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Polarization switching in a quasi-isotropic microchip
Nd:YAG laser induced by optical feedback*

Ren Cheng(ff: /%)7, Tan Yi-Dong(#k'H 4<), and Zhang Shu-Lian(7K 15%%)
State Key Laboratory of Precision Measurement Technology and Instruments, Department of Precision Instruments &
Mechanology, Tsinghua University, Beijing 100084, China

(Received 30 May 2009; revised manuscript received 25 June 2009)

This paper demonstrates the influence of external optical feedback on the polarization state of longitudinal modes
in quasi-isotropic microchip Nd:YAG lasers. Under optical feedback, the polarization state of longitudinal modes in
quasi-isotropic lasers relies strongly on the intracavity anisotropy loss and mode competition. When the intracavity
anisotropy loss is small, external optical feedback can cause polarization switching and strong mode competition between
two orthogonal linearly polarized eigenstates of one laser longitudinal mode, which leads to the distortion of laser
intensity modulation waveform. The polarization switching is independent of the initial external cavity length. By
increasing the intracavity anisotropy loss, one polarization eigenstate can be suppressed and the laser works in single-
polarization state. A theoretical analysis based on the compound cavity model is presented, which is in good agreement
with the experimental results. The results offer guidance to the development of laser feedback interferometers.
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1. Introduction

By reflecting a portion of the laser output back
into the laser resonator from a movable external re-
flector or object, we find that the interference between
the reinjected field and the stationary field causes laser
intensity modulation, from which the displacement
or velocity of the external object can be recovered.
The signal characteristics of the modulated laser out-
put intensity are similar to those with two-beam in-
terference. One period of laser intensity undulation
(one fringe) corresponds to a A/2 change of the exter-
nal cavity length, where A represents the laser wave-
length; that is why the phenomenon of optical feed-
back, first reported by King and Steward,[!l is also
called a self-mixing interference. Due to its inherent
simplicity, compactness, robustness, and economy, the
laser feedback technique has been widely used for mea-

surements of Doppler velocity,!?% displacement, ]

n.[10:11] Tpy recent

distance,[®7 profile,[®9 and vibratio
years, diode-pumped microchip lasers!'213 have at-
tracted much attention for their ultrahigh sensitivity
to optical feedback. However, the influence of optical
feedback on the polarization states in quasi-isotropic

microchip Nd:YAG lasers still lacks study. This study

is essential to the self-mixing sensing research of mi-
crochip lasers, especially self-mixing interferometers,
for it has great influence upon the intensity modula-
tion.

This paper reports the influence of external opti-
cal feedback on the polarization state of longitudinal
modes in quasi-isotropic microchip lasers. There ex-
ist two orthogonal linearly polarized eigenstates for
each longitudinal mode order in quasi-isotropic lasers,
while usually only single polarization is output due
to large intracavity anisotropic loss and strong mode
competition. When external optical feedback is intro-
duced, one can observe the phenomena that intensities
of two orthogonal linearly polarized eigenstates both
are modulated by the external cavity length, the pe-
riodical polarization switching and intensity transfer
between two eigenstates. The polarization switching is
independent of the initial external cavity length. The
feedback-induced intensity modulation waveforms are
affected by the polarization switching. By inserting
a tilted waveplate into the laser resonator to increase
the intracavity anisotropy loss in the laser, normal in-
tensity modulation waveforms can be recovered. The
results offer guidance to the development of laser feed-
back interferometers.
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2. Experimental setup

Experiments are carried out on a diode pumped
open-cavity Nd:YAG laser operating at 1.06 pm with
single longitudinal mode. The experimental setup re-
sembles the structure of a laser feedback interferome-
ter, as shown schematically in Fig. 1. The laser chip
used is a parallel-plane plate of 2 mm in thickness,
®5 mm in diameter, made from Nd:YAG crystal con-
taining 1.1 at% Nd3* ions. Its input surface M; is
dielectric coated with a reflectivity of Ry > 99.8%
at the lasing wavelength of A = 1.064 pm, but with
antireflective coating at the pumping wavelength of
A = 808 nm. The other surface is coated with high
transmission of 99.9% at the lasing wavelength. The
laser cavity is composed of M; and a concave mir-
ror My which has a radius of 20 mm and reflectiv-
ity of Ro = 98.8% at A\ = 1.064 pum. A wave plate
(WP) with both surfaces is coated with antireflective
films and has not been inserted into the laser cavity
at first. A fibre-coupled laser diode (LD) is used as
a pump, whose output is focused on the laser crys-
tal by a self-focusing lens (SL). We keep the pumping
light at about 150 mW when the laser outputs single

longitudinal mode with a certain linear polarization
direction. Throughout the whole process, the laser
works in the fundamental transverse mode state. The
laser’s output passes through a beamsplitter BS;. One
part (50%) is used as optical feedback and is reflected
by an external feedback mirror Me,. A variable atten-
uator (ATT) is used to set the appropriate feedback
level to avoid multi feedbacks in the external cavity.!*4!
In laser feedback interferometers, the displacement of
mirror My is measured by calculating the intensity
fringes. In our following experiments, a piezoelectric
transducer (PZT) that drives the mirror M, is used to
mimic the displacement. Its motion varies the phase of
the feedback light and then the laser intensity is mod-
ulated. Mirror Mgy is placed on a translation stage
so that we can adjust its distance to the laser cav-
ity, which we refer to the initial external cavity length
Leyt. The other output is then divided by BSs. With
one beam, we detect the laser’s total intensity modu-
lation with a photodetector D. A Wollaston prism W
divides the other beam into two orthogonal directions,
and their intensities are detected by photodetectors

D; and D, respectively.

Fig. 1. Diode pumped microchip Nd:YAG laser with optical feedback.

3. Experimental results

The Nd:YAG lasers, which are almost optically
isotropic, may operate on more than one polarization
mode. Research!'®16] shows that two orthogonal lin-
early polarized eigenstates exist for each longitudinal
mode order. However, the laser usually outputs sin-

gle polarization mainly due to the strong competition
between orthogonal polarizations and the difference of
their threshold gain, which results from crystal resid-
ual stress, inhomogeneity of the gain medium and op-
tical thin-film, and so on. This means that in the spa-

tially monomode case the laser is also monomode in
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polarization but bistable. Polarized feedback!!” and
birefrigent feedback['8) can cause polarization flipping.

In our system, the crystal residual stress and in-
homogeneity of optical thin-film have been limited to
a relatively low level during the manufacturing pro-
cess. Experiments show that when the intracavity
anisotropy loss is small, even isotropic external cav-
ity feedback can cause polarization switching between
orthogonal linearly polarized modes, which has a neg-
ative effect to the development of laser feedback in-
terferometers, because polarization switching changes
the intensity modulation waveform and makes the
fringe counting difficult.

First, without optical feedback, the microchip
Nd:YAG laser outputs single longitudinal mode with a
certain polarization direction. The laser cavity length
L is 50 mm and nothing has been put into the inner
cavity. Then the mirror My is added to generate opti-
cal feedback and the initial external cavity length Leyt
is set to be nearly the integral multiple of the cavity
length (about 200 mm). On this occasion, we apply
the triangular scanning voltage to the PZT and move
the mirror Mg, within micron dimension. The laser
intensity modulation is shown in Fig. 2. The phase of
external feedback is given by ¢ext(= 4mLext/A). As
we can see, one period of intensity fluctuation occurs
when the external cavity length changes \/2. How-
ever, the total light intensity waveform does not look
like a cosine wave as reported but more like a full-
wave rectification. Using the polarizing beamsplitter,
we find that the total light intensity consists of two
orthogonal linear polarized modes, which we refer
to the “o-light” and “e-light”. The o-light and e-light

— I ——I,——I,—%—PZT

Laser intensity/arb. units
PZT voltage/(200 V/div)

Time/(5 ms/div)

Fig. 2. Intensity modulation curves of the total light and
the two orthogonal polarized modes, when the initial ex-
ternal cavity length Lext is the integral multiple of the
cavity length.

both are linearly polarized light but in orthogonal di-

rections. Both of them are modulated by the external
cavity length; because of the strong intermode com-
petition, when one mode begins to oscillate, the other
will extinguish quickly. They switch alternately and
each oscillates half of a period.

We then study the influence of the initial exter-
nal cavity length. We use the translation stage to
change the initial external cavity length. The Leyy is
now about (m +1/2)L (225 mm), where m is an inte-
ger. The phenomenon called “mode hopping” occurs,
which we have described in detail in Ref. [19], as shown
in Fig. 3. On this occasion, the laser switches its os-
cillation between two adjacent longitudinal modes (N
mode and N+1 mode). The total light intensity wave-
form looks like a full-wave rectification and the fluctu-
ation period has been shortened to A/4. However, the
total light intensity curve we got is little different from
that in Ref. [19]. It is not as smooth as the previously
reported curves. Using the polarizing beamsplitter,
we find that the total light intensity also consists of
two orthogonal linearly polarized lights. Polarization
switching occurs whether the N mode or the N + 1
mode is oscillating. The total light intensity is actu-
ally the mixing of “mode hopping” and “polarization
switching”. The polarization switching is independent
of the initial external cavity length.

F — I ——I,——I[,—#— PZT h

Laser intensity/arb. units
PZT voltage/(200 V/div)

Time/(5 ms/div)

Fig. 3. Intensity modulation curves of the total light and
the two orthogonal polarized modes, when Lext is the in-
tegral multiple and a half of the intra-cavity length.

After that, we insert a tilted waveplate into the
laser inner cavity, which obviously increases the intra-
cavity anisotropy loss and enlarges the difference be-
tween the threshold gains of the two orthogonal eigen-
states. For example, when the threshold gain of the
o-light is much smaller than that of the e-light and
the feedback effect could not compensate that, the
e-light will be suppressed during the whole process.
The intensity modulation curves are obtained when
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Lext = mL and Leyy =(m+1/2)L, as shown in Figs. 4
and 5. When L. = mL, the waveform looks like
cosine wave and the fluctuation period is A/2; when
Lext = (m+ 1/2)L, the waveform looks like full-wave
rectification and is quite smooth, the fluctuation pe-
riod is A/4. No polarization switching is found on
either occasion and the curves are the same as the
previously reported ones. Note that the waveplate is
not required, a glass plate or a polarizer with both
surfaces coated by antireflective films is also appropri-
ate. We use the waveplate just because it is the only
optical element we have at hand with both surfaces
coated by antireflective films at the lasing wavelength
of 1064 nm.

— I —=—PZT

Laser intensity/arb. units
PZT voltage/(200 V/div)

Time/(10 ms/div)

Fig. 4. Intensity modulation waveform, when Lext = mL.

Laser intensity/arb. units
PZT voltage/(200 V/div)

Time/(5 ms/div)

Fig. 5. Intensity modulation waveform, when Lext =
(m+1/2)L.

P

Theoretical analysis

According to the self-consistency of standing wave
cavity, the intensity modulation mechanism of optical
feedback has been considered as the modulation of the
threshold gain of a laser.[20-21]

The initial electric vector Ey(t) exiting from out-
put surface of the Nd:YAG laser travels a round trip in

the laser active cavity and the external feedback cav-
ity, respectively. After the round trips, Eo(t) turns
into the final electric vector E(t), which can be writ-

ten as

d
E(t) =riroexp (j4’/Tl/n + 2gd) Ey(t)
c
d + Lex
na + Lot + di) Eo(t),

+ 111573 exp <j47r1/
(1)

where 71 and r9 are the amplitude reflection coeffi-
cients of My and Mo, Tp = 1 — r% is the transmission
coefficient of My, r3 is the amplitude reflection coeffi-
cient of the external feedback mirror My, £ is the feed-
back ratio of the external optical field coupled into the
laser cavity, Leyt is the external cavity length, n is the
effective refractive index of the laser cavity material, d
is the length of gain medium, and g is the linear gain
per unit length due to the stimulated emission inside
the laser cavity in the presence of feedback.
According to the laser equilibrium requirement

E(t) = Ey(t), the following equation can be obtained:

d
r1T9 €Xp (j47run + 2gd)
c

X {1 + Sexp (j47rVLZXt)} =1, (2)

where 8 = Tyrsé/ra. From Eq. (2), the reinjected
light will cause a change to the threshold gain of the

laser as follows:

The laser intensity modulation can be expressed

as

Al = InkAg = 5 cos(ext), (4)

where k is a constant relating to the laser operation
parameters, Gext = 4TV Lex/c, ¢ = Bkly/2nd. And
Iy is the initial laser intensity without optical feed-
back. From Eq. (4), we can see that the laser inten-
sity modulation with the isotropic external feedback is
in the form of a cosine waveform, whose period corre-
sponds to half wavelength (A/2) variation of the exter-
nal cavity length. The simulated intensity modulation
curve is presented in Fig. 6, which is in good agree-

ment with the experimental result shown in Fig. 4.
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B —1I —=—pzT .

Laser intensity/arb. units
PZT voltage/(200 V/div)

Time/(5 ms/div)

Fig. 6. Simulation of laser intensity modulation curve
with external optical feedback.

Then we take the two orthogonal eigenstates into
account (we refer them to the o-light and e-light). Mi-
crochip Nd:YAG lasers have been reported to out-
put orthogonal polarization modes when the pump
is strong. There exist two orthogonal eigenstates for
each longitudinal mode order, though usually one po-
larization is suppressed by the other. Research shows
that the Nd:YAG chip’s residual birefringence causes a
frequency difference between orthogonal polarization
modes.["! Equation (4) can be expressed as follows:

4
Al, = g, cos (WVOLext>a
C
A (5)
I8
AIe = Ge COS <VeLext)7
C

where ¢, and ¢, are constants corresponding to o-light
and e-light, respectively. v, and v, are the optical
frequencies of o-light and e-light respectively. From
Eq. (5), we can find that both of the two orthogonal
eigenstates vary one period when the length of exter-
nal cavity changes half wavelength. However, there is
a phase difference 6 = (47 /c) Av Loyt between Al, and
Al.. The feedback-induced loss modulation is non-
synchronous for the two orthogonal polarizations. In
fact, in our experiments, the two eigenstates are of the
same longitudinal mode and share the same inverted
population. Figures 2 and 3 reveal that there is a
strong mode competition between them, which must
be considered. Thus, only one mode can oscillate at
one moment, i.e., when one mode starts to oscillate
the other one will be extinguished. When feedback
causes a negative effect to one polarization and makes
its threshold gain larger than that of the other, the
other polarization may then use the inverted popula-
tion and start oscillation. The intensity modulation of

the two orthogonal linearly polarized eigenstates can

be expressed as

4

AIO = Go COS (ﬂ-VoLext>a if Yo < Ge,
C

Al = (6)

4
AIe = Ge COS (WVoLext + 6)7 if ge < Go-
Cc

We can also estimate the wvalue of §, 0 =
27 (Lext /L) (Av)/(A), where A is the longitudinal
mode spacing of the laser and is about 3 GHz in our
system. And Av is usually several tens of MHz.[1¢
Hence, as we can see, the A is so large that small
change of the initial external cavity length Loy will
exert little influence on §, which explains that the po-
larization switching is independent of the initial exter-
nal cavity length. When Leyt = 4L (as in our system),
supposing Av = 60 MHz, then we find that ¢ is about
i

Based on the considerations above, the simulated
intensity modulation curves are presented in Fig. 7,
which are in good agreement with Fig. 2. Note that in
the simulation, we assume that polarization switching
needs no time. However, the real transition is much
slower. And we also assume that the peak intensity
of o-light is a bit larger than that of e-light, because
the o-light is the initial lasing mode and has lower
threshold gain. The theory and simulations of “mode
hopping” has been described in Ref. [19] and will not
be presented here.

— I ——I,—— ], —®—PZT

Laser intensity/arb. units
PZT voltage/(200 V/div)

Time/(5 II‘lS/diV)

Fig. 7. Simulation of laser intensity modulation curves
with external optical feedback, when polarization switch-
ing is considered.

5. Conclusions

In this paper, we have systematically studied
polarization switching in quasi-isotropic microchip
Nd:YAG lasers induced by optical feedback. Our re-
sults show that when the intracavity anisotropy loss,
caused by the inhomogeneity of optical film, residual
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stress and phase retardation of optical elements, is
small, external optical feedback can cause polarization
switching between two orthogonal polarization eigen-
states of one laser longitudinal mode, which leads to
the distortion of laser intensity modulation waveform.
By inserting a tilted waveplate into the inner laser cav-
ity to increase the intracavity anisotropy loss, one po-
larization mode can be suppressed and the laser works
in single-polarization state.

Microchip lasers based on optical feedback are
widely used in practical applications of imaging, sens-

ing and metrology. For these applications, steady
laser intensity modulation waveforms are required.
Our results show that if we increase the intracavity
anisotropy loss, the laser can steadily work on single-
polarization with good wave shape. Meanwhile, a pos-
sible method can be used to improve the measuring
resolution. According to the result shown in Fig. 3, we
can improve the A/2 resolution of conventional feed-
back measument to A/8 by detecting the polarization

switching points.
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