Y] 32 2 3R Acta Phys. Sin. Vol. 74, No. 14 (2025)

140702

KARERKIEE X HEERZIT SR

VD REERY #ENY KemY RREY  EBEMRD
ETW HFEY ITEXR?Y Kk £F6?Y Fm?
ARE?Y ImE?Y IPRAV BN A

1) (AEREIME RS KB, LR HERBHE A A0, JL5 100875)
2) (PEBEBGEEZEN, 20 730000)
3) (PHEFBEBER, dbat 100049)
4) (JeikRBIERI S SEOR TR T E, HM 516003)
5) (PEALIRRER 3 5 B TREAERE, 22 730070)
(2025 4F 3 A 21 Hilk#; 2025 4F 4 A 25 HIEEHR)

o B e 2 ) B SIS W SR AT AR XS A ot e A T S IR 5T e DR B N R AR SR
(1 R T 2 B SR T o D PR G R R 5 1) 154 0 B A R, T R R M R T A (RO TR S BE R SR 2
REBE. A SCA 41T — K D AR HE B BB A 1 XOG AR R B 0, R 1 0 L A9 e Y B TR RIB il vk, |
MATLAB #fF X He X 2R ) A i PR R AT 1 BB 25 50 7 - BT B0 9 10 420 e 2 e A A i ¥ 11 )
T 0 5% 22 BEORBAR, AR BB n] 4 5 Al LUA AU THCIR A A T2, HoF 28 85 290 3.1, 7340, ASGEA 4 T
R A2 T BB A i S AR T 4 P REARADUR 23 B 4 2R, A S 5 e B R ) BT S TP AR e

X ML WHEOR T AR B T 1 B 2%

REEIR: ARSI, XOUHERMACR, R BANE, Jedahilik, X SHEEE

PACS: 07.85.-m, 33.20.Rm, 41.50.+h
CSTR: 32037.14.aps.74.20250369

1 5 =

155 HE B 2% JE PR (high energy density phy-
sics, HEDP) U/ FHFSE b3 =101 J/m3 (%f
N AL =1 Mbar (1 bar=10° Pa)) 2c1F F 1)
W RS, AE S0 = KRR B SRR 2 R R
ARG AR OB ) 2k I PR AR R SE
Gy ) o B X BOIR S 2 W T I

DOI: 10.7498/aps.74.20250369

S TN PR (e i e T v ) 5 R AR
FOXCE PR BT AT DG W BOR Z IR T45 B 1
RG2S L, 1% S WO st i, B2
S5 R TR I EE ), X AR IBCREAZ O DX S A
R HEME R B AR Z T, X LB AR R H
SR ZF TR (M) 5 i LS ) MR RE Lk 2
I R B SE RESRE R, B2
HEDP [y 2 gtz — B0 RIS UE D X 4k
LRI T H, AR AR A 5 X g2

*EE ASERT T R (HIEHES: 2022YFA1602500) . SWIITTRH T (EHES: KJZD20230923114219040) FHE% H 8 F}

234 (HEMES:12120101005, U2430208) % BAiTLE.
t iBIE1EE. E-mail: stx@bnu.edu.cn
T BIE1E#H. E-mail: chengrui@impcas.ac.cn
© 2025 FEYIEZS Chinese Physical Society

http://wulixb.iphy.ac.cn

140702-1


http://doi.org/10.7498/aps.74.20250369
https://cstr.cn/32037.14.aps.74.20250369
mailto:stx@bnu.edu.cn
mailto:stx@bnu.edu.cn
mailto:chengrui@impcas.ac.cn
mailto:chengrui@impcas.ac.cn
http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 74, No. 14 (2025) 140702

KR BLAE AT S DT BL, 38 1 405 S 43 PR 1
ST (7. 4R 2R - T A AR T AR
ooy #8, JHC bty D AR A (T AR T SR A von
Hamos BE{Y . BRTA 14 FSSR %1% . A ST KB ik,
GRS A E & 5 B RS o HE UL 35 5 4 3= i b
B, IO 5 RIS P R T AR S = 25 [R] A
TR A PR R 2L AR B

SR, A AT (AT RT3 T35 20 -5 SR 5% 1Y)
A7 i PrEs R S 20T iR E 72,
R B T2 e RS, [RIRE, AT AR R
() X SR BE AR (2—3 R gL B i
T HAEARIR S IR S5 i PERE 1910, R4S 0
an Al A R X BT IE (SR R T ), (H
P R ARTR 5 g B AR BR ) 135 B FH 12 R
RO AR SR 25 1 T 1 X S Sl S5 Hm AL
RATTER, FARTHEDEIEASE T {51 LS5
SRR TR, AR SRR P R SR S

B X FLBEF S TR =L
TR 2 S0 O T g i 4 #5213 100 ) R it P I
X PGt Ve R BRI IS 2 —, I
RGBT, AT R AN R SE 50 I i R R, AT
FHFRAE, oA AR 67, HATBAE X 4ot
SEFAOCHB R C 2 T X SFZifg 1820 X Bk
BT 2121 X G R M ISORS 4 235 4 4 €k, 126:27),
M 20 42 90 AEARTFF4h, WF5T BT TR T B 40
B X SO, XTI BN, &
B2 B R 48 0 1A A T E (AL 28900, 3 b
J5 AT LA EDULMERG AT oY X S 4 7E B ANAS L
AR, XSEBR P T4 &R TR

BYE X FLBHEFESNEZBNE B
R EE, Hh Z BRI A
ZBME REB ML BME TR ER P 5
AN A AT IR B 5 1 i 1 S TS ] 4 A
HERY PR B NAS B2 | ) TR PR R AR B9 A ER A R
BN BY. X B[R SR A B ANAE 5 5 R SRR
B B R T R AEAS [R] B SE B A5, 4 anidiek 2
BRI T S AR AR LAY RO IE R
R, BR T [R5 SRR 4 X LK
FRAORGEBE ), J5 St W98 A GO Ha A7 ek
BT, S T KR ORI MER RIS A, X AL
EPEREVEST T RUEREU Y. T AR R, BRAE
AR Z MBI . AR BME D, PEREL

B — R R AR AN R4 IR BT il T A B A0
B — I T e X STER LIIRAFI & 50 ook B9,
X RS AT B VR 4 I, T AR R SCR B
(80% ZeAv). i AY A E 4 A & F T 1 484
AN AT IMEBE, (T T T 2R AU P,
BT ARG HSCRAE T 20%. ICRTHFFE A Lt
BT 7 AR T2 AR R8N L H 1 g 11 4% 1400,
AI3AS 7.5 pm B H O AR ARG S TR R R
YAE P — Bl R A X R B 4
BRI, IR . XA H Nz
— BN T R P B T AR I B, R 4 e A
X X AT IR TR, X SRR A AR
S5F, 25006 K 4 RS AR R A, RV A F /N T
4 ST A L [ e 1 3 1) il AR B AE T A
SRR MBI R IE M R, IRk
]G 2R EARJFEHNE 1 Fis, HA i 1(a) 255w
A, LB AT A 0 5 T AGT A 0, D825 (B HE ) 1
B o WIE A 1(b) BT, eRt A ST
10 5T AP o ERAHEVITRE o 7T LG H
T )l AT DA A S A DN, T4 5 2 4
Il P FA 451

Pl TG s A XS LR (o) S 30 1) £ 0 G
P s (b) HE /8 1E 1] i T A O % 1)

Fig. 1. Comparison of conical glass tube usage: (a) Light
path with reverse use of the tube; (b) light path with for-

ward use of the tube.
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Fig. 2. Light path transmission diagram of LCGTXL.
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Fig. 3. Mathematical model design of LCGTXL.
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Fig. 4. Schematic of the optical path simulation for
LCGTXL.
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Table 1. Geometric simulation parameters in
LCGTXL.

2R fi L f2 R; R, R
Hf/mm 2 100 298 0.8 688 25
® 2 AR ERTERE

Table 2.  Transmission performance under different

conditions.
s XGHEEfEE /keV  JCIRFIAR  HéZE
Ahnise 1.50 1.000 1.000
BEEAE 1.50 1.588 1.599
PRI 1.50 3.155 3.118
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Fig. 5. Visualization of X-ray transmission in LCGTXL: (a) Overall profile of X-ray transmission; (b) partial transmission diagram

of straight light; (c) partial transmission diagram of reflected light; (d)—(f) three-dimensional intensity distribution of the red dot-

ted line in Figure (a); (g)—(i) two-dimensional distribution of the red dotted line in Figure (a); (j)—(1) intensity distribution along

red dotted lines in Figure(g)—(i), respectively.
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Fig. 6. Contrast diagram of power density at focal spot.
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Fig. 8. Schematic diagram of ray transmission.
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Fig. 12. Relationship between LCGTXL transmission per-

formance and surface roughness: (a) Variation of source

utilization and total average gain with surface roughness;

(b) effect of surface roughness on reflectivity.
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Abstract

In high-energy density physics (HEDP) experiments, accurate diagnostics of physical parameters such as

electron temperature, plasma density, and ionization state are essential for understanding matter behavior

under extreme conditions. In these cases, X-ray spectroscopic technique, especially those using crystal

spectrometers, is widely used to achieve high spectral resolution. However, a common challenge in such

experiments lies in the inherent low brightness and poor spatial coherence of laboratory-based X-ray sources,

which limit photon throughput, thus the diagnostic accuracy. Therefore, improving the X-ray optical

transmission efficiency between the source and the detector is a key step to improve the performance of the
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whole system. Capillary X-ray optics, which function based on the principle of total internal reflection within
hollow glass structures, provides a promising avenue for beam shaping, collimation, and focusing in the soft-to-
hard X-ray range. These optical devices are usually divided into polycapillary type and monocapillary type.
While polycapillary optics are composed of numerous micro-channels and used primarily for collimating or
focusing divergent X-rays, monocapillary lenses—consisting of single curved channels—provide more precise
beam control and are particularly suitable for customized X-ray pathways. Depending on the curvature of the
inner reflective surface, monocapillaries are classified into conical, parabolic, and ellipsoidal geometries. In this
study, we propose and analyze a novel design of a large-caliber conical glass tube, specifically tailored to address
the issue of low light utilization in multi-channel focusing spectrographs with spatial resolution (FSSR). The
proposed conical glass tube is made of a single large-diameter capillary structure, simplifying alignment
requirements and reducing the surface manufacturing precision typically required by complex aspheric lenses. Its
geometric configuration enables X-rays from extended or weak sources to be redirected and controlled to
convergef, thereby improving photon collection without significantly altering beam divergence. To quantify the
performance of this optical system, we develop a detailed mathematical ray-tracing model and implement it in
MATLAB. The model combines physical parameters such as capillary inner diameter, taper angle, reflection
loss, and source-detector geometry. Numerical simulations show that compared with traditional flat or slit based
systems, the new conical design improves source utilization efficiency by 3.1 times. Furthermore, the lens
exhibits a ring-shaped enhancement region in the output intensity profile, which can be regulated by adjusting
the capillary geometry and source positioning. This feature enables the spatial customization of the beam
profile, thereby facilitating optimized coupling with downstream spectroscopic components or imaging systems.
In conclusion, the proposed large-aperture conical monocapillary X-ray lens provides a practical and efficient
solution for enhancing X-ray optical transport in low-brightness source environments. Its simple construction,
tunable focusing characteristics, and compatibility with diverse X-ray source types make it a compelling
candidate for integration into a high-resolution X-ray diagnostic system, particularly in HEDP and laboratory-
scale X-ray spectroscopy. This work not only introduces a novel optical approach but also provides a robust
theoretical and simulation framework for guiding future experimental design and application of capillary-based

X-ray optics.

Keywords: high energy density physics research, X-ray transmission efficiency, conical single capillary, ray

tracing method, X-ray lens
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