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Strong optical feedback in a birefringent dual frequency He—Ne laser with a high reflectivity feedback mirror has

been investigated for the first time. The output characteristics of two orthogonally polarized modes are demonstrated

in two different optical feedback cases: one is for both modes being fed back and the other is for only one of the modes

being fed back. Strong mode competition can be observed between the two modes with strong optical feedback. And

when one mode’s intensity is near its maximum, the other mode is nearly extinguished. When both modes are fed back

into the laser cavity, the mode competition is stronger than when only one mode is fed back. The difference in initial

intensity between the two orthogonally polarized modes plays an important role in the mode competition, which has

been experimentally and theoretically demonstrated.
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1. Introduction

The optical feedback phenomenon in lasers, also
called self-mixing interference, which can dramatically
affect the output intensity of lasers, was first reported
by King and Steward.[! It was found that the laser in-
tensity modulation caused by a movable external mir-
ror was similar to that produced by a conventional op-
tical interferometer, such as a fringe shift correspond-
ing to an optical displacement of A/2, A being the
oscillation wavelength of the laser, and the intensity
modulation depth was also found to be comparable
with that of a conventional interferometric system.!?
Compared with conventional interference, the self-
mixing interference system has not only similar phase
sensitivity and modulation depth ratio, but also inher-
ent simplicity, compactness and robustness as well as
self-aligning capability. Thus, much research based on
self-mixing interference has been carried out. And it
has been widely used in the fields of Doppler velocity

[3—10]

measurement, displacement,['=15] imaging and

[16—18]

vibration. To explain the self-mixing interfer-

ence phenomena, some theoretical models have been

proposed.[12:19-22]

In recent years, much attention has been paid to
the optical feedback of orthogonally polarized dual
frequency lasers. Li et al[?3 first reported the total
light’s intensity characters using a birefringent dual
frequency laser with the reflectivity of an external
feedback mirror being 50%.

some research on the variations of different polarized

Liu et al have made

modes’ intensities in a birefringence dual frequency
laser!2425] and birefringence-Zeeman dual frequency
laser2®! with the reflectivity of a feedback mirror be-
ing 40%. Fei and Zhangl®>7] researched the phase re-
lationship between the two modes’ intensity curves in
the optical feedback with the reflectivity of a feedback
mirror being 20%. However, all the researches focus
on characteristics of weak optical feedback only. Lit-
tle attention has been paid to the cases of different

optical feedbacks.

In scientific research and in the manufacturing
industry, the reflectivity of the processing surface of
some materials, such as nanometre material, reaches
about 90%. So, studying strong optical feedback is of
significance. In this paper, the optical feedback with

the reflectivity of an external feedback mirror being
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as high as 88% in a birefringent dual frequency He-
Ne laser is studied for the first time. We carry out the
experiments in two different optical feedback cases:
one is for both modes being fed back and the other is
for only one of the modes being fed back. In each case,
we use different initial intensities of the two modes to
research the optical feedback of orthogonally polarized
modes in detail. Both modes’ intensities and the laser
power output are also discussed and analysed. Strong
mode competition between these two modes can be
obviously observed and the experimental results show
that the optical feedback level and the initial intensity
of mode play important roles in the mode competi-
tion. When both modes are fed back and their initial
intensities are equal, the intensity curve of laser power
output in a period has two peaks with the same size,
which is greatly different from that of the weak optical
feedback. The fringe frequency of the optical feedback
signal can be doubled. So it can double the resolution
of a self-mixing system. Based on these new phenom-
ena, the potential applications of the experimental re-

sults are also discussed.
2.Experimental setup

The experimental setup is shown schematically in
Fig.1. A 632.8nm He—Ne laser with a half-intracavity
is used. The cavity consists of a plane mirror M; and

a concave mirror M, that has a radius of 1m. Their
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reflectivities are R1=0.990 and R>=0.995, separately.
The discharge tube T is filled with He:Ne=7:1 and
20Ne:22Ne=1:1 gas mixture to suppress the lamb-dip
in the power output curve. QC is a uniaxial quartz
crystal inside the laser cavity, with which the half-
intracavity forms an orthogonally polarized dual fre-
quency laser. Due to the birefringent effect of QC, a
single mode of the laser can be split into two orthog-
onally polarized modes (we call the two modes o-light
and e-light). 6 is the angle between the crystalline axis
of QC and the laser axis, which determines the differ-
In this
experiment, we obtain a frequency difference of 300
MHz.
flectivity of as high as 88%. The laser cavity length L

is 155 mm and the external cavity length [ is 195 mm.

ence in frequency between the two modes.

Ms; is an external feedback mirror with a re-

PZT, and PZT5 are two cannular piezoelectric trans-
ducers that drive the mirrors to modify the laser cav-
ity length and the external cavity length, respectively.
Wi and Wy are Wollaston prisms used to separate the
two orthogonally polarized modes. BS; and BSy are
F-P is a

Fabry—Perot scanning interferometer and used to ob-

beam splitters with a reflectivity of 45%.

serve the mode distribution. Dy, Dy and D3 are pho-
toelectric detectors for measuring intensities of the o-
light, e-light and the total light, respectively. The
laser power output is 0.45mW in the absence of M3.
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Fig.1. Experimental setup.

3. Experimental results

Two kinds of experiments are carried. One is for
only one of the modes being fed back, and M3 feed-
ing only the o-light back into the laser cavity by using
the Wollaston prism Ws. The other is for both the
o-light and e-light being fed back into the laser cavity

without separating.

At first, we modify the laser cavity length by driv-

ing PZT;. When the initial intensity of o-light is equal
to that of e-light in the absence of M3, we stop chang-
ing the laser cavity length. Then we connect the feed-
back loop and drive PZTs with a saw-tooth wave to
make mirror M3 feed the o-light back into the laser
cavity. In this situation, we detect the output in-
tensities of the two orthogonally polarized lights and
the total light. The experimental results are shown in

Fig.2(a).
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Fig.2. Intensities of the o-light, e-light and total light with only the o-light fed back (a) when the initial
intensity of the o-light is equal to that of the e-light; (b) when the initial intensity of the o-light is lower
than that of the e-light; (c) when the initial intensity of the o-light is bigger than that of the e-light.

In Fig.2(a) and also in the following other figures,
the vertical axis represents the laser intensity and the
horizontal axis represents the time. The solid-circle
curve is for the o-light intensity. The open-circle curve
is for the e-light intensity. In order to discern these
three light intensity curves easily, the starred curve
is shifted up along the vertical axis by 0.3V in Fig.2.
And we take the starred curve as the total light in-
tensity variation curve. Figure 2(a) shows that in a
period corresponding to the feedback mirror moving
a displacement of half the laser wavelength, the in-
tensity modulation curves can be divided into two re-
gions: Region A where the intensities of two modes are
both modulated by the length of the external cavity,
and Region B where none of the mode intensities is
modulated. In Region A, the intensities of o-light and
e-light are changing alternatively. When the o-light
intensity is close to its maximum, the e-light intensity
is zero. While the e-light intensity reaches its maxi-
mum, the o-light intensity is zero, which is because of
the strong mode competition. We can observe from
the Fabry—Perot scanning interferometer easily that
when one mode is near its maximal intensity, the other
will be extinguished. The total light intensity varia-

tion curve is like a cosine waveform. In Region B,

the e-light intensity reaches its maximum and keeps
invariable, while the o-light is extinguished. The total
light intensity keeps invariable too but in its minimal

value.

Then we drive PZT; to modify the laser cavity
length to make the initial intensity of the o-light is
lower than that of the e-light in the absence of Ms3.
We connect the feedback loop, and the experimen-
tal results are shown in Fig.2(b). The curve is still
possessed of a region exhibiting that the e-light and
the total light intensities keep invariable in a period.
In the other regions, the intensities of o-light and e-
light change alternatively too. When the e-light in-
tensity reaches its maximum, the o-light intensity is
zero. But when the o-light intensity reaches its maxi-
mum, the e-light intensity drops down to its minimum.
Compared with Fig.2(a), the mode competition is not
strong enough to make the e-light extinguished. The
e-light is in a more favourable situation to oscillate
than the o-light.
curve is also like a cosine waveform but its modula-
tion depth is much shallower than that in Fig.2(a).

The total light intensity variation

Finally, we drive PZT; to make the initial inten-
sity of the o-light bigger than that of the e-light. We

connect the feedback loop, and the experimental re-
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sults are shown in Fig.2(c). Comparing Fig.2(c) with
Fig.2(a), we can find that they are almost the same ex-
cept that the o-light is in a more favourable situation
to oscillate than that in Fig.2(a).

In the second type of experiment, we take off Wy
and re-dispose the mirror M3 to feed back both the
o-light and e-light into the laser cavity without sepa-
rating. We also drive PZT to modify the laser cavity
length to change the ratio between initial intensities of
the o-light and e-light. Then we connect the feedback
loop. The experimental results are shown in Fig.3. In
order to discern the three light intensity curves easily,
the starred curve is shifted up along the vertical axis
by 2.0V.

In Fig.3(a), the two mode intensity curves reveal
that only one mode can oscillate mostly in a period.
When the o-light begins to oscillate, the e-light will
be extinguished. And when the o-light begins to be
extinguished, the e-light will oscillate. They oscillate
alternatively. It also can be observed from the Fabry-
Perot scanning interferometer that when one mode
jumps out, the other disappears. It is hard for them to
oscillate at the same time because of the strong mode

)
SN

Laser intensity/V

Time/ms

competition. When one of them can oscillate, the o-
light (or the e-light) intensity curve is of cosine wave-
form. The total light intensity curve is also detected,
which has two peaks with the same size in a period of
the optical feedback curve. The intensity modulation
depth of either mode is comparable to that of the total
light.

In Fig.3(b), the initial intensity of the o-light is
lower than that of the e-light. Strong mode competi-
tion can also be observed in which only one mode can
oscillate mostly in a period. The o-light and the e-light
are oscillating alternatively too. But the modulation
depth of the o-light intensity is not much deeper than
that of the e-light intensity. The e-light is in a more
favourable situation to oscillate. The total light inten-
sity curve also has two peaks but not with the same
size. Compared with Fig.3(a), the modulation depth
of the total light intensity is much deep.

In Fig.3(c), the initial intensity of the o-light is
bigger than that of the e-light. Comparing Fig.3(c)
with Fig.3(b) shows that the curves of the o-light and
e-light are symmetrical to each other but the effect of

o-light and e-light are changed accordingly.

Laser intensity/V

Laser intensity/V

Fig.3. Intensities of the o-light, e-light and total light with both modes fed back (a) when the initial intensity
of the o-light is equal to that of the e-light; (b) when the initial intensity of the o-light is lower than that of
the e-light; (c) when the initial intensity of the o-light is bigger than that of the e-light.
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4. Theoretical analysis

In the presence of optical feedback, according to
the self-consistency of standing wave cavity, the re-
injected light will cause a change in the threshold gain

of the laser as follows:[19-20]

Ag:gfgo:*%wscb? (1)

where g and gy are the laser threshold gain with and
without optical feedback respectively, £ is proportional
to the reflectivity of external feedback mirror, L is the
laser cavity length, and ¢ = 4mvl/c denotes the ex-
ternal cavity phase delay when the light undergoes a
round trip in the external cavity.

Because the two orthogonally polarized lights
share the same laser gain available in the laser cav-

ity, we can obtain!2]

Ago = ~Age =~ coss, )

where Ag, and Ag, are o-light and e-light gain varia-

tions, respectively. This is due to the mode competi-

tion between the two orthogonally polarized lights.
The laser intensity with optical feedback can be

expressed as!!9l

I =1y(1-kAg), (3)

where k is a constant, Iy is the laser intensity with-
out optical feedback. In Eq.(3), there must exist
1 —kAg > 0, for there is no negative intensity.
Substituting Eq.(2) into Eq.(3), we can express
the laser intensity of o-light I, and that of e-light I,

respectively as
I, = IOO(]- + mcos ¢)a (4)

I, = Ipe(1 — mcos ), (5)

where m = k&/L is the modulation coefficient of the
optical feedback system, Iy, and Iy, are the laser in-
tensities of o-light and e-light without optical feed-
back. So the difference in intensity between o-light
and e-light is determined by their initial intensities
and the reflectivity of external feedback mirror. It is
the difference in initial intensity between the two or-
thogonally polarized lights that strongly affects their
mode competition. When the intensity difference is
big enough, it must be considered that the mode com-
petition will make the weak light have no gain to os-
cillate.

In the first optical feedback case, in which only the
o-light is fed back into the laser cavity, as Ag, and Ag,

change alternatively, the laser intensities of the two
lights will change alternatively, too. From Eq.(4) and
Eq.(5), we can obtain that when one light intensity
reaches its maximum, the other reaches its minimum,
and when one light intensity reaches its minimum, the
other reaches its maximum, features of which are just
the same as those of the curves in Fig.2(b). Com-
pared with Fig.2(b), the initial intensities of the o-light
are much bigger than those in Fig.2(a) and Fig.2(c).
So the intensity differences are larger. Strong mode
competition should be considered in which when the
o-light intensity is near its maximal intensity, the e-
light intensity is zero, the features of which are just
the same as those of the curves in Region A in Fig.2(a)
and Fig.2(c). When o-light intensity is zero, there is
no light feedback into the laser cavity. The laser in-
tensity will not be modulated. So the e-light intensity
will remain invariable when the o-light is extinguished.
Based on these considerations the simulated intensity
curves of the two orthogonally polarized modes are
presented in Fig.4, which shows two examples. One
is for the initial intensity of the o-light being equal to
that of the e-light and the other is for the initial inten-
sity of the o-light being lower than that of the e-light,
while in both cases fed back is only the o-light. The
simulation results in Fig.4 are in agreement with the
experimental results in Fig.2(a) and Fig.2(b).

In the second optical feedback case, both modes
are fed back into the laser cavity, and their intensi-
ties are modulated. From Eq.(4) and Eq.(5), we can
see that when two modes are both fed back the dif-
ference in intensity between the two modes is much
larger. The mode competition is so strong that only
one mode can oscillate mostly in a period. When one
mode is extinguished, the intensity of the other mode
is of cosine wave just the same as the curves in Fig.3.
Because of the difference in initial intensity between
the two modes in Fig.3, the two peaks of the total
light intensity curve are not the same in size all the
time. The simulated intensity curves of the two or-
thogonally polarized modes are shown in Fig.5 in two
cases. One is for the initial intensity of the o-light be-
ing equal to that of the e-light and the other is for the
initial intensity of the o-light being lower than that
of the e-light, while both modes are fed back in both
cases. The starred curve denoting the variation of the
total light intensity is shifted up along the vertical axis
by 2.0V. The simulation results in Fig.5 are in good
agreement with the experimental results in Fig.3(a)

and Fig.3(b).
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Fig.4. Simulation results of the o-light, e-light and the total light intensities with only the o-light fed back
(a) when the initial intensity of the o-light is equal to that of the e-light; (b) when the initial intensity of

the o-light is lower than that of the e-light.
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Fig.5. Simulation results of the o-light, e-light and the total light intensities with both modes fed back (a)
when the initial intensity of the o-light is equal to that of the e-light; (b) when the initial intensity of the

o-light is lower than that of the e-light.
5. Discussion

In this paper, the optical feedback characteristics
of two orthogonally polarized modes have been studied
in a strong optical feedback regime, with the reflectiv-
ity of an external feedback mirror reaching as high
as 88%. Strong mode competition can be obviously
observed, especially when both modes are fed back.
The difference in intensity between the two orthogo-
nally polarized modes affects their mode competition
strongly, which is determined by their initial intensity
and the optical feedback strength. In Fig.2, because of
the difference in initial intensity between o-light and
e-light, their mode competition is absolutely different.
In the second optical feedback case, both lights are all
fed back, no matter what their initial intensities are,
there still exists the strong mode competition. Com-
pared with the work in Refs.[22-24], which was done
with the reflectivity of feedback mirror being as low as
20%, 40% and 50%, the mode competition is so strong
that when one light begins to oscillate, the other will

be extinguished. It is hard for them to oscillate to-
gether. And the sizes of the sub-peaks are determined
by the initial intensities of o-light and e-light.

Mode competition for the available laser gain
must be considered during the optical feedback. The
two modes share the same available laser gain, and the
stronger one will suppress the weaker one. It makes
the mode competition for the available laser gain pos-
sible.
external cavity phase difference A¢ between o-light

If we do not consider mode competition, the

and e-light can be expressed as

l Av

A¢:|¢o_¢e|:2ﬂ'377 (6)
where Av is frequency difference between the two or-
thogonally polarized modes, and A=1000MHz is lon-
gitudinal mode spacing of laser. In our experiment,
the calculated result is 374. But based on the experi-
mental results, the frequency difference is about /2.
It is the mode competition that affects the phase rela-

tionship between the two intensity modulation curves.
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In Fig.2(a), the modulation depth of the total out-
put light intensity is larger than that of either light’s
intensity. This feature can be used to improve the
self-mixing system sensitivity for displacement. If we
want to obtain one light intensity curve which keeps
invariable in its maximum intensity, we can just fed
one light back into the laser cavity as shown in Fig.2.
When both modes are fed back, the total output light

intensity in a period has two peaks with the same size

as shown in Fig.3(a). So the fringe frequency of the

optical feedback signal can be doubled. It also can
double the resolution of a self-mixing system. For
a 632.8-nm He—Ne laser, the system has a resolution
of 160-nm. For the o-light or the e-light intensity in
Fig.3, they can be used to generate the pulse signals.
A pulse signal is produced when the feedback mirror
moves a displacement of A/4, which gives another way

to generate pulse signals.
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