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Abstract A hard X-ray imaging system with spherically bent crystal as transmission imaging device is proposed. Its
basic structure is an isotropic X-ray point source and a Laue spherical transmission crystal. Different from the
reflection configuration, it enables us to solve the problem in hard X-ray imaging with energy above 8 keV. In the
imaging system, the X-ray is radiated by a small point source, is dispersed by a transmission grating placed in front
of the spherically bent a-quartz crystal, is transmitted by the crystal, and finally is imaged on the detector surface
behind the crystal. The imaging mechanism of spherical transmission crystal to obtain different magnification
images is discussed, and the ray tracing program is used to design the transmission imaging system for simulation.
The simulation results show that the proposed structure can achieve two-dimensional spatial resolution imaging. The
backlight imaging experiment of X-ray tube with Cu target also proves that the experimental results are consistent
with the theoretical analysis.
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Fig. 1 Schematic diagrams of X-ray transmission and X-ray Bragg reflection. (a) Schematic diagram of X-ray

transmission; (b) schematic diagram of X-ray Bragg reflection
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Table 1 Bragg angle range in Laue transmission crystal structure

Crystal Miller index 2d /nm n Energy /keV A /nm 0/
Mica (002) 1.9842 3 8-100 0.0124-0. 1550 1.074-13.553
a-quartz (2020) 0.4264 1 8-100 0.0124-0. 1550 1.666-21. 316
a-quartz (101D 0. 6687 1 8-100 0.0124-0. 1550 1.063-13.403
a-quartz (1010) 0. 8512 1 8100 0.0124-0. 1550 0.835-10. 492
Ge (11D 0.6532 1 8-100 0.0124-0. 1550 1.088-13. 727
Si (111) 0.6271 1 8100 0.0124-0. 1550 1.133-14. 310
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Fig. 2 Imaging optical path of spherical crystal. (a) Reflection imaging; (b) transmission imaging

TEB S AR AR A . p g, AL T dh R 5
ML BD p=>0.q,<<0, ARGEHI BB R AE KA 55
— 75 ) SEAR , wh A T FE DG B 220, ] R<<0, BBk
T A2 R S —250 mm, SR 3 E (78 5Bk
R AXMHE, EES MEZEMES p K
243.3 mm, FEMEH o AH1011) KA Cu
PR UG I B X I 0. 154 nm, AT
0 M 13.3°. DA ¢, —81. 1 mm,
C TS RIRBIOCR SR T MO AN, N
R R G E RN £ 5L 45

TR 5 B AR A (1 /a +1/6=1/f), AT LI A
AR RO £ =60.8 mm WNIR RS, H—
ASPIUR B R TR R SR 81. 1 mm (a) &b T 4 B
B SR AERE B AR 5 77 243. 3 mm (b)) Ab. E
X GF 2R3 2ok BR U b AR 05 D6 AR A T AR O - T
EATHERDOCHANE 55 Sy SRR S AT
FRAFNE 1 RO a — B0, H MG AR 3 A0 B g
ZUBR T 7 1A 45 4 v IR T — B0 BOEMR R
fE AT RN

M, =b/a. (5

1134011-3



FHIE IR 3L

E a2 % %11 H1/2022 £ 6 B/FEER

IRTT 1) J 55 A8 e AT BE L R E] 1
S b —2, P, %7 1) R A R AL = A
IR, AR

M, =p+b0/(p—a), (6)

F A RT AR, B T 125 S B 4 Al TP A A — A
37 B RE G L T AF T 10 -5 9 5% D7 1) B B — 2 BP
(5 (6) T s BT R AR 5 R 45 I 45 21 A 43 B B8
IR R 68 A5 B — A B A IR AR Y AR
2.3 HEESHBEHERGS T

K] Shadow Jf 2438 78 7 B2 Fr X BK 111 35 3 i
PRAR R GEHEAT B A7 L OPF I 2 T X e dn ik
7 558 it B R 552 B BT G R R R AR O HORUR
(-7 R L A R 5 T 2 (b) AR TR] L 1 8 BR T
AR AR 250 mm, R R RENME S
AR OB T 81,1 mm., 3 MR A &
T e B DL S A ) AN [ (R 2% AR T 10 S 2 82 0H — Ak
I3 (s =) A BT AL R BB A B . 5 ELAS SRR

-400 -200 0
X /um

200 400

-400 -200 0 200 400 -400 -200
X /pm

B3 NI b T il A E S 07 AR B T A ] 1 45

-400 -200
X /um

SEMRHE R 81,1 mm B, 4 T B A A5 4 A7 5 )
RAEREME. WE 3 fram, M4 H o0 M
60.0 mm 284k & 81. 1 mm B, T4 10 MW A& A% 4
B RSB WE 3 ~ () iR, 4%
B o M 81.1 mm 3 K3 243. 3 mm I}, #IHA% 1% 4y
A 76 T2 1 B AR AR B ROR, an i 3 (d) ~ (D Jir
R P3O TR R BE O % O R X AT 5 X Gt
21 5 B 25 1, K B UR R 4 0 Cu 1Y K, 6, 1%
LR R . R AMRE AR AR b 9K T SR
TR B A8 6 5 7 A7 T AR R B i AR AR — 2L
Xt F—4URRE PRI, AR 10 5 K A
AN T A O B A At 34, R R 0 25 — 2 X I 1Y
WG B (15 2R 58 RE % AR A5 5 AT A W) 0K LU 0 LA 55
i o TEAS BUR ZR G V155 i v, 7 S BR 1T A 1R T
PR 243, 3 mm BRI 07 B AL L 48 TS TR T
BAG TR AR (M, =M = 3) 80T 58 iR 0 B T
PESIE T Laue BRI &b 44 (14 17 565 R A mi AR M 6

0 200 400

0 200 400 -400 -200 0 200 400

2 /um X /pm

. () b=60.0 mm (M, =0.74, M,=1.87);(b) b=70.0 mm (M, =

0.86, M. =1.93);(¢) 6=81.1 mm (M, =1.00, M,=2.00);(d) $=100.0 mm (M, =1.23, M. =2.12);(e) b=
160.0 mm (M, =1.97, M,=2.50);(D) 6=243.3 mm (M, =3.00, M,=3.00)

Fig. 3 Grid image results of crystal transmission simulation imaging under different 6. (a) 6=60.0 mm (M, =0.74,
M.=1.87); (b) b=70.0 mm (M, —0.86, M.=1.93); (¢) 6=81.1 mm (M, =1.00, M.=2.00); (d) b=
100.0 mm (M, =1.23, M,=2.12); (e) b=160.0 mm (M,,=1.97, M,=2.50); (f) 6=243.3 mm (M, =3.00,

M,=3.00)

3 BRTATIE S f A AN pl A5 S5 5
3.1 BKEESHREMT

A1 AR AE S o T R e, T A A R
B ) 52 W A% FIEL B B4 52, A HE HoAth AR oA B

L B A0S I TR RE L PR X L 4% o £ B2 (1011)
B9 X 0% 2 Air O dm f L, AR R RO 24 =
0. 6687 nm., Al 25 i 5 AR B AR A I 20 L E A5 £ £5
PERERRE L il W 2R IR RS AR — B0 SR AT
LTGRO B A A R B RRL . i T R

1134011-4



FHIE IR 3L

FEA4E F11H/2022 F£6 B/FEHER

10 mm Y RUE 3655 Fr ) BR AL 2 )l 2
2428 250 mm, 0B HHFLE AR R 8 mm, P
HARHR 25 mm, F 1 S I TR BB A o fr
e AR B R 0.2 mm DLF B, AR B
BIRBE R 25 mm, 0% n T f5 H 3% ML RS 7E
100 nm AT . SRJG 76 45 8 W 2 R R RS I T 204
o1 T SOR DU 2) 3E 38 A I Y M i L, K 1B
KEEEAE 10 pm U 0 T258 UG 09355 53 4 1R i A% 2%
wE 4 R,

4 0 T 58 B BR I3 T R R

Fig. 4 Picture of processed spherical transmission crystal
3.2 BEEHEE X HLQNER

5 AR K SEIGAE Cu #8 X Gk 8 b ik
(R A IO ir 2 L R B GRA P DA T 0 =
Yok TR (CMOS) S F 4RI 38 AEh X 5 4 iR £
g HAR R R/ Ry 55 pm X 55 pm R R BN
256 X256, JBOGHI AN 14 mm X 14 mm. 2% Ak
BAG R g T AR 1) 4 Ja T R XA AT L S AR
S EEHEAT IR . TR Cu S X5 4R U8 ) M
1% ) B A 23 A3 XS 4 i B o 0 L B B, £ 3 AR

(a) 6

2 /mm
e /mm

x /mm

2 /mm
z /mm

x /mm

B 6 A b T ERIE &R E SRR 45
(¢) b=80 mm; (d) 6=100 mm; (e) b=130 mm; () b=160 mm

(b) 6 () 6
g

3. - gs
i\

6 0

2 /mm

| 6. | 6-
6

For il A FE W X2 AR 5 s . R I i 4 )R A%
438 6 4 T B K T RO 4 DA DR A5 31 5 B
i B PRSI AG, F B AR R g b 5 X PR
JERE B 243, 3 mm, X 26 U5 ik & 7E 25 il A AR T
— ) A SR AR R A RS R L2 R R R el i
TE AR B 0 8 AT 1H b AT 20 40 TR AR UE /Y .
BUAZ A& Py AR B A XS5 i A R
FFAT BT 6 AR L5 R E BRI A AR A 1M i — 0 ik
BRAGAIER . WEYE o R 81,1 mm, W K%
ZRBFEIE N 60. 8 mm ., BUSMAZ AY B A BV % TE i
M5 S BE A o0 243, 3 mm Ab, HEE] X 4
FEZS Ao B AR Z M B E A AR R A
TR A MR L B AR S S B AR 52 56 vh A 0l AR BE
4 60,70,80,90,100,110,130,160 mm 15 1T T
A6 5 RIDAS T A 7 152 B oA O 458 15 445 SR 1 A8 AR B
I | = A SR N i G Nl A o v - S I O
6(a)~ (DR,
CMOS detector

spherically
bent crystal

Cu X-ray tube

5 FHARHE K, 54k A7 Bk 75 5 b AR TF 6 LR B S 58 &
Fig. 5 Experimental diagram of Cu K, backlight

imaging with spherical transmission crystal

2 /mm & /mm

., (&) b=060 mm; (b) b=70 mm;

Fig. 6 Results of spherical crystal transmission imaging under different . (a) $=60 mm; (b) b=70 mm;

(¢) b=80 mm; (d) b=100 mm; (e) b=130 mm; () =160 mm

1134011-5



FHIE IR 3L

E a2 % %11 H1/2022 £ 6 B/FEER

4 SR

WEL I 6 1 ES 25 5 & 2 KT T ) 1 A%
G — ELAES R 72 B 7 e BARHE 6 ML 60 mm 3
JNZE 70 mm B ER AR %5 4F 80 mm B3 £ i — 4%
2. 7F 80 mm LUJS Bl % 15 FE i 34 n L A58 ik g 2
75 X ke 2 T 1) A A [R] 79 1 D5 T S 0, 3 R A
2.3 71 Y B AN B AT A5 — B B R AR e
B AR IR Ty 1) S 5% WA 2 WA AIR 61 1 38 5
BINAG R GRS RITER . B 6 s % RS A P Ak
SE AL D JE B EASA BE LG G TR X
CMOS F 25 A By 6 B 18 B K I LA 135 ] A7
FEIXFN LG 5 2) IS AR HES ) 52 30— 5 25 Ml 53 A
T 0 G Y B KR o AR AR X R e K
(R TR A 15 2 48 2R Y XS 46 48 ol R AR L Bk R
AEBE TR R A G FLAR (8 mm) A fEf3 3] LA % i
fE MR A R . b Ah , BRTE5 G fh AR 1) TETJE RS B
AW, i — R ABIE TR E 4 &2
R TR 6 0 TORS B2 L DA AL /R 25 ) 4 3 R ) XS 2k
AR 2 Wi EK

5 4 1w

5T T 3T Laue sNAY X B2 Bk 2 5 1% R
G5 1) SRS SEAL LR T 3 S BRI A A 5 AR g R
S A AR 0 S [ L o3 B 1 3% Sk K T A R B
I T A S 3 S BR T R A O T Cu
B X B EUR L 4 ) POAR )RR CMOS A6 I 5 14 12 114
HEUXMERE RS, S TRBERGEHRITTEL
3T B TR NAR R A IF ) T 805 5
AT IR IEAT T Cu 8 X SRR L5, T
CMOS il 8% b 3kAs 1 4 )8 ks 09 B4R, X5 525
S5 UEAT AT AT, BR T 35 S AR G T O o R
LR IR TT 0 R B UR A 7E — LB BE 8 4R
W0 7 ] 5 AR O 1) i R A A Rl B R . T
X SPEAF A%, IF H X $P &A= S & i 72
rh R M L A B A RS M LG A TR B B AR AR
PRI I i 0 5 A R R AR e R L S A N EAT 5
TEBATA , IF 2R B A T e 43 3% 238 0% A 0 45 0 s % 1
K BE 0 3% G 25 DL ARG B A R S ) A BE R
K.

5 % x Wk
[1] Gao L, Hill K W, Bitter M, et al. Spatial resolution

of a spherical X-ray crystal spectrometer at various

(2]

(3]

(4]

(5]

(6]

[7]

(8]

(9]

[10]

[11]

1134011-6

magnifications [ J |]. The Review of Scientific
Instruments, 2016, 87(11): 11D611.

Bear, HEAR, B, &L MOBINES X S50
HAGE B TR S8 [J]. SboE A, 2020, 40(6):
0634001.

Yao L, Pu Y D, Wei M X, et al.

principle

A proof-of-

experiment demonstrating X-ray
fluorescence imaging at the Shenguang-I[ll prototype
laser facility [J]. Acta Optica Sinica, 2020, 40(6):
0634001.

Stoeckl C, Bedzyk M, Brent G, et al. Soft X-ray
backlighting of cryogenic implosions using a
narrowband crystal imaging system (invited) [J].
The Review of Scientific Instruments, 2014, 85(11):
11E501.

Kim J] H, You S J, Seong D J, et al. Electron
temperature measurements in plasmas with surface
wave absorption and wave cutoff frequency [J].
Applied Physics Letters, 2007, 91(20): 201502.
Chen H, Bitter M, Hill K W, et al. A high-
resolution imaging X-ray crystal spectrometer for
high energy density plasmas [J]. The Review of
Scientific Instruments, 2014, 85(11): 11E606.

Ao T, Schollmeier M, Kalita P, et al. A spherical
Sandia’s Z Pulsed

Review of Scientific

crystal diffraction imager for
Power Facility [J]. The
Instruments, 2020, 91(4): 043106.
Monot P, Auguste T, Dobosz S, High-

X-ray

et al.
sensitivity,  portable,  tunable imaging
spectrometer based on a spherical crystal and MCP
[J]. Nuclear Instruments and Methods in Physics
Research Section A: Accelerators, Spectrometers,
Detectors and Associated Equipment, 2002, 484 (1/
2/3): 299-311.

Jahrman E P, Holden W M, Ditter A S, et al.
Vacuum formed temporary spherically and toroidally
bent crystal analyzers for X-ray absorption and X-ray
emission spectroscopy [J]. The Review of Scientific
Instruments, 2019, 90(1): 013106.

Zhang Z, Nishimura H, Yao A, et al. Note: a Laue
crystal imager for high energy quasi-monochromatic
X-ray [J]. The Review of Scientific Instruments,
2018, 89(9): 096106.

Pereira N R, Macrander A T, Stoeckl C, et al. On
evaluating X-ray imaging crystals with synchrotron
radiation[J]. The Review of Scientific Instruments,
2018, 89(10): 10G126.

Sinars D B, Cuneo M E, Bennett G R,

Monochromatic X-ray backlighting of wire-array =-

et al.

pinch plasmas using spherically bent quartz crystals

[J]. Review of Scientific Instruments, 2003, 74(3):



FHIE IR 3L

E a2 % %11 H1/2022 £ 6 B/FEER

[12]

[13]

[14]

2202-2205.
Kujala N, Freund W, Liu J, Hard X-ray

single-shot spectrometer at the European X-ray free-

et al.

electron laser[J]. Review of Scientific Instruments,
2020, 91¢(10): 103101.

B, B, MY E, S 6 X B ZE S R gL
BT S T]. RIOE 5k ¥ R, 2013, 25
(9): 2292-2296.

Qian F, Cao L F, Xiao S L, et al. Design parameters
of transmission curved crystal spectrometer for hard
X-ray diagnoses[J]. High Power Laser and Particle
Beams, 2013, 25(9): 2292-2296.
Faenov A Y, Pikuz T A, Avrutin V,

ray imaging using free-standing

et al. Hard X-
spherically bent

crystals[J]. Review of Scientific Instruments, 2003,

[15]

[16]

[17]

1134011-7

74(3): 2224-2227.

Paterno G, Bellucci V, Camattari R, et al. Design
study of a Laue lens for nuclear medicine[J]. Journal
of Applied Crystallography, 2015, 48(1): 125-137.
Underwood ] H. X-ray data booklet. Section 4. 1
multilayers and crystal [DB/OL]. [2022-01-10].
https: //xdb.1bl. gov/Section4/Sec_4-1. html.

P, BAR, MEZE, . BRI X B S AR AT 5T
FAHERBEE LW EARM S [J]. hE#EOL, 2021,
48(21): 2103002.

Yao T, Li M, Shi J, et al. High-resolution focusing
diagnosis technology on Ti-target X-ray diffraction
using toroidal crystals[J]. Chinese Journal of Lasers,

2021, 48(21): 2103002.



