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Fig. 1. Optical layout of TXM based on laboratory X-ray source.
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Fig. 2. Schematic and photograph of the TXM instrument: (a) Photograph of the TXM instrument; (b) schematic of the main
structure of the TXM; photograph of the main structure of the TXM under (c) 100x, (d) 75x, (e) 50x magnification ratio.
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F 1 AREBRAGE M TGRS
Table 1.  Optical parameters under different mag-

nification M.

WRAEEM P dy/mm BB d/mm SEEEEEK /mm

50 8.874 443.7 752.574
75 8.816 661.2 970.016
100 8.787 878.7 1187.487

2.2 BEREASER

TXM {XER IR 25 0o BB A o
PEZAWIE: 55—, TR FIE A Z BIDE
TR R X3 56—, 5 AT B L, 250
S 0 10k HE BH AT SRS B 9 B o0 B R B
FH Sigray 28 @ B SR BHAR P 2R R %05 TAE#E
AR T, H Ko $RAFIERE RN 5.4 keV. B4k
TR B K /NA R 20 wm, RRAEGE BN 5% 10°
photons/(mm?mrad?s). HJ £ & i E 4 R
NBE R A S5 MR S S AL IR IR . BRI A
B R AR /NGRS L [WRE, T R6
BENTLERE T oG RHES RS, BRI 2 OB R
J& B FRIE 28 0 BB HE bk e T BB T4, a0
Kl 3 Fis. ROCEE TR BRI —3 55, X 974k
VR FREER I — N F AL, BRSO T o — 14
MOPE . BEER RO MK o = 150 mm, JE 5
b = 0.339 mm, BEMKE L = 75 mm, G
FEREBEA DK EE d = 125 mm, FOLEH 3]
BEEE SN EN d, = 100 mm. RGEEMH
SO R PRI HE I, IR IO A B S R I ) AL
el NAy, = 3.196 mrad, WERXER AFLAR fA N
NA; = 1.909 mrad.

&1 3 TXM A 4 B B 6o 3 ]
Fig. 3. Schematic of the illumination beam for the TXM in-

strument.

2.3 KwRYE

By i —Ap X STEATitsooty, HA %
FE IR AR DIRE 1647, ARSCR M B4 (Au)
B F, B AN T B Ar = 28.5 nm. TXM ¥

B 250 BRI O HE RS AN IR LR A AR
3.196 mrad, P H #k B8 BH A0 B A8 2 T8 B 2 R
Ar' = 36 nm. B, A SCBETTAT TXM {LEF 1 AL
1823 [l 3 PERA R Ry

§ = 0.61A7" = 22 nm. (3)

Wiy B T R (scanning electron micro-
scope, SEM) & ANE 4 iR, HAE 4(a) My
A4 R SEM EBIZ, B 4(b), (c) R R iy
JRFR XA SEM MG, 1l 4(d) i i e /A
JR#l SEM MR, MIAT 4(d) PAmicAbaT DIXRES 2k
T G BRI N IR GAMAT — A~/ R, X R
TSR T R B S A

200 nm s 1 pm

Pl 4 P 9 SEM B (a) Bt B8 IR 24544 19 SEM
B4 (b), (c) BEHs Ao Ak J5) 3 X 38 SEM 1% ; (d) 3
i AL R 1Y SEM E 1R

Fig. 4. SEM graphs of the zone plate: (a) The global SEM
graph of the ZP; (b), (¢) SEM graphs of two local regions of
the ZP; (d) SEM graph of the outmost region of the ZP.

BEHD X S AFRAE W RE 5 R 5.41 keV, Horp
Koy 5 1F 1% fig 54 5.414 keV, Koy 45 F 14 fig
4 5.405 keV. by T ik G b AR A S 4R AE 06 2 JA] 45
ZEM R, PR R A B N N R T R ¢
A

E

N = —— =601 4
Ag =00 (4)

R 1022 BRA B A, AR SCRAERE f = 8.7 mm
AR e, Bl i SN 2 .

#2 WA
Table 2.  Parameter of zone plate.

et M HR BOMATE e mRE/ MR
E/keV ¥t D/um  Ar /nm N nm  f/mm

541 Au 70 28.5 616 =800 8.7
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2.4 IS X BT&IRNIZE

R YK RUBE 25 H 15 B 25 I W Bk
FIRCK UG, 72 BA ORI X S
PRI AR IEFTHRIISRAE . ASCGEADEHE A X SR
i, B — P (R USRI . X R IR A
DRVR 5 L 38t m] W 181 i P e R R 5
TR, HOGRs BN 5 fiR. 8 Ti 4 CsL N
B X LR IR IS S OB R 550 nm BT .
KR | % AT DL 6B I 9O 2% R S8 R 1R
CCD 5 CMOS F AL L. A% SCAY M % Hh e 46 T
2 M, CRASZ AT 3k 2x Al 10x. Jorp 2% BE sk
FEATFIEEMIK, 10x 88k EEHFRE. MR
DR B JEEE 43 500 1 mmAT 0.1 mm. R HBMHEY
CMOS AL, HARRR TN 3.76 pm, SEFR{H IR
HT CMOS 1A BRI E YIGe (2x2), LR
BERSER 7.52 pm. MR P BETORRER A
M = 50 B}, TXM [ R R K/NZR 15 nm. H
BLAY AR X 3 A — AN, 7K 1) R B 1) A
BERE 7910 3120%2084 (Hx V), A% KK/
4 23.5 mmx15.7 mm (Hx V).

CCD/CMOS

Objective

CsI(Ti) screen

Kl 5 LG R nE R
Fig. 5. Schematic of the optical coupling system of the X-

ray detector.
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RGPS U R NS, T AR s

BT . BRRE IR UGB A1, TXM EME R 4 i (] 24
45 min. §Yg, R & b IR AR
DXCBOR/ NI E TXM AR B AR . 25— adid
WLEEI I Hh e i B2 R P AR SR B E TXM Y
T AR I HER.

3.1 TXM {LERIRIGEMET

Oy PRI R i B B R 2R KO %) 5
FHIFZH R F S 1 1) re 7 AOG 20 R L T 25 i & i
B 19201 3 3 R R 1Y SEM B F 4l 6(a) fir
7, MR e SR BB SRS e, 2 s AR IR I Y
B, PR R R LR 1.1 pm. 3
HUAT o A BN AT AR, ANl 6(b) s,
Pl v P e v s B TR0 B R A BR SR B A BRI 2 0 R
HEIR, 2SRt 2E G RGP AR R
ANTRR I, FE 10 AR BORAT 2T S0 a8 HAE R IR
O B0 1) P BB 4y, 5 35 T v BT s BB B
FR. BB GER ) P X 32k 8 T TXM B B4 X 5K
ML 6(b) 1T LA B b % B0, B A% X 384 7 — 4~ B
M5 AL T ) 520 2 0 SR 2. 120 3 2 A 0 %) R 37 B 1
5Ly ANRL IS, (A A e R i 15 . e R [a]
B2 X3 E D TXM B E, 29158 TXM /)
IARAEF R/NA 26.2 pm.

Bl6 4rBrRiid ko SEM EGM TXM EHR  (a) 57 9%
B3 AR B S0 SEM EHE; (b) 43 B J= 3 1
ZHTXM %

Fig. 6. SEM and TXM graph of the resolution test card:
(a) SEM graph of the global pattern; (b) TXM graph of a

local pattern.

3.2 TXM {HEHNZTE PR

PR R R e T ] 2 SR SEM
B Al 7(a) B, Hie NG5 1258 408
30 nm, 40 7(b) Fras. (EASULHH A 0 BRI
AR B JEL B 5 e INFRAE S5 44 RO G e 3, BRI 98 B
F36: 1. IR AT, 28 T AR
il g Ph ] R SRR B A A L 1Y
JEIIEEA, 1 Ho N R 30 nm 28 56 (R AE 45 44
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LRIF A A3 A X550, T R 2R 5 R H BRI 3 | fiide)
G TG, 2— M T2 R A PRl . &
R E AR, 1SR 8(a) B IR e B
SRBUZERIE T TXM EHR. XTHE 7(a) 5K 8(a)
Hp ] R RN ARG R AR I A, Horf SEM
BB I 17.911 pm, 117 TXM B0 & {E
17.580 pum. #7 Lk SEM EURAE M SELME, —F 5%
P22 2208 1.84%. 41 8(a) iz, M THM 4%
FRI DN R f AR A7 — B i Tk, 80T TXM &
AR T . 17 HL TXM R S8y
AY, BT RO X FL R I 5. A T IHBR Bk
PSR 2R ARSI, KA ot PRI IR L TR i B 3 1
BUZ, 153 T BRI IS B R KU, anlEl 8(b)
Fis. & 8(c) R+ TXM K15 P 3R 45 44 Y =)
ORI, % TXM E& S SEM i g B g —
0, AR M b A3 PR R AL 30 nm £k FE A Sk 4
¥, e EH R —ANJRum A i 40715, IR G I R
AR, s 8(d), Lt miri el G, Hofw
458 (FWHM) & 31.3 nm, 7£i% 2 AR VFR9EH N
5 SEM Il s 2 45 v -

100 nm

BT (a) SrFFSRIRR PO i ] T R A5 1 SEM MR
(b) P ITF B I N R 5 19 SEM R

Fig. 7. (a) SEM graph of the Siemens star on the resolu-
tion test card; (b) SEM graph of the inner local structure.

A Job Ty AR Y £ AR o0 B R AT E
A3 A 00 BT 8(a) HEAT A HLM AR B, X
D)) 5 o A UEA TR AR [ RS ROR, A3
W 2s (8] 43 BER I DRI N L, WE 8(e) fian. T
T 2R A ARG 28.6nm B2 A, F200i%
I B 23 FF RN 28.6 nm 2R X456 75 7.

B2, WAV T TXM ARS8 77 F1ug 7 iy
2, R RHE TXM AUES R HER N TE. 5] 6(a)
FER I BRI R b, 767811 F R 450 A2

2 mm

0.80

0.78 | * *
0.76 |
0.74

0.72

FWHM = 31.3 nm

0.70

Transmission

0.68 |

0.66
0

Pixel

8 PRI R TXM M4, 2R

RPSD/arb. units

(b) .(C)' _, _ I} rr Lo

' \,// \‘k"‘ fﬁ'}' '1 0.9

S 2|
o

K"i
oy
F o
s
¥

Half-period /nm
50 28.6 5

10-3§ (©
10-1 \

10 17.5
1/period/pm~!

100

(a) PEITT AR TXM K& (b) FUBR TR IS BIVE 1] T 2450 B E T R IR (o) PEITT

FEEEH B P FR G R S BT () 30 mm 2k T AR A% 225 ) 9 28 3 R0 A 2 (e) A2 17 B 340 50 2 11 2k
Fig. 8. TXM results of the resolution test card: (a) TXM graph of the Siemens star; (b) partial enlarged view of the inner ring

structure of the Siemens star; (c) the local structure of the Siemens star; (d) the transmission curve of 30 nm line width grating

structure; (e) the radial power spectrum density curve.
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WA 3 A7 T8 B SR ZE A8, T LAE R T 11 R 2
TXM AR AGPERE. B 9(a) A R TT T H TXM
B, ZERE 240k TR IR, T+
oM, X EMRAET T BRI ER; , AR T R
By HES. & 9(b) SR T 1 A — A SRS X 3,
(375 3 R 2k, %% il 2 R B iR 25 R BIGHEA T 880
LA, FFBEHCT O N 2R e BE A 90%—10%
XA SEREAE SN TXM [ Es I BUR  HE%. 211,
TXM {9 R 53 BER IR R T 28.4 nm. Z A
AREAFAE—E MR 25, (HJR AR - SRR SRy
TSR, Dk B 2k i b Bt A A

190% (b)

10%

g 0.75 i 28.4 nm
£ 0.70 T
& 0.65

0.60

0.55

2 4 6 8 10 12
Pixel

9 JI e
T3 11 o i 2

Fig. 9. Knife edge test results: (a) TXM graph of the knife
edge; (b) the response curve of the knife edge at L2.
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3.3 HoHm5itie
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Abstract

Transmission X-ray microscope (TXM) is a high-precision, cutting-edge X-ray imaging instrument, which is

a marvel of modern science and technology. It enables non-destructive imaging on a nanoscale, providing a

powerful research tool for various scientific fields such as physics, life science, materials science, and chemistry.

Although many synchrotron radiation facilities at home and abroad have established nano-CT experimental

stations with TXM as the core, currently only a few companies internationally can provide commercial TXM

instrument based on laboratory X-ray sources. The primary reason is that this instrument involves numerous
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engineering challenges, including high-brightness laboratory X-ray sources, high-resolution X-ray optical
elements, high-precision sample stage systems, high-sensitivity detectors, and extremely strict requirements for
environmental factors such as temperature and vibration. In order to promote the development of high-end X-
ray imaging instruments, it is necessary to overcome the technological bottlenecks encountered in the
development of X-ray nano-CT. Discussed in this work mainly are the instrument design of a laboratory
transmission X-ray microscope with working energy of 5.4 keV and the results of full-field imaging experiments.
To start with, the design of the TXM instrument is introduced in detail. The TXM instrument is equipped with
several key components, including laboratory X-ray source, condenser, sample stage module, zone plate, and
imaging detector. The TXM instrument adopts a modular vibration isolation design and is equipped with a
dedicated temperature control system. The main imaging magnifications of the TXM instrument are 50x, 75x%,
and 100x, and the corresponding optical parameters and photos are introduced. The X-ray source used is a
micro-focus X-ray source, operating in Cr target mode, with a focal spot size of 20 pum and a Ka characteristic
spectrum brightness of 5 x 10° photons/(mm? - mrad® - s) . The X-ray source provides illumination for the sample
after being focused by an ellipsoidal condenser. The outer ring of the condenser's illumination ring corresponds
to a numerical aperture (NA) of NAs; = 3.196 mrad, and the inner ring corresponds to a numerical aperture of
NA; =1.9086 mrad. Under these conditions, the limit resolution of this TXM instrument is 22 nm. The zone
plate has a diameter of 70um, a focal length of 8.7mm, and 616 zones. The TXM instrument uses a high-
resolution optical coupling detector equipped with a scientific-grade CMOS camera with an effective pixel size of
7.52um. The optical coupling detector is equipped with 2x and 10x high numerical aperture objectives. When
the TXM instrument magnification is 50X, the effective pixel size of the TXM instrument is 15 nm. In addition,
a gold resolution test card is used as the sample to determine the imaging field of view of the TXM instrument
by observing the size of the imaging area of the test card on the detector, and to determine the imaging
resolution of the TXM instrument by observing the line width of the star-shaped target in the center of the test
card. Experimental results show that the TXM instrument has an imaging field of view of 26pm and can
achieve the clear imaging of characteristic structure with a line width of 30 nm. The radial power spectrum
curve of the Siemens Star shows this TXM instrument has the potential to resolve 28.6-nm half pitch line pair
features. Finally, we draw some conclusions and present outlook. At present, imaging of 30-nm-wide line
features has been realized, but the imaging of 30-nm half pitch line pair feature has not yet been achieved, and
the limit resolution has not reached the design value, either. We will continue to explore the potential for
upgrading the imaging resolution of the laboratory TXM in future work.

Keywords: X-ray imaging, X-ray microscope, scientific instruments
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