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Table 1.  Comparison of the optical path lengths (L)
of the long foci imaging lens group near the camera.

Magnification L/mm Ref.
40.6 ~1678 [21]
32 1000 [23]
18.9 1000 [24]
21.4 1000 [25]
14.9 1000 [28]
50 874 This work
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%2 HZEIERER (R) B X
Table 2.  Comparison of the vacuum window thick-

ness ranges (R).

NA R/mm Ref.
0.52 6—10 [21]
0.55 3—7 [23]
0.78 3—7 [23]
0.44 0—13 [24]
0.4 5—7 [27]
0.47 0—15 This work
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W, g 7R 58O Iz i B R R, I AT DA
R LA R RS . B s NA R
0.47, TAEEE (working distance, WD) & 32 mm.
J T BEAIK BFL, SR T imiEss BUAE N gk,
E %Y 45 ) EFL 4 1826 mm, BFL 24 779 mm.
BRI B A B FRBE 430024 767 nm A1 5 mm.
X} F H AP K (470—1064 nm) T LR (0—
15 mm), A DLRACAR 7 45 ] B A2 AR 22 R AR 5 43

2 RBEAREI

K3 TR RGN B TESKR. th T EE
it EAS TS K R TR, AR
) WD AR T I 5~ 5 1 1 Ah 3% 1 22 [8) 9 1 25
(20 mm). AL (Andor iXon Ultra 897) i f& &+
BN 8.2 mmx8.2 mm, BURRGEHKAGHN 50.
N T B i B3 R A TR ISP A AR A S
W FOV, i T 1 pm W5HER. Br R ER AN,
NGRS TR, R R 1 S AL [
MIRE RS (RIEE 3 H1AY track length). &l 1 Mg &
BERCHEEAE, I B R AL IE, Bl
(] FR R AR S0 SR AR R B A, D7 )
TEPI Y5 2 TR A 1 845 0992 B0l O 5
AP KO L2 2.

G FHNPE, 24 NA = 047 B, %A
1 pm. ZEFIHPLE EE RSP FHORE, B 5
OISR 8.2/50 mm = 164 pm. i DELRE

A OSLO (optics software for layout and opti-
mization, Lambda Research) X ¥ 5% % i1 #1711
R E. B GIREE R H Al B3 R T 4|
1§22 /N5, T D7 RO 25 (root-mean-
square optical path difference, RMS OPD) 1 &
Yotk i s, Rl b | SRR At i o As i it
FHIZ 58 43 438 fin 2% B 4 H R AMEAR 22, il AR
EFL 5 I i a2 S 4 A ack 75 v J5 2 0 32 4
FEANAS B
£ 3 BERRFEWRITERK

Table 3. Design requirements of the imaging sys-

tem.

Items Specifications
Resolution/pm 1
Wavelength/nm 767
Working distance/mm >20
Magnification 50
Track length/m <1
Image diameter/mm 8.2

Vacuum
window

Microscope

objective window

BT R RGBS
Fig. 1. Layout of the imaging system.

2.1 ERWEET

& A FNE 2 43 51 U BR 1 S EUROLG E 4
¥, T 1—10 R BB R, 18 11 A 12 FoR H
S, 5B RENEAY N 2in (1in =
2.54 cm), K H Thorlabs /2wl , #4585 WA BT
KA LC1093, LB1106, LB1889, LE1418 #1 LE1076.
WD(32 mm) R 10 #1755 I+ =Z [ el 7 4]
RIS, EFL 4 36.24 mm.

1 3 Ry b S B i 0 L 25 R 0.13° 437 Xt 1
BBEEAE N 165 pm. [F 3(a) FPAYARFR M) S K
FPEERTE R AL, NIRRT s & )
LT A B BAT AR OPD. [# 3(a)
Ui B I A5 22 Bt 5 IR AR R S RT3 K. S 4
(1.0 field) i RMS OPD 3 0.0127X , {&F 0.07) B
(T il BR 4, BEAS B s R LSRR 0.8), /NI
1522 SRV R I 290 L, 4 v e L s ) L ) 6.
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Table 4.  Specifications of the microscope objective.

Surface No. Radius/mm  Thickness/mm  Material

1 Infinity 4.00 N-BK7
2 51.46 31.50(d,) Air
3 127.37 8.12 N-BK7
4 -127.37 0.50 Air
5 256.59 5.52 N-BK7
6 —-256.59 0.50 Air
7 47.87 7.29 N-BK7
8 119.32 1.40 Air
9 30.34 9.70 N-BK7
10 65.80 17.0264 Air
11 Infinity 5.00 Silica
12 Infinity 15.00 Vacuum
13 mm
| ]
~|
d
=
Surface L |
No. 1 2 3456 78 910 1112

K2 BRHWEROLHE

Fig. 2. Layout of the microscope objective.
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=0.0127, 0.0090, 0.0079,
0 field = 0°
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3 —

g
8
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z .
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- - - Sagittal
—— Tangential
0 A , , )
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K3 RRMBIRTESR  (a) ARPZGA T LA AL
EICERRNARZE (FALR 767 nm); (b) NI T Y551
e, I e R SLHLBER /D (c) 0.13°8L4%) fi I 1) MTF # 2%,
i &} 1000 cycles/mm 4k MTF £k

Fig. 3. Simulated results of the microscope objective. (a) Wa-
vefront error at different positions of the exit pupil at dif-
ferent fields (The unit is 767 nm). (b) Spot diagrams at dif-
ferent fields. The black circles represent the Airy disks.
(¢) MTF curves at 1.0 field. The inset plots the MTF near
1000 cycles/mm.

K5 AESMHHEANAZRE

Table 5. Tolerances used in the tolerance analysis.

Tolerance type Ttems Value
Lens thickness +0.1 mm
Air space +0.05 mm

Manufacturing tolerance Radii +3 \g33

Refractive index +0.001

Centering +3 arcmin

Decentration +0.05 mm
Assembling tolerance )
Clear aperture tilt +0.02°

066701-3


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 % 3R Acta Phys. Sin. Vol. 73, No. 6 (2024) 066701

SR R . A R B R BERT BFL 435 K
95 mm #1779 mm, EFL & 1826 mm, 24 W54
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, # 6 ERUBENSH
e — - — _f 1,_ < - :2; Table 6.  Specifications of the telephoto objective.
L1 L2
— Surface No. Radius/mm Thicknesses/mm Material
T 1 64.38 8.22 N-BK7
H F{ F} F’ 2 Infinity 9.60(dy) Air
- b sl dm :‘ 3 ~517.255 2.50 N-BK7
!
- T TS TT ST oo oo 4 517.255 71.00(dy) Air
4 mEBYERER 5 -38.59 3.50 N-BK7
Fig. 4. Telephoto lens group. 6 Infinity 772.016 Air
TN . e . 7 Infinity 1.50 Silica
IR Briswiin Ve QiR g p =X i
8 Infinity 5.55 Vacuum
1 1 4 1 d
s (a) RMS OPD RMS OPD=  RMS OPD —
= 0.0138, 0.0098, 0.0024,
0.7 field = 0.09° 0 field = 0°

BFL = lp = f' (1 —d/f]) . (1)

R AR, BoE AR &N f/ = 1900 mm,

1.0 field = 0.13°
3

g
BFL /NF 1000 mm, d < 100 mm , 153 §
—125< fh <0,
8.3
. (10 fh . 1900
_ = i 2
f2/<19 1900 <h< 9 2)

VEREE AR 5, D (2) IR A, AU (1) R (b)
THE W £/ BFL. 23003158, HA f{ = 150 mm F
f5 = =75 mm W R ER ORI T R A R AE N

WG A5 AE OSLO H ik % 1l it 15 B - AT 1AL,

100 pm

oAbt B & B 2 FB B B R L R, TR © M 0113
P BB 2 A BB S AL, B 0.8F 0142 N I
. 0.141} AN
e 6 MK 5 PR, BEHEAS NEB AR N 0.6+ 0.140 b }
<5
LA1384, KBC070 #1 LC1315, MIUIiEEE K [ New- g 19.95  20.02
0.4}
port 2~ ), HAWFEFE K A Thorlabs /A Al T 7 Fl
T 8 FORABLET 1, ARHLET L T4, R 7E ek 02 T ey o fimit
—— Tangential
/ 13 mm 0 6 12 18 24 30
. Spatial frequency/(cycles-mm~1)
d2 dg [
> B 6 mEBYBENGTESR () NFERSMA T HEARR A

No. 12 34 5 6

K5 i Bt A
Fig. 5. Layout of the telephoto objective.
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EOLLRPAA 2 (b) AR AT RFIE; (c) 0.13°8
% i 9 MTF i £k
Fig. 6. Simulated results of the telephoto objective: (a) Wav-

efront error inside the circular pupil at different fields;
(b) spot diagrams at different fields; (¢) MTF curves at
1.0 field.
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A EE NG A8 23 3R, ihZ i RMS OPD
ACHGIN T 0.017X, BEHA AR RGN AHPLE H AN
&, Lzt il T HAWZE R B AHL. K] 6(b) A
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TCRHRTE S RBEN, h S WP 28 [ RoR
BRAR 22 ML 225 0. 151 6(c) =45 MTF
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1 1/50, P i R s [ B E O 30 cycles/mm.
T dy TN dg, TG AR B A A U K
(440—1064 nm) Ab PR AT R A9 [R] B, EFL K
F 1700 mm, BFL /M 810 mm.
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AT, SRR A 22 TR, 7EXT 500 SBEAL
RGEHTANIG, 97% MR FAENIG NIRRT A
SRR,

2.3 HERBBRFERI

HEMDMYEE RSB RR RGN A 1 PR,
7 M {# ] Zemax(OpticStudio, Ansys) X HCAR
Gt (0 field) FRARDTEL. W& 7(a) Fiow, N Tl
FOMIILR 3P HFZEBF LIRS 1 pm,
USAF 1951 3 BEpR L # Lu 4 /1N, 15 L4551 10
XTI EL 7 () R AT BE. B 7(c) MR
T S 3 B PR AR (point spread function, PSF) [
Feral oA, B B B0 R 19 PSF IH—1.
PSF 25—/ MEFEE .0 50 pm, 456 RETMTIK
KAEECH 50.6, XF R H1-F-1i0 EFEES N 0.99 pm, 55
WET RZSM 1 um 73PER.

R T NANIR) LA B 5 EE R R AR R G
FI. AAT0 Y B R R A A S e Ak = A
MG, BETEPIATRIFESA 20 mm, 7] DUR R 4k2k

XF UG ZH AT DI Ak B ME— 19 4% Sy e B ) B 22 A
HLIYBEES. PBEi NA Fl FOV Bisoe MR e, 43
SR 0.47 A1 160 pm. TR FOV (diffraction-
limited FOV) &/~ i 1 M &% RMS OPD 14 &
0.07ABF 37 HAE. 1B JE (track length) %
ANYE BRI AR, AN T 11 m, i1
BA IR RG2S 0. N 708, Z R RS

(a) 8 9 (b) 8 9
2=||| . =1 2=||| . M=
- nms - "=
3= = Bl
— | —
n= m =
et nm=
=10
s=III _8
s=m = Il =1
(c) 1.0
Peak
0.998
z 08¢
o)
5]
E 06}
g}
E 0.4l 50 pm
= 0. L
é Valley
Z 02} 0
0 ,
0 25 50 75 100 125

Radial distance/pm

K7 PO BER O E (a) Y7 1Y) USAF 1951
Ir BN (b) RV B 05 A (c) 87 1 PSF (¥
PRI 43 A, 4 181 PSF 7RS0T T L (9 £ 52, 4 (8D X0 1oz 39 45
PR L

Fig. 7. Simulation of the system’s resolution at O field:
(a) The USAF 1951 resolution target in the object plane;
(b) the simulation result in the image plane; (c) PSF along
the radial direction in the image plane. The inset in panel (c)
shows the projection of the PSF on the image plane, where
the peak value corresponds to the Strehl ratio.

®T OAFAEEEEEZSEK TR

Table 7. Performance of the imaging system at different window thicknesses and wavelengths.

Wavelength/nm thi(\:?tfrilr(le(:s/wrynm d;/mm dy/mm d3/mm Diffr;%i\gr;:;mted Magnification lenZtr}?;iun
0 26.1 226 —48.8 963
470 5 314 0.624 83.9 230 -51.5 969
15 50.8 173 -50.0 827
0 26.2 398 —47.7 986
767 5 315 9.6 71.0 408 -50.6 993
15 50.8 404 -61.6 1013
0 26.2 440 —48.9 1022
1064 5 314 11.0 69.4 440 -51.7 1028
15 50.5 502 -63.0 1048

066701-5


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

¥ 12 Z R Acta Phys. Sin. Vol.

73, No. 6 (2024) 066701

Al 7E 470—1064 nm F1 0—15 mm Z 8] (94T 2 3
KNG RS T TAE, BRI AIE K B
BRI SR FOV. #E— 4 1 Je b 4 A %
FOH, 7E 10 °C £ 30 °C ZIa], i i AR R )
SSHIPLE 11 2 (8] A0 G 8 T DR SRR S A B

3 RAEERZ

RSB BT T — B85 5%k &
HERIES JFEF IR RS, JEF 515 2 0] (O IE 2
ARG, T 25 ] 52 BRI O T 2226 BL2s o 1B
TEERSE, AR FELFR R P . g
REEEE T WA TR EY L : — w59 il
YAl — K& EFL 8. X w9 s ki 2
T RIS PR, FF HXA 22 AU 5 Bah R LM,
At AR FE B, AR R G nT LATE B K 470—
1064 nm ., % MR 0—15 mm | TAE, [ 4t
—REIPHIR FOV. O X Ty
BUBES FA TS A 1 (213239 AT T IR B2 8 &
S OET S e A [ gV S R E R R R
W TR T T B0 K S G B AR TR,
M HH AR BN AENBIE RS, B2
o IR 2 e K VAR e 43 9 S S B A e
PUHABS LR 5 ZREAE R A3, T AT 2% | B0
Y HAR 2 30 mm . UESLEL 0.5, TAEREE K
T 20 mm WE ARG RGBT .
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Abstract

In cold atom experiments, high resolution imaging systems have been used to extract in-situ density
information when studying quantum gases, which is one of the hot topics in this field. Such a system is usually
called “quantum-gas microscope”. In order to achieve a long working distance and large magnification, high
resolution imaging of cold atoms through a vacuum window usually requires a long distance between the atoms
and the camera. However, due to space limitation caused by a large number of nearby optical elements, it may
be difficult to realize a long imaging system, which is a common case in cold atom experiments. Herein we
present an imaging system that can achieve a short distance between the atoms and the image plane with
diffraction-limited 1 pm resolution and 50 magnification. The telephoto lens design is adopted to reduce the
back focal length and enhance the pointing stability of the imaging lens. The system is optimized at an
operating wavelength of 767 nm and corrects aberrations induced by a 5-mm-thick silica vacuum window. At a
working distance of 32 mm, a diffraction-limited field of view of 408 um is obtained. The simulation result
shows that by changing the air space between lenses, our design operates across a wide range of window
thicknesses (0—15 mm), which makes it robust enough to be used in typical laboratories. This compact imaging
system is made from commercial on-shelf 2 in (1 in = 2.54 c¢m) singlets and consists of two components: a
microscope objective with a numerical aperture of 0.47 and a telephoto objective with a long effective focal
length of 1826 mm. Both are infinitely corrected, allowing the distance between them to be adjusted to insert
optical elements for irradiating atoms with laser beams of different wavelengths without affecting the imaging
resolution. Taking the manufacturing and assembling tolerances into consideration, the Monte Carlo analyses
show that more than 95% of the random samples are diffraction-limited within the field of view. This high
success rate ensures that these two objectives can be achieved easily in the experiment. Combined with its
performance with other wavelengths (470-1064 nm), this imaging system can be used for imaging different atom

species, such as sodium, lithium, and cesium.
Keywords: cold atom experiments, high resolution imaging, optical design
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