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This paper presents the anisotropic optical feedback of a single frequency intra-cavity He—Ne laser.

A novel

phenomenon was discovered that the laser output an elliptical polarized frequency instead of the initial linear polarized

one. Two intensities with a phase difference were detected, both of which were modulated in the form of cosine wave

and a fringe shift corresponds to a A/2 movement of the feedback mirror. The phase difference can be continuously

modulated by the wave plate in the external cavity. Frequency stabilization was used to stabilize the laser frequency

so as to enlarge the measuring range and improve the measurement precision. This anisotropic optical feedback system

offers a potential displacement measurement technology with the function of subdivision of A\/2 and in-time direction

judgment. The three-mirror Fabry—Perot cavity model is used to present the experimental results. Given the lack of

need of lasing adjustment, this full intra-cavity laser can significantly improve the simplicity and stability of the optical

feedback system.
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1. Introduction

King and Steward!” first reported the feedback
effect which showed periodic intensity tuning by feed-
back mirror movement. The laser intensity modula-
tion caused by a movable external mirror was sim-
ilar to that produced by a conventional optical in-
terferometer, such as a fringe shift corresponding
to an optical displacement of A/2. The intensity
modulation depth was also found to be comparable
with that of an interferometer system.?l Thus, for
the advantages of simplicity, compactness, and econ-
omy, feedback lasers were widely used to measure
Doppler velocity,>~1% displacement,'* =16 distance,
profile and vibration.7—19]

Recently, considerable attention has been paid
to the optical feedback of orthogonal dual frequency

1120]

lasers. Li et a first reported the intensity conver-

sion between two orthogonal polarized modes. Fei et
al?122] made some researches on the polarization hop-
ping with a birefringence external feedback cavity. Liu
et al1?324 studied polarized optical feedback, and Mao

et al(?°=29 partitioned the optical feedback levels of

He—Ne lasers and discussed the potential applications
in displacement measurement. All these results enrich
the experimental and theoretical research in optical
feedback, particularly in the fields of orthogonal polar-
ized lasers. However, the above-mentioned researches
mainly focused on orthogonal polarized lasers by us-
ing birefringence element or magnets, which made the
system complex and limited their application in in-
dustry for hard adjustment and instability. Also, half
intra-cavity lasers were the main experimental target,
little attention has been paid to full intra-cavity ones.
In this paper, we investigate the anisotropic optical
feedback effect of a single frequency full intra-cavity
He—Ne laser with a wave plate in the external cavity.
The laser initially output a linear polarized frequency.
Then since the effect of anisotropic feedback, an ellip-
tical polarized frequency was detected. Separated by a
polarization beam splitter (PBS), two intensities with
a phase difference were recorded, both of which were
modulated in the form of cosine wave and a fringe shift
corresponds to a A/2 movement of the feedback mir-
ror. Continuous adjusting of the phase difference was
realized by rotating the wave plate. This anisotropic
optical feedback approach offers a potential displace-
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ment measurement technology with the function of
subdivision of A/2 and in-time direction judgment.
Frequency stabilization was used to stabilize the laser
frequency so as to enlarge the measurement range and
improve the measurement precision. Theoretical anal-
yses based on three-mirror Fabry—Perot cavity model
were done and rightly justified the experimental re-

My

sults.

2. Experimental setup

The experimental setup is shown schematically in
Fig.1.
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Fig.1. Experimental setup.

A full intra-cavity 632.8nm He—Ne laser is used,
whose cavity length is 135mm. The inner diameter of
the capillary is 0.98mm. M; is a concave cavity mirror,
whose transmission rate is 0.5%. Mj is the output cav-
ity mirror with transmission rate of about 1.2%. Qis a
three-level \/4 wave plate in the feedback cavity. The
angle # is an adjustable angle between the normal di-
rection of the wave plate and the laser axis. M3 is the
feedback mirror with reflectance rate of 55%, which is
driven by a piezoelectric transducer (PZT). PBS splits
the laser beam into two orthogonal polarizations. D1
and Dy are photo-electric detectors, whose measuring
results are sent to a computer. BS; is a beam splitter
and PD is a polarization detector which is made up
of a polarizer and a A\/4 wave plate. Laser frequency
stabilization is used for signal stabilization. The laser
intensity detected by D3 is compared with a reference
voltage, and then the comparison signal is sent to the
circuit board C, which controls the heating voltage
of the resistance coil so as to control the laser cavity
length as well as the laser frequency.

3. Experimental results

We first investigated the laser polarization. With-
out the feedback loop, we used a polarizer as the PD
unit. When we rotate the polarizer, extinction was
observed, which justified that the laser output a lin-
ear polarized frequency. After connecting the feed-

back loop, there was no extinction. We used a \/4
wave plate in front of the polarizer and oriented the
optical axis parallel to the initial polarization direc-
tion, extinction was then observed. This phenomenon
justified that the laser output an elliptically polarized
frequency instead of the initial linearly polarized one.

Laser intensity characteristics were also investi-
gated. First, the wave plate was removed from the
external cavity. We connected the feedback loop and
drove the PZT with a triangular wave to modulate the
feedback cavity. The laser intensity modulation curves
are shown in Fig.2(a). The intensities are modulated
in the form of cosine or quasi-cosine waveform. Due to
isotropic feedback, these two waves are in-phase. Half
wavelength movement of the feedback mirror will gen-

erate an undulation laser intensity fringe.

Then we put the wave plate into the feedback cav-
ity and rotated it along the longitudinal axis to make a
45° angle between the laser polarization and the opti-
cal axes. Due to birefringence effect, the original laser
mode Foy in the external cavity would be split into
two components, which were parallel to the optical
axes of the wave plate. We defined it as E, and E,. In
Fig.2(b), the angle 6 is 0, so the laser beam transmits
rightly vertical to the wave plate, the two intensities
(I, and I,) still changes as quasi-cosine waveforms,
but they are no longer in-phase but out-phase for the
wave plate is a A\/4 one. Then we enlarged the angle
0 step by step and got the results shown in Figs.2(c)-



No. 3 Anisotropic optical feedback of single frequency intra-cavity He—Ne laser 1143

(f). The phase difference is obviously modulated by

the angle 6, and when 6 equals to 16°, the phase dif-

ference is approximately 7/2. Compared with the A/2

resolution of a conventional optical feedback laser, this
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laser can achieve A/8 resolution. And also, two quasi-
cosine waveforms with phase difference of 7/2 can use
electronic subdivision to realize nanometre resolution.
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Fig.2. Intensity characteristics: (a) no wave plate; (b) 0 = 0°; (c) 6 = 16°; (d) 8 = 22°; (e) 6 = 24°; (f)

6 = 30°.

We choose Fig.2(c) for further analysis. When
the voltage increases, the laser intensity I, leads to I,
while when the voltage decreases, I, lags behind .
The absolute values of the phase difference on both

sides of the PZT are the same.

shows us a significant way for the judgment of direc-
tion. As a conclusion, this anisotropic laser feedback
system can be used as a high-resolution and direction-

interpretable displacement sensor.

This phenomenon

4. Theoretical analysis

Considering the anisotropic optical feedback of
the single-mode He—Ne laser, we use a three-mirror
Fabry—Perot cavity model to present the experimental
results given in the above section. Without consider-
ation of wave plate in the external cavity, the initial
electric vector Ey(t) exiting from the output mirror
travels a round trip in the laser internal and exter-
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nal cavity. After a round trip, the final electric vector
E(t) can be written as

E(t)
) nl
= riroexp (J47TI/— + 2gl> Ey(t)
c

nl+ L

+r1Tor3€ exp (j47r1/ + 2gl> Eo(t), (1)

c

where 71 and ry are the reflection rates of laser cavity
mirror M; and Mg, 7o = 1 — 73 is the transmission
rate of the laser coupled from the laser cavity to the
external cavity, rs is the reflection rate of the feed-
back mirror, v is the laser frequency, c is the light
speed, n is the refractive index of the laser gas, [ and
L are the internal and external cavity length respec-
tively, € is the feedback power ratio which is 0.55 in
this anisotropic feedback system, and ¢ is the linear
gain per unit length due to the stimulated emission
inside the laser cavity in the presence of feedback.

If the laser comes to equilibrium, there should be
E(t) = Ey(t).
tion:

So we can obtain the following equa-

l
T1T2 €XP <j47wn— + 2gl) [1 + aexp (j47w%” =1,
c
(2)

where o = Tor3€/ra. So the excess gain g with optical
feedback can be determined as

a
Ag = ~ % cos(drvL/c). (3)

For the birefringence effect of the wave plate in
the external cavity, the original external cavity will
form two different physical external cavities, which are
denoted as L, and L. The electric vector in the exter-
nal cavity Eex can be divided along two vertical direc-
tions as F, and FE,, whose directions are parallel to the
optical axes of the wave plate. The above-mentioned
two electric fields with phase difference would sepa-
rately affect the electric field in the laser cavity. Thus
we also divided the initial electric vector Ey(¢) into
two orthogonal parts, just parallel to E, and E., de-
fined as Foo(t) and Fe(t).
method with Eqgs.(1)—(3), we can get the excess gain

With the same analysis

with optical feedback along two orthogonal directions
as

Ago = —% cos(dmvLy/c),

a
Age = ~ 51 cos(4dmvLe/c). (4)

Considering the birefringence effect of the wave
plate, we can obtain the physical optical path differ-
ence of these orthogonal electric field as

AL =L.— L, = (ne —mny)d/ cosb, (5)

where ne and n, are the refractive indices, d is the
thickness of the wave plate, and 6 is the rotation angle.
Simply, the excess gain with the anisotropic external
feedback can be written as:

Ag, = —Kcos ,
Age = —K cos(p + ), (6)
where K = a/(2nl),¢ = 4drvLy/c, and § =

drvAL/ec = dmv(ne — no)d/(ccos ).

The laser intensity can be expressed as!®’]

I= IO(l - kAg)v (7)

where k is a constant related to the laser operation pa-
rameters, and Iy is the initial laser intensity without
optical feedback. Synthetically considering Eqgs.(6)
and (7), we can conclude the two in-quadrature laser
intensities with anisotropic external feedback as:

Ioo[1 + Bcos ],

I,
I, = Io[1 + Beos(p + 8)]. (8)

From the above equations we can see that the
laser outputs two orthogonal electric fields with an
adjustable phase difference. The laser will output an
elliptically polarized frequency instead of the initial
linearly polarized one, which is in good agreement
with the experimental result. These orthogonal laser
intensities are both cosine waveform and have a phase
difference which can be modulated by rotation of the
wave plate. For the wave plate is a three-level \/4
one, when the angle 6 is zero, the laser beam incidents
on the wave plate vertically, 6 = 4avAL/c = 13m,
it results in the two orthogonal intensities out-phase.
Adjustable angle 8 would cause an adjustable phase
difference. Also, the phase relationship of these two
intensities, which one leads or lags, depends on the
movement direction of the feedback mirror, which can
be used for the judgment of direction. The theoretical
analyses are in good agreement with the experimental
results.
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5. Discussion

The experimental results are promising for ap-
plication to precision displacement measurement with
the function of subdivision of A/2 and in-time direc-
tion judgment. When the phase difference of the in-
tensities is m/2, processed by a trigger and counting
circuit, a period of the signals can be subdivided into
four parts and the resolution of A\/8 can be achieved.
The direction judgment can be easily realized by the
phase relationship. Compared with the direction judg-
ment methods of the traditional optical feedback sys-
tem, such as using the sign of the fast transition of
the saw-tooth waveform, which is hard to realize by a
circuit and will result in an acceptable measurement
errors, this method can be easily realized and there is
no error to be accumulated during the measurement.
Furthermore, if we use resistance chain and logic sub-
division, the resolution can be further improved, and
nanometre measurement is prospective.

Frequency stabilization was used in this
anisotropic feedback system, which can improve the
measuring range and measurement precision. First,
the measuring range is determined by the signal sta-
bility. The frequency stabilization can stabilize the
laser frequency and make the signal be equivalent
in the measurement process, resulting in an easier
signal process for the circuit board so as to enlarge
the measuring range. Also, frequency stabilization
can decrease the wavelength fluctuation, which will
decrease the measurement error and improve the mea-

surement precision. Compared with heterodyne inter-

ferometers, thanks to the advantages of simplicity,
robustness, low cost, self-aligning and single optical
path, as well as needlessness of lasing adjustment, our
anisotropic feedback system may take a significant
character in displacement measurement.

6. Conclusion

In this paper, we explored a full intra-cavity He—
Ne laser with anisotropic feedback effect, whose feed-
back power ratio is about 0.55. Since the effect of
anisotropic feedback, the laser outputs an elliptically
polarized frequency. Two orthogonal intensities with
adjustable frequency difference were detected. When
the phase difference is /2, the signals can be pro-
cessed and A\/8 resolution can be achieved. Also the
displacement direction can be judged by the phase
leads or lags. Frequency stabilization was used to sta-
bilize the laser frequency so as to enlarge the mea-
surement range and improve the measurement pre-
cision. Theoretical analyses based on three-mirror
Fabry—Perot cavity model were done and the theo-
retical and experimental results were in good agree-
ment. For the advantages of needlessness of oscillating
alignment, simplicity, stability, low cost, this results
show a novel foreground for displacement measure-
ment. This anisotropic optical feedback approach can
even achieve higher resolution by electric subdivision,
which will further enhance the displacement measure-

ment.
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