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F7o, WERICEL TH SV ABREORMER EEAHSTHY, SH%OBELE 2> TN D,
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HAKRZE R RERY (LEBRA) TlEH L
IOIVA X R EEERRE L, ZOODE—LT 1
VI BHFED 125 MeVE V7w ZICRE LTz, Th
3785 AR Vw7 X AR & PREN S BIS 2 FIH Uiz
£ DT, EFE—LEiEmEmEICHS IS 2ick
D 100 MeV FEEO I3 )VF—THaIAMHEDH % B X #7
DERMWARETH S, TORBEITEMAMEZERBL, H
ZEREIC NG 5Nz 2 B OSSR EREIZEEIC K > THER S
NTHEH, XBEWROHBLUR—FZEELEEE XRD
WEZRZEZZTENREE > TV 5,

Tz, AEETESNS T EPHHGFEINS X RO
DR &2 BUEFHRIC K > TR o 72,

1. [FL®HIZ

HARK2ZE -/ F A 7E ik (LEBRA) Tl
125 MeV E TV 7 v 7R L Uzl EnEkEf
RO EHIEL., PR VY al—X2EHNTI
ROV B AR E COHIBE T L—Y (FEL) D%t
E17i5>TC&7, FELICBIL TIZ, 2001 F 6 HE Tic
WE 1.5 pm TORIREER LTV B, ULrLAED
5| IERRD TRV F—DHFID SHERDT > 2 L—
27 VT2 51Tl X2 7 3—9 % 2 LI3IEH
WKR#ETH S, ZTTINT AN Vw7 X FGT (PXR)
EMLINBHRERAT S C ik > THMA X fRiFE
FET B G L Bl S AUSHER A i b
T RO X S G OYE & OMBENEH T
R4S 5B BISO—F T, £ 10~ %100 MeV
BREOILXIIVF—DEFTHRAMEDD % Hifa X iz F
HEXEBZENARETH B B, oDt ATl
C— LN 20, V7w 7 OEEIZE— L,
BT TH B DI FERORFICIZ R 5%, LEBRA
Tld 2000 FEICH T2 mBFE—L T A EI/8T AR Uy
7 X MR REE ORGT . FIFICETF L. 2001 4 3 AIC
Lit‘ .Lx:j/l)/ X f?%é’i%% LL—TEE‘Zquo

ROV =7 v ZIZ FEL FICHBENE D TH
D, BEOVZT v ZICHRZ e 7OV ADREN,
C— LERPREV, TIVvEVADENTNS, &
WolcEfifD W, #4E9 % PXRICEH ZORHEN
KERE N, BEOEW VA X FRRE 725 & L DR
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Table I: # FHRIENEAR O (R
IR AP 2856 MHz
MRBFITIVF— 125 MeV
BYHAYV—F EIMAC Y646B
B HNEE T —100 kV
< 71V AT 20 ps
E— L& (v 7 ) 200 mA
oL 12.5 Hz
Y— LN F i 3.5~10 ps
Bt v 22X 207 x 10~% mrad
T 3IVF—IE 1%

TEB, TOVZT7 v DM Table 1IC, #HE—L
Z A > & PXR FEALEOWIEXZ Fig. 1779,

2. PXRELEBOEKNIER

PXR IIHF5ESIC K D X # Bragg BT D AS X #7215
IV F—fEh FICEE A T4 ANV —T4T
BIHES T, B EN3 X RO 3 )VF—L i
Bragg [A[#7 & [AERICHE A TEAND ASHAE (Bragg ) T
HE3, CORMEN S, d=F A—=ZRICHO T S5hiz
FimmDEHRIC K O X #ROP R 2 ERAIRRIC TS T &M
HIRF T 2h ., FET 2 X RO RMNEEICEK -
TET B EeEEBE LU TN ERS RV, HENRR
Er[Z X f e UTHEET % 7z1cid . X FROHO H
LiR—hHDEEENETNE RS RV, oz eEns,
& 5 — G2 T X 2R 452 &icL
7zo PXRIEEE O X KREHT & 13572 D ASHH IS L
G TIEGAEICHREDOE— B D, ZHIfES
WEDINNDH 512D 2 HOHDORETE Z—7 v b
mmEFHNTICHIE L . ZNZME L TR 0ENDH 5,
Fie. 2=y MESDBELITERT % 7z 1 10l
BE#LE TR AESky, INEEEERL TR, &
TEE Nz PXR B4 BN Fig. 2 TH %, EFE—LT
EREBRENE 2=y MERIEE 1 d=4 A—&IC,
METHOFERIZSH 2 J=4 A—=RIcFNFh~< UV b
NG, B2 d=d A—RIFWHERIHDAEL 72> T

W3, TNHIIICEHBEZRIG T, B2 5N
THEHENS, & 285 TR E N X #dHE. Fig. 1
WKHBEINTETFE—LT A5 200 mm BENTZS
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4 MoKk 72 3 LTz,

. TEAERENIEE DR

PXR A28 O T EH 2 1E 2 B O MRS, 9
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A RN ERSE) (X) DOFF 48, FRRIC, B2 =%
W EZE ] — 2 BBl 3 il & REREGERH) (Y).
FHOC— LT A VFFEERNERS) (X) DR 5 il -
TVW3, BIICELTEEFE—LT A VI
BOEZLVHIETH O | BRI L &ic
L7zo Table IMCNBEDOId=A XA—RDMAHTH 5,

C DIEE T HIN—"TE % Bragg fADHIPHIIE 2 d=
F OMERE O ERBIFIFH CTHIRE N, 5° ~ 30° TH 2,
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OWERIENC AE Rl ZE— 2 TV E— - HIE A §E
ToTW5, VE—MHIEEA—Y 2y bZFIHLT
T 5TFETH 5,

4. HiIFIN 5 PXR O4F1%

%B%—zblﬁgﬂé X RRORFEIE Z—7y MR OREH
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CeEEETDZE, FAVEVRDY Y IO
MREE, BRI E DS L TS EEbNns, O
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Table II: =% X— XD

il S i T RE
B1d=F
X +5 ~ —65 mm 4pm
0, +10° 52.4p rad
0y +10° 35u rad
0. 0~ 35° 11.6p rad
o d—F
X +5 mm 1 mm/rev
Y —10 ~ 41030 mm 5 m
0. +10° 52.4p rad
0y +10° 35u rad
6. 0~ 35° 11.6p rad

Table I1T: #5541 & PXR DT 3 )L F—H#ipH
A ARE 28 1 ASMIEERA (5 ~ 30°)

51(111) 3.95 ~ 22.6 keV
Si (220 ) 6.46 ~ 37.0 keV
Si (333) 11.9 ~ 67.9 keV

B E—LT3IVF— 100 MeV, flifhi Si(111)(%
MEE 1 mm) DHED X FRT R )VF— L5080 FiR
7% Bragg OB E L TELZDH Fig. 3 TH 5,
7z, E—LFEH 1 mrad. Bragg f 21.48° (X L %
JVF— 5.4 keVITHY) WS EHETHSNS PXR O
IaT7 7 A)ViEFHETSE Fig. 4 DX 31k %, T
& 1/y DIEM D ZFD PXR #4 2 flifh CREd % T
LILE->THELNS XME—LTHBzD. ZDRIK
(5B 2 RSO IR RET %,
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5L H 5, 7272 L. PXRIIKFEMICIEED T
ST = a kDD, BOFEICL > TR R
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PRESENT STATUS OF THE PARAMETRIC X-RAY GENERATOR
AT LEBRA

Y. Hayakawa* A), 1. SatoA), K. HayakawaA), T. TanakaA), K. YokoyamaA), T. KuwadaA),
A. MoriA), K. NogamiA), T. SakaiB), K. KannoB), K. IshiwataB), K. NakaoB)
A)Institute of Quantum Science, Nihon University 7-24-1 Narashinodai, Funabashi, 274-8501
B)College of Science and Technology, Nihon University 7-24-1 Narashinodai, Funabashi, 274-8501

Abstract

A new X-ray generator based on a 125 MeV electron linac and parametric X-ray radiation (PXR) has been
developed at the Laboratory for Electron Beam Research and Application (LEBRA) of Nihon University. In April
2004 the first observation of X-rays from this device has succeeded. After that several experiments of the X-ray
imaging have been performed as the demonstration. The result indicates the X-rays from the PXR generator has a
unique wavelength gradation and a small angular divergence.

HARISZ X R w7 XFRIROBIR

1. ZC&IC

H K 7R3 M AW ZLiiak (LEBRA) TlXHHE T
L—¥" (FEL) A 125 MeV BT RIEIEERZX— X &
Uz X BRROBIFZEHE L, X fERo 7ot 2 & L
TI8T A MU w7 X KRE (PXR) EFHEN 2 Bi% 7%
B U7z 1, 2000 fEEEMN B A Z— b Ui 7 a v
T4 THEEREEO R & UTRaET - @z itED, 2001
I PXRIEEE L HHOY— LT 1 Ve LTz,
COY AT LMIBEZERIND SN2 E5DT=A A—
ZTHIHE NS 2 DD Si BLASE TR S 11, X FRE
D HUKR— b 2[EE Uz E FEEENIC X fRoT 3l
F—BEZBENTEE 2 (M)

HZEF oy 7RI 21T > 72D, FEL E— L5
A T DN T DS B X ISR E D2 H ST
b1z, AR IE BRI MR E G £ T
HEbEs & bixolz, 2003 4EIC PXR HE—L 5
A YV OEEHFERITV, 2004 4 3 HICHRBGK L x>
2o HEO PXR E— LT A V' TOETE—LOAE
FEOHFEH) ZEX 1 DX ICE>TWVWS, 75
AP—=TDRAY Y bHEETH S8, THRIVF—57
BUIZEZ 5NEWD, ZNLAMNI FEL E— L5 1

FEFRLCTH B, BUE, AL —FF4 100 mA,
90° IRIAIZ 90 mA DE— LA LY hEZEKR L TWVS

£ 1:PXRE—LIA VLB AETFE— LOHEE

ISR 2856 MHz
BERKETFIRVF— 100 MeV
TV F—7H 1 %
Y — LER 100 mA
<27V AlE 20 ps
oL 2.5Hz
NRSEER 5 pA

LTI v A A < 20 mm mrad

*E-mail: yahayak @lebra.nihon-u.ac.jp
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BRI 2 —y N E LTV T Sifssh
IN—ITHRIEDVE U %75 £ ORTENFA LzAY, 2004
4 FICEEFEZ Wz PXR OBINCEEh Uz, Z
DBIATH T2 XBRA A=Y VT OfER L, BR%
W9 %,

2—=7y MERDEIEG

B —LEREENS Z—7 ME&IE X RO
FIVL—R—ToLOH, COVATLOEALZSE
DTHBT=, ZOMAEIEETH S, LHrLEH
5, B — LD X B EmOBEN MR Nz,
X 2 1ZRIER D DIEREETH %, Wi—FIcx5 A
TWVWBDIE, A=F AT —INE—% RS54 TGt
LTWAKHCEFE— LD 7 )V R FICZ A —
e llrdbEIZLENS, ARy FOILKEE
Mo, BERZE— LNV FHISEC>TVE LS I
ERZ %, UHNIBWRREZEE L TWiehy, B
ICKBHHEDTTMNK D GFAERIETHHT &M D
HERMSDON D, ©— LOBEBMREIIEHRDND S
ERDONBN, Z—7y MG T OBRIE
BHINTHELT, EMOEZS | & 3% h
ZORENT, HA5BEZHEZA TV RELTVER
b,

2.

3. PXROVBERHE XA A—I VT

BIEX PXR 3 X7 L& LT Si(111)-Si(111) D
HAEDLEZHNTNS, PXR BAEDOHRIE, X ##
HTR—FOBERICEMN BB EZET=2—9 %
C & TirbNlz, Bragg A 12° LT, RHFBEITH %
W2 kSO REAE XSy =TS 5 EEMFEON
AR E— I RS SNz, TOR;L[E UMt
THHHESNEZONRK 3 TH B, E—7DilEIFH
EtE L HERD ERREWRIFFERRETH O, Bl
éh:zﬁ&%@ﬁth;5%®f%é:a%ﬁb
T3 M,
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X 3: 55 2 fE AL IS99 % PXR M DMKTE
M O TO X ROV F—1F 9.1 keV ThH %,

Fle, RSO A R TAIVLRA A=V VT T L—
L (IP) IC X % X #2205 C LIcE i Uiz,
X 4 1&Z QWA TH S, HEDE T A, 7keV
M5 18 keV DHIFHTDA A=V I L T3,
Ty VHWIERICEATH O, T OFED RN & B
PICOWTENTWS T 2R LTS,

Ak, PXR D77 7 A IVIEK S DX 57 R—F
WVIRICTR B 13T TH A, BRI X 7 b —MIZIEA -
7 AE— M XE—LEE->TW03, fikEhs
PXR DZERE— RIFETE — LDl & 70 EhG S DRk
THBICIEEICBIETH B2, X7a 7 7 A )LD
—kEDJFE & U TET Y — LOWEDOZH#HMHE %
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K 4: X fEEm( G /&) RoaA RIcKBICF v
(18keV); IPIC KB IC 1— R & Al A7 7 (13.5keV)

bN%, HRICEDRETHHESYZ—7"y Ml ET
DEFE—LDARY MERZ G 208N D %
cibnzs,

4. IRIVF—HEZE K RIimOER

PXR HAEETHELNS X I, KS5IcH B K
INTACESTENCIZIZY =7 Ir T x )b F— (EE) 75
T—=a iDLV RN D B, TDID, X6
DEINCA A=V I &> T KW Z RS %
TENTES, PXRFEEREIZ VAR T 57
DGR ERIC K DHEILX S T FIVDISAIVT
TORED =N TH D, £-BIHED 2 Hz HEE T
WEAE RIS X B HEIIFIEDNE N, ZDTz8, BifE
& K W OBEANC X - TRZMIC X T kL F—
DHERZIT> TV B,

RI0A R 7 4 )V LDGE, AN AgBr 2 L
TW3 728, Br O K Wl (13.474 keV) TIREEEDK
ELEDD, KT OWBZ, Z—7 v MEERD[EELIC
KO PXROPOLZRINWF—RZEZ 2 EOTTH
%o ZTIUHES T, KRS T 5 T2 )V F—0D
PIEDNEIN TN S DOVERTE %, £z FORIK, M
BOWHRRNEROBHE ZHE A Zz2E LT 7ay L
e DTH 5, HITINDNL S XD ZHAEL L
THERNIC PRI ND TRV F =L TIRIELTH
%o WU & T )L F—HNCE U K 5 ki h i
5NB N, THUE XAFS MEahEEEHIE M Tuns 0]
BEMERH S, X O F—H ST — 30D
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5: X fRAR— MO (2 =7 MG S OFEEEE
Tm) TOXMITAT7AINELRIVF—TTFTT—
¥3 Y (13.5keV)

10mm

6: RIaA Rlc k3 Cu D K Wl (8.981 keV)
O, ENEZ R IVF—flEH>Tn5, [BEX
20 pm D Cu 2 U7z,

fEREIZ B FE— LD ARy b ¥ Xcm B Eh
% EEZLN, SHBIFICIET 20 END B,

5. XIRENNAER

PXR D5#EEIZE T € — LD duty cycle THIBEE
TVBD, NFT TV I ARLIYINS AT BT
FIOCFROEANEEND, BIIE, RhaI—T 1 7
it U7z 2 S SHE] = < — (Kirkpatrik-Baez Y£223R)
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Abstract

To realize an X-ray source at the 100-MeV class linac of the Laboratory for Electron Beam Research and Applica-
tion (LEBRA) at Nihon University, the application of Parametric X-ray Radiation (PXR) was proposed. In order to
solve the problem of photon extraction, a PXR generator with a double-crystal system, which is similar to a monochro-
mator for synchrotron radiation, was designed. A slightly asymmetric arrangement of the two crystals enables a rela-
tively efficient transportation of the X-rays. Although this is not the best condition in terms of the PXR yield, there are
many advantages owing to the fixed source point and the fixed radiation exit. The introduction of a focusing system of
Kirkpatrik—Baez type equipped with rhodium coated elliptical mirrors into the X-ray beam line allows to improve the
brilliance. A new beam line for the PXR generator has been developed and constructed at LEBRA. The experiments
using this new device will begin at the end of 2003.
© 2004 Elsevier B.V. All rights reserved.

PACS: 41.60.—m; 41.50.+h; 29.17.+w
Keywords: PXR; Electron linac; Monochromatic X-ray source; Focusing system

1. Introduction versity a 100-MeV class S-band electron linac
was constructed in 1998 [1,2]. Since the linac
has been developed for a free electron laser
(FEL), electron beams with high current and a
low emittance are obtained. Table 1 shows the

parameters of the LEBRA linac, which is a con-

In the Laboratory for Electron Beam Re-
search and Application (LEBRA) at Nihon Uni-
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ventional one not equipped with special devices
such as an RF gun or a sub-harmonic buncher.
Nevertheless, the FEL lasing has been achieved
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Table 1

Specification of LEBRA linac

Beam energy 50-125 MeV
Acceleration frequency 2856 MHz
DC gun voltage —100 kV

Beam pulse duration 20 ps

Bunch length <10 ps
Beam current 200 mA
Repetition rate 12.5 Hz

Average current 50 pnA
Normalized emittance (rms) < 20mr mmmrad

in the near-infrared (NIR) region due to a pre-
cisely focused and highly stable electron beam
[3]-

Although the LEBRA FEL system can provide
photons from the visible to the NIR region by the
FEL and the enhanced higher harmonics, some
applications require a monochromatic X-ray
source [4]. However, it is difficult to generate tun-
able monochromatic X-rays using an ordinary
insertion device because of the limitation of the
critical wavelength in the synchrotron radiation
[5]. In the case of bremsstrahlung, the screening
effect due to the orbital electrons of the medium
atoms suppresses the generation of longer wave-
lengths [6]. For the efficient generation of 5-30
keV X-rays using 100 MeV electron beams, a radi-
ation process different from the bremsstrahlung is
required. Thus, the use of parametric X-ray radia-
tion (PXR) has been proposed to realize an X-ray
source at LEBRA [7]. For actual application stud-
ies, a PXR generator using a double-crystal system
was designed at LEBRA. The PXR generator in
the dedicated beam line has been developed since
2000 [8].

In order to evaluate the X-rays generated by
this device, numerical simulations have been
carried out. In this paper the concept of the dou-
ble-crystal system for PXR generation is re-
ported and the result of the simulations is
discussed.

2. Parametric X-ray radiation

PXR is a kind of radiation phenomena due
to the polarization of crystalline medium irradi-

ated with relativistic charged particles. The charac-
teristics of PXR such as monochromaticity and
directivity are attractive for an X-ray source [9-
13].

When a charged particle with a velocity v passes
through a crystalline medium in which the recipro-
cal lattice vector is g and the constant part of the
dielectric function is &, the energy of PXR is ex-
pressed by

_ helg v

/7 nelg-v
@ ct—v-Q’

(1)
where ¢* = ¢//¢ and R is the unit vector in the
direction of the PXR emission. If the incident
beam axis and the output direction of the X-ray
exactly satisfy the Bragg condition, the energy
hw in Eq. (1) equals to the energy of the X-ray
scattered by the Bragg diffraction. This means that
the energy of PXR can be tuned by controlling the
Bragg angle.

The perturbation theory gives the spatial distri-
bution of the PXR expressed by [14]
dN  enolly(o)]

dQ  2mhgdv(ct —v- Q)

2Qx (gv+g)
2)

0Q —g [ +4[2+2(1 - g)]}
where dN is the number of quanta emitted in the
solid angle dQ when n particles with charge e, mass
m and total energy E pass through a crystal with
thickness L; y=Elmc*, v= [v|; 2, and g, are the
components of 2 and g perpendicular to v, respec-
tively. y,(w) means the Fourier component of the
variable part of the dielectric susceptibility, which
can be expressed for X-rays by

X

2

4ne’ F(g)
- : T7 (3)

1) = ——
where F(g) is the structure factor of the crystal and
V' is the volume of the unit lattice. The constant
part of the dielectric susceptibility is expressed by
70=¢—1. As shown in Eq. (2), the dependence of
PXR on the particle energy is weaker than that
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of synchrotron radiation. In the case of PXR the
energy-variable monochromatic X-rays can be
generated by an electron beam at energies lower
than 100 MeV [15,16]. Therefore, PXR is suitable
for an X-ray source using a 100-MeV class electron
linac. In addition, the invasion of the electron
beam into the target crystal is not a serious prob-
lem because recirculation of the beam is not con-
sidered in LEBRA.

3. Concept of the PXR generator
3.1. Double-crystal system

There are several problems that have to be
solved for the application of PXR tunable mono-
chromatic X-ray source. The main problems are
the transport and the extraction of the X-rays.
Although the direction of the PXR emission de-
pends on the X-ray energy, the practical X-ray
beam line for applications should be fixed indepen-
dently of the X-ray energy. In order to solve this
problem a double-crystal system with (+, —) paral-
lel arrangement has been proposed. One of the
crystals is the radiator of PXR and another one
acts as a reflector for X-rays. Fig. 1 shows the con-
cept of the system. The system is similar in struc-
ture to a monochromator for synchrotron
radiation [17]. The reflector crystal is movable par-
allel to the electron beam axis in order to extract
the X-rays with any defined wavelength through
the fixed output port.

In the case of perfect crystals if X-rays have
higher energies, the angular allowance of Bragg
diffraction becomes narrower. Therefore, the
reflector crystal acts not only as a mirror for
X-rays but also as a filter for higher harmonics.
In addition, this PXR based system has another
advantage. Since y-rays of bremsstrahlung are
emitted within 1/y, PXR has low background due
to emission with Bragg diffraction. However, mul-
tiple scattering in the target crystal increases the
electron beam divergence. This effect causes beam
loss on the way to the beam dump which results in
an increase of incoming background y-rays into
the X-ray transport line. Thus, a focusing system
with permanent magnets is placed downstream of

I I vacuum chamber

radiator  refiector

permanent
Q-magnet

HEHE

ERRRERES

T

electron PXR
beam

Fig. 1. Scheme of the PXR generator. The generator consists
of a double-crystal system in a vacuum chamber. A triplet
permanent Q-magnet is placed behind the target crystal to
avoid electron beam loss.

the target section in the vacuum chamber to reduce
beam loss.

3.2. Transport of PXR to the extracting port

According to Egs. (1) and (2), PXR has the typ-
ical spatial distribution with the energy gradation
in the horizontal direction as shown in Fig. 2. In
this case the incident electron energy is 100 MeV
and the target is a Si wafer having its (111) planes
perpendicular to the horizontal plane. The angle
of the crystal with respect to the direction of the
electron beam is 8.422185° that corresponds to
the X-ray energy of 13.5 keV. If a perfect crystal
is used as reflector, only the X-rays close to the
Bragg condition are transported to the exit port.
According to the dynamical theory of X-ray dif-
fraction, the reflectivity /I, of the perfect single
crystal in the symmetrical Bragg case is described
by
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| electron energy: 100MeV
S a target crytal: Si (111
2e-08 T AT e S

1.5e-08

1e-08

o s Hor izontal [0.4mrad]

Fig. 2. The spatial distribution of PXR from Si(111) planes
irradiated with 100 MeV electrons at the Bragg angle
0p=8.422185°. The horizontal and the vertical axes are
described in the units of 0.4 mrad and the yield is normalized
for a 1 mm thick target.

_sin20p b

{o
1Pl T Bl
P=1 for o-polarization,
{P = cos20y for m-polarization, 4)
I, 1 if |w| <1,
In { (IW)> =VW* =1)* otherwise,

where 0 is the angle of the incident X-ray and 0y is
just the Bragg angle [18]. Eq. (4) is well known as
the Darwin curve.

Due to the energy gradation and the typical
spatial distribution of PXR, the transport effi-
ciency of X-rays increases when the arrangement
of the two crystals is slightly asymmetric. In order
to search for the optimal arrangement of the crys-
tals for the Si(111)-Si(111) system, ray-tracing
simulations have been carried out using Eqgs. (1),
(2) and (4). Here, a kind of the polynomial approx-
imation was applied to the atomic scattering factor
in order to calculate the structure factor of the
crystal F(g) in Eq. (3) [19]. Since it is assumed that
the target crystal is thin and the reflector is suffi-
ciently thick, the calculations scanning the X-ray
energy were for ease performed without taking
the attenuation of X-rays in the medium into
account.

96 [deg]
—-0.04 -0.02 0 0.02

[x107]

| crystal thickness: 0.1mm

4| 6518422185 deg.

Eg : 13.5keV

X-ray yield [ photon/e™]

8.38 8.4 8.42
crystal (reflector) angle ¢ [deg.]

Fig. 3. The expected X-ray yield from the Si(111)-Si(111)
system as a function of the reflector angle ¢, when the target
angle is Og=8.422185°.

Fig. 3 shows the dependence of the expected X-
ray yield on the reflector angle ¢, where the target
angle is 0 =8.422185°. When the difference of the
angles between the radiator and the reflector is in
the range from —0.004° to —0.015°, PXR emitted
from the target crystal can reach the exit port.
Although this is not the best condition in terms

[x1079]

Si(111) —Si(111) double—crystal system

20 1\ electron energy : 100 MeV
\ target thickness : 0.1mm
\

10

PXR energy [ keV]
o
[ _e/uooyd] preiA

10 20 30
Bragg angle [ deg.]

Fig. 4. The energy (---) and the yield (—) of the PXR beam
from the Si(111)-S(111) system. The energy and the yield are
defined as the average and the peak values with respect to the
reflector angle, respectively.
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of the yield, there are many advantages owing to
the fixed exit position.

The X-ray beam extracted from the PXR gener-
ator has the energy variability owing to the prop-
erty of PXR. In Fig. 4 the energy and the yield
of PXR from the Si(111)-Si(111) system is shown
as functions of the Bragg angle (i.e. the target crys-
tal angle), where the yield corresponds to the peak
value of the curve in Fig. 3 and the energy is de-
fined as the average value over the X-rays around
the peak.

electron energy: 100MeV
Si(111) - Si(111)_system

Yield [ ph./el. mm ] _—

()

| electron energy: 100MeV

Si(111) - Si(111) system
(b) '

00 Horizontal [0.2mrad]

Fig. 5. PXR beam profile in the case of 100 MeV energy and
8.422185° Bragg angle using Si(1 11) planes, when (a), the yield
is maximum (¢: 8.415685°) and (b), the energy spread is
minimum (¢: 8.418685°), respectively. The horizontal and the
vertical axes are described in the units of 0.2 mrad.

3.3. Profile and polarization of the PXR beam

The beam profile of the extracted X-rays is
strongly dependent upon the angular asymmetry
of the radiator and the reflector. The typical pro-
files are shown in Fig. 5.

@ horizontal linear polarization component I
80 |
-]
=
‘5 60 [
1)
© a0
=
19
2
20 |
D 1 1 | 1
0 20 40 60 80
Horizontal [ 0.2mrad ]
(b) — —
Evemcal linear polarization component |
80
k-]
©
| .
5 60 |-
)
® 40
-
1
L
20
D L L 1 |
0 20 40 60 80

Horizontal [ 0.2mrad ]

Fig. 6. Linear polarization of PXR beam corresponding to Fig.
5(a). The components oriented horizontally and vertically are
shown in (a) and (b), respectively.
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The linear polarization of PXR is radially ori-
ented around the Bragg direction, in which the
Bragg conditions are exactly satisfied [20,21]. The
PXR beams reflected by the 2nd crystal have
the same property although the reflectance
depends on the polarization. Fig. 6 shows the
horizontal and the vertical linear polarization
components in the case of Fig. 5(a).

3.4. Practical design of the PXR generator

The practical PXR generator is designed as
shown in Fig. 7. The X-ray beam line lies parallel
to the electron beam line at a distance of 200 mm,
passing through a 2 m thick concrete wall. The sys-
tem covers the Bragg angle range from 5° to 30°,
which corresponds to a PXR energy range from

A
[

X-ray exit =

2000 |

4 to 22 keV in the case of Si(111). The new beam
line for the PXR generator has been developed and
constructed since 2000. The experimental work at
this device will begin in the fall of 2003.

4. X-ray brilliance and the focusing system

Since PXR has in principle rather low-intensity
and divergent property, it is not easy to obtain a
high brilliance of such source. For example, in
the case of Fig. 5(a) the PXR flux from a 0.1
mm thick target crystal is 5.7x107"" [photons/e™
mm?] at the peak along the vertical axis when the
X-ray irradiation point of samples is at a dis-
tance of 12 m from the source point. However, it
seems that the optical focusing is effective since

mirror chamber

experimental hutch

.
N

N
2/
K

Fig. 7. Layout of the practical beam line with the PXR generator (upper) and the X-ray focusing system (lower) developed at LEBRA.
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PXR behaves as a point-like source provided that
the electron beam is well focused. Therefore, we
decided to introduce a vertical focusing system
into the X-ray transport line. Considering applica-
bility to various X-ray energies, a Kirkpatrik—Baez
(K-B) type system, which is a kind of grazing inci-
dent optics using rhodium coated elliptical mir-
rors, has been designed [22,23]. Fig. 8 shows the
basic design of the focusing system which has a
magnification of approximately 1/5.

The total reflection of X-rays on a material sur-
face is strongly dependent on the incident angle 6,
of X-rays and on the critical angle 0. of the surface
material of the mirror described by

2
0. = V35 5= 2Tcre(hc)2 Ne7 (5)
(i)

where r. is the classical electron radius, N, is the
number density of electrons expressed by N.=
NaZplA (Na: Avogadro’s number; p: the material
density; Z, A: the atomic number and the mass
number of the mirror material, respectively). The
reflectivity |E/Eo|* is expressed as a function of
u =000, i.e.

12
9 2 132 up \?
h=u+t {(” D +(2hw5) ] ’

6
E|> h—u/2(h—1) (6)
E|  h+u/2h—1)
M2 F
Y \ 7 7 4
X M1
/;AO
(X, Y, Z)
MIi (0, 57.3, 10000.0)
M2 (0, 56.4,10335.0)
F  (14.0,52.0, 12000.0)
unit: mm
X
S (0,0,0)

Fig. 8. Elliptical mirror system with the K-B arrangement for
X-ray focusing. S: source point of PXR; M1, M2: centers of the
rhodium coated elliptical mirrors; F: focus point for a sample.

where p denotes the mass absorption coefficient
[18].

In order to estimate the expected intensity of
X-rays after the reflection due to the Rh coated
mirror, the ray-trace calculation was carried out
by taking the dependence on the incident angle
and the X-ray energy in Eq. (6) into account,
where PXR was assumed to be an ideal point like
source. A typical result for the beam in Fig. 5(a) is
shown in Fig. 9. The spot size at the focus of the
mirrors, attributed to the accuracy of the calcula-
tion, is smaller than the design value of 10 um that
is restricted by the tolerance of the mirror surface.
For the 10 pm spot, the condensed yield is esti-
mated at 2x107° [photons/e” mm?], an increase
by four orders of magnitude. Since the X-rays
are condensed mainly in the vertical direction,
the degradation of the monochromaticity is not
so heavy. In the case of 13.5 keV X-rays the width
of the energy spectrum is approximately 0.1% as
shown in Fig. 10. Hence, the brilliance during
the macropulse of the LEBRA linac is roughly ex-
pected to be 1x10'? [photons/s mm?>mrad? 0.1%
BW].

However, the actual electron beam has a finite
size, which causes considerable reduction of the
focusing effect. If the electron beam size is
0.5 mm in diameter, the focused spot size increases
to approximately 100 um, resulting in a reduction

Yield [ ph.:w/
I
X

46-10

30
20
Vertical [2pum] 10

30
20
10

o0 Horizontal [2pm]

Fig. 9. The X-ray spot at the focus point of the K-B focusing
system calculated by the ray-tracing method. The horizontal
and the vertical axes are described in the units of 2 um.
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5
=5 BW = 0.1%
s i
°
>
13.4 13.5 13.6

X-ray energy [ keV ]

Fig. 10. The calculated energy spectrum of the expected X-rays
from the K-B focusing system.

of the brilliance by a factor of 1/100. To suppress
the reduction an electron beam with a lower emit-
tance is required. Therefore, the improvement of
the electron gun might be necessary to adapt the
X-ray source for applications that require a higher
brilliance. If an application requires more intense
X-ray flux, introducing a secondary condensing
system for X-rays is effective. Fortunately, ad-
vanced instruments such as a zone plate lense have
been developed in recent study of X-ray micro-
beams [24].

5. Summary

The PXR generator with the double-crystal sys-
tem has been designed and constructed at LEBRA.
This device realizes a tunable source of linear
polarized monochromatic X-rays source at a 100-
MeV class electron linac. As the result of the sim-
ulations for the PXR generator and the X-ray
focusing system, the brilliance of 13.5 keV X-rays
during the electron beam macropulse is estimated
to be 1x10'? [photons/smm?mrad® 0.1% BW] in
an ideal condition. Taking the duty cycle of the
LEBRA linac into account and assuming the elec-
tron beam spot size on the target crystal is 0.5 mm
in diameter, this value corresponds to an average
brilliance of 2.5x10° [photons/smm”mrad® 0.1%
BW]. Although the average brilliance of this X-
ray source is not so high, it is adequate to strobo-

scopic measurements for minute samples using
time-resolved detectors.
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