1014

J. Opt. Soc. Am. B/Vol. 18, No. 7/July 2001 Zhang et al.

Influence of birefringence induced at low
temperature on balanced detection of
polarization-dependent photon-number
squeezing and its optical compensation

Jing Zhang, Tiancai Zhang, Ruifang Dong, Junxiang Zhang, Junmin Wang, Changde Xie, and
Kunchi Peng

Key Laboratory of Quantum Optics, Ministry of Education, China, and Institute of Opto-Electronics,
Shanxi University, Taiyuan 030006, China

Received August 14, 2000; revised manuscript received January 9, 2001

The polarization-dependent photon-number squeezing of 1.5 dB from a grating feedback locking quantum-well
laser in a cryostat has been experimentally detected with a balanced homodyne detector including an imperfect
nonpolarized-beam splitter. The great influence of the birefringence induced at low temperature on the de-
termination of the shot-noise-limit and on the detection of photon-number squeezing is discussed in detail.
Birefringence is compensated for by insertion of a half-wave plate of adjustable inclination into the output

beam before the polarization components of the optical system. © 2001 Optical Society of America

OCIS codes: 270.0270, 270.6570.

1. INTRODUCTION

The generation of photon-number squeezed states from
laser diodes (LLDs) has been extensively studied for its po-
tential applications in precise measurements and quan-
tum information processing. In particular, injection-
locked LD systems'™ have attracted wide attention in
scientific and technical fields because they can provide
convenient tunable nonclassic light sources for quantum-
optical spectroscopy.’™ The variety and dependence of
experimental results on the devices and optical configura-
tions encouraged us to study further the physical mecha-
nism that influences the squeezing detection of a laser di-
ode. A group of researchers at the Randall laboratory,
University of Michigan, discussed the polarization depen-
dence of LD intensity noise and the induced birefringence
effect at low-temperatures?; later they suppressed these
effects, using polarization-preserving balanced homodyne
detection, and demonstrated photon-number fluctuation
4.5 dB below the shot-noise limit (SNL) at 15 K with a
quantum-well laser that was injection locked by a tunable
dye laser.® An elegant explanation of the phenomenon of
the increase in noise when a polarizer is introduced was
suggested in Ref. 8, where the inherent anticorrelation
and the anticorrelation induced by birefringence between
orthogonally polarized fields were designated the main
reasons. But, in our experiment, we found that the in-
fluence of the inherent anticorrelation fluctuation from
the orthogonally polarized component of laser on detec-
tion of the noise spectrum is not significant, because the
fluctuation noise is 10 dB lower less than that of the main
polarization output; however, the effect of induced bire-
fringence in the laser and the optics at low-temperature is
most important.

Although perfect polarization-preserving balanced ho-
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modyne detection, which requires that no polarizer be in-
serted before balanced detection and that a 50% beam
splitter for balanced detection be perfectly nonpolarizing,
can give the correct photon-number squeezing and the
SNL level by means of standard balanced detection, per-
fect polarization preservation is not always achieved: for
instance, when a polarizer is inserted before balanced de-
tection or when the beam splitter used in a homodyne
detector has a few polarizations. For imperfect
polarization-preserving balanced homodyne detection, the
SNL level measured with the standard balanced detection
technique and the squeezed noise spectrum are incorrect.
By inserting a half-wave plate of adjustable inclination
into the output beam to compensate for the birefringence,
and a polarizer behind the \/2 plate, we determine a SNL
that is in good agreement with that obtained by calibra-
tion with a filtered white-light source and detect 1.5-dB
photon-number squeezing of the output laser from a grat-
ing feedback locked quantum-well laser at 80 K in a
cryostat.’ Our experiments show that the polarization-
dependent photon-number squeezing from a laser system
in a cryostat can be precisely detected by an imperfect
polarization-preserving balanced homodyne detector and
that the polarization components can be placed in the op-
tical configuration before detection so long as a simple bi-
refringence compensator is used.

2. EXPERIMENTAL SETUP AND RESULT

The experimental setup for generating photon-number
squeezed states of light from a semiconductor diode laser
is shown in Fig. 1. The quantum-well laser diode (Spec-
tra Diode Laboratories 5411-G1) and the collimation lens
were cooled to 80 K inside a liquid-nitrogen cryostat to in-
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Fig. 1.

Experimental setup for generation of amplitude-squeezed states of light from a diode laser:

COL, collimater; PZT, piezoelectric

transducer controlling the grating; INPBS, imperfect nonpolarizing beam splitter; PBS, polarizing beam splitter; SA, spectrum analyzer;

R, resistance; L, inductance; r, reflection coefficient.

crease the electron-to-photon conversion efficiency. Be-
cause of the presence of multiple subthreshold longitudi-
nal side modes in the laser diode, line-narrowing
techniques have to be used to produce amplitude squeez-
ing. In as much as phase noise of the laser diode is
highly sensitive to wavelength-selected optical feedback,
weak optical feedback is enough to effectively suppress
the longitudinal side modes. The quantum-well laser
output is oriented such that the polarization component
parallel to the laser junction has a strong output. The
weak perpendicularly polarized component experiences
large cavity loss close to threshold. The weak-
polarization component has intensity noise far above the
SNL because of the absence of strong gain saturation, and
the characteristic is similar to that for the longitudinal
side modes. In our experiment we used a high-
transmission beam splitter with a transmission of 95% to
reflect a small portion of the laser beam onto a grating
(1200 lines/mm). The first-order diffracted beam was re-
flected and fed back to the laser diode by the piezoelectric
transducer-controlled grating. At 80 K the threshold
current for the laser diode is 2.8 mA. The output beam
was detected with two photodiodes (FND100). A 50%
beam splitter of imperfect nonpolarization (~6% polariza-
tion dependence) and one of perfect polarization (100%
polarization dependence), respectively, were used to di-
vide the squeezed light into two detectors (balanced ho-
modyne detection configuration). The overall detection
efficiency including optical losses and detector efficiency
was near 84%. The sum or difference of photocurrent
noises was measured with a spectrum analyzer. The
SNL was confirmed by a red-filtered white-light source
with the same dc photocurrent.

The amplitude noise spectra from the laser output
without polarization analysis are shown in Fig. 2. The
laser diode is biased at 30.6 mA, giving a corresponding
photodetector dc current of 12.2 mA. The efficiency of
conversion of injection current into detector current is
40%, from which the estimated squeezing is ~2.2 dB.
Figure 2A shows the measured noise spectra with the im-
perfect nonpolarizing beam splitter of the balanced homo-
dyne detection, which has little dependence on polariza-
tion. We measure the maximum and minimum
transmission powers I5® and I®™™ by rotating the polar-
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Fig. 2. A, Measured noise spectra with the nonideal nonpolar-
izing beam splitter for balanced homodyne detection. B, mea-
sured noise spectra with the polarizing beam splitter for bal-
anced homodyne detection.

ization of input light and calculate the polarization de-
pendence (I} — [BIM)/(I 5% + [Ri") = 6%. Trace a is
the sum of photocurrents of the laser output noise 1.6 dB
below the SNL. Trace b is the difference of photocur-
rents that gives the incorrect SNL. Figure 2B shows the
measured noise spectra with the balanced homodyne de-
tection for the same conditions but with the beam splitter
100% polarizing; the sum photocurrent (trace a) overlaps
trace a of Fig. 2A. Trace b is the difference of photocur-
rents, which is far above trace b of Fig. 2A. For the per-
fect nonpolarizing beam splitter the two orthogonally po-
larized components of laser output couple only the same
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polarized vacuum noise injected from the dark port;
therefore the difference of photocurrents is the strong co-
herent component of laser field beating with the vacuum
noise that gives true SNL at the same dc photocurrent.
When an imperfect nonpolarization beam splitter is used,
the vacuum noise from the dark port and the large noise
of the perpendicular-polarization component from the
bright port will be coupled in the parallel laser compo-
nent. So the difference of photocurrents of Fig. 2A gives
a false SNL that is 1.6 dB greater than the real SNL.
When the polarization beam splitter is used, the polariza-
tion of the input light is 45° with respect to the polarizer,
so the parallel-polarization component couples only the
perpendicular-polarization component that comes from
the bright port. The parallel-polarization component
that has large magnitude is just as likely to serve as the
local beam in a normal homodyning detector to measure
the noise of the weak perpendicular-polarization
component.® The difference of currents in Fig. 2B gives
the noise of a weak perpendicularly polarized field, which
is 9.8 dB above the SNL.

The polarization-extinction ratio for the laser output at
room temperature is better than 100:1, but at the low
temperature of 80 K, when a linear polarizer is intro-
duced and aligned for maximum transmission, which cor-
responds to the polarization axis parallel to the laser
junction, the measured polarization-extinction ratio is re-
duced to 10:1. The relatively small polarization-
extinction ratio for the laser output from the cryostat is
due primarily to the birefringence of the collimating lens
and the LD induced at low temperature, which results in
elliptically polarized output. When a polarizer is intro-
duced, the projections of the orthogonal field components
onto the polarizer axis will interfere; therefore the
squeezing level of the main polarization component after
mixing the large noisy component must be decreased.
Trace a of Fig. 3 gives the measured noise of the laser
field 2.3 dB above the SNL. Through the polarizer, the
perpendicularly polarized component is changed into
vacuum noise, and the difference of currents will give the
correct SNL, no matter whether a nonpolarizing or a po-
larizing beam splitter is used. To eliminate the effect of
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Fig. 3. Measured noise spectra with a linear polarizer. Trace
a, the power spectrum of the laser output degraded owing to the
effect of birefringence. Trace b, power spectrum retrieved by
phase compensation. Trace ¢, power spectrum obtained from
polarization-preserving balanced homodyne detection.
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birefringence, we place a half-wave silicon plate of
1.6-mm thickness before the linear polarizer and adjust
its angle of inclination to make the maximum transmis-
sion through the linear polarizer, in this case the differ-
ence of optical distances between two orthogonal polariza-
tions that results when the laser and optics at low
temperature are compensated for. A polarization-
extinction ratio of >100:1 is recovered. Then 1.5-dB
squeezing is observed again, which is close to the result
measured by polarization-preserving balanced homodyne
detection (without a linear polarizer), as shown in trace b
of Fig. 3.

3. THEORETICAL ANALYSIS

Figure 4 is a diagram of balanced homodyne detection
with the polarization-dependent beam splitter for a theo-
retical explanation of the experiments. a® and a'™™ are
annihilation operators for parallel- and perpendicularly
polarized laser output fields, respectively ((aﬁ“) > (ain
~ 0). af and a! are annihilation operators for vacuum
fields from the dark port of a beam splitter ((a|) = (a!)
= 0). The polarization of a laser output field must be
rotated 45° by a half-wave plate at 22.5° for balanced ho-
modyne detection. The output beam’s annihilation op-
erators from a half-wave plate are expressed as follows:

a = —(@a®-a™.

The reflection coefficient and transmission of a
polarization-dependent beam splitter for the parallel and
perpendicular directions are R, T (R, + T, = 1) and
R, , T, (R, +T, =1), respectively. We can assume
that Ry=T, =R and R, =T,=T for a general
polarization-dependent beam splitter. The dependence
on polarization for a beam splitter can be evaluated with
|T — R|. Hence the output light fields from the
polarization-dependent beam splitter can be expressed in
terms of the input beams:
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The average photocurrent incident upon detectors D; and
D, is

- VTaj,

I = (i) = (iy) = 12la]"a}™), 3)

where ( is the detection efficiency (0 < { < 1). Here we
have assumed that the polarization-dependent beam
splitter is a 50% beam splitter and that two arms of a ho-
modyning detector have the same dc photocurrent. The
photocurrent of the each arm of the balanced homodyne
detection consists of two parts; one is the self-terms of the



Zhang et al.

o'l oy o>
¥ 50% Polarization-Dependent

» " M2 Beam Splitter

oL Oy

) qj e
/+

e

Fig. 4. Balanced homodyne detection with the polarization-
dependent beam splitter.

input modes at the port of beam splitter, and the other is
the interference terms. The self-terms of two arms are
correlated (or in phase), and the interference terms are
anticorrelated (or out of phase). Thus the sum of photo-
currents of two arms retains only the self-terms and the
difference photocurrent retains the interference terms.
The noise of the sum of the photocurrents is now given as

((8i )% = 2{(AX[)?), @

where ((AX'")2) is the fluctuation of the quadrature am-
plitude of parallel-polarized laser output field. To get the
sum of photocurrents, an alternative method is to use a
single photodiode to measure the noise of the output laser
beam directly. The same sum photocurrent noise spectra
of 1.6 dB below the SNL have been obtained, which were
not dependent on the polarization property of the beam
splitter as shown by traces a of Figs. 2A and 2B. The
noise of the difference of photocurrents is given as

2I{(R — T)*((AX™)?) + 1/2[1 — (R — T)?]
X ((AX,0)?) + 1/2[1 = (R — T*((AX2))

((8i-)%)

= 2I[(R — T)*((AX™)?) + 4RT)], (5)

where ((AX'")?) is the fluctuation of the quadrature am-
plitude of a perpendicularly polarized laser output field
and ((AXGK)Z) and ((AXGK)Z) are the fluctuations of the
vacuum input field from the dark port (((AXGK)Z)
= <(AXaj)2> = 1). From the measured polarization de-
pendence of the beam splitter used in our experiments we
can calculate the noise of the difference of photocurrents,
that is, 1.3 dB above the SNL, in good agreement with
trace b of Fig. 2A. For the ideal nonpolarizing beam
splitter (R = T = 50%), the noise of the difference of
photocurrents is changed into

((8i_)2%) = 27[1/2((AXaﬁ)2) + 1/2((AX,0)*)] = 2.
(6)

Equation (6) illustrates that the difference of photocur-
rents of a perfectly nonpolarizing beam splitter gives the
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true SNL. For the polarizing beam splitter (R = 1, T
= 0), the noise of the difference of photocurrents is

((8i2)?) = 2[{((AX)?). (7)

The noise of the quadrature amplitude of a perpendicu-
larly polarized laser output field measured with the polar-
izing beam splitter is shown as trace b of Fig. 2B. When
a polarizer is introduced before balanced detection, the
projections of the orthogonal field components onto the
polarizer axis will interfere: aﬁ“ =41 - §bfa{“D
+ \/g ED, where &, is a birefringence coupling coeffi-
cient, which is approximately equal to the difference of
polarization extinction ratios (1/10 — 1/100). The
squeezing level of the main polarization component mixed
with the large noisy component will be degraded. Trace
a of Fig. 3 gives the measured noise of the laser field as
2.3 dB above the SNL. Through the polarizer, the per-
pendicularly polarized component is transformed into
vacuum noise [((AX™™)?) = 1], and the difference of cur-
rents from Eq. (5) will give the correct SNL whether a
nonpolarizing or a polarizing beam splitter is used.

Emission along the two polarization axes that couple to
the same wupper-state population and experience
quantum-correlated amplitude fluctuations in much the
same manner that quantum correlations arise among dif-
ferent longitudinal modes was considered in Ref. 7. But
the noise power of the perpendicularly polarized compo-
nent should be less than 10 dB of the main polarization
component because the average photon number of the
former is 20 dB less than that of the latter, although the
amplitude variance ((AX)?) is 10 dB above the SNL. So
the perpendicularly polarized component holds only a
small amount of quantum information about the photon
number in the squeezed parallel-polarized field and has
almost no influence to the noise spectrum of the output
field, as shown in traces b and c of Fig. 3.

4. CONCLUSION

In conclusion, we have found that the key influence on
photon-number squeezing measured by a balanced homo-
dyning detector comes from the birefringence at low tem-
perature. Once the birefringence effect is compensated
for by insertion of a half-wave plate of adjustable inclina-
tion and a polarizer, the correct SNL level and photon-
number squeezing can be detected even with an imperfect
nonpolarization balanced detector. The advantages of
our scheme are that the influence of polarization of the
50% beam splitter used in the balanced detection to the
noise measurement is avoided and that any polarization
components can be inserted into the optical configuration
between the half-wave plate and the balanced homodyn-
ing detector.
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