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A new type of polarization sensitive interferometer is proposed, named the Delta interferometer, inspired by its ge-
ometry resembling the Greek letter Delta. The main difference between the Delta interferometer and other existing inter-
ferometers, such as Michelson, Mach—Zehnder and Young’s double-slit interferometers, is that the two interfering paths are
asymmetrical in the Delta interferometer. The visibility of the first-order interference pattern observed in the Delta inter-
ferometer is dependent on the polarization of the incidental light. Optical coherence theory is employed to interpret this
phenomenon and single-mode continuous-wave laser light is employed to verify the theoretical predictions. The theoretical
and experimental results are consistent. The Delta interferometer is a perfect tool to study the reflection of electromagnetic

fields in different polarizations and may find applications in polarization-sensitive scenarios.

Keywords: phase sensitive interferometer, Fresnel formula, first-order interference

PACS: 42.25.Hz, 43.20.Gp

1. Introduction

Interferometers have played an essential role in the devel-
opment of physics, especially optics. For instance, light was
first thought to consist of particles.!!) Young’s famous inter-
ference experiments confirmed that light instead consists of
waves.[ Later, it was demonstrated that a first-order interfer-
ence pattern emerges when individual photons are input into
a Mach—Zehnder (M-Z) interferometer, which indicated the
wave—particle duality of photons.*! Another example can be
found in the Michelson—Morley experiment, which by utiliz-

4] confirmed that

ing light within a Michelson interferometer
there is no such thing as ether and ultimately paved the way for
the development of the theory of special relativity. > All cur-
rently reported interferometers, such as Young’s double-slit in-
terferometer, the Michelson interferometer, the M-Z interfer-
ometer, the Sagnac interferometer, the Fabry—Pérot interfer-
ometer and so on, ! have different schematics. However, they
all have one important property in common, which is that the
difference of light reflection times between the two interfering
paths is even. This property guarantees that the polarizations
of these two interfering beams are identical in the observation
plane no matter what the input polarization is. In other words,
these interferometers are insensitive to the polarization of in-
put light.

In classical electromagnetic theory, it is well known that
the reflection of an electric field is dependent on the polariza-
tion of the incidental field.[”-8) What happens if the difference
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between light reflection times of the two interfering paths is
odd? Does the visibility of the interference pattern vary as
the polarization of the input light changes? In order to answer
these questions, we propose a new type of interferometer, in
which the difference of light reflection times between the two
interfering paths is odd. The simplest interferometer of this
type, which is called a Delta interferometer due to it being
shaped like the Greek letter A, is employed to study how the
first-order interference pattern changes as the polarization of
the input light varies.

It is noteworthy that the difference of light reflection
times between the two interfering light beams in Lloyd’s mir-
ror interferometer is also odd.[”) However, our proposed in-
terferometer is polarization sensitive, but Lloyd’s mirror inter-
ferometer is polarization insensitive, i.e., the visibility of the
first-order interference pattern in Lloyd’s mirror interferom-
eter is independent of the polarization state of the employed
light.
Lloyd’s mirror interferometer is polarization insensitive.

Most studies related to interferometers confirm that
[10-16]
The reason why is that Lloyd’s mirror is usually used in the
glancing incidence condition, in which the reflection coeffi-
cients equal —1 for all polarization states of incidental light.[’!
The polarization state of the reflected light beam in Lloyd’s
mirror interferometer is the same as the one directly incidental
to the observation plane. The 7 phase shift due to the reflec-
tion will not change the visibility of the first-order interference
pattern in Lloyd’s mirror interferometer for different polariza-
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tion states of the incidental light beam.

Another type of interferometer is called a polarization
interferometer.!'’-2°1 The differences between a polarization
interferometer and our proposed Delta interferometer are as
follows. In a typical polarization interferometer, two orthog-
onally polarized electric fields are usually employed and the
polarization difference is introduced by polarization compo-
nents, such as a polarizing beam splitter,!'”! a quarter wave-
plate!!”! and so on. In a Delta interferometer, the polarizations
of the two interfering electric fields are not always orthogo-
nal. The polarization difference between the two interfering
electric fields in a Delta interferometer is introduced by the re-
flection time difference. A more important difference between
these two types of interferometers lies in how the interference
patterns are obtained. In a polarization interferometer, two or-
thogonally polarized fields are usually measured after passing

a polarizer oriented in 45°[20:211

or measured independently
and then the difference between these two measured signals
is calculated.[?2] While in a Delta interferometer, the two in-
terfering electric fields are combined directly to observe the
first-order interference pattern, which is more like an M-Z in-
terferometer than a polarization interferometer. The Delta in-
terferometer provides a perfect tool to study the reflection of
an electric field in different polarizations and may find possi-
ble applications in polarization-sensitive scenarios, such as the
observation of phase objects, 3! polarization-modulated two-
photon interference?*! and so on.

The remaining parts of the paper are organized as fol-
lows. In Section 2, the Delta interferometer is introduced and
its first-order interference pattern is calculated. Section 3 in-
cludes experiments to verify the theoretical predictions. The
discussions and conclusions are in Sections 4 and 5, respec-
tively.

2. Theory

For comparison, an M-Z interferometer and the modified
M-Z interferometer shown in Fig. 1 are taken as examples
to show the difference between existing interferometers and
the proposed Delta interferometer. In the M-Z interferometer
shown in Fig. 1(a), there are two interfering paths. One is the
light transmitting through beam splitter 1 (BS;), reflected by
mirror 2 (M) and then reflected by BS,. Light traveling along
this path is reflected twice. Light traveling in the other path is
reflected by BS| and M, respectively. The difference of light
reflection time between these two paths equals zero, which is
an even number. In the modified M-Z interferometer shown
in Fig. 1(b), the difference of light reflection time between the
two interfering paths equals 4, which is also an even number.
To the best of our knowledge, the difference of light reflec-
tion time between the two interfering paths is even for all the

known interferometers, such as Young’s double-slit interfer-
ometer, the Michelson interferometer, the M-Z interferometer,
the Sagnac interferometer, the Fabry—Pérot interferometer and
so on. [0
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Fig. 1. Mach-Zehnder interferometer (a) and modified Mach—Zehnder
interferometer (b). The laser is a single-mode continuous-wave laser.
BS is a non-polarizing beam splitter. M is a mirror. O is the observa-
tion plane. D represents the delay line in the modified Mach—Zehnder
interferometer consisting of four mirrors.

Figure 2 shows the scheme of the proposed Delta interfer-
ometer. The laser is a single-mode continuous-wave laser. P is
a half-wavelength plate employed to control the polarization
of laser light. BS is a non-polarizing beam splitter, in which
a plate beam splitter instead of a cubic beam splitter is em-
ployed. M is a mirror and O is the observation plane. There
are two paths for laser light reaching the observation plane.
One path is light transmitting through BS;| and BS;. The other
path is light reflected by BS{, M and BS,, respectively. The
difference between the light reflection time in the two interfer-
ing paths equals 3, which is an odd number.

M—

Laser P O
L
le BSQ\

Fig. 2. Delta interferometer. The laser is a single-mode continuous-
wave laser. P is a half-wavelength plate. BS is a non-polarizing beam
splitter. M is a mirror. O is the observation plane.

In order to study the first-order interference pattern in the
Delta interferometer, one has to take the reflection and trans-
mission in different polarization states into account. We will
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follow the custom introduced in Ref. [25] to discuss the re-
flection and transmission of a light field. Figure 3 shows the
electric field with arbitrary polarization being incident into
a boundary between a medium of refractive index ng and a
medium of refractive index n;. Any polarized electric field
can be divided into the superposition of two orthogonally po-
larized fields.!”! It is convenient to choose these two orthogo-
nally directions as being parallel and perpendicular to the re-
flection plane, respectively. Ej, and Ejs represent the parallel
and perpendicular parts of the incident electrical fields, respec-
tively. Eyp, Es, Eyp and Eys are defined similarly, in which r and
t in the subscript represent reflection and transmission, respec-
tively. 6;, 6; and 6, are the incidental, reflection and transmis-
sion angles, respectively.

Fig. 3. Reflection and transmission of an electric field on the boundary
between two mediums. ng and n; are the refractive indexes of these
two mediums. Ej,, Ey, and Eyp, are the incidental, reflected and trans-
mitted electric fields parallel to the reflection plane, respectively. Ejg,
E., and Ei are the incidental, reflected, and transmitted electric fields
perpendicular to the reflection plane, respectively. 6;, 6; and 6; are the
incidental, reflection and transmission angles, respectively.

The reflection and transmission coefficients of the par-
allel and perpendicular parts are dependent on the incidental
angle, the polarization of the incidental field and the refractive
indexes of the media, which can be expressed as!?!

E,  ngcos @ —njcos 6

R= Ei  nycos6 +njcos6,’
R — ELp _ nycos 6 —npcos 6
P Es T nycos6 +ngcos 6,
T — Es _ 2nqcos 6;
*7 Ei  ngcos@ +ncos6,’
T, — @ _ 2n cos 6; . 0
E; nj cos 6; 4+ ngy cos 6;

Here Ry and R, are the reflection coefficients of perpendicular
and parallel components, respectively. T5 and 7}, are the trans-
mission coefficients of perpendicular and parallel components,
respectively. The above equations are the well-known Fresnel

formula in classical electromagnetic theory. 2323

For simplicity, we only consider the linearly polarized
light case. The electric field of linearly polarized light emitted
by a single-mode continuous-wave laser can be expressed as

E =E,+¢'?Eq, )

where @ is the phase difference between Ej, and Eg. Ej
and E are the electric fields parallel and perpendicular to the
reflection plane, respectively.

The electric field in the observation plane is the sum of
two components. One component is the field traveling through
BS; and BS, (written as path 1 for short),

Eoi1 = Eoip+ Eos
= Ep(t1) x T,(BS1) x Tp(BS»)
x exp{—i[o(t —un)—ki-(ri—m)]}
+Eq(t1) x T,(BS;) x T,(BS3)
xexp{—ilo(Ft—1)—ki-(ri—m)}, 3)

where Eo1p and Eq;s are the parallel and perpendicular com-
ponents of Eoi, respectively. 7,(BS;) and T;(BS;) are the
transmission coefficients of the parallel and perpendicular
components for BS; (j = 1 and 2), respectively. @ and k are
the angular frequency and wave vector of the electric field, re-
spectively. #; is the starting time of electric field in path 1. r;
is the position vector along path 1. For simplicity, the laser
light is considered as a single frequency in the following cal-
culations.

The other component in the observation plane is the field
reflected by BS{, M and BS, (path 2 for short),

Eoy = Eoop+ Eos
= Epl(l‘z) X Rp(le) X Rp(M) X RP(BSQ)

xexp{—i[o( —12) — k- (r2—70)]}
—|—Esl(l‘2) X RS(le) X Ry (M) X RS(BSQ)
xexp{—i[o(t —12) —ka-(r2—70)]}, “)

where the meanings of all the symbols are similar to the ones

in Eq. (3).

Since electric fields with orthogonal polarizations cannot
interfere with each other,!?3! the intensity of light in the obser-

vation plane equals the sum of the parallel and perpendicular
parts

Io = |Eo1p + Eonp|* + | Eois + Eoas|?, ©)

where | - |? means modulus square. Substituting Egs. (3) and
(4) into Eq. (5), it is easy to have the first-order interference
pattern in the observation plane (see Appendix A for detailed

calculations),
Io = |Epl‘2“Tp1 |2 + |Rp2|2
+2Re(Ty1 R}y e'?) B(Az) cos(2Akx)]
+|Eq*[| Tt |* + [Re2|?
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—2Re(Ty R} e'?)B(Az) cos(2Akx)), (6)

where paraxial approximation and one dimension are assumed
to simplify the results. The assumptions Rs(M) = —1 and
R,(M) =1 for reflection on a silver mirror are employed in
the calculation because silver can be approximately treated as
an ideal conductor.!¥) |Ey| and |Eg| are the amplitudes of the
electric field with parallel and perpendicular polarizations, re-
spectively. Ty is short for 7,(BSy) x T,(BS2). Ry is short
for Ry(BS1) x Ry(BS3). Ty is short for T5(BSy) x T3(BS;).
Ry is short for Rs(BS;) X Rs(BS;). ¢ is the phase difference
between the laser electric field at #; and #,. B(Az) is short for
cos[@(t; — t2)] coslko(d1 — d2)] and Az is proportional to the
light path difference between the two interfering beams. 2Ak
is the difference between k; and k; in the transverse direction.

Equation (6) indicates that the first-order interference pat-
tern of polarized laser light in the Delta interferometer equals
the sum of two sets of interference patterns. The periods of
these two interference patterns are the same. However, there
is a 7 phase shift between these two sets of interference pat-
terns. The position of the maximum of the first interference
pattern coincides with the position of the minimum of the
second interference pattern. If \Ep1|22Re(Tp1R;2ei‘P) equals
|Eg|*2Re( TR, ei‘P), there will be no interference pattern ob-
served even if there is a first-order interference pattern for par-
allel or perpendicular polarization individually.

3. Experiments

In the last section, we have theoretically calculated the
first-order interference pattern of the linearly polarized single-
mode continuous-wave laser light in the Delta interferometer.
It is found that the visibility of the first-order interference pat-
tern is dependent on the polarization of the incidental laser
light. In this section, we will experimentally verify the predic-
tion with linearly polarized laser light.

The experimental setup is shown in Fig. 4. A He—Ne laser
with a central wavelength of 632.8 nm and frequency band-
width of 1.5 GHz is employed. A half-wave plate (WP{) com-
bined with a polarizing beam splitter (PBS) is employed to
control the intensity of laser light incidental into the Delta in-
terferometer. S is a beam stopper to collect the light transmit-
ting through the PBS. The polarization of the electric field re-
flected by the PBS is perpendicular to the reflection plane. An-
other half-wave plate (WP,) is used to control the polarization
of the incidental light. BS; and BS; are two non-polarizing
1:1 beam splitters. M is a silver mirror. CA is a circular in-
tensity attenuator to control the intensity of transmitted light
in the Delta interferometer. A lens (L) and a CCD camera are
employed to record the first-order interference pattern.

As mentioned above, there are two interfering paths in
the Delta interferometer. One is reflected by BS;, M, and BS,.

The other one is transmitted by BS; and BS;. The observed
interference pattern is a result of the superposition of these two
light fields. A typical interference pattern in the Delta interfer-
ometer is shown in Fig. 5. The observed interference pattern
is a typical two-beam interference pattern, which is similar to
the one observed in Michelson or M-Z interferometers when
the angle between the two interfering beams is not zero.

s 1l
eus [~

B WP, BS; CA BS, L

LY R —|

cCD
wp, <

Laser i

Fig. 4. Experimental setup of the Delta interferometer. Laser: single-
mode continuous-wave laser. WP: half wavelength plate. PBS: polar-
izing beam splitter. S: beam stopper. BS: non-polarizing beam split-
ter. M: silver mirror. CA: circular intensity attenuator. L: lens. CCD:
charge-coupled device.

Fig. 5. Typical first-order spatial interference pattern observed in the
Delta interferometer.

Two groups of interference patterns were measured. The
first group was measured by keeping the intensity of the re-
flected light equal to the one of the transmitted light by tun-
ing the circular intensity attenuator. The calculated visibili-
ties of the observed interference patterns are shown in Fig. 6.
The empty squares are the calculated visibilities from the ob-
served interference patterns. The blue curve is the theoretical
visibility of the interference pattern based on Eq. (6), which
is calculated by assuming 71 = Rp2, Ts1 = Ry, ¢ =0, and
B(Az) = 1. With the simplification above, it is straightforward
to obtain the relation between the visibility of the interference
pattern and the polarization angle of the input laser light (see
Appendix B)

1 — tan?

Vec = |1+tan2:;|’ @)
where Vgc is the calculated visibility of the interference pat-
tern with equal intensities. ¢ is the polarization angle of the
input laser light. ¢ is set to be 0 for p polarized light and in the

range of (—n/2,7m/2]. The red curve is the theoretical fitting
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of the experimental data based on Eq. (7) by adding a param-
eter o in front of Eq. (7), where « is in the range of [0, 1] and
is the visibility of the interference pattern of s or p polarized
laser light in the Delta interferometer.

Visibility

—-30 0 3IO 6IO 9IO 1I20
Polarization angle (°)
Fig. 6. Visibility of the interference pattern with equal intensities vs.
polarization angle of 633 nm laser light. The empty squares are exper-
imental results. The blue curve is the theoretical prediction of Eq. (7).
The red curve is the theoretical fitting of the experimental data by tuning
the visibility.

The second group was measured by keeping the position
of the circular intensity attenuator fixed so that the intensi-
ties of the two superposed laser light beams are equal when
p polarized light is incidental into the interferometer. Due to
the transmission and reflection coefficients of the beam split-
ter being dependent on the polarization angle of the incidental
light, the ratio between the intensities of the two interfering
light beams changes as the polarization angle of the incidental
laser light changes. The red empty circles are the measured
ratios between the intensities of the transmitted and reflected
laser light beams. The red line connecting the red empty cir-
cles serves as a guide for the eye. The black empty squares in
Fig. 7 are the calculated visibilities of the measured interfer-
ence pattern in this case. The blue curve is the theoretical vis-
ibility of the interference pattern with equal intensities based
on Eq. (7).

o o
o o0
T T

Visibility & Ratio
e
i~

—40 0 40 80 120 160 200
Polarization angle (°)

Fig. 7. Visibility of the interference pattern with unequal intensities
vs. polarization angle of 633 nm laser light. The empty squares are
measured visibility of the interference patterns. The empty circles are
measured ratios between the intensities of the transmitted and reflected
light beams. The blue curve is the theoretical prediction of Eq. (7).
Please see the main text for details.

The visibility of the interference pattern in Fig. 7 is de-
pendent on the ratio of the superposed laser light beams and
the visibility of the interference pattern with equal intensities.
When the polarization angle equals 0°, i.e., the input laser light
is p polarized, the observed visibility of the interference pat-
tern gets its maximum value. As the polarization angle in-
creases from 0° to 90°, the ratio between the reflected and
transmitted laser light decreases monotonously. However, the
visibility of the interference pattern decreases from 0° to 45°
and then increases from 45° to 90°. The reason why is that
when the polarization angle of the input laser light equals 45°,
the visibility of the interference pattern is predicted to be zero,
as shown by the blue curve in Fig. 7. The observed visibility in
this condition is 0.127. As the polarization angle of the input
laser light increases from 45° to 90°, the ratio between the in-
tensities of the transmitted and reflected laser light beams con-
tinues to decrease, while the visibility of the interference pat-
tern increases. When the polarization angle of the input laser
light equals 90°, the ratio equals its minimum, 0.064, and the
visibility in this condition equals 0.189. As the polarization
angle increases from 90° to 180°, the ratio increases and the
visibility gets its minimum when the polarization angle equals
135°, which is similar to the one in the 45° case.

1.0

0.8

o
(=]
T

Visibility
o
=

e
[\
T

—-30 0 30 60 90 120

Polarization angle (°)
Fig. 8. Visibility of the interference pattern with equal intensities vs.
polarization angle of 780 nm laser light. The empty squares are exper-
imental results. The blue curve is theoretical prediction of Eq. (7). The
red curve is the theoretical fitting of the experimental data by tuning the
visibility.

The measured visibilities of the interference patterns in
Figs. 6 and 7 are obviously lower than the theoretical ones.
The main reason why is that the path difference between these
two interfering beams (~ 18.2 cm) is at the same level of the
coherence length of the employed He—Ne laser (~ 20 cm).
In order to decrease the influence of temporal coherence on
the observed interference pattern, a semiconductor laser with
central wavelength at 780 nm and a frequency bandwidth of
200 kHz was employed to repeat the experiments above. Fig-
ure 8 shows the measured visibilities of the interference pat-
terns of a 780 nm laser in the interferometer by keeping the
intensity of the reflected light equal to that of the transmitted
light. The empty squares are the measured visibilities of the
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observed interference patterns. The blue curve is the theoreti-
cal visibility of the interference pattern based on Eq. (7). The
observed visibility is much larger than the one with a He—Ne
laser shown in Fig. 6.

Figure 9 shows the measured results with a 780 nm laser
with unequal intensities. The red empty circles are the mea-
sured ratios between the intensities of the transmitted and re-
flected laser light beams. The red line connecting the red
empty circles serves as a guide for the eye. The black empty
squares in Fig. 9 are the calculated visibilities of the measured
interference pattern in this case. The blue curve is the theoret-
ical visibility of the interference pattern with equal intensities
based on Eq. (7). The observed results are similar to the ones
in Fig. 7 except that better visibility of the interference pattern
is observed in the 780 nm laser case. For instance, the minimal
visibility equals 0.066 when the polarization angle equals 45°.

Visibility & Ratio

—40 O 40 80 120 160 200
Polarization angle (°)

Fig. 9. Visibility of the interference pattern with unequal intensities vs.
polarization angle of the 780 nm laser light. The empty squares are
measured visibility of the interference pattern. The empty circles are
measured ratios between the intensities of the transmitted and reflected
light beams. The blue curve is the theoretical prediction of Eq. (7).
Please see the main text for details.

4. Discussion

In the previous section, we reported that the visibility of
the interference pattern in the Delta interferometer changes
as the polarization angle of the linearly polarized laser light
changes. A simplified theoretical result based on Eq. (7) is
employed to interpret the observed results. Even though the
tendency of the experimental results and theoretical predic-
tions are consistent, there are some departures between them.
In this section, we will discuss why the departures exist and
how to decrease them.

The first reason why the experimental results are different
from the theoretical predictions is that the employed theoreti-
cal simplifications are usually not met in the experiments. For
instance, Tp1 = Ry, means the overall transmission coefficient
of path 1 equals the overall reflection coefficient of path 2 for
p polarized light. Ti; = Ry, means that a similar conclusion
holds for s polarized light. These two assumptions hold only
when the splitting ratio of the two employed beam splitters is

1 : 1 for both p and s polarized light, and there is no energy
loss for transmission and reflection. These conditions cannot
be met in real experiments.

The second reason is that the employed non-polarizing
beam splitter (Daheng, GCC411112) is made for 45° inci-
dence, which is different from the incidental angle of the beam
splitter in the Delta interferometer. Hence the ratio between
the intensities of the transmitted and reflected light may be
different from the given parameter of the beam splitter. Fur-
thermore, the ratio of the beam splitter being 1 : 1 is dependent
on the polarization angle of the incidental laser light, which is
confirmed by the measured ratio between the intensities of the
transmitted and reflected laser light shown in Figs. 7 and 9.
Our theoretical model is based on the splitting ratio of beam
splitter being 1 : 1 and is independent of the polarization angle
of the incidental laser light, which is obviously different from
the experimental conditions.

The third reason is that the transverse shape of the em-
ployed laser light beam is an ellipse when a semiconductor
laser is employed. Even though the total intensities of the two
superposed laser light beams are equal, the intensities of the
superposed two light beams may not be equal at every super-
posed point. It is the reason why the visibility of the observed
interference pattern cannot reach 1 for s or p polarized laser
light with equal intensities shown in Fig. 8. The maximal vis-
ibility observed in our experiments equals 0.95.

The fourth reason is that a silver mirror does not add an
exact w phase shift for the reflection of s polarized light due
to silver not being ideal conductor. When a 45° linearly polar-
ized laser light beam is incidental into the Delta interferometer,
the polarization of the reflected laser light is not 135° linearly
polarized, but elliptically polarized. There is a 45° polarized
component in the reflected light beam. The visibility of the
interference pattern cannot reach O for a 45° linearly polar-
ized laser light beam in the Delta interferometer. In fact, the
observed visibility equals 0.07 for 45° linearly polarized laser
light, as shown in Fig. 8.

Based on the results above, it is straightforward to find
ways to optimize the Delta interferometer. For instance, the
main limitation listed above is the beam splitter. The modi-
fied Delta interferometer shown in Fig. 10 could be employed
to ensure that the incidental angle of laser light on the beam
splitter equals 45° while keeping the difference between light
reflection times of the two interfering paths odd. In terms of
the transverse shape of the laser light, one could change the
transverse shape of the semiconductor laser light beam into a
Gaussian one with the help of some optical elements. As re-
gards the splitting ratio of the beam splitter being dependent
on the polarization angle of the input laser, one may find a
type of beam splitter whose splitting ratio is independent of
the polarization angle. It is worth noting that only linearly
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polarized laser light was employed in our experiment. In our
future study, circularly and elliptically polarized light will be
employed in the Delta interferometer. By considering all the
possible polarization states, systematic data of the first-order
interference pattern in the Delta interferometer can be built.
In order to simplify the process to obtain Eq. (6), some sim-
plifications are employed, which may be reconsidered to ob-
tain more accurate predictions in future research. Once all the
mentioned conditions are met, the differences between the the-
oretical and experimental results can be further decreased.

Laser

B |

le BSQ

Fig. 10. Modified Delta interferometer. Compared with the Delta inter-
ferometer shown in Fig. 2, there are three mirrors instead of one. The
main advantage of the modified Delta interferometer is that the inci-
dental angle of light on BS equals 45°. All the symbols have the same
meanings as those in Fig. 2.

Figure 11 shows an example of a possible application of
the Delta interferometer. Ot means object for testing. It could
be optically active materials or the birefringence of transparent
materials under stress, which will change the polarization state
of the incidental laser light. Before putting Or in the Delta in-
terferometer, a first-order interference pattern is recorded for
comparison. Then another first-order interference pattern is
recorded by putting Ot in the Delta interferometer as shown in
Fig. 11. By comparing the obtained interference patterns with
the pre-measured results, such as those shown in Figs. 8 and 9,
one can obtain the polarization change of Ot on the incidental
laser with the help of the first-order interference pattern.

Fig. 11. A possible application of the Delta interferometer. Ot means
object for testing and the meanings of other symbols are the same as
those in Fig. 2

5. Conclusions

In conclusion, we have proposed a new type of
polarization-sensitive interferometer in which the difference
of light reflection times between the two interfering beams
is odd. As an example, the Delta interferometer was intro-
duced to study the relationship between visibility of the in-
terference pattern and polarization angle of the input laser

light. It was found that visibility of the interference pattern

is indeed dependent on the polarization of the incidental laser
light, which is different from Michelson or M-Z interferome-
ters. Two groups of interference patterns were measured and a
simplified theoretical result was used to interpret the observed
results. The experimental results and theoretical predictions
were consistent. However, there were some departures. The
reasons why the experimental results were different from the
theoretical predictions were analyzed and corresponding sug-
With fur-
ther improvements, this new type of polarization-sensitive in-

gestions to decrease the difference were given.

terferometer may serve as a basic optical interferometer in
physics, especially for the demonstration of the Fresnel for-
mula. This polarization-sensitive interferometer may also find
potential applications in polarization-sensitive application sce-
narios, such as experiments involving birefringent crystal and
SO on.

Appendix A: Calculating the first-order interfer-
ence pattern in the observation plane

We will calculate the results for |Eqp, + Eo2p|2 in detail
and the results for | Eqys + Eoos|? can be obtained by analogy,

Iop = |Eotp + Eoop|*
= [Epi(t1) x Tp(BS1) x T5(BS2)
xexp{—i[o(t—1)—ki-(ri—70)]}
+ Epi(12) X Ry(BS1) X Ry (M) x Ry(BS>)

xexp{—i[o(t—t)—ky-(ra—7o)]}*, (Al

where Eq, and Eop, are the parallel components in Egs. (3)
and (4), respectively. For the reflection coefficient of electric
field from a silver mirror, R,(M) equals 1 because the silver
can be approximately treated as an ideal conductor. The re-
fractive index n equals /&L, where & and y, are the relative
permittivity and relative permeability of the medium, respec-

tively. For dielectric material, 1, approximately equals 1 and
o
ey’

conductivity, @ is the frequency of electric field, and & is the

& equals g — i where €/ is the real part of &, o is the
permittivity of vacuum. Substituting the above expression of
the refractive index into Eq. (1) and noticing ¢ goes to be-
ing infinitely large, only the terms with n; matter. Hence it is
easy to have Ry(M) = —1 and Ry(M) = 1 for the reflection of
electric field from a silver mirror.

Let us write T,(BS1) x T,(BS») as T and R,(BS;) x
R,(BS>) as Ry for short, Eq. (A1) can be simplified as

|Epi (1) o1 | + | Epi(£2) Ry |
+2Re[Epi (1) Tp1 Ep (2) Ry

> e*i[w(tlflz)*(kl'7"1462'7"2)]7 (A2)

where 7 is set to be 0 for simplicity and can be done by set-
ting the origin of the coordinate system at the output position
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of the employed laser light. The first two terms in Eq. (A2)
are the constant background in the interference pattern. The
last term corresponds to the interference part, which can be
further simplified by considering the paraxial approximation
in the symmetrical configuration shown in Fig. Al.

€,
e ko AN
INY =y :
....... e.
—_———,——— =
________ |
A.I?'_fé:kz |
ko o)

Fig. A1. Symmetrical configuration for the first-order interference. k
and k, are the wave vectors in Eq. (A2). ko and Ak are the longitudi-
nal and transverse components of the wave vector, respectively. O is
the observation plane. e, and e, are unit vectors of the longitudinal
and transverse direction, respectively. One-dimensional simplification
is employed to calculate the transverse part.

With the help of Fig. A1, k; -7 — k> - 7 can be simplified
as

(koe, — Akey) - (d1e; +x1€y)

- (koez +Akex) : (dZez +x26x)a (A3)

where ko and Ak are the longitudinal and transverse compo-
nents of the wave vector, respectively, d; and x; are the lon-
gitudinal and transverse components of the position vector 7;
(j =1 and 2), respectively, e, and e, are the unit vectors in
longitudinal and transverse directions, respectively, O is the
observation plane. One dimension is assumed in the trans-
verse part. Equation (A3) can be calculated as ko(d) — d>) —
Ak(x] +x3). For the first-order interference pattern, x| always
equals x; and will be written as x hereafter. Hence, Eq. (A3)
can be simplified as ko(d; — da) — 2Akx.

Equation (A2) can be simplified as

|Epi(t1)Tp1 ‘2 +|Ep (tZ)Rp2|2
+2Re[Epi (1) Tp1 Ep (12) Ry

x cos[@(t; —t2)] coslko(di — da)] cos(2Akx), (A4

where cos[®(#; —1)] corresponds to the temporal interference,
cos[ko(di — da)] corresponds to the longitudinal spatial inter-
ference, and cos(2Akx) corresponds to the transverse spatial
interference.

By analogy of the results above, |Eois + E025|2 can be

calculated as

|Esl(t1 )Tsl |2 + ‘Esl(tZ)R52|2
—2Re[Eq(t)Ta1 E ()R]

x cos[@(t; —1)] cos[ko(d) — dr)] cos(2Akx), (AS)

where the plus sign between the constant background and
the interference term in Eq. (A4) changes into minus sign in
Eq. (A5) due to R,(M) =1 and Ry(M) = —1.

The final interference pattern in the observation plane is
the sum of these two interference patterns with the same pe-
riod. However, there is a 7w phase shift between these two sets
of patterns. If Ep(11)Tp1 Epy (12) Ry, equals Eq (1) Ts1 Eg(12) RS,
there will be no interference pattern observed, even if there are
interference patterns for parallel or perpendicular components
individually.

For a single-mode continuous-wave laser, the amplitude
of electric field does not change with time. |Eg(#;)| equals
|Eq(12)| and |Eyi(11)] equals |Ep(72)|, which will be written as
|Eq| and |Ep|, respectively. Since only the spatial transverse
part is studied in our experiments, cos[@(¢; — t2)] cos[ko(d) —
d,)] is written as B(Az) for short, where Az is proportional to
the light path difference between these two interfering light
beams. The final first-order interference pattern in the obser-
vation plane equals

Io = |Ep[*[|Tp1 [* + [Rpa|?
+2Re(Ty1 Ry, e!?)B(Az) cos(2Akx)]
+|Eal*[ITal” + [Ral?

—2Re(Ty R, e ?)B(Az) cos(2Akx)],  (A6)

where ¢ is the phase difference between the electric field at 7
and 1. |Ep|* and |Eq|? are the intensities of laser light com-
ponents with parallel and perpendicular polarizations, respec-
tively. The terms within the square brackets are interference
patterns depending on the transmission and reflection coeffi-
cients of the beam splitter. Once the incidental angle and beam
splitters are determined, the visibility of the interference pat-
tern can be calculated.

By changing the polarization of the incidental laser light,
one can change the visibility of the interference pattern. It
is different from the first-order interference patterns in usual
interferometers, such as Young’s double-slit interferometer,
the Michelson interferometer and the M-Z interferometer, in
which the first-order interference pattern is independent of the
polarization of the incidental light.

Appendix B: Calculating the visibility of the
first-order interference pattern

In this section, we will show how to calculate the visibil-
ity of the interference pattern in the Delta interferometer based
on Eq. (6). For simplicity, we assume 7,1 = Ry, Ts1 = Ry,
¢ =0, and B(Az) = 1, with which Eq. (6) can be simplified as

Io = 2|Epi|?|Tp1|*[1 + cos(2Akx)]

+2|Eg|*|To1 [*[1 — cos(2Akx))]. (B1)
Equation (B1) can be further simplified by assuming 7p1 = T,

Io =< |Ep|* + |Eg|?

+cos(2Akx) (|Ep |* — | Eql]?). (B2)

034203-8



Chin. Phys. B 33, 034203 (2024)

When |Ep|*> — |Eg|? is larger than 0, the visibility of the inter-
ference pattern can be expressed as

_ |Esl|2
‘Epl‘z

= = ; (B3)
Tomax + Iomin 1+ ‘UE;S”;
pl

where Iomax and Iomi, are the maximum and minimum inten-
sities of the interference pattern, respectively. With the help of
Fig. B1, Eq. (B3) can be simplified as

1 —tan® ¢
Vec = ———. B4
T T+ an? ¢ (B4)
______ |
Esl :
¢
By

Fig. B1. The relationship between the polarization angle ¢ and the per-
pendicular and parallel electric field components. Eg and Ep are the
perpendicular and parallel electric fields, respectively.

With the same method above, it is easy to have the vis-
ibility of interference pattern when |Ep|*> — |Eq|? is less than
09

tan® ¢ — 1

“anlor1 (BS)

VEC
Hence the visibility of the interference pattern in the Delta in-
terferometer shown in Fig. 4 equals

|1 —tan?¢|

= B
[1+tan?@|’ (B6)

Ve
where polarization angle ¢ is in the range of (—7/2,7/2]. For
the polarization angle outside of (—7/2, /2], one can obtain
the visibility based on the periodicity of the triangle function.

Next, we will calculate the visibility of interference pat-
tern in the Delta interferometer for non-ideal conditions, i.e.,
the visibility of interference pattern for s or p polarized light is
not 100%. Equation (B1) should be re-written as

Io = 2|Ep|?|Tp1 [*[1 + atcos(2Akx)]

+2|Eg|?|To1 |*[1 — accos(2Akx)], (B7)

where « is the visibility of s or p polarized light in the Delta in-
terferometer and is in the range of [0, 1]. With the same method
above, the visibility of the interference pattern in the Delta in-
terferometer equals

_ |1—atan? ¢

=T B8
|1+ octan? ¢ | (B8)

Vec

When o equals 1, Eq. (B8) becomes identical to Eq. (B6).
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