b IS LS Gt {0008 WS OB 2 0 1 M o fibAR
RMZFLHUEE LTS, 24U PR THIEEHAN
WL D0 TH S, Lo L, hitkRix i
AP E T, Bk irb A TLHEoW W%
frA 2 2 & Dl L0 SRR 2 R IE S % 7T
G I kT, MRS BB 72 2 L ORER)r R
HMTHD, IMZ 22T ORI, e frd 3 b
A 2 — R EE LT L, BERY 2 VT phif%e,
Thh LRI BP ATz 5 2 450t &
TS, B4 2SI 72 12 2 R ILES
WHIUETH L, AX+o0¥ LIy Vhpr- M08
iz BT 4,

20 XA A 1 OB LT AT PR AE & o O 12 B
T & D SPECT agWnidig, SR SIRIAE,  #hmui,
Basise o, RIAMEIROY Y A 7K 12 BT R A
WIEE ORI TR At S 2 o s,
D PET #Mli-7:0FKiZ L 2 .9 2 7IH T o
PHETE S RN, B0 8 Fz B0 5000 Lliw 2
AEIRIZ B0 Sl FRIEORT L 7 Fr 2 !;uu
PEOMC . iU EJE D OFBE NI & (2 B U 2 i T g

51z,

”:’C\l /.

- e

DL F, BELITEMERE AR O BRI #7235 U 3 i T e
DIEF, iz po— /wnm;?ﬂfl W2 PR B it
THIRAGERIIN S 2 2 4 I EhiTwe2, 940

RN 2 it & T 5 (R0 SPECT Btz M w
<. g :L\U)llllx.l)duﬂ X HILHE - W 0 5 ki i 994
REIZ A B &, PET TIET & v KBIBIEIMGER 7791
Meu[fELz 2 n, ';'Ltw.JuI PEMFTER- BBl o iy 4
DB HEME (2 EIRR Y 2 ufEPEDIEY T 405 . BERHK G
HE, wailt, WL E oM A0 ) 2 7 i 24
WL EOT, FRAENIETTL T 2 Bkl o Lt
IR WG L . F 2 BT o0 B BUEE 5 f fi

2007 3t 10 1

-248-



{

#.
£

LU L FIREHGEOMYE 7o 2 Az e Tl
fRAfigl e B3 5 2k, Z202 385 4 EBM BEHEO fopli
LR R FDA LA 4 K74 o2 R L 7 &

AT n'«@mmﬁ%mwmw%m—wmﬁwxu
%, SPECT 13F T % { Dilid% s it & 4 - BEfmig 2
Wi c PET &tk & A vtd2 4L I oynfiEd:

TR L. X SR L NiEGDOEBRHINENL D,

x.

Y
a7

[l

&0,

gD

STy
162

SPECT o) iiif§izirit, QSPECT 70 75 243
TN 18T PET (VB 250 WERTIE 2 BE{s
52 LD f YIHRBHE TS50 IMP
Mo B Pe SR 28N 5 2 £ T, el T

CHEF B O MR N,  & X T BOStE 204
Wi 2 Z LT E 2, 1 Mo

T 2 2O L

A itMT 2 2 L L ulfETH O, i F I FEAYIEE Lo
e~ NI 2o~ 2o £4 IMZ XL T

kT,

7079 LEEING
WHEATY 2ok KU A vl fiE -

FRoi8 5 g ) N
Zoo o HiEAKE JEARI17

/~_»4
II_L

ML WS L2 B0 2 8 Ao ooy J i lahEi L i pp =
FARRI 284D - ol Ta sk KA sk,
X @t

1) Fujita M, Ichinose M. van Dyck CH, Zoghbi $S. Tamagnan
G. Mukhin AG, Bozkurt A, Seneca N, Tipre D, DeNucci
CC. lida H. Vaupel DB, Horti AG. Koren AO. Kimes AS,
London ED, Seibvl JP Baldwin RM, Innis RB : Quantifica-
tion of nicotinic acetylcholine receptors in human brain
using {1 5-1-A-85380 SPE'L. Enr J Nuel Med Mol Fnag-
g 30 1620-1629, 2003,

Fujita M. Varronc A, Kim KM, Watabe H. Zoghbi S8,
Seneca N, Tipre D, Seibyl JP Innis RB, lida H: Efiect of
scatter correction on the compartmental measurement of
striatal and extrastriatal dopamine 1) receptors using © ]
epidepride SPET. Eur [ Nucl Med Mol Imaging 31 644-
654, 2(0M.

Fujita M, Ichise M, Zoghbi SS. Liow JS. Ghose 8, Vines D,
Sangare J, Lu JQ, Cropley VL, Lida H, Kim KM. Cohen RM,
Bara-Jimenez W, Ravina B, Innis RB: Widespread
decrease of nicotinic acetyichline receptors in Parkinson's
disease. Aun Newrol 591 174- 177, 2006.

Hapdey S, Soret M, Ferrer L. Koulibaly P Henriques J,
Gardin 1. Darcourt J, Buvat | Quantification in SPECT:
Myth or reality? A multi~centric study. Nwclear Science
Symposivm Conference Record, 2004 IEEE 5 © 3170-3173,
2004.

lida H. Kanno [, Miura S
blood flow with pnsitmn emission tomagraphy.
Found Symp 163 : 23~42, 1991.
6) lida H, ho H. Blmmﬁeld PM.

[

4)

Rapid measurement of cerebral
Chiba

5)
Munaka M, Higano S,

Jpn J Neurosurg

-~
~—

.
~

9

—

10)

—

11

—
18
—

1:3)

—

14

hats

15

16

—
~]
~—

18

=

19

—

vol, 16 No.

-249-

Murakami M. Inugami A, Eber! S, Aizawa Y. Kanno |,
Uemura K: A method to quantitate cerebral blood flow
using a rotating gamma camera and jodine- 123 jodoam-
phetamine with onc blond sampling. Ewro ] Nucl Med 21
1072- 1084, 1994.
lida H, Akutsu T. Endo K, Fukuda H. Inoue T, Ito H. Koga
S. Komatani A, Kuwabara Y, Momose T, Nishizaws S,
Odano [, Ohkubo M, Sasaki Y. Suzuki H, Tanada S. Tovama
1. Yonekura Y. Yoshida T, Uemura K: A multicentier vali-
dation of regional cerebral blood flow quantitation using
13 iodoamphetamine and single photon emission com-
puted tomography. / Cereh Blood Flow Metab 16 781-
793, 1996.
lida H, Narita Y. Kado H. Kashikura A, Sugawara S. Shoji
Y. Rinoshita T, Ogawa T, Eber! S: Effects of scatter and
attenuation correction on  quantitative assessment  of
regional cerebral blood flow with SPECT. J Nucef Med 39 :
181-18Y, 1998.
lida H. Eberl S: Quantitative assessment of regional myo-
cardial blood flow with thallium-201 and SPECT. J Nuc!
Cardiol 5 313-331. 1998,
Iida H. Shoji Y, Sugawara S, KinoshitaT, TamuraY, Narita
Y. Ebert S Design and experimental validation of a quanti-
tative myocardial *'T) SPECT System. fEEE 7)(m~ Nucl
Sci 46 720-726. 1999,
lida H. Hayashi T, Eberl! S, Saji H: Quantification in
SPECT cardiac imaging. J Nuel Med 44 © 40-42, 2003,
Kado H. hida H, Miura Y, Narita Y, Ogawa T. Okudera T,
Uemura K: Head-to-head comparison of Te-99m ECD
SPECT and O-15 PET in patients with chronic ischemic
lesion. in Ishii Y, Yonekura Y. Fujibayashi Y, Sadato N
leds) @ Recent Advances in Biomedical Imaging. Amster-
dam, Elsevier, 1997, pp.195-200.
Kim KM, Watabe H. Havashi T. Havashida K. Katajuchi T,
Enomoto N, Ogura T, Shidahara M. Takikawa S, Eber] S.
Nakazawa M. lida H: Quantitative mapping of basal and
vasareactive cerebral bload flow using  split-dose -
woamphetamine and sin;,,le photon emission computed
tomography. Newrolmage 227 1126- 1135, 2006.
Larsson A, Johansson L, Sundstrom T, Ahistrom KR: A
method for altenuation and scatter correction of hrain
SPECT based on computed tomography images. Nuel Med
Commun 24 411420, 2008.
Larsson A, Johansson L Scatter-to-primary based scatter
fractions for transmission—dependent convolution subtrac-
tion of SPECT images. Phys Med Biol 48 N323-N328,
2003,
Larsson A, Johansson L:
lution subtraction of ™ Tc-HMPAO rCRBF
Monte Carlo swudy. TEEE Trans Nucl Sci
20005,
Ljungberg M, Larsson A, Johansson L A new collimator
simulation in SIMIND  based on the Delta-Scattering
technique. J[EEE Trans Nuel Sei 520 1370-1375, 2005,
Meikle, SK, Hutton, BE Bailey DL: A transmission-
dependent method for scatter correction in SPECT, J Nuel
Med 357 360-367. 1994,
Narita Y, Eberl S, lida H, Hutton BF, Braun M. Nakamura
T, Bautovich G : Monte Carlo and experimental evaluation
of accuracy and noise properties of two scatter correction
methods for SPECT. Pivs Med Biol 41 2481 2496,
1996.

Transmission-dependent convo-
SPECT —A

52 231-237,

S X

o 2007, 10 751



20 Narita Y. lLida H, Eberl S, Nakamura T: Monte Carlo correction methods for 20171 cardiac SPECT. IEEE Trans
evaluation of accuracy and noise properties of two scatier Nucl Sci 441 2465 2472, 1997,

- — E 5

SPECT = o IL BB EBIRDOTE(L L REL

R #HiE BER BF) i BR PE OES
wE @8 7R BF &B ® M &t
#wE F& #8 WA #F =HI

SPECT MAAMIZE< . BEDIEKRIEI? T < BIERERFEHBR TORBLEFEINS. LDL.
REIC(E SPECT DEBIIFEBINTH ST, BREEALCHBRECERTT TUEL. LEHR
TI—T Tl ERSRINEIESBREURMIE 2 AN IE SPECT BHRABRL 70 Y S L (QSPECT)
DBERZEITLY. PET KR ITRBREZRA L. BRRETRIMNCTIRHFICETE. YERE
BIIRBOBL IMP REICHIBT T VBN ZERT DI LT, 1 DORE TRAN L MELREDR
FEMRE. NERLEEZERFET S5ENTEILCE . KTMRICK T, BERZBAICHIR

3 . FEERATOBIRY, PET SO—HOERTE. SEMITHANKENOREZH~OHBLEF
| TND.

— - ESIEE 16 1 742-752, 2007 - -

5¢ 28 [0 BXMENTEI IV I U BEOSHANSHE

S2008 S HTO L (). 10b Ol 1 e (D
T3l 7 ¢ 2R (W)
DAL E (LR A o v — e v ED
B9 1 T 565-8565 APMFWNLEE TR 5-7-1 19 R 4 o 8 — g v
TT 06-6833-5012  FAX 06-6836-2876
F B REENAEOBLE

§ B

[ P
n

752 Bavtad 16 2105 2007 210 1

-250-



BEAM GENERATION AND ACCELERATION EXPERIMENTS OF X-BAND
LINAC AND MONOCHROMATIC KEV X-RAY SOURCE OF THE
UNIVERSITY OF TOKYO*

F. Sakamoto’, M. Uesaka, T. Yamamoto, T. Natsui and Y. Tani guchi, UTNS, Ibaraki, Japan
H. Sakae, D. Ishida, H. Nose. N. Kaneko and H. Sakai, IHI, Yokohama, Japan

T. Higo, M. Akemoto and J. Urakawa, KEK, Ibaraki, Japan
M. Yamamoto, Akita NCT, Akita, Japan

Abstract
In the Nuclear Professional School, the University of
Tokyo (UTNS), we are constructing an X-band linear

accelerator that consists of an X-band thermionic cathode |

RF gun and X-band accelerating structure. This system is
considered for a compact inverse Compton scattering
monochromatic X-ray source for the medical application.
The injector of this system consists of the 3.5-cell coaxial
RF feed coupler type X-band thermionic cathode RF gun
and an alpha-magnet. The X-band accelerating structure is
round detuned structure (RDS) type that developed for the
future linear collider are fully adopted. So far, we have
constructed the whole RF system and beam line for the X-
band linac and achieved 2 MeV electron beam generation
from the X-band thermionic cathode RF gun. In addition,
we achieved 40 MW RF feeding to the accelerating
structure. The laser system for the X-ray generation via
Compton scattering was also constructed and evaluated its
propertics. In this paper, we will present the details of our
system and progress of beam acceleration experiment and
the performance of the laser system for the Compton
scattering experiment.

INTRODUCTION

X-rays of 10-40 keV are great use in medical science,
biology, and material science. Example techniques that
are use such monochromatic X-rays are dual-energy X-
ray CT [1] and subtraction imaging using a contrast agent
and dual energy X-rays. These techniques may be realized
by using two monochromatic X-ray beams.

Intense high energy (10-40 keV) X-rays are generated
by the third-generation light source such as SPring-8,
APS, and ESRF. However, most synchrotron radiation
sources are too large to be widely used for
monochromatic X-rays. One solution to realize a
remarkable compactness is laser-electron collision
(Compton scattering or Thomson scattering). Recently,
many facilities are developing a Compton scattering X-
ray source that consists of an electron linac and laser
system [2-5]. However, most of them use the scattering
between an ultra-short single electron bunch and an ultra-
short single laser pulse to obtain short pulse X-ray beam.

* This work is performed under the national project of Development of
Advanced Compact Accelerators in Japan and is partially supported by
the Research Program on Development Innovative Technology (#0494)
of the Japan Science and Technology Agency and in part supported by
Health and Labour Sciences Research Grants.

'saka@nuclear.jp

Therefore, they suffer a lack of X-ray intensity up to 10°
photons/s and the fluctuation of the X-ray intensity due to
the timing jitter between the electron bunch and the laser
pulse. In order to overcome this weak point of Compton
scattering X-ray source, one solution would be multiple
scattering between multi-bunch electron beam and long-
pulse laser beam. In the University of Tokyo, we are
developing a more compact, high intensity, and high
stable Compton scattering X-ray source. Our system
consists of a 30 MeV X-band (11.424 GHz) multi-bunch
electron linac and a Q-switch Nd: YAG laser (1.4 J/10 ns,
532 nm, second harmonic). In this paper, we describe the
details of the high power and beam generation and
acceleration experiment of the X-band linac with
thermionic cathode RF gun and the details of the
experimental setup for Compton scatiering X-ray
generation that are under construction.

- X-BAND LINAC FOR INVERCE
COMPTON SCATTERING X-RAY
SOURCE AT THE UNIVERSITY OF
TOKYO

Figure 1 shows schematic of the compact X-ray source
at the University of Tokyo. Multi-bunch electron beam
generated by a 3.5-cell X-band thermionic cathode RF
gun, and is collimated and compressed by an alpha
magnet, and accelerated by an X-band traveling type
accelerating structure. The electron beam is bent by
achromatic bends and focused at the collision point. The
thermionic cathode RF gun can generate a high-current (2
@A) multi-bunch (10* bunches in 1 ps) electron beam. So
far, we have achieved 2 MeV electron beam generation
from the RF gun [6].

Figurel: Schematic illustration of the compact Compton
scattering X-ray source based on the X-band thermionic
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cathode RF gun, X-band accelerating structure, and a Q-
switch Nd: YAG laser at the University of Tokyo.

HIGH POWER TEST AND BEAM
ACCELERATION EXPERIMENT OF X-
BAND LINAC

The whole system of the RF system for the X-band
thermionic RF electron injector and the X-band traveling
wave accelerating structure is illustrated in Fig. 2. Low-
level RF feed the RF about 300 W to the klystron. The
variable attenuator that located at just before the klystron
input port can control this input power. In order to reduce
a load of the RF windows, there are two output ports at
the klystron. Photo-multiplier tubes (PMT) are set to
observe the light of breakdown on the RF windows and
dummy loads. RF detectors at directional couplers
observe the waveforms of the RF. These signals are
guided to a fast interlock system. The fast interlock
system stops the RF within 400 ns. Reflection signal from
the dummy load is also used for the interlock. The RF
pulses output from the klystron are combined by 3 dB
hybrid and feed to beam line floor. The RF pulse is
divided by 7 dB hybrid. In nominally, 40 MW and 6 MW
with the pulse width of 1 us are fed to the accelerating
structure and the thermionic RF injector. In order to
reduce the reflection from the RF gun cavity, we set 2.2
dB hybrid just after the 7 dB hybrid. So far, we have
carried out the RF conditioning and achieved total output
power about 40 MW and pulse width about 150 ns under
10 Hz operations. Figure 3 shows an example of history
of RF processing. Figure 4 and 5 show the typical
waveforms input to the accelerating structure and

thermionic RF injector. The reason why the reflection
waveform from the gun cavity seemed that the RF power
is not filled in the cavity is due to the beam loading by

emitted electron from the thermionic cathode.
DC: RD_RF04

Figure 2: Schematic layoutAof the RF system for X-band
thermionic RF injector and traveling wave accelerating
structure.

High Power Experiment of X-band Linac (2006,10.25-2007 8531}

SSr¥PEEEEY
Pulse width [nsec]

Number of shots
Figure 3: Example of the RF processing history. Red line
shows RF power fed to accelerating structure, pink one is
to the RF injector, and dotted blue line indicates the pulse

width of the RF pulse.
Tek Run £ 0 } Trig'd
i T g T w : i : v
(T fmnesmsmeaniennin, - Lo — .
: : Coo / : T4
s
: : i ; : : 1 CchiMin
3 ; : W ; ~206mv
N . . T /‘/"“, I .
5 : - . B A . .
9 ;i - [ s R — | . Ch2 Atin
. [ /d‘* EREE111%
Lo U TOR ¥ SR S SO SOR
| i N : : Ch3 Min
1 Yool ] ey
SRS S SR I Cha Min
&} . " ; - g -, . . =52.1mv

PP i i IS DY 3 i N
Chl_100mVQ Ch2 100mv< M 1oons A Chl 1-46.0mV
T00mV$z Cha™ 100mv <2

GEEEN 12
Figure 4: Typical waveform of RF pulse. (Ch.1: output
from the klystron, Ch. 2 : reflection to klystron, Ch. 3:
input to accelerating structure and Ch.4 :reflection from

accelerating structure.

Tek Run t { '8 Trig'd
ﬁ)m—\ v i .
S ST I . 6
(2 {amemcomimerr e, \v,.i_ o
! : : - ba/ - . : Ch1 Min,
L. T \_VNJ cooel o e oD 0 ~%4a7mv
. . . : —-74.2mv
(1 e . - W
. . . \w . : . . Ch3 Min
____________________ o
: R Cha Min
-32.7mv

Ch1 50.0mv& Ch2 30.0mvS M 100ns A Chi /-28.0mV
Ch3 ™ 20.0mve 26.0mvsr

13 jun 2007
1'50.00 % 09:35:37
Figure 5: Typical waveform of RF pulse. (Ch.1: input to
thermionic RF injector, Ch. 2: reflection from the injector,
Ch. 3: beam current just after the alpha magnet and Ch. 4:
beam current after the alpha-magnet.)

The beam optics for Compton scattering X-ray source
were designed by using SAD (Strategic Accelerator
Design) program [2,3]. After the alpha-magnet, the
multi-bunch electron beam is passing tough quadruple
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doublet and injects into the 0.5m accelerating structure.
Figure 6 shows the beam profile at just after the
accelerating structure. The beam energy is estimated
about 22 MeV by using bending magnet.

Figure 6: Beam profile at just after accelerating structure
observed by luminescence screen. The energy of the
electron beam is measured by bending magnet and is
about 22 MeV,

EXPERIMENTAL SETUP FOR X-RAY
GENERATION VIA COMPTON
SCATTERING

For the next step, we are constructing a beam line of
~'the X-band accelerating structure and Nd: YAG laser
system for the X-ray generation via Compton scattering.
Figure 7 shows the experimental setup for the Compton
scattering. The X-band 0.5 m travelling-wave type
accelerating structure accelerates the multi-bunch electron
beam up to 30 MeV, and the beam is bent by achromatic
bends and focused at the collision point. Since the laser
pulse width, 10 ns (FWHM) is much shorter than the
macro-pulse width of the electron beam (1 us), we adopt
a laser pulse circulation system [9,10]. Recently, we have
carried out the measurement of the laser properties. The
M parameter is measured as 1.6 and 1.8 for horizontal
and vertical, respectively. Figure 8 shows the stability of
the laser pulse transverse beam size. The fluctuation of
the beam size is with in 10 %. We will demonstrate the X-
ray generation experiment via Compton scattering this
July.

i
TR eam ppti .
% g A
N - Lo
Laser igh '. i oct
from upataine |

L]

Figure 7: Experlmental setup for X-ray generation via
inverse Compton scattering at the University of Tokyo.
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Figure 8: Stability of laser spot size at the collision point
(top: horizontal, below: vertical).

SUMMARY

We are developing the compact, highly-intensity-, and
highly-stable-Compton scattering X-ray source based on
X-band multi-bunch electron linac and reliable Nd: YAG
laser. So far, we have achieved the beam generation from
the X-band thermionic cathode RF gun and carried out the
beam acceleration experiment. The maximum beam
energy is estimated about 22 MeV. This experimental
high-energy  multi-bunch  beam  generation and
acceleration by the X-band thermionic cathode RF gun is
the first achievement in the world. For the next stage,
preparations for the beam acceleration and laser system
for Compton scattering are underway. We will perform
the experiments on the beam acceleration and the
Compton scattering X-ray generation this October.
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Abstract

We are currently developing a compact X-ray source based on laser-electron Compton scattering. To realize a
compact system, we adopt an X-band linear accelerator (linac) and commercial Q-switch laser. The X-ray yield by the
collision between the electron beam of 30 MeV and the Q-switch Nd: YAG laser of 1.4 J/10 ns (second harmonic) is
107 photons/RF pulse (10° photons/s for 10 pps). The injector of this system consists of an X-band thermionic cathode
RF gun and an alpha magnet. So far, we have constructed the whole RF system and beam line for the X-band linac and
achieved 2 MeV electron beam generation from the X-band thermionic cathode RF gun. In addition, we achieved 40
MW RF feeding to the accelerating structure and beam the beam energy of 22 MeV were observed just after the
accelerating structure. The laser system for the X-ray generation via Compton scattering was also constructed and
evaluated its properties. In this paper, we will present the details of our system and progress of beam acceleration
experiment and the performance of the laser system for the Compton scattering experiment. This work is performed
under the national project of Development of Advanced Compact Accelerators in Japan and is partially supported by the
Research Program on Development Innovative Technology (#0494) of the Japan Science and Technology Agency and
in part supported by Health and Labour Sciences Research Grants.
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Abstract

‘We are currently developing a compact monochromatic X-ray source based on laser-electron collision. To realize remarkably com-
pact, high-intensity and highly-stable-system, we adopt an X-band multi-bunch liner accelerator (linac) (30 MeV 10* micro-bunches of
20 pC for 1 us RF pulse at 12.5 Hz) and commercial Q-switch laser. The X-ray yields by the multi-bunch electron beam and Q-switch
Nd:YAG laser of 2.5, 1.4J/10 ns (FWHM) (1064, 532 nm (second harmonic)} are 1 x 10°, 0.5 x 10° photons/s, respectively. So far we
have achieved beam generation from the X-band thermionic cathode RF gun. The beam energy is 2 MeV. This experimental high energy
(~2 MeV) beam generation from the X-band thermionic cathode RF gun is the first achievement in the world. In this paper, we describe
the details of our X-band linac system, experimental results of X-band thermionic cathode RF gun and present status of the whole system
of the Compton scattering X-ray source. Numerical CT (computed tomography) simulation for the application of the monochromatic X-
rays is also reported.
© 2007 Elsevier B.V. All rights reserved.

PACS: 29.27.Eg; 29.17.+W; 52.59.Px

Keywords: X-band electron linear accelerator; Q-switch YAG laser; Multi-collision Compton scattering scheme; Laser circulation system;
Dual-energy X-ray CT

1. Introduction facilities are developing a Compton scattering X-ray source
that consists of an electron linac and laser system [2,3].

X-rays of 1040 keV are of great use in several research ~ However, most of them adopt the scattering between an
fields. Example techniques that use such monochromatic  ultra-short single electron bunch and an ultra-short single
X-rays are dual-energy X-ray CT [1]and subtraction imag-  laser pulse to obtain ultra-short pulse X-ray beam. There-
ing using a contrast agent-and dual energy X-rays. fore, they suffer the fluctuation of the X-ray intensity due
Intense high energy (10-40 keV) X-rays are generated by to the timing jitter between the electron bunch and the laser
the synchrotron radiation (SR) light source. However, pulse. In order to overcome this weak point of Compton
most SR sources are too large to be widely used for mono-  scattering X-ray source, one solution would be multiple
chromatic X-rays. One solution to realize a remarkable  scattering between multi-bunch electron beam and long-
compactness is laser—electron collision. Recently, many  pulse laser beam. At the University of Tokyo, we are devel-
oping a more compact, high-intensity and high-stable

" Corresponding author. Tel.: +81 29 287 8421;fax: +81 29 287 8488.  Compton scattering X-ray source. Our system consists of
E-mail address: uesaka@nuclear.jp (M. Uesaka). an X-band (11.424 GHz) multi-bunch electron linac and
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