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Abstract: We present two sets of versatile high-numerical-apeture objectives suitable for
various cold-atom experiments. The objectives are assembled entirely by the commercial on-shelf
singlets. The two objectives are initially optimized at working wavelength of 852 nm with
a standard 5-mm silica optical flat window. They have numerical apertures of NA=0.55 and
NA=0.78, working distances of 23 and 12.8 mm, diffraction-limited fields of view of 98 and
15 pm, and spatial resolutions of 0.94 and 0.67 um, respectively. These performances are
simulated by the ray-tracing software and experimentally confirmed by imaging line patterns
and a point-like emitter on a resolution chart. The two objectives can be further reoptimized at
any single wavelengths from ultraviolet to near infrared and for various optical flat window with
different thickness by only tuning one of lens spacing. The two objectives provide convenient
and flexible options to observe and address individual atoms in single atom arrays or optical
lattices for various cold-atom experiments.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The system of cold atoms has been recognized as important platform for the study of quantum
simulation, quantum computation, and quantum information processing [1-8]. In all the
experimental setups, one of the most essential components is the high numerical aperture (NA)
objective to image and address individual atom in an atom trap array or optical lattices. The
higher NA means higher resolution and higher collection efficiency.

In the experimental platforms with single Rydberg neutral atoms or single ions [4—6,9—-12],
the spacing between individual atoms are usually on several um level, but the distance between
the atoms and surface of the vacumm window are usually on tens of millimeter (mm) level.
Therefore, long working distance (WD) are preferred more than the NA. The NA usually is below
0.55. Up to now, there are several designs [13—18] with commercial on-shelf ®1”- or ®2"-size
singlets for this purpose. However, the highest NA can only reach 0.44 [14,18]. Here we present
a new design of objective with NA=0.55 and WD=23 mm by ®2"’-size singlets for addressing
individual atom in atom arrays. It can also be used to image individual atom in optical lattices if
optimized for the blue or ultraviolet light.

In the experimental platforms of quantum gases in optical lattices [1-3,19,20], the spacing
between individual atoms are on sub-um level, therefore much higher resolution is requested to
in situ image the atom. The objectives usually have NA around 0.7 with the WD about several
mm [1,19,20] in near infrared region. By using the solid immersion technique [21] the NA can
be further enhanced to 0.87 [3] and 0.92 [22] at the cost that the WD is reduced to sub-mm
level. The ojective with lower NA around 0.5 is also possible to observe individual atoms in
lattices if the working wavelength is in blue or ultraviolet regions [18,23]. Here we provide
another new design of objective to image individual atoms in optical lattices with WD over ten
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millimeters (12.5 mm) while NA can still reach 0.78. This objective is also entirely assembled
with commercial on-shelf ®2”- and ®1”-size singlets.

The two objectives are initially designed at the working wavelength of 852 nm with 5-mm-thick
silica window. The designed diffraction-limited fields of view (FOVs) are 98 and 15 um with
spatial resolutions of 0.94 and 0.67 um, respectively. The performances are simulated by the
ray-tracing software and experimentally confirmed by imaging the line patterns and a point-like
emitter on a resolution chart. In addition, these two objectives can be reoptimized at any single
wavelengths from ultraviolet to near infrared and with various of optical flat window with different
thickness by tuning only one of lens spacing. The two objectives provide convenient and flexible
options to observe and address individual atoms in single atom arrays or optical lattices.

2. NA=0.55 objective

Figure 1 shows the mechanical structure of the NA= 0.55 objective. Six commercial on-shelf
singlets (LC1093, LB1199, LA1399, LE1015, LE 1418, and LE1076 from Thorlabs Inc.) with
size ®2” are mounted in lens tube with five custom-made spacing rings. The objective is initially
designed at 852 nm for cesium experiments, where a 5-mm thick optical vacuum window is taken
into account. The plano-concave, double-convex, plano-convex, and positive Meniscus lenses
are arranged in order to compensate the spherical aberration induced by each spherical singlet.
Three positive Meniscus lenses are placed with the focal length changing from long to short,
e.g. LE1015 (f = 200 mm), LE1418 (f = 150 mm), and LE1076 (f = 100 mm), to gradually
increase the NA to 0.55. The spaces between each two singlets are optimized by the commercial
ray-tracing software (Zemax) and the performances are also simulated. The optimized objective
prescription is given by Table 1 and the Zemax file can be found in Code 1 [24].

Spacing Rings x (mm)
A 28.62
B 4.86
C 4.78
D
E

4.86
9.68

254

23

Fig. 1. Structure of the NA= 0.55 objective. The singlets marked with number I, I1.. . .,
and VII are LC1093, LB1199, LA1399, LE1015, LE 1418, LE1076, and optical flat. The
material of the flat is silica and the thickness is 5 mm. The effective focal length of the
objective is 30.95 mm at 852 nm.

Figure 2 displays the results of the simulation. The Strehl Ratio (SR) versus the point-like
emitter displacement off the optical axis is shown in Fig. 2(a). The SR for the emitter on axis is
0.98, corresponding to a RMS (root mean square) wave front error of 2%A, which means the
objective corrects the aspheric aberration on axis almost perfectly. The diffraction-limited field of
view (FOV) is defined as the region of displacement where the SR > 0.8 [25]. The FOV for this
objective is about 98 um. The performances are further evaluated by simulating the modulation
transfer function (MTF), as given by Fig. 2(b). Here, the simulated MTFs for point-like emitter
on axis and 49 um off the optical axis are compared with the ideal one. The results indicate that
the imaging quality will be high enough at the edge of the FOV.
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Table 1. The prescription of NA= 0.55 objective optimized at 852 nm and with 5-mm
silica window (optical flat).

Surfce Curvature (mm) Thickness (mm) Material Part Number
1 0 4 NBK?7 LC1093
2 515 33.92 (d) Air
3 205 6.2 NBK?7 LB1199
4 -205 0.2 Air
5 90.1 6.7 NBK?7 LA1399
6 o 0.2 Air
7 65.2 6.2 NBK?7 LE1015
8 171.6 0.2 Air
9 47.9 73 NBK?7 LE 1418
10 119.3 0.2 Air
11 30.3 9.7 NBK?7 LE1076
12 65.8 9.47 Air
13 00 5(T) Silica Optical Flat
14 00 15 Vacuum

(a) ° r r r (b) 10T

- ideal
—— on axis
49 um off axis (sagittal)

75 J
078 49 pm off axis (tangential)

MTF

0.50

Strehl Ratio

0.25

(b)
0.00

0 15 30 45 60 0 500 1000
Displacement (pm) Spatial Frequency (cycles/mm)

Fig. 2. (a) Simulated SR versus the displacement of point-like emitter off the optical axis.
The diffraction-limited FOV is defined as the region of spot displacement where SR > 0.8
(dashed line). (b) The simulated modulation transfer function (MTF) for point-like emitter
on axis and 49 um off axis. The ideal diffraction-limited MTF is also shown for comparison.

To experimentally verify the performances, one objective is built by using the standard B-coated
(broad band anti-reflection coating from 650 nm to 1050 nm) singlets from Thorlabs and tested.
The lens is optimized at 852 nm and the overall transmission is 93.2%. The line patterns and the
250-nm pinhole on a resolution chart (TC-RTO1, Technologie Manufaktur) are imaged by using
an additional f = 1 m projection achromatic lens (AC508-1000-B, Thorlabs). The experimental
setup is displayed in Fig. 3(a), where a collimated 852-nm light source are used to illuminate the
line patterns and pinholes respectively. The scattered light fields are collected by the designed
objective with a 5-mm fused silica flat placed in front. The images are finally projected onto a
CCD camera by the achromatic lens.

Figure 3(b) is the image of the line patterns, and the numbers mean the specification of line
pairs per mm. The line pattern with 700 can be clearly resolved. The line width is 0.7 ym and
the distance between the two lines is 1.4 um. This means a resolution between 0.7 and 1.4 um,
which agree with the theoretical resolution 0.611/NA = 0.96 um.
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Fig. 3. (a) Scheme of experimental setup to test the performances of the NA= 0.55 objective.
(b) Image of the line patterns with number 550, 600, and 700. (c)-(e) Measurement of point
spread function (PSF) with the 250-nm pinhole on and +50 um off optical axis. The red
circles and the blue squares are the normalized intensity distribution along x axis and y axis
which across the intensity maxima, whereas the black curve is the ideal PSF. Insets of (c)-(e)
is the image of the 250-nm pinhole on CCD camera.

To further characterize the resolving quality within the FOV, the point spread functions (PSFs)
for a series of focal spots on the image plane are measured by imaging the 250-nm pinhole on
the resolution chart. Because the size of the pinhole is much smaller than the wavelength, so
it can be regarded as a good point-like emitter. The measured PSF for the pinhole on optical

axis is shown in Fig. 3(c). The inset is the two-dimensional (2D) PSF captured by CCD camera.

The solid line in main figure is the theoretical PSF. The points are the experimental data of one
dimensional PSF extracted from the 2D image along the x and y axis. The experimental data
is normalized to the theoretical one to have the same power. So, the maximal value in center
gives the measured SR [25], which is displayed as SR, and SR, in the main figure with x and y
being the two directions. We see the SRs on both axis are greater than 0.8, which means the
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diffraction-limited resolution on optical axis. The PSF data on the edge of the FOV (£50 ym
off the optical axis) are given by Fig. 3(d) and (e). The measured SRs are also greater than 0.8,
which indicates the objective can achieve the diffraction-limited resolution within the whole FOV.

In addition to the diffraction-limit performance at 852nm and window thickness of 5 mm, the
objective could also be optimized to diffraction limit at various working wavelengths and window
thicknesses by only adjusting the distance between the first two lenses (LC1093 and LB1199,
thickness of surface 2 in Table 1). Table 2(a) gives the optimizing results of the objective for
various typical wavelengths with the window thickness fixed at 5 mm. (b) shows the example of
the re-optimization for various window thickness with the wavelength fixed as 852 nm. The NA
is kept as 0.55 for all of these re-optimizations.

Table 2. (a) NA= 0.55 objective reoptimized for a serial of typical wavelengths with a flat window
thickness of 5 mm. (b) NA= 0.55 objective reoptimized for various window thicknesses T at the
wavelength of 852 nm. The NA is kept as 0.55 for all these examples. The symbols of 4, d, D, and
FOV indicates the working wavelength, the distance between the first two singlets, the thickness of
optical flat, and the field of view, respectively.

(a) (b)

A (nm) d (mm) FOV (um) Transition line T (mm) d (mm) FOV (um)
852 33.92 98 Cs D2 7 38.52 100
780 33.67 87 Rb D2 6 36.09 99
671 33.17 71 Li D2 5 33.92 98
461 31.29 43 Sr 4 31.97 96
399 30.13 36 Yb 3 30.13 92

3. NA=0.78 objective

The mechanical structure of the NA= 0.78 objective is shown in Fig. 4. Six commercial on-shelf
singlets (LC1093, LB1374, LA1050, LE 1418, LE1076, and LE5802 from Thorlabs Inc.) are
mounted in standard 2’ lens tube. Five are ®2” size and one (LE5802) is ®1” size. The ®1”
singlet is glued in a special holder and the others are mounted with standard ®2” rings. The lens
sequence follows the rule in the designing of NA= (.55 objective. The three Meniscus lenses

A B c D E Spacing Rings  x (mm)

c A 14.54
. B 8.12
C 6.66
D 9.68
T
17|
< o
o S F
N
ﬂ c

12.8

Fig. 4. Structure of the NA= (.78 objective assembly. The singlets marked with number
I, 1I,. .., and VII are the on-shelf singlets with part number LC1093, LB1374, LA1050,
LE 1418, LE1076, LE5802, and optical flat. The material of the optical flat is silica with
thickness of 5 mm. The effective focal length of the objective is 23.64 mm at 852 nm.
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have relatively shorter focal lengths, e.g., LE1418 (f = 150 mm), LE1076 (f = 100 mm), and
LES5802 (f = 75 mm), and this design can increase the NA to 0.78. This objective is also initially
optimized and simulated by Zemax at wavelength of 852 nm and with 5-mm silica window. The

optimized objective prescription is shown in Table 3 and the Zemax file can be found in Code 1
[26].

Table 3. The prescription NA= 0.78 objective optimized at 852 nm and with 5-mm silica
window (optical flat).

Surfce Curvature (mm) Thickness (mm) Material Part Number
1 0 4 NBK7 LC1093
2 515 19.35 (d) Air
3 1533 7.2 NBK?7 LB1374
4 —-1533 0.2 Air
5 515 9.7 NBK?7 LA1050
6 0 0.2 Air
7 47.9 73 NBK?7 LE 1418
8 119.3 0.2 Air
9 30.3 9.7 NBK7 LE1076
10 65.8 0.2 Air
11 15.5 5.6 CaF, LE5802
12 28 3.84 Air
13 [ 5(T) Silica Optical Flat
14 00 7 Vacuum

Figure 5 displays the simulated performance. The SR versus the focal spot displacement off
the optical axis is shown in Fig. 5(a). The SR for the spot on optical axis is 0.97 with a RMS
wave front error of 3%A and the FOV is about 15 ym. The simulated MTFs for focal spots on
axis and 7.5 um off the optical axis are given by Fig. 5(b). The results imply the good imaging
contrast within the whole FOV.

(a) 1 . . . (b) 1=

- ideal

on axis

7.5 um off axis (sagittal)
7.5 um off axis (tangential)

0.75 4

0.9 4

MTF

0.50 4

Strehl Ratio

084 ————— N — — —

0.25 4

(@) (b) .
0.7 T T T 0.00 r r —
0.0 25 5.0 75 10.0 0 500 1000 1500

Displacement (um) Spatial Frequency (cycles/mm)

Fig. 5. (a) Simulated SR versus the displacement of point-like emitter off the optical axis.
The diffraction-limited FOV is defined as the region of spot displacement where SR > 0.8
(dashed line). (b) The simulated modulation transfer function (MTF) for point-like emitter
on axis and 7.5 um off axis. The ideal diffraction-limited MTF is also shown for comparison.

The objective is also built with standard B-coated singlets from Thorlabs and experimentally
tested. The test setup is same to that of NA= 0.55 one [Fig. 3(a)] except the objective itself.
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The overall transmission is same to the NA = 0.55 one. The image of the line patterns is
shown in Fig. 6(a), and we see that the pattern with number 850 can be clearly resolved. This
give a resolution between 0.6 and 1.2 um, which is in agreement with the theoretical value
0.611/NA = 0.67 um. The PSF and SR measured by imaging the 250-nm pinhole are displayed
in Fig. 6(b)-(d). The data indicate that the objective can work with diffraction-limit within the

whole FOV.
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Fig. 6. (a) Image of the line patterns with number 600, 700 and 850. (b)-(d) Measurement
of point spread function (PSF) with the 250-nm pinhole on and +8 um off optical axis. The
red circles and the blue squares are the normalized intensity distribution along x axis and y
axis which across the intensity maxima, whereas the black curve is the ideal PSF. Insets of
(b)-(d) is the image of the 250-nm pinhole on CCD camera.

Table 4. (a) NA= 0.78 objective reoptimized for a serial of typical wavelengths with a flat
window thickness of 5 mm. (b) NA= 0.78 objective reoptimized for various window
thicknesses T at the wavelength of 852 nm. The NA is kept as 0.78 for all these examples.
The symbols have same meaning to those in Table 2.

(@) (b)

A (nm) d (mm) FOV (um) Transition line T (mm) d (mm) FOV (um)
852 19.35 15 Cs D2 7 30.28 7
780 19.10 14 Rb D2 6 24.17 12
671 18.61 11 LiD2 5 19.35 15
461 16.78 7 Sr 4 15.44 16
399 15.69 6 Yb 3 12.20 12
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Same to the NA= 0.55 one, this NA= 0.78 objective can also be reoptimized at any single
wavelength from ultra-violet to near infrared and with various window thickness by only adjusting
the distance between the first two lenses (LC1093 and LB1374, also the thickness of surface 2
in Table 3). Table 4(a) summarized the optimization results for a couple of typical wavelength
with the window thickness fixed at 5 mm. (b) shows the examples of the reoptimizing for
various window thickness at fixed wavelength of 852 nm. The NA is kept as 0.78 for all of the
re-optimizations.

4. Conclusion

In this paper we present two high NA objectives ensembled entirely by commercial on-catalog
singlets. The key features of two objectives optimized at 852 nm light and with a 5-mm silica
window are summarized in Table 5. The performances of the two objectives are simulated by
the commercial ray-tracing software and tested experimentally by imaging line patterns and
250-nm pinhole associated with a resolution chart. The measured SR indicate the diffraction-limit
resolution over the full FOV.

Table 5. Key features of the two objectives with 852-nm light and 5-mm silica window.

NA EFL (mm) WD (mm) FOV (um) Resolution (um)
0.55 30.95 23.0 98 0.94
0.78 23.64 12.8 15 0.67

These two objectives can be reoptimized for various thickness of window at single wavelength
from ultraviolet to near inferred region by only adjusting the distance between first two singlets.
Thus, we believe that they are suitable for imaging and resolving individual atom of various
species in either single atom arrays or optical lattices with versatile vacuum setups. Moreover,
the two objectives could also be used for other applications, such as in bio-physics to monitoring
the living cell or in industry to check the small structure at long working distance.
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