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We propose a monolithic mode separator (MS) for the first-order spatial mode of a light field. The principle of the
MS is an asymmetric Mach—Zehnder interferometer, which consists of two non-polarizing beam splitters, a right-
angle prism, and a pentagonal prism. These optics are glued together as a monolithic one. The phase difference
between the two light paths inside the interferometer is temperature controlled. The separation efficiency for two
first-order orthogonal Hermite Gaussian (HG) modes, i.e., HGy; and HG, is 97.5%, and the overall transmission
is 77%. The device is intrinsically stable and convenient to be adopted in various experiments. © 2022 Optica

Publishing Group
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1. INTRODUCTION

The light field with a high-order spatial mode possesses rich
transverse field structures, large mode dimensions, and large
orbital angular momenta (OAMs), and has been adopted in
many research fields, e.g., precision measurement [1,2], quan-
tum communication and quantum information processing
[3-6], optical trapping [7,8], etc. In the field of quantum com-
munication and quantum information processing, quantum
information (qubit) is usually encoded in the transverse modes
of a light field, which are orthogonal to each other. To measure
quantum information, the transverse modes should be well
separated and detected.

The first-order transverse mode can be separated by an
asymmetric Mach—Zehnder interferometer (AMZI) [9-11] or
diffraction of a fork hologram. The fork hologram can separate
a light field with arbitrary transverse modes and can be easily
used for simplicity. The reported highest separation efficiency
(fringe visibility) and overall detection efficiency are 96.5% [12]
and 27% [13], respectively. The detection efficiency is mainly
limited by the low diffraction efficiency of the hologram. The
AMZI is adapted from a conventional MZI by inserting rotat-
able a Dove prism into one arm or reflecting the beam in one
arm twice [14] to reverse the beam profile along one direction. It
can separate only the first-order Hermite Gaussian (HG) modes
(HGq; and HGyg). Other first-order modes can be separated
with the aid of modal phase shifters [15]. The separation effi-
ciency can be as high as that of the hologram. Nevertheless, an
extra locking system is usually required to maintain the phase
difference between the two arms, and this makes the AMZI
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bulky and inconvenient to be adopted. Here we report a mono-
lithic mode separator (MS) for the first-order spatial mode of
a light field. The phase difference is temperature controlled,
and the performance is comparable to one with separate optics.
The AMZI is compact and conveniently adopted for various
applications.

2. THEORY

As we know, first-order OAM light fields can form a two-
dimensional Hilbert space. The density matrix $ of any single
quantum state can be represented by three Stokes parameters

(81, 82, 83) [16]:

13
ﬁZEZJiAi’ (1)

where 6; is the Pauli matrix along the three axes of the Bloch
sphere. The Stokes parameter of the light field on a Poincaré
sphere is equivalent to the quantum state on a Bloch sphere as
shown in Fig. 1. The Stokes parameters can be deduced from the
light intensity of different modes as
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Fig.1. DPoincaré sphere with first-order orbital angular momentum.
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Fig.2. Measurements of (a) 3'0 and S, (b) $,,and (o) 33. M, mirror;
50:50 BS, symmetric non-polarizing beam splitter. The v phase shifter
usually is a Dove prism. The /2 phase shifter could be constructed
using a pair of cylindrical lenses with lens separations given by /2 f; f
is the focal length of the cylindrical lenses.

where 7 is the light intensity of the fiducial mode. Thus, the

Stokes parameter can be measured by the MS with the aid of

necessary mode converters (see Fig. 2).
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In Fig. 2, the mode converters (7 and 7 /2 phase shifters) are
usually constructed by a Dove prism and a pair of cylindrical
lenses, respectively. The AMZI alone can separate only HGqg
and HGg; modes and measure 30 and §1 [see Fig. 2(a)]. The 45°
or 135° HG;y mode (LGy; modes) is first converted to HGy;
or HGjp mode by a 7w (7w /2) phase shifter and then separated by
the AMZL. Therefore, S, and 85 can be measured [(b) and (c) in
Fig. 2].

3. DESIGN OF THE MONOLITHIC MS

The schematic of the AMZI invented in our paper is shown in
Fig. 3(a). The input beam is separated into two paths by the
first 50:50 non-polarizing beam splitter (NPBS), and then the
two beams are reflected by a right-angle prism and a pentagonal
prism. Finally, the two beams interfere on the second 50:50
NPBS. The size and the materials of each optics are shown in
Table 1. All the optics are machined with high precision and
glued together as a monolithic part. The monolithic AMZI is
housed in a copper-made oven, and the temperature is precisely
controlled by a temperature controller (TEC Source 5240,
Arroyo Instruments) via a Peltier plate [see Fig. 3(b)]. The
temperature fluctuation of the whole setup is below 0.01°C.
Thus, by taking account of the thermal expansion coefficient
a=7.1x 107%°C, refractiveindex 7z = 1.5 of the glass material
H-K9L, as well as the path difference 24 mm between the two
arms, we can get that the phase stability between the two arms is
blow 1° for the 852 nm light field. The phase difference can also
be precisely tuned by the temperature.

(a) Pentagonal prism
Input beam
Right-angle prism\
>Port 1
NPBS2 >
' Port 2

Fig.3. Schematic diagram of the (a) AMZI and (b) a picture of the
real device. In (a), the input beam is separated into two paths by the
first 50:50 non-polarizing beam splitter (NPBS1), and then the two
beams are reflected by a right-angle prism and a pentagonal prism.
Finally, the two beams interfere on 50:50 NPBS2. The material of
these optics is H-K9L. In (b), in addition to the internal optics, it also
includes a copper-made oven, Peltier plate, and heatsink.
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Table 1. Parameters of AMZI Components

Name Material Size (mm)
NPBS H-K9L 10
Pentagonal prism H-K9L 10
Right-angle prism H-K9L 10

4. PERFORMANCE OF THE MS

The MS (AMZI) is first tested by a beam with fundamental
mode LGgp. The beam has a waist of 0.35 mm and is aligned to
the AMZI. Transmission port 1 versus the temperature is shown
in Fig. 4 with the temperature changing from 18°C t0 26°C. An
interference fringe with visibility of about 96.6% is obtained.
We can also get that a w-phase difference can be obtained by
tuning the temperature of 0.9°C. A maximum transmission
of 76.8% for the fundamental mode can also be achieved. It is
mainly limited by the residual reflection of the anti-reflective
coatings associated with every optic.

To characterize the performance of the device for first-order
OAM light fields, a series of well-defined HGjo-mode, 45°
HGj¢-mode, and LGy;-mode laser fields is generated and used
to test the MS. The three light fields are eigen-states of the three
Stokes parameters S1, Sy, and 33, respectively. The HGy light
field is generated by sending a light beam with the fundamental
mode LGy through the 7 phase plate (PE-202, HOLO/OR)
and then filtered by a Fabry—Perot cavity. Thus, a high-purity
HG g mode field is obtained. The HG;¢ mode is converted to
LGy; mode through the integrated cylindrical lens [17]. The
corresponding beam waists for the HG19 mode and LGy, mode
are 0.6 mmand 0.56 mm, respectively.

By carefully aligning the incident angle of the first-order
OAM light fields to the AMZI, the HGp-mode light field
shows interference fringes at the output ports when the phase
difference between the two arms inside the AMZI is tuned by
changing the temperature. The fringe is shown in Fig. 5(a). The
visibility of the interference fringe is 97.5%, which means that
the two orthogonal modes HG;y and HGy; can be separated
with high efficiency when the phase difference is maintained at
zero or 7. Figures 5(b) and 5(c) show transmission versus phase
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Fig. 4. LGy, interference result from port 1. The LGy mode with

a beam waist of 0.35 mm is aligned to the AMZI, then interferes when

the temperature is tuned from 18°C to 26°C. The highest transmission

of AMZI is 76.2%, and interference fringe has a visibility of about
96.6%. The solid line is the fitting with a trigonometric function.
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Fig. 5. AMZI interference results from port 1 with light fields of
(a) HGy mode, (b) 45°HG; mode, and (c) LGg; mode. The pictures
of the output field are given at the position of the red data points.
The visibilities of the fringes are (a) 97.5%, (b) 2.6%, and (c) 3.2%.
The maximum transmission of HGy mode is 77.6%. The line in
(a) is the fitting with trigonometric function, and lines in (b) and
(c) represent the average value of the corresponding data.

difference with the incident beam in 45° HG;y mode and LGy,
mode, respectively. Images of the output beam profile with a
phase difference at zero, /2, 7w, 37w /2, and 27 are also shown.
close to theoretical zero.

Then, we set the phase difference at 7 and observe the output
light field by rotating the angle of the incident mode so that the
mode is changing along the equator of the Poincaré sphere with
the aid of a Dove prism (PS992M-B, Thorlabs). The depend-
ance of output light transmission versus mode angle is displayed
in Fig. 6, which also shows an interference fringe with visibility
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Fig. 6. Output of AMZI with the rotation of input HG;¢ mode.
The phase difference inside the AMZI is kept as 7. The pictures on the
top show the input HG1o mode aligned in angles of 0°, 45°, 90°, 135°,
and 180°. The visibility of fringe is 96%. The transmissions of the two
ports vary with the rotation angle of the HG; mode, and the highest
transmissions of both ports are about 77.5%. The lines are the fitting
with trigonometric function.

0f 96%. This means that our device can separate the HG1g and
HGy; modes with cross talk below 19 dB.

Finally, to characterize the overall transmission efficiency and
stability of the device, the output intensities from both outports
are recorded for 4 h with input mode HG1¢ and with the phase
differenceissetatw /2 and 7w. The data are summarized in Fig. 7.
The overall transmission is measured as 77.2%, which is similar
to that of the fundamental mode. The output fluctuation is
below 0.3% within 4 h, and the precision of temperature control
is0.01°C.

5. DISCUSSION

The two beams travel with different distances within the AMZI;
one beam propagates 24 mm longer than the other beam before
they interfere on the second NPBS. Therefore, the visibility
of the fringe would be dramatically suppressed for a very small
beam waist. To analyze the effect, we assume a perfect HGyg

light field:

Zﬁx
———ex
VT X w(z)? P

2 2
X exp|:—z'/e <z+ xy:;z}’) ) + 72 arctan i:| )
3)

Ew(x,y,2) = [— (x* +°) Jo(2)?]

with its waist exactly at the position (z = 0) of the splitting sur-
face of the first NPBS. The two beams after the NPBS propagate
d1 =20 mm and 42 = 44 mm inside the AMZI and interfere
on the second NPBS. The intensity at one outport of the AMZI
can be obtained by

1
I= z/ [Eio(x, y, ndl) + Evo(x, y, nd2)]

X [Eyo(x, y, ndl) + Eyo(x, y, nd2)]"dxdy,  (4)
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Fig.7. Output power stability in time with the phase set as (a) 7/2
and (b) 7. The output intensities from both outports are recorded for
4 hwith the input mode HG . The overall transmission is 77.2%, and
the output power fluctuation is below 0.3%. The precision of tempera-
ture control is 0.01°C. The lines are the average values for different sets
of data.
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Fig. 8. Theoretical calculation of the visibility of the fringe for
HG,( mode. One beam propagates 24 mm longer than the other beam
before they interfere on the second NPBS in AMZI. w is the waist of
the light field.

with 7 the refractive index of glass. Then the visibility of the
fringe can be obtained by varying the phase difference. The
dependence of visibility on the size of the beam waist is shown
in Fig. 8. We can see that visibility over 95% can be achieved as
long as the size of the beam waist is bigger than 0.16 mm.
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6. CONCLUSION

In conclusion, we have demonstrated a monolithic AMZI for
separation of the first-order OAM light field. The separation
efficiency is 97.5% for HGy; mode and HG;y mode, and the
transmission efficiency is 77% with cross talk below 19 dB. The
parameters of our device are better than other solutions to sepa-
rate OAM light fields, such as fork holograms. In addition, our
device is compact and does not need an accessary locking loop.
The phase of the AMZI can be tuned with resolution below 1°
by controlling the temperature. The device can serve as a simple
optics for the research of quantum information processing with

the first-order OAM light field.
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