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Quantum Noise Reduction in Semiconductor Lasers Using Dispersive
Optical Feedback
by
John E. Kitching
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Doctor of Philosophy

Abstract

This thesis describes the phase and amplitude noise properties of semiconductor lasers
subjected to weak, dispersive optical feedback. In the first half, experiments demonstrating
reductions in the laser frequency noise power spectrum and spectral linewidth by several
orders of magnitude are presented. Weak optical feedback is applied to the laser by an
external cavity containing an atomic vapor. The presence of the vapor adds to the dispersion
of the cavity and simultaneously locks the laser to a fixed frequency reference. The role
of 1/f frequency noise in limiting the effectiveness of this linewidth reduction technique is
investigated and 1/f noise is found to be the dominant contribution to the linewidth under
strong optical feedback conditions.

An electronic feedback scheme utilizing FM sideband locking is then implemented along-
side the optical feedback, and an additional reduction in the low frequency 1/f frequency
noise power spectrum by over two orders of magnitude is obtained. Withv both systems
operating simultaneously, the spectral linewidth is narrowed from its free-running value of
about 20 MHz to 1.4 kHz. Excellent absolute frequency stability is also achieved.

In the second half, the effects of optical feedback on the quantum mechanical amplitude

noise properties of the laser are examined. A fully quantum mechanical theory of amplitude



and phase noise for a semiconductor laser with weak optical feedback is developed, and the
nature and limits of the noise reduction using this technique are established. Particular at-
tention is given to the feedback-induced enhancement of the amplitude squeezing which can
be obtained in a pump-suppressed semiconductor laser: an improvement in the squeezing by
3 dB is predicted under moderate pumping. Somewhat larger noise reductions are expected
when the laser is operating closer to threshold. Measurements performed on a laser biased
close to threshold are then described and a reduction in the low frequency amplitude noise
power spectrum by 7 dB is obtained.

An experimental investigation of the effects of optical feedback on the amplitude squeez-
ing in a semiconductor laser is then discussed. The low frequency squeezing in a room-
temperature device is increased from 3% below the standard quantum limit (SQL) under
free-running conditions to 19% below the SQL with optimal feedback. The experimental
results are found to agree poorly with the single-mode model and a multi-mode model in-
cluding the effects of asymmetrical cross-mode non-linear gain is developed to explain the
discrepancy. Finally, further experimental investigation into the generation of amplitude
squeezed light is presented using a commercial laser with no intentional external modifica-
tions. Squeezing as large as 29% below the SQL is measured using a balanced homodyne
detector with the laser operating near room temperature, corresponding to 41% below the

SQL at the output facet of the laser.
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Chapter 1

Introduction

1.1 Introduction

Since the earliest days of laser oscillators, noise issues have been an important con-
sideration from both a basic science viewpoint and the design aspect. Certain limits,
such as the Schawlow-Townes linewidth [1,2] and the shot noise limit were recog-
nized early on as being fundamental to many types of lasers. Semiconductor lasers,
in particular, have been useful devices for studying the quantum noise properties of
lasers in general. Due to their small mode volume, low facet reflectivity and phase-
amplitude coupling, free-running semiconductor lasers typically have linewidths of
several megahertz which are dominated by fundamental noise sources such as spon-
taneous emission into the lasing mode. In addition; semiconductor laser cavities have
relatively large cavity bandwidths with the result that the noise at frequencies of up
to tens of GHz is determined mainly by the dynamics of the gain medium and its
interaction with the optical field.

In recent years, advances in the understanding of these fundamental noise prop-
erties have pushed semiconductor laser performance beyond what was once thought
to be basic limitations for both linewidth and amplitude noise. The discovery of
the importance of phase-amplitude coupling in semiconductor lasers [3,4] has led to

useful schemes for reducing both the laser spectral linewidth [5,6] and the amplitude
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noise [5,7,8]. In addition, the understanding of the interaction of semiconductor lasers
with their pumping circuits [9,10] has given rise to amplitude squeezed light sources
capable of generating light which, when photodetected, exhibits a photocurrent noise
power below the shot noise level. The ease with which such sources can be built and
the large squeezing bandwidths which can be obtained make them an attractive tool
for many applications. Other correlations between, for example, the junction voltage
and the amplitude or phase noise, can also be used in conjunction with electronic
feedback or feedforward to reduce the laser noise [11,12].

Due to the ubiquity of semiconductor diode lasers in commercial settings, appli-
cations of low-noise devices are many and varied. An advanced worldwide optical
communications network will require narrow-linewidth, stable semiconductor lasers
locked to frequency standards at 1.55 pm. Electronic and optical feedback systems are
potentially important here to lock semiconductor lasers to atomic transitions. Atomic
physicists are now turning to semiconductor lasers to replace large and expensive dye
and solid state lasers currently used in many atomic physics experiments [13]. Opti-
cal feedback techniques are beginning to be used to generate the narrow linewidths
and tunability required for experiments such as laser cooling and trapping of atoms.
Portable, cheap frequency standards have been proposed using atoms trapped with
semiconductor lasers [14]. Amplitude squeezed light may find use in certain precision
measurements such as gravitational-wave detection [15] in which the shot noise is a
crucial barrier to the observation of weak signals. In addition, optical communica-
tion schemes have been devised to take advantage of the noise redistribution which
occurs in squeezed states in order to either increase transmission rates [16] or secure
transmission secrecy [17].

Techniques for noise reduction in semiconductor lasers are many and varied (see
[18] for a review of frequency stabilization techniques) but can be broadly classi-
fied into three basic methods: structural modifications, all-optical modifications and

electronic feedback. Included in the structural modification group are brute-force
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methods of noise reduction such as making longer lasers with better cold-cavity Q’s.
In addition, alterations in gain medium structure such as the use of quantum wells
have been successful in the past in reducing the phase-amplitude coupling and hence
the linewidth. Monolithic coupled cavity structures such as two or three-section DFB
lasers have also exhibited reduced noise over simpler Fabry-Perot devices [19]. The
goal here is to create low-noise devices at the fabrication stage which require little or
no modification before being used in the application.

Related to structural modifications are optical feedback schemes. These are usu-
ally passive feedback systems which rely only on optical modifications to the initial
laser structure such as external cavities or interferometers. Such techniques often can
achieve much larger noise reduction than structural changes can, essentially because
mode volumes which are orders of magnitude larger than those of solitary semicon-
ductor lasers can be attained. The devices do become much larger, however, and
the modifications are difficult to implement on a commercial level due to the usually
high degree of complexity. Nevertheless, some of the narrowest spectral linewidths
ever produced from diode lasers [20] have been generated in this way justifying the
introduction of the additional complexity if very stable lasers are required.

The final method is that of electronic feedback. The idea here is to implement an
active feedback system to stabilize the laser by measuring the noise and then changing
the laser injection current to compensate. Electronic feedback can result in extremely
large reductions in the noise at low frequencies but is difficult to implement at very
high frequencies. As a result it is often used alongside one of the two previous schemes

in order to enhance the low-frequency stability of the laser.

1.2 Outline of thesis

The work in this thesis concentrates mainly on the second method of noise reduction:

optical feedback. In Chapter 2 the effects of optical feedback on the laser linewidth are
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investigated. Particular attention is paid to the role of 1/f noise in the low frequency
part of the frequency noise power spectrum both in how it is affected by the feedback
and also in how it contributes to the laser’s spectral linewidth. In Chapter 3 an
electronic feedback scheme utilizing FM sideband locking is implemented along with
the optical feedback to obtain very narrow linewidths. A linewidth of 1.4 kHz FWHM
is obtained under optimum conditions.

In Chapter 4, the fully quantum mechanical theory of semiconductor laser noise
in the presence of weak optical feedback is discussed. The quantum limits to the
amplitude and frequency noise reduction which can be obtained with optical feed-
back are elucidated and predictions of an enhancement of the amplitude-squeezing
in a pump-suppressed laser using optical feedback are made. The reduction of the
“classical” amplitude noise with optical feedback is accomplished in Chapter 5. This
experiment is done with the laser fairly close to threshold where the amplitude noise
is large and the quantum nature of the optical field is not evident. Reductions in the
amplitude noise by as much as 7 dB are demonstrated at an injection current of 1.5
times threshold.

An extension of the amplitude noise reduction into the quantum regime is then dis-
cussed in Chapters 6 and 7. These chapters describe an experimental demonstration
of the enhancement of the amplitude squeezing in a pump-suppressed semiconductor
laser using optical feedback. The noise is reduced to 19% below the standard quantum
limit (SQL) under optimal feedback conditions. Poor agreement of the experimental
results with the single-mode theory led to the development of a multi-mode theory
including asymmetrical cross-mode non-linear gain saturation which is found to ex-
plain the measured data much better than does the single-mode theory. Finally, in
Chapter 8 measurements of amplitude squeezing from a room temperature laser with
no intentional external modifications are presented. Squeezing 29% below the SQL
is obtained corresponding to 41% below the SQL at the facet of the laser. Improved

side mode suppression seems a likely reason for the increased squeezing over previous



experiments.



Chapter 2

Linewidth and 1/f frequency noise reduction

using optical feedback

2.1 Introduction

This chapter discusses linewidth reduction using optical feedback with emphasis on
the effects of 1/f frequency noise. Section 2.2 reviews the fundamental origins of the
semiconductor laser linewidth including the phasor model and phase-to-amplitude
coupling. It also describes the basic idea behind linewidth reduction using optical
feedback and dispersive loss. Finally, the basic experimental setup which is used in
many of the experiments in this thesis is described and the preliminary results from
this experiment summarized.

In Section 2.3, a more advanced theory of frequency noise in semiconductor lasers
is outlined which includes the effects of a non-uniform frequency noise power spec-
trum. The linewidth generated from a spectrum containing not only the usual white
noise but also 1/f noise at low frequencies is calculated and the changes induced by
optical feedback on both the frequency noise power spectrum and the linewidth are
described. It is found theoretically that optical feedback should be less effective in
reducing the laser linewidth when 1/f noise dominates than when the linewidth is
primarily generated by white noise.

Finally, in Section 2.4, experimental confirmation of the theoretical predictions
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of Section 2.3 is presented. Both the frequency noise power spectrum and spectral
linewidth are measured as a function of the feedback parameters yielding information
on how the non-uniform noise spectrum affects the linewidth. It is seen that optical
feedback is indeed considerably less effective at reducing the laser linewidth if 1/f
noise is the dominant source of the frequency fluctuations than if white noise only is
present. It is found that under strong feedback conditions, 1/f noise generates the
largest contribution to the linewidth suggesting that electronic feedback could be a

useful method for reducing the linewidth even further.

2.2 Frequency noise and linewidth reduction in

semiconductor lasers

2.2.1 Origins of the semiconductor laser linewidth

The linewidth of a semiconductor laser can be understood by considering the phasor
model [21]. In this model, the optical field is represented by a phasor of length +/n,
where 7 is the number of energy quanta in the lasing mode, which rotates in the
complex plain at the oscillation frequency, w. Fluctuations in the optical field due to
spontaneous emission are accounted for by the addition of vectors with length unity
and random phase to the end of the field phasor. Such events occur at random times
but with a mean rate equal to the rate of spontaneous emission into the mode and
cause changes in both the length of the phasor (field amplitude) and its phase. The
mean square fluctuation in the phase of the optical field after N spontaneous emission

events occurring in time ¢ can therefore be calculated using a random walk analysis

to be [21]
1 ngt

([A6(N)2) = (2.1)

T % Tp
where n,, = N3 /(Ny — Np) is the inversion parameter, N, is the number of atoms in

the upper laser level, N is the number of atoms in the lower laser level and 7, is the
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photon lifetime of the cold laser cavity. Under the assumption that the observation
time is much longer that the time between the uncorrelated spontaneous emission
events, the possible values of (A6?) are Gaussian distributed and the field spectrum

can be shown [22] to be Lorentzian with a FWHM

Ny  2whv(Avyp)’ng,

drat, P (2:2)

AI/ST =

where Avy/y is the cold cavity linewidth and P is the output power. For a typical
semiconductor laser this linewidth is a few megahertz at milliwatt output powers.
Thus, unlike most gas or solid state lasers where mirror vibrations and other technical
noise sources obscure the quantum linewidth, a semiconductor laser’s linewidth is
dominated by the quantum mechanical process of spontaneous emission.

While this phase diffusion model of laser frequency noise accounts for the gross
features of the noise behavior, it is incomplete in two ways. The first is that it
is clearly a semi-classical theory: it does not treat the optical field as a quantum
mechanical variable and therefore noise due to the discrete nature of light is not
present. However, at frequencies below the cavity bandwidth the phase diffusion
process usually contributes noise far in excess of the standard quantum limit (SQL)
and therefore the quantum properties of the light can usually be ignored in this region.
It should be noted, as will be described in Chapter 4, that the Heisenberg Uncertainty
Principle which gives rise to the SQL does indeed generate the ultimate limit to
linewidth reduction schemes and must be taken into account when determining the
minimum possible linewidths.

Secondly, there is the issue of phase-to-amplitude coupling which occurs in semi-
conductor lasers as a result of the asymmetrical gain profile and non-zero resonant
refractive index at the lasing wavelength. The first measurements of the spectral
linewidth of semiconductor lasers [23] resulted in values 50 times larger than that
predicted by the Schawlow-Townes expression, (2.2). Three years later, an explana-

tion was proposed [3,4]: the asymmetrical gain profile in a semiconductor laser could
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result in a large coupling of amplitude noise into the field phase generating excess
phase noise and hence an increased linewidth. This explanation, while originally
present in early theories of laser noise in general [24] and semiconductor laser noise
in particular [25] had been ignored for many years before being proposed to explain
the experimental results of Ref. [23].

The essence of the phase-amplitude coupling argument is as follows. For a typical
gas or solid state laser, the gain profile and resonant refractive index are symmetrical
as a function of frequency about their center frequencies. If the lasing frequency is
close to the gain peak, fluctuations in the gain do not cause any substantial change
in the refractive index seen by the internal optical field. For a semiconductor laser,
however, the situation is very different. The gain profile in a semiconductor laser is
asymmetrical, its shape produced at the low frequency end by the density of carrier
states and at the high frequency end by the Fermi function cutoffs. Hence, the
resonant refractive index at the gain peak is non-zero and changes with the gain
as required by the Kramers-Kronig relations. Fluctuations in the gain, caused by
spontaneous emission events into the lasing mode, are therefore coupled into the field
phase resulting in excess phase noise.

This phase-amplitude coupling is described quantitatively by the linewidth en-

hancement factor or a-parameter defined by

_ Ox:/ON.

where x, and x; are the real and imaginary parts of the optical susceptibility of the
lasing medium and N, is the carrier density. The numerical value of o depends to
some extent on the type of laser but is typically 4-6 for bulk lasers [26] and about
half that for quantum well lasers [27]. The existence of phase-amplitude coupling in
semiconductor lasers results in several important consequences. One of these is that

the excess phase noise generated because of the coupling results in an enhancement
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of the spectral linewidth of the laser by a factor of (1 + &?) resulting in a linewidth
Avo = Avsr(1 + a?). - (2.4)

This factor of (1 + o?) explains why measured linewidths of Fleming and Mooradian
[23] were larger than those predicted by the phase diffusion model. The unity term
in 1 + o? is due to the original phase fluctuations while the a? term is caused by
the added noise due to the phase-amplitude coupling. Another consequence of phase-
amplitude coupling is a correlation between the amplitude and phase fluctuations in
the external field of the laser. The correlation between two quantities z(¢) and y(t)

can be described by the cross-correlation spectral density function

Po(®) = | [ (ot + ) ¥ dr] /y/P(R)P(@) (25)

where P,(Q) and P,(Q) are the power spectral densities for the quantities z and y
respectively. A semiclassical theory shows that the magnitude of this cross-correlation
between amplitude and phase at low frequencies, | Pa,a4(9 = 0)|, is equal to a/+/1 + a2
where |Paray (€2 = 0)| = 1 represents a perfect correlation. As o increases, the line-
width does likewise and the phase-amplitude correlation gets increasingly closer to
unity as the fraction of phase noise uncorrelated with the field amplitude gets smaller.

The fully quantum mechanical theory (discussed in more detail in Chapter 4),
which includes not only noise due to spontaneous emission into the lasing mode but
also noise due to spontaneous emission into non-lasing modes, predicts a correlation
of [11,28]

et

| Paray(Q2 =0)] = \/(1 TR (2.6)

in a pump-suppressed laser where R = 7 /7, — 1 is the pump rate, 71, the injection
current, and 2;3, the threshold current of the laser. The additional term R/2 is due

to the effect of spontaneous emission into non-lasing modes. This noise component
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produces amplitude noise without a corresponding correlated component in the phase
noise. Since this noise source dominates the laser amplitude noise at high pump rates
(see Section 4.2.1), the amplitude-phase correlation decreases to zero as the injection

current is increased far above threshold.

2.2.2 Linewidth reduction using optical feedback

Some of the earliest demonstrations of narrow linewidths in semiconductor lasers were
obtained by using extended cavities [29,30,31]. In these experiments, one of the laser
facets was anti-reflection coated and an external, high-reflectivity mirror positioned
in front of the facet to reflect the output light back into the laser. The idea here was
to increase the laser cavity mode volume and thus the @, essentially making it like
a conventional gas or solid-state laser with a semiconductor material providing the
gain. Linewidths of around 10 kHz were obtained in this fashion, and this technique,
often modified by using a diffraction grating rather than a mirror to reflect the light,
remains a popular one for linewidth reduction accompanied by good tunability [13].

Weak optical feedback has been discussed as a method of reducing the linewidth
of semiconductors since as early as 1980 when Lang and Kobayashi [32] performed a
theoretical analysis of the subject. Several other theoretical papers [7,33,34,35,36,37,
38,39] have been written since then emphasizing different aspects of the problem. The
basic mechanism for the linewidth reduction is illustrated in Figure 2-1. The figure
shows a semiconductor laser with weak feedback from an external cavity which may
contain some dispersive element such as a Fabry-Perot resonator or atomic vapor.
The feedback field has some phase, ¢;, with respect to the internal field of the laser
which depends on the frequency of the laser because of the phase delay induced by the
feedback field’s trip through the external cavity. Due to the presence of the feedback
field, the internal laser field sees a slightly altered complex reflectivity at the laser
facet which depends on the oscillation frequency. This frequency dependent loss has

been modeled by substituting into the equation of motion for the optical field, a
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frequency dependent photon lifetime [33,34,40,7] which accounts for the frequency
dependence of the facet loss to first order in the frequency deviation. The photon

lifetime is thus written

1 1 :
Tph Tph

where 7'152) is the original (frequency independent) photon lifetime, ¢(t) is the instan-
taneous frequency deviation of the internal optical field and C is a (possibly complex)
constant. The real part of C represents a change in the loss rate caused by the pres-
ence of the optical field and the imaginary part represents a change in the round-trip
phase shift. The relative magnitudes of C, = Re(C) and C; = Im(C) depend on the
steady state phase deviation between the internal field and the feedback field as will

be discussed in more detail below.
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Figure 2-1: Schematic of optical feedback experiments.

The frequency noise of the laser can now be affected in two ways. The first way
is direct compensation of frequency fluctuation through the feedback-induced phase
shift of the internal field, represented by C;. The second way is through the phase-

amplitude coupling mechanism. The original frequency fluctuation Aw produces a



13

change in the cavity loss rate, equal to 2C, Aw, which causes a small change in the gain
(since the gain=loss condition must be satisfied) and therefore in the field intensity.
Accompanying this change in gain is a change in the refractive index and hence a
change in the oscillation frequency. If this change is in the opposite direction to the
original fluctuation, negative feedback results, thereby reducing the frequency noise
and spectral linewidth. The linewidth reduction via this path clearly relies on phase-
amplitude coupling and hence depends on the a-parameter. The final result is that

the linewidth under feedback conditions is given by [7,41]

1
(14 C; 4 aC,)?

Av = Ay (2.8)
where Avg is the linewidth under free-running conditions. It is clear from (2.8)
that not only can the original enhancement of the linewidth caused by the phase-
amplitude coupling be eliminated but that the linewidth can in fact be brought far
below the original Schawlow-Townes limit if C' is made large enough. It can also be
seen that for the same coupling strength C, the noise reduction due to the phase-
amplitude coupling mechanism (represented by C,) can be substantially larger than
the equivalent reduction from the direct compensation (represented by C;) due to the
factor of o multiplying the C, term in (2.8).

It remains to determine how the parameters C, and C; depend on the feedback
power, Py, and phase, ¢g = woT + ¢y, where wy is the steady-state oscillation fre-
quency, ¢, is the phase shift at the external cavity mirror and 7 = 75 + 9¢//0w is
the propagation delay through the external cavity which includes not only the empty
cavity delay 7 but also the group delay to the dispersive element d¢//8w. These can

be shown to be given by [41]

Cr = —K(wo)T sin(do) + 8—5

e cos(¢o) (2.9)
Ok ,
Ci = k(wo)T cos(¢o) + 0 sin(¢o) (2.10)
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where

= R o)

is the feedback coupling rate, r. is the facet field reflectivity, 7, is the laser cavity
round-trip delay time and where the feedback power is allowed to be a function of
frequency in case the laser is not tuned to the peak of the resonant element. In
the case of 0k/0w = 0, the relative strengths of C, and C; depend on the feedback
phase ¢; = ¢omod2m. If the feedback field is exactly in phase with the internal field
(¢1 = 0), then small changes in the phase of the feedback field generate changes in
only the phase of the internal field and the corresponding noise reduction depends
only on C; (C, = 0). If, on the other hand, the feedback field is 7/2 out of phase
with the internal field (¢; = 7/2), then changes in feedback field phase cause changes
only in the amplitude of the internal field and the noise reduction depends only on
the amplitude-phase coupling and C, (C; = 0).

Experimental demonstration of linewidth reduction has been performed by a num-
ber of groups. Large linewidth reductions were accomplished using weak feedback by
Favre et al. [42] who measured narrowing by over two orders of magnitude using
weak feedback from a single-mode fiber cavity. Dahmani et al. [5] have obtained a
linewidth of 20 kHz using weak feedback from a Fabry-Perot optical cavity. The large
dispersion of the optical cavity increased the value of C' and therefore enhanced the
linewidth reduction. In addition, the cavity served to stabilize the center frequency of
the laser. The experiments described in Section 2.2.3, Chapter 2 and Chapter 3 are
essentially extensions to this technique in which the dispersion from the optical cav-
ity is replaced with dispersion from an atomic transition. Similar experiments using
feedback from an atomic transition have also been performed by Lee and Campbell

[43,44].



15
2.2.3 Basic experimental setup

The experimental setup described in this section is the basic setup used in most of the
experiments discussed in this thesis. A detailed description of the feedback mechanism
is given which will generally apply throughout the thesis. The experimental setup is
shown in Figure 2-2. As described above, a semiconductor laser was weakly coupled
to an external cavity formed by the laser front facet and an end mirror, M, located
about 75 cm away. Inside the external cavity was placed a 6 cm cell containing Cesium
(Cs) vapor. On either side of the cell were placed two crossed polarizers, the first (P,
Figure 2-2) polarized along the direction of the output from the laser. Thus, when
the laser was not tuned to the Cs D2 resonance at 852 nm, the crossed polarizers
blocked all the light and no feedback was allowed back into the laser. However, when
the laser was tuned to the Cs transition and an axial magnetic field was applied to the
Cs cell using Helmholtz coils, Faraday rotation caused partial transmission of light
through the polarizers allowing feedback into the laser [45]. Part of the light was
coupled out of the cavity to one of several detection systems by beam splitter BS1
which served the additional purpose of reflecting part of the returning feedback beam
into a photodetector, Dy, for a measurement of the feedback strength. A neutral
density filter and PZT attached to the end mirror provided control of the feedback
amplitude and phase.

The Cs resonance was used in two qualitatively different ways. If a magnetic field
of around 50-100 Gauss was applied, a Doppler-broadened profile could be resolved.
Figure 2-3 shows a typical feedback Faraday spectrum obtained by defocusing the
feedback beam so it did not enter the laser, scanning the laser injection current
(and therefore frequency) and detecting at D, in Figure 2-2. This is the feedback
signal that the laser sees under these conditions. Two resonances can be seen, the
centers separated by 9.2 GHz. The high frequency (low injection current) resonance
corresponds to the 651/, (F' = 4) — 6p3/2 (F' = 5) transition and the low frequency
resonance to the 6sy/, (F' = 3) — 6p3/, (F' = 2) transition. The small dip in the



16

M% Measurement
System

Current
Source

D Q Feedback D, Q Transmission

Monitor Monitor

Figure 2-2: Basic experimental setup used in most of the experiments described in
this thesis. L, lens; BS, beam splitter; P, polarizer; NP, neutral density filter; M,
mirror; PZT, piezoelectric transducer; D, detector.

center of each resonance is due to the nature of the Faraday rotation: absorption at
the line center reduces the transmission there slightly [46]. This type of transmission
spectrum was used in the measurements of 1/f noise later in this chapter.

If the temperature of the Cs is increased, the shape of the transmission spectrum
becomes substantially different. The density of atoms in the vapor goes up causing
a much larger absorption near the line center and also a larger rotation of the field
polarization in the wings of the transition. A typical transmission spectrum at a
Cs temperature of ~ 95° C is shown in Figure 2-4. Near-zero transmission near the
center of each line is caused by the absorption. The three peaks which are seen on
either side of each line center are caused by rotation of the polarization by 90°, 270°
and 450° as the optical field moves toward the line center and experiences a stronger
interaction with the atoms. Feedback using this type of transmission spectrum was
used in the amplitude noise reduction experiments in Chapters 5 and 6. In these
experiments the laser was tuned to the lowest frequency peak of the spectrum.

The second method of using the Cs transition was to obtain feedback from the
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Faraday Transmission Signal

Injection Current

Figure 2-3: One-way transmission spectrum through the external cavity, measured
at D, in Figure 2-2 with a Cs temperature of = 50° C and an axial magnetic field of
~ 50 G. The two peaks correspond to the two closed transitions of Cs near 852 nm
and the slight dips in the center of each resonance are due to the slight absorption of
the vapor near the line center.
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Figure 2-4: One-way transmission spectrum through the external cavity, measured
at D, in Figure 2-2 with a Cs temperature of & 95° C and an axial magnetic field of
~ 50 G.
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Doppler-free transition by using saturation spectroscopy [45]. With this configuration,
it was possible to resolve the narrow, Doppler-free transition and as a result the Cs
dispersion and thus the effect of the feedback was substantially stronger. When the
magnetic field was reduced to about 1 Gauss, such a transition was indeed observed
with a FWHM of about 16 MHz corresponding to a C larger by a factor of roughly 100
at the same feedback power level from the Doppler-broadened case. The shape of the
Doppler-free line was not easy to measure since the spatially overlapping pump-probe
configuration necessitated feedback into the laser; the light could not be blocked at
the end mirror since the saturation spectroscopy required a return beam. Thus the
Doppler-free signal could only be measured while the laser was locked to the line
(i.e., with feedback) and since the feedback affected the lasing frequency, a clear
picture of the frequency dependence of the feedback signal was difficult to obtain.
Feedback from this Doppler-free transmission spectrum was used when large values
of C were required in order to generate large linewidth reductions in this chapter and
in Chapter 3.

This technique of using feedback incorporating an atomic resonance has an advan-
tage over feedback from Fabry-Perot cavities or plain mirrors in that the laser locks to
an absolutely stable frequency. Atomic transitions do not have substantial frequency
drifts due to temperature changes and room vibrations as do optical cavities, and
therefore much better low-frequency stability can typically be obtained using atoms.
It should be noted, however, that although the absolute frequency stability obtained
in the setup outlined above is expected to be good, Zeeman shifts in the atomic levels
induced by the applied magnetic field make this particular system less effective as a
frequency standard. Modifications on this scheme which do not use magnetic fields

have been proposed [47] to get around this particular problem.
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Frequency pulling and locking

One effect of the coupled cavity formation described in Section 2.2.3 is that the oscil-
lation frequency is pulled from its free-running value to the coupled cavity resonance.

This frequency of the laser with feedback, w, has been calculated to be [38]
w=wy — kV1+ a?sin(wry + ¢/(w) + arctan(c)) (2.12)

where wq is the free-running lasing frequency. This transcendental equation can be
solved by graphical means and one finds that as the feedback gets stronger, the laser
tends to “lock” to a single frequency as the free-running laser frequency is varied
(by varying the injection current, for example). This locking behavior can be seen
in Figure 2-5. Figure 2-5(a) shows the Doppler-broadened transmission spectrum
through the Cs and polarizers with the feedback blocked at the mirror (this is a single
peak from Figure 2-4). Figure 2-5(b) shows the same transmission spectrum with the
feedback now applied to the laser: a step-like structure can be seen as the laser scans
over the line with the laser locking to only certain frequencies. The frequency chirp
(variation of lasing frequency with injection current) is reduced within each locking
unit.

Measurements such as the one shown in Figure 2-5 are one way to estimate the
value of the Cs dispersion. The dispersion caused by the frequency-dependent re-
fractive index in the vicinity of the resonance adds some additional group delay to
intensity and phase fluctuations which propagate through the cavity. This delay is
difficult to calculate exactly or measure directly and yet is an important parame-
ter in the linewidth reduction expression. Equation (2.12) predicts that in the limit
of strong feedback, the difference in free-running frequency between two successive
“jumps” in the step-like structure should be equal to the cavity free-spectral range
(FSR) which is just equal to the inverse of the cavity delay. Thus by measuring the

dependence of the laser frequency on injection current both with and without feed-
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Figure 2-5: Locking behavior of the laser to the atomic transition. (a) The transmis-
sion spectrum measured at D, (Figure 2-2) as the laser injection current is scanned
with the feedback blocked at the end mirror. (b) The same spectrum when the
feedback is allowed back into the laser.
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back, one can then calculate a value for the cavity delay. In cases where spurious
optical feedback is a problem (see Chapter 6), the step-like structure on the spectrum
can also be used to estimate the amount of feedback present.

The locking of the laser to the narrow, Doppler-free line was more difficult to
observe directly since the locking range (of several hundred MHz) was typically much
larger than the width of the transition. Evidence of the locking was observed by scan-
ning the laser injection current and measuring the transmission through an external
cell. When the laser locked to the narrow line, the frequency would remain almost
constant over a large range of injection currents before the locking would cease as
the unperturbed laser frequency moved too far from the atomic resonance frequency.
One such absorption spectrum from an external cell is shown in Figure 2-6. The
top trace in the figure shows the absorption of the external cell while the bottom
trace shows the feedback signal as the injection current is scanned. When the locking
occurs (non-zero feedback evident in the bottom trace), the laser frequency remains
almost constant leading to a constant absorption (evident in the top trace) as the

injection current is scanned.

Initial measurements

The initial experiment in which linewidth reduction was obtained using the method
outlined above is described in Refs. [6] and [48]. It was found that large reductions
in the semiconductor laser linewidth were indeed possible, the minimum linewidth
obtained being 10 kHz. This represents a reduction by a factor of over 1000 from
the free-running linewidth. Despite this initial success, two anomalous results were
observed. The first was that the linewidth was not found to be reduced by factor of
(14 C; + aC,)? as predicted by (2.8) but rather by a factor of only (1 + C; + aC,).
Thus, although 1 + C; 4+ «C), was estimated to be 2000, the linewidth reduction was
substantially less that the predicted value of about 10°. The second result was that

the lineshapes, measured using a delayed self-heterodyne system [21], were not found
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Figure 2-6: Absorption spectrum through an external Cs cell: evidence of frequency

locking to the Doppler-free line. The upper trace shows the external cell absorption
spectrum while the lower trace shows the feedback power.



24

to be Lorentzian in shape as the theory again predicts. Instead they were found to fit
best with a Lorentzian to the power 3/2, a result found in other, similar experiments
[49].

These deviations from the expected behavior can be explained by assuming the
existence of 1/f noise in the low-frequency frequency noise spectrum of the laser.
Sections 2.3 and 2.4 describe further investigations to verify this hypothesis and de-

termine the effects of optical feedback on a non-uniform frequency noise spectrum.

2.3 Theory of 1/f frequency noise reduction

The experiment in Section 2.2.3 [6] produced two unexpected results: the laser self-
heterodyne lineshape was found to be a Lorentzian to the power 3/2 rather than a
Lorentzian and the linewidth as a function of feedback power was measured to be
proportional to 1/C rather than the expected 1/C?. The explanation given was that
1/f noise was present in the low-frequency part of the frequency noise power spectrum.
This and the following sections explore the presence and consequences of 1/f noise
further.

1/f noise is defined as noise for which the power spectrum S() is proportional
to the inverse of the angular frequency Q0 at which the noise is measured. 1/f noise
occurs in a surprising variety of physical systems [50,51,52] but the physical processes
which give rise to such a spectrum are not generally known. The origin of 1/f noise in
semiconductor lasers has been discussed by several authors and a number of possible
mechanisms have been proposed. Included in these are noise due to the presence of
longitudinal side modes [53] and noise due to event driven temperature fluctuations
[54]. Conclusive experimental verification of which of these mechanisms is the most
important has yet to be performed, however.

It is shown here that optical feedback provides an effective method for reducing

both the white noise and the 1/f noise in the frequency noise spectrum of a semicon-
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ductor laser. This section will review the basic theory of frequency noise reduction
using optical feedback and show how feedback affects an arbitrary frequency noise
spectrum. The field spectrum lineshape for a laser which exhibits both white and
1/f frequency noise will then be discussed, and the dependence of the field spectrum
linewidth on optical feedback parameters will be derived.

The analysis is performed using a model of the laser in which it is assumed that the
refractive index responds instantaneously to changes in the optical field intensity. This
eliminates the carrier density from the rate equations making them simpler to solve,
but the analysis is limited to frequencies below the inverse of the carrier stimulated
lifetime (typically a few hundred MHz under normal operating conditions). Since the
laser linewidth is dominated by the low-frequency (below ~ 20 MHz) FM noise, the
above assumption is justified in the following calculations of the linewidth.

As in Section 2.2.2, an internal dispersive loss and phase change are modeled by the
introduction of a frequency-dependent photon lifetime as in (2.7). It is assumed that
there is no time delay between a given frequency fluctuation and the correction due
to optical feedback: the noise frequencies considered are small compared to the cavity
FSR. This assumption is usually justified for calculations of the spectral linewidth
of the laser since only the low-frequency part of the frequency noise power spectrum
typically contributes to broadening the linewidth. Following the analysis in Ref. [7],
the equations for the internal optical field a(t) = [Ag + AA(t)]e“m*+4®)] are then

given by
. . A,
: A

where w; = —Agwx\>) /n? , and A(t) = A, (t) +1Ai(t) is a Langevin noise term. Here
w is the laser oscillation frequency, n is the non-resonant refractive index and X1(3)

1s the imaginary part of the third order non-linear susceptibility of the gain medium
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(x = XV + x®|AgJ?). Since we assume from the outset that the phase noise will
always be much larger than the SQL at the frequencies of interest, a semiclassical
analysis is justified and a distinction between the internal and external optical fields
need not be made.

Using Fourier transforms to solve the coupled equations, the solution for the

Fourier transform of the phase variable ¢(£) in the limit Q < w; is

. 1 aAi()— A(Q)

gb(mzziwmﬂAo1+0,-+a0, (2.15)

From this, the frequency noise spectrum S;(§2) can be quickly calculated to be

S3(8) = lim

S (2.16)

where S;O)(Q) is the frequency noise spectrum with no optical feedback, T is the time
interval over which the Fourier transform is taken and Q = 1+ aC, + C;. This result
agrees with those previously obtained by others [36,49,37,39)].

For the case of a semiconductor laser coupled to an external cavity containing
an element of dispersive loss, the field equation must be modified differently since
the feedback field suffers a delay in traversing the cavity. However, as discussed in
Section 2.2.2 and Ref. [41], the result of (2.16) is again recovered with Q = 14+C;+aC,
now given by

Q=14 VIT an(w) ( + %)

X cos(wTy + ¢(w) + arctan(a))
+Vv1+a? dl;g:)) sin(w7g + ¢/(w) + arctan(a)). (2.17)
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It can be seen that even at low feedback levels, Q) can be made very large by using a
very sharp feature in the feedback system such that d¢//dw and/or dk/dw is large. As
mentioned in Section 2.2.3, Q has been found to be as large as 2000 for this system.

Unlike the corresponding noise reduction for amplitude fluctuations [7], the fre-
quency noise reduction does not depend necessarily on a preexisting correlation be-
tween frequency and amplitude fluctuations. A given frequency fluctuation is first
translated by the optical feedback into an amplitude fluctuation which then corrects
for the original frequency fluctuation through the phase-to-amplitude coupling. The
optical feedback therefore corrects for more than just the component of the frequency
fluctuations which are correlated with the amplitude noise; it corrects for all frequency
fluctuations, regardless of whether they are correlated or not. Thus, any frequency
noise spectrum will be reduced by the same amount at all frequencies within the op-
tical feedback bandwidth. In particular, both a white noise spectrum and a 1/f noise
spectrum will be reduced by this same factor of 1/Q?.

In addition, the noise term A(¢) may contain contributions from carrier fluctua-
tions (pump fluctuations) and other, technical, noise sources as well as spontaneous
emission. The carrier density and dipole moment typically both have large damping
constants (> 1GHz) and so on sub-gigahertz time scales they can be assumed to
follow the field variable adiabatically. These variables can then be eliminated from
the equations and their noise terms combined with the spontaneous emission noise
to form the A(¢) in (2.13) and (2.14). It is shown below that optical feedback can
reduce the frequency noise regardless of the exact form of the correlation function
(A(t1)A(t2)). Therefore, this analysis applies equally well to 1/f noise of unknown
origin as to white noise resulting from spontaneous emission [36].

The actual shape of the field spectrum is not easily evaluated analytically for a
laser which has both white and 1/f noise. If the field phase ¢(¢) is assumed to be

a stationary random variable obeying Gaussian statistics, the field power spectrum
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Se(€?) is formally given in terms of the frequency noise power spectrum as [55]
*° 1 . 2 ‘QT d‘Q Hw=wy )T
Se(w) = /_Oo exp [-—; /_oo sin (7) Sé(ﬂ)m] el ) dr (2.18)

where w, is the lasing frequency, S 3(£2) is the two-sided frequency noise spectrum in
(rad/s)?/Hz and where the total noise power has been normalized to unity. For a
white noise frequency spectrum, Sj = So, the integral is easily evaluated resulting in
the well known Lorentzian lineshape with a linewidth of Awy x = So/2m FWHM.

For a 1/f noise spectrum, no closed form expression is known to exist for the
field spectrum and approximations must be used. It has been shown that near the
peak, the field spectrum can be approximated by a Gaussian profile [56]. However,
numerical calculations indicate that this approximation breaks down in the wings, far
from its center frequency [57]. Thus, another approximation is necessary to describe
the behavior of the field spectrum away from the line center.

The 1/f frequency spectrum is given by S;(Q1) = Q%/Q where Q; measures the
magnitude of the 1/f noise. To approximate the RHS of (2.18) for large w, the integral

1s first written as

Se(w) = /oo e~ 7/ (N gilw—wm)T g (2.19)
with
02 L /0r
f(r) = -/wD Qs Sin <—2——) df. (2.20)

Here wp is the low frequency detection limit either given by the reciprocal of the
measurement time, or, in the case of a self-heterodyne measurement, approximately
given by the reciprocal of the fiber delay time. If (w —wy,) is large, a stationary phase
argument can be used and the exponential expanded about the stationary point 7 = (.

In this case,

F(r) ~ hr (L) (2.21)

4 wpT

where a is a constant related the high frequency limit of the detection system. Ex-
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panding the exponential, we find

‘QZ 82 e WpT z(w—w )

After integrating by parts and then taking the principal value of the result, we find

that
0

(W —wp)?

Sp(w) & 2m6(w — wy,) + (2.23)

This result is valid for (w —wp) > O > wp, i.e., in the wings of the field spectrum,
and agrees with previously published results [58,49).

In order to fit data to this calculated spectrum, it is advantageous to have an
approximation which does not diverge at the line center, w,,. To this end, as in [49],
the above field spectrum can again be approximated by a Lorentzian to the power
3/2, which behaves correctly at large frequencies and which is finite at the line center
[58]. The resulting linewidth from the fitted spectrum can then be related to the 1/f

noise level by writing

m(Awyyp)? . T(Awy/p)? (2.24)

(it — o
5 ) = o T (e TP~ @ —wm)?

for (w —w;,) > Aw and where the total noise power has again been normalized to
unity. Comparing the two results (2.23) and (2.24), the width Aw;; of the Lorentzian
to the power 3/2 fit can be written in terms of the noise spectrum level

0 S;(1

===\ (2.25)

Thus we see that if the frequency noise spectrum is reduced by a factor of 1 /@? as
in (2.16), then the corresponding reduction in the linewidth is only 1/Q [49,37] due
to the square root in (2.25). A similar result is found if a Gaussian approximation
for the 1/f noise spectrum is used and, again, the linewidth of the corresponding field

spectrum is found to be reduced by 1/Q [56].
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The reason for this weaker dependence of the 1/f linewidth on optical feedback can
be understood on a more intuitive level than the derivation above. For a reasonably
flat frequency noise power spectrum, S4(Q) = Sy [Hz*/Hz], the dominant contribu-
tion to the linewidth comes from noise at frequencies below £ = 27S,. The reason for
this is that very fast (high frequency) fluctuations in the lasing frequency cause rela-
tively smaller changes in the rms field phase than do slower fluctuations of the same
magnitude since the optical field spends less time at a different frequency and thus
accumulates a smaller phase shift. Thus, as the frequency noise power spectrum is
reduced, the most important contribution to the linewidth comes from progressively
lower frequency parts of the frequency noise power spectrum. This is illustrated in
Figure 2-7 where the solid lines (A, B and C) indicate three different frequency noise
power levels and the dashed lines indicate the corresponding region of the frequency
noise power spectrum which contributes significantly to the laser linewidth. If the
frequency noise power spectrum is flat, then the average noise level in the important
part of the noise spectrum is reduced by the same factor as the entire frequency noise
spectrum, namely, 1/Q%.

If the frequency noise power spectrum has a 1/f dependence (see Figure 2-7b),
however, then as the noise is reduced by the optical feedback, the important part
of the spectrum shifts to lower frequencies where the average noise is higher. This
higher noise level results in a smaller linewidth reduction when 1/f noise dominates
the linewidth than when white noise is exclusively present.

If a self-heterodyne system is used to measure the linewidths, then the lineshape
and linewidths will of course change. However, if the delay time of the measurement
apparatus is considerably longer than the coherence time of the laser, then the noise
in the two beams reaching the detector will have only a small degree of correlation. In
this case the phase noise can be added incoherently and the self-heterodyne frequency
noise power spectrum will be twice the real one. The white noise linewidth will

therefore increase by a factor of 2 in the self-heterodyne measurement while the 1/f
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Figure 2-7: Intuitive explanation of why a linewidth generated by 1/f noise as in (b)
is reduced less than one generated by white noise as in (a) when optical feedback is
applied to the laser.

noise linewidth will increase by a factor of v/2 [21].

If both white noise and 1/f noise are present, then the frequency noise spectrum
can be written as S;(92) = So + Q}/9. The exponential in (2.18) then factors and
the field spectrum becomes a convolution of the individual field spectra for the white
noise and the 1/f noise. This convolution is discussed by Mercer [57] in the case
that the Gaussian approximation can be used to represent the 1/f field spectrum. He
found that a Gaussian profile is a good approximation to the 1 /1 field spectrum near
the center but shows significant deviations in the wings. This resulting convolution
is known as the plasma dispersion function or Voigt profile for which many approx-
imation schemes exist making fitting experimental data fairly easy. However, if the
white noise linewidth is very small compared to the 1/f noise linewidth, then the 1/f
noise spectrum will dominate the combined spectrum even far from the peak. In this

case the Gaussian approximation is no longer valid and the resulting Voigt profile no
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longer accurately fits the lineshape.

In the experiments described in the next section, linewidths have been observed
which correspond to both of the above cases. For low values of Q, it is found that
the Voigt profile fits the experimental data very well. The white noise linewidth and
the 1/f noise linewidth can be extracted from each spectrum by fitting the spectrum
to a Voigt profile approximation. But for large values of @, the white noise linewidth
is reduced much more than the 1/f noise linewidth and the resulting field spectrum
is given exclusively by a Lorentzian to the power 3/2. In this case, the 1/f noise
linewidth can be extracted, but the white noise linewidth cannot be obtained since
the contribution from the white noise is only seen far from the line center where it is

obscured by system noise.

2.4 Measurements of 1/f frequency noise reduc-
tion using optical feedback

The experimental setup, shown in Figure 2-8, was mostly described in Section 2.2.3.
A single mode index guided semiconductor laser (Hitachi HLP1400) was coupled
through one facet to an external cavity which provided weak optical feedback for the
laser via Faraday rotation in Cs vapor. The output coupling beamsplitter (BS in
Figure 2-8) had a power reflection coefficient of 40%.

Two different values of the magnetic field were used in the experiment resulting in
two different sets of feedback parameters. With a magnetic field of &~ 50 Gauss applied
to the Cs, the typical two-peaked Faraday transmission signal was produced (similar
to Figure 2-3 but with a more pronounced absorption dip in the center resulting in
two distinct peaks for each transition). The FWHM of each of the peaks in this case
was 400 MHz and the maximum feedback power reentering the collimating lens was
2.2 x 10~*P,,;, where P,,; is the total output power from the laser. It is expected

that the actual feedback power entering the active region of the laser was somewhat
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Figure 2-8 Experimental setup for measurements of 1/f noise. SCL, semiconductor
laser; L, lens; BS, beam splitter; P, polarizer; ND, neutral density filter; M, mirror;
PZT, piezoelectric transducer; D, detector; A, amplifier; A\/4, quarter-wave plate;
FPC, Fabry-Perot cavity; Cs, Cesium cell.
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d Avw . Avyyy Q (Approx)
Free-running | 30 £ 10 MHz | 3+ 1 MHz 1
Low-Q Line 220 kHz 205 kHz 14
High-Q Line 0.65 kHz 8 kHz 400

Table 2.1: Linewidths calculated form the measured frequency noise power spectra.
For the free-running and low-Q line measurements, the 1 /t cutoff frequency was 2
MHz. For the high-Q line, a different laser was used with a cutoff frequency of 300

kHz.

smaller due to coupling losses.

When the magnetic field was lowered to about 1 Gauss, the narrow Doppler-free
resonance provided feedback to the laser. This transition had a FWHM of 16 MHz at
our operating conditions and a maximum feedback power of 6.8 x 10~°P,,, allowing
much larger values of @ than were produced with the high field configuration due to
the stronger frequency dependence.

In all measurements, the laser was tuned to the very top of the feedback line.
Thus dk/dw was zero but both d¢//dw and ko were roughly maximized. From the
linewidth reductions (see Table 2.1), Q was estimated to be about 15 for the high
magnetic field (henceforth called the low Q) line and about 400 for the low magnetic
field (high Q) line at maximum feedback levels. In order to fix the feedback phase to a
known value, care was taken to ensure that there was no frequency pulling due to the
feedback: before each measurement, the free running laser frequency was adjusted to
be exactly equal to the frequency of the laser with feedback. Thus, from (2.12) it is
found that wry+ ¢/(w) + arctan(a) = 0 which, when substituted into (2.17) results in
a () given by the simple expression @ = 1 + /1 + a?ko(7o + d¢!/dw) where kg is the
maximum feedback coupling rate. An optical isolator was placed between the laser
and the detector in order to reduce optical feedback from the detection system.

The frequency noise power spectrum of the laser was measured by translating the

frequency fluctuations into intensity fluctuations using a frequency discriminator. The
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discrimination was accomplished by tuning the laser onto the side of the transmission
(or reflection) spectrum from a resonant element such as an Fabry-Perot optical cavity.
Two different discriminators were used depending on the magnitude of the noise
signal. The first discriminator was the absorption signal due to the Doppler broadened
transition of an external Cs cell 3mm in length. The external cell was heated slightly
so that the maximum power absorption at the peak of the line was 90%. The linewidth
of the transition was 900 MHz FWHM. All measurements of the noise spectra of
the free-running laser and of the laser with low Q feedback were made using this
discriminator.

The second discriminator used was a confocal Fabry-Perot cavity (Tropel 240).
The cavity had a free spectral range of 1.5 GHz and a finesse of 310 giving a linewidth
of 4.8 MHz. The reflection mode from the cavity was used and the minimum reflected
power at the line peak was 8% of the total power. The cavity was locked to the laser
at frequencies below 1 kHz using a simple electronic servo. Low frequency stability
was obtained in this fashion to about 10% of the peak transmission amplitude. This
system was used for measurements of the noise power spectrum for the laser with
high Q feedback.

The light exiting from each of these discriminators was focused on a high fre-
quency detector (HP1400 PIN). The detector signal was then amplified and sent to
an electronic spectrum analyzer for measurement of the noise spectrum. The spec-
trum could be measured from 1 kHz up to 2 MHz with the cavity and from 1 kHz
to 50 MHz with the external Cs cell. The upper limit for the cavity was imposed by
its photon lifetime and the other limits were imposed by electronics. Since the cavity
locking scheme only operated below 1 kHz, the effect of this system on the noise
measurements would have been minimal. While these discriminators provided a good
way to measure changes in the frequency noise power spectrum induced by the optical
feedback, the exact calibration of the system was difficult since it involved the propa-

gation of electronic signals through a fairly complex measurement system. Linewidths
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calculated with the measured frequency noise data did give reasonably close agree-
ment with the (intrinsically calibrated) self-heterodyne measurements, however. In
addition, the measurement of the relative change in the noise power should be con-
siderably more accurate. Linewidths were measured using a self-heterodyne system

with a 5 km fiber delay. The resolution of this system was limited to about 6 kHz.

2.5 Results

Figure 2-9 shows typical measured frequency noise power spectra S ¢(Q) as a function
of frequency ) for the free running laser (no feedback) and the laser with feedback
from the low Q line. The low frequency behavior was indeed 1/f and the frequency
at which the 1/f noise becomes dominant, {4, did not change with the feedback
level. From the spectra, the white noise and 1/f noise linewidths could be calculated
for each case and are summarized in Table 2.1. From these linewidths it is estimated
that the white noise should be the dominant linewidth for the free running laser,
the 1/f noise should be the dominant linewidth when locked to the high Q line, and
the laser locked to the low Q line should be somewhere in between. Under optimum
conditions with the high Q line, reductions in the frequency noise spectrum by up to
five orders of magnitude were observed. This reduction was uniform over the entire
range of frequencies examined.

The dependence of the frequency noise spectrum on the feedback power when
the laser was locked to the high Q line is shown in Figure 2-10. By changing the
neutral density filter in the external cavity, the feedback power, and hence Q, could
be varied by over an order of magnitude. Since @ is expected to be at least 10 in
magnitude, the unity term in (2.17) can be neglected at the level of accuracy of the
measurements. Since the laser was tuned to the line peak, dx/0w ~ 0 and Q is
found to be proportional to k¢ which is in turn proportional to the square root of the

feedback power. The laser current for these measurements was 94 mA and ), /f Was
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Figure 2-9: (a) Frequency noise power spectrum for the free-running laser and for
the laser when locked to the low-Q line. (b) A spectrum analyzer trace showing the
continuous frequency noise power spectrum between DC and 5 MHz without (upper
trace) and with (lower trace) optical feedback from the low-Q line.
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Figure 2-10: Reduction of the laser frequency noise power spectrum as a function of
the feedback level for the Doppler-free Cs line. The 1 /f cutoff frequency is 300 kHz
so the two frequencies measured determine the entire frequency noise spectrum. The
power law fits show a 1/Q? dependence.
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Figure 2-11: A typical self-heterodyne beatnote field spectrum for the laser locked to
the high-Q line. The solid line is a fit to a Lorentzian to the power 3/2 indicating
that the entire spectrum is dominated by 1/f noise. The broken line is a fit to a
Lorentzian spectrum for comparison.

measured to be 300 kHz. The noise power was measured at 20 kHz and 1 MHz for
each value of the feedback power and is shown in Figure 2-10. It is found from the
slope of the line that 5;(Q) o< Q=194 in agreement with (2.16).

When the linewidth was measured, it was found that the lineshape shown in F ig-
ure 2-11 was proportianal to a Lorentzian to the power 3/2 suggesting (according
to the discussion of the previous section) that 1/f noise dominated the entire field
spectrum. This is, of course, expected since at large values of Q, the white noise
linewidth should be very much smaller than the 1/f noise linewidth and should there-
fore be difficult to observe in the field spectrum. The calculation of the linewidths
from the noise spectrum shown in Table 2.1 indicates that this is indeed the case. An
attempt to fit the data to a Lorentzian (broken line in Figure 2-11) gave very poor
correspondence. These spectra were again measured as a function of feedback power

and the extracted 1/f linewidths are plotted against the square root of the feedback
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Figure 2-12: 1/f linewidth measurements, obtained from spectra as in Figure 2-11,
as a function of feedback level. The fit indicates a 1/Q dependence.

power in Figure 2-12. Again it is found that Aw;/; oc Q(~1:92409%) ip agreement with
theory.

In order to measure the effect of feedback on the white noise linewidth as compared
to the 1/f noise linewidth, the entire procedure above was repeated for the low Q line.
Since d¢//dw was much smaller for this line, much lower values of () could be obtained
while still retaining enough feedback signal, «, to be measured.

Figure 2-13 shows a typical self-heterodyne field spectrum for the laser when it
was locked to the low-Q line. There appear to be two regions: one, near the center
of the line, which falls off rapidly with (w — w,,) and a second, in the wings, which
falls off much more slowly. The solid line superimposed on the field spectrum is a
twelve term approximation to the Voigt profile. As can be seen, the fit is close to the

measured spectrum near the peak and also far from the peak but deviates the most in
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Figure 2-13: A typical self-heterodyne beatnote lineshape for the laser locked to the
Doppler-broadened Cs line. The solid line is fit to a 12-term approximation to a Voigt
profile. This provides a considerably better fit than either a pure Lorentzian (broken
line) or a Lorentzian to the power 3/2. From the Voigt fitting parameters, both the
1/f linewidth and the white noise linewidth could be extracted.

the intermediate region. It is thought that in this region, the Gaussian approximation
for the 1/f noise breaks down but the white noise component of the linewidth is still
too small to dominate. Both a Lorentzian fit (broken line in Figure 2-13) and a
Lorentzian to the power 3/2 failed to represent the data well.

Fitting the spectra to a Voigt Profile enabled the extraction of both a 1/f linewidth
and a white noise linewidth from each measured spectrum. These are plotted in
Figure 2-14 as a function of the square root of the feedback power. From the slopes
of the two lines it is found that Awwy . o Q(-21#91) and that Awy/y x Q(-11£0.1)
again as predicted by the theory.

To confirm that the frequency noise spectrum was still behaving in the same way
in these low-Q line measurements as it was for the high Q line, the dependence of the

frequency noise spectrum on the feedback power was again measured and is shown in
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Figure 2-14: Linewidths extracted from the Voigt fit as in Figure 2-13 as a function
of feedback level. The fits indicate that the 1/f noise linewidth drops by 1/Q while
the white noise linewidth drops by 1/Q?, as expected.
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Figure 2-15: Frequency noise power spectrum as a function of the feedback level for
the laser locked to the Doppler-broadened Cs line. The noise spectrum clearly drops
by 1/Q? agreeing with the measurement for the high-Q line.

Figure 2-15. Data were taken at ten different frequencies ranging from 1 kHz to 10
MHz, four of which are shown in the figure. As in the measurement with the high Q
line, it is concluded that S;(Q) o< Q291297 for both the 1/f noise and the white
noise.

From these results, it is confirmed that the entire low frequency (2 < 10 MHz)
frequency noise spectrum is indeed reduced by a factor of 1/Q? when feedback is
applied from an external cavity. A reduction of up to 10° was measured in this
quantity using feedback. When the self-heterodyne linewidth is measured, however,
this dramatic reduction is somewhat masked by the fact that Aw;,; o \/;:s/? and
so at high values of @}, when the noise reduction is the largest, the linewidth is only
reduced by a factor of 1/Q). But very low frequency fluctuations are readily reduced by
other means such as electronic feedback. Such schemes can, of course, be applied to a

system already operating with optical feedback and one such experiment is described
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in the next chapter.

2.6 Conclusions

In this chapter, the effects of optical feedback on the frequency noise power spectrum
and the spectral linewidth of a semiconductor laser have been examined both experi-
mentally and theoretically. It is found that frequency noise power spectra containing a
combination of 1/f noise and white noise are reduced uniformly within the bandwidth
of the optical feedback by a factor of 1/Q?. When white noise component dominates
the laser linewidth, the linewidth is reduced by this same factor of 1 /@Q?. However,
when 1/f noise is the most important contribution, the linewidth reduction can be
orders of magnitude smaller because the low-frequency portion of the noise spectrum,
where the noise is higher, becomes increasingly more important as the linewidth is
reduced. Thus, the existence of 1/f noise is a basic limitation to linewidth reduction

using optical feedback techniques.
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Chapter 3

Linewidth reduction with optical feedback and
FM sideband locking

3.1 Introduction

In Chapter 2, it was found that under optimum optical feedback conditions, the laser
linewidth reduction was limited by low-frequency 1 /fnoise. While the reduction of the
white noise component of the frequency noise power spectrum led to a sub-kilohertz
contribution to the linewidth, the reduced 1/f noise component generated a much
larger (10 kHz) linewidth due to the square-root dependence of the linewidth on the
level of the 1/f noise (and therefore on the feedback power). This suggests that if
the 1/f frequency noise were to be substantially reduced by means other than optical
feedback, the linewidth would approach the narrow white noise value.

Since 1/f noise occurs at low frequencies, it is a good candidate for reduction
through electronic feedback. Electronic servo systems typically work best at lower
frequencies, being limited by amplifier bandwidths and technical issues such as para-
sitic feedback phase shifts. As a result, a potential linewidth reduction system might
be to use optical feedback to reduce the high-frequency white noise component of
the noise and then use electronic feedback to further reduce the low-frequency noise.
This chapter will focus on exactly this problem. Electronic feedback is added to the
stabilization system alongside the optical feedback scheme using the FM sideband



46

locking technique [59,60]. Both feedback systems are implemented using the atomic
transition in Cs as the reference frequency leading to excellent absolute low frequency
stability. The addition of the electronic feedback requires few components in addi-

tion to those used in the optical feedback system and therefore is easy to add to the

existing system.

3.2 Electronic feedback

The principle involved in electronic feedback schemes is simple and is shown in
Fig. 3-1. The frequency of the laser is first compared to that of a fixed reference
such as an external Fabry-Perot cavity or atomic transition. The difference between
the two frequencies is then translated into an electrical signal and fed back into the
laser injection current which in turn changes the laser frequency to bring it closer to

the reference.

Current '
Source g Electronic Output o (0—y)

. Frequency
Loser 37 p Reference, m,
Laser / :

Optical Input,

Figure 3-1: Schematic of electronic feedback experiments.

Several methods for translating the frequency difference into a voltage have been

proposed, two of the more popular being the FM sideband locking technique [59,60]
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and direct discrimination using the side of the resonance line. In the direct detection
technique, the laser is tuned to the side of the resonance line and the reflected (or
transmitted) power is measured with a photodetector. Frequency fluctuations are
translated into intensity fluctuations by the local frequency dependence of the re-
flection (or transmission) coeflicient which results in photocurrent fluctuations which
can be amplified and sent directly back to the laser injection current driver. While
this technique has the advantage of being simple to implement, it is unable to lock
the laser to the peak of the resonance where the slope is zero. The low frequency
amplitude noise of the laser is also a problem since this noise will be picked up by the
detector and translated into frequency fluctuations by the feedback. FM sideband
locking avoids both of the above problems and is discussed in the next section.

It should be noted that there is nothing which prevents electronic feedback schemes
from being implemented simultaneously with optical feedback. In many ways they are
complimentary techniques, the optical feedback being effective at reducing the higher
frequency noise where electronic feedback is harder to use and the electronic feedback
providing the additional noise control at lower frequencies where excess noise such as

1/f noise is often found.

3.2.1 FM sideband locking

FM sideband locking [59,60] can be used to electronically lock a laser to the top of
a resonant transmission/reflection spectrum such as an optical cavity or atomic reso-
nance. The principle of the technique is shown schematically in Figure 3-2. Frequency
modulation is applied to the output optical field of the laser to be stabilized. This
can be accomplished either electro-optically or by some other method. The small FM
modulation creates frequency sidebands in the laser field spectrum which are spaced
symmetrically about the carrier frequency. The beatnotes between each sideband and
the carrier are initially equal in magnitude but out of phase by 7 resulting in no net

signal at the modulation frequency when the light is photo-detected.
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Figure 3-2: Schematic of the FM sideband locking technique.

The light is then passed through the resonant element and the laser roughly tuned
to the peak of the transmission (or reflection) spectrum. If the spectrum is symmet-
rical and the laser carrier frequency is exactly equal to the peak frequency, each of
the I'M sidebands undergoes an identical attenuation and relative phase shift as it
passes through the resonant element (see Figure 3-2). Thus, on photodetection, again
no beatnote signal is observed. However, if the laser frequency drifts to one side of
the transmission peak, one sideband will undergo a different attenuation/phase shift
from the other and thus a signal at the modulation frequency is measured in the
detector. This signal will be of one phase if the laser frequency moves to one side of
the resonance peak and of a phase 7 different if it moves to the other side.

Next, the photodetector output is sent to a doubly balanced mixer which uses as
a reference the original modulation signal. With the appropriate phase delay inserted

into one of the input arms, the mixer output becomes a dispersive DC lineshape as
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the laser frequency moves over the resonance, positive on one side of the peak and
negative on the other. This error signal can then be electronically fed back into a
frequency control element with the appropriate gain and filtering to reduce the laser
noise.

The noise reduction here is limited at a fundamental level by shot noise in the
photodetector [60] and therefore excellent signal-to-noise ratios in the feedback sys-
tem can be obtained. In addition, large feedback bandwidths can be obtained if
the reflection mode from an optical cavity is used due to the phase storage process
which occurs in the cavity. As a result this method is currently an extremely useful

operational technique for locking lasers to optical cavities.

3.3 Semiconductor laser locking to an atomic res-

onance

The extension of the FM sideband locking technique to semiconductor lasers is straight
forward and has the advantage that the FM sidebands can be easily applied by modu-
lating the laser’s injection current. This eliminates the need for an expensive electro-
optic modulator and simplifies the experimental setup somewhat. In addition, almost
no optical extensions to the setup used for optical feedback alone are required and
the sideband locking can operate concurrently with the optical feedback.

The experimental apparatus is shown in Figure 3-3. The optical feedback system
is almost identical to that described in Section 2.2.3. The only change is the insertion
of a polarizing beamsplitter (PBS in Figure 3-3) between the first polarizer, P;, and
the Cs cell. The purpose of this polarizing beam splitter (PBS) is to redirect part
of the return optical feedback beam into a photodetector for use with the electronic
feedback. By using a polarizing component, only the polarization perpendicular to
Py is split off and since this component would otherwise be absorbed by P, no

operational change to the optical feedback is needed.
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currently with optical feedback.
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The laser (STC Model LT50A-03U) with a threshold current of 50 mA and oper-
ating at 120 mA (85 mW) was locked to the external cavity using optical feedback
exactly as described in Section 2.2.3. The laser injection current was modulated at
28.7 MHz generating FM modulation at this frequency. As mentioned in Section 2.2.3
the frequency chirp is ordinarily substantially reduced by the application of optical
feedback due to frequency-pulling effects. However, by modulating at a frequency
corresponding to the external cavity FSR, the feedback fluctuations at this frequency
are actually phase shifted by = with respect to the internal field fluctuations resulting
in positive feedback and causing an enhancement of the modulation response [61].
Approximately 1% of the total laser power was measured to be in the sidebands.

The portion of the return beam reflected by the PBS was detected in an avalanche
photodiode and the resulting photocurrent amplified before being sent to the doubly
balanced mixer for demodulation. The driving RF signal, delayed appropriately, was
used as the other input to the mixer and a dispersive lineshape was measured at
the output. This error signal, shown in Figure 3-4, is obtained by scanning the end
mirror PZT position. Trace A is the feedback power, measured at D, and trace B
is the error signal after demodulation. Because of the strong frequency pulling at
this feedback level, the laser frequency scans over the Doppler-free Cs line as the
PZT position is changed. However, because of the changing feedback strength (which
depends in turn on the lasing frequency), the abscissa in Figure 3-4 is not linear in
frequency (although it is monotonically increasing). Nevertheless, it can be seen that

a dispersive error signal is produced.

3.4 Results: noise reduction with electronic feed-
back

The error signal was amplified and then fed back into both the end mirror PZT and

the laser injection current after some simple filtering. The intention was to reduce
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Figure 3-4: Optical feedback power (trace A) and electronic feedback error signal
(trace B) as a function of the laser frequency. These curves were obtained by varying
the end mirror PZT position (note that because of the chirp reduction, the horizontal
axis is not linear with frequency).
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the noise only at frequencies below a few tens of kHz since it is noise in the frequency
regime which predominantly contributes to the linewidth under feedback conditions.
Hence, a simple low pass RC filter with a cutoff frequency of 10 kHz was used for
the injection current feedback. An additional, lower frequency, RC filter was used for
the PZT feedback since the PZT was found to have a strong mechanical resonance
at about 2 kHz. The frequency noise power at frequencies less than 100 kHz was
measured within the servo loop using an electronic spectrum analyzer (see Figure 3-3).
The noise level was calibrated by comparison at high frequencies (> 100 kHz) with
the noise level measured using an external optical cavity (as in Section 2.4). The
laser was tuned to the side of the transmission fringe and a simple feedback loop was
implemented at frequencies below 1 kHz to lock the cavity to the laser. The intensity
fluctuations on the reflected beam were then measured using an electronic spectrum
analyzer. Figure 3-5a shows the raw measured spectrum from the external cavity as
a function of frequency. Trace A is the noise with optical feedback alone and trace B
is with both optical and electronic feedback. Due to the cavity stabilization system
which operated at low frequencies and vibrations of the cavity itself, this measurement
could only be considered accurate at frequencies above a few tens of kHz.

The low frequency noise was measured inside the FM locking feedback loop it-
self using the atomic vapor as an absolute frequency reference. The noise measured
this way was then calibrated by comparing it to the cavity measurements at higher
frequencies. The noise power of the FM error signal is shown in Figure 3-5b as a
function of frequency. The error signal (without electronic feedback but with optical
feedback) was found to be at least 20 dB above the detector noise floor at low frequen-
cies and 10 dB above at higher frequencies. Trace A in Figure 3-5b is the error signal
noise without electronic feedback (but with optical feedback). The noise is found
to be roughly 1/f at frequencies below 100 kHz. Trace B shows the noise when the
electronic feedback is applied. It can be seen that at low frequencies, the frequency

noise power is reduced by over two orders of magnitude from its value with optical



54

feedback alone. At higher frequencies, the reduction is smaller but still roughly an
order of magnitude up to 100 kHz and the spectrum approaches that of white noise.
The peaks in the spectra correspond to the 60 Hz line frequency (and harmonics) and
to the end mirror PZT mechanical resonance of 2 kHz (for trace B).

The absolute measurement of the frequency noise power above suffers from the
same difficulties described in Section 2.4. This measurement of the noise power
was therefore double-checked by measuring the laser linewidth with a delayed self-
heterodyne measurement system which incorporated a 5 km delay. The beatnote
signal is shown in Figure 3-6, trace A being with optical feedback alone and trace
B being with both optical and electronic feedback. The linewidth is clearly reduced
from 20 kHz without electronic feedback to below the resolution of the measurement
system. The delta-function peak in the center of trace B and the oscillation in the
wings are characteristic of a coherence time longer than the optical delay between the
two arms of the self-heterodyne measurement system [21].

From the experimental data in Figure 3-5, the actual laser linewidth could be

calculated using the formula

Se(w) =4Re /_o; exp[27mi(v — vo)T — 2(m7)20?(7)]dr (3.1)
where
YN sin?(7 f7)
oi(r) = /0 Sf(f)wdf- (3-2)

This calculated field spectrum is shown in Figure 3-7 both without electronic feedback
(trace A) and with (trace B). The calculated linewidth with electronic feedback is 1.4
kHz FWHM which represents over an order of magnitude improvement from with
optical feedback alone (20 kHz FWHM). The comparison of this calculated value
of the linewidth without electronic feedback with the self-heterodyne measurement
serves as a good check of the calibration of the frequency noise power and is shown

on a linear scale in Figure 3-8. Trace A is the measured self-heterodyne beatnote (for
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Figure 3-5: Frequency noise power spectral density. (a) Raw data measured with an
external cavity. (b) Noise power measured inside the FM sideband locking feedback
loop. In both figures trace A is obtained with optical feedback alone while trace B is
with both optical and electronic feedback.
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Figure 3-6: Self-heterodyne beat-note signal. Trace A is obtained with optical feed-
back alone while trace B is with both optical and electronic feedback. The ripples
and central delta-function in trace B are an indication that the linewidth was below
the resolution limit of the self-heterodyne measurement apparatus.



57

l«—1.4 kHz -

Intensity [A.U.]
=
i
|

- A -
0 ] — ] e ]
30 20 -10 0 10 20 30

Frequency [kHz]

Figure 3-7: Field spectrum calculated with the data from Figure 3-5 with optical
feedback alone (trace A) and with both optical and electronic feedback (trace B).

which the frequency axis has been expanded by a factor of two to account for the fact
that self-heterodyne linewidths are double the real spectral linewidth) and trace B is
the calculated spectrum. Reasonable agreement is found.

Another measure of the quality of the frequency stability is the Allen variance [62]
which is defined by [62,63]

7(r) = gz {1602+ 1) = 3P) (33)

where g is the nominal oscillation frequency, ¢(t) is the average frequency deviation
integrated over a time 7 about ¢ and < ... > denotes an average over the statistical
ensemble. This quantity represents the extent to which the oscillator could be used as
a frequency reference if the output signal is measured for a time 7. It can be shown

[63] that the Allen variance can be written in terms of the frequency noise power
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Figure 3-8 Comparison of measured self-heterodyne lineshape (trace A) with the
field spectrum profile of Figure 3-5 (trace B). The self-heterodyne profile has been
divided by /2 along the frequency axis to account for the difference between the
measured linewidth and the self-heterodyne linewidth.
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Figure 3-9. Square root of the Allen variance calculated from Figure 3-5 with optical
feedback only (trace A) and with optical and electronic feedback (trace B).

spectrum as

. 2 foo sin*(7 f7)
)= [, SN (3.4)

The Allen variances calculated using (3.4) for the frequency noise power spectra in
Figure 3-5 are shown in Figure 3-9. Trace A is with optical feedback alone and trace
B is with both optical and electronic feedback. An improvement in the Allen variance
by an order of magnitude is obtained at an integration time of 20 ms indicating a
significant improvement in the absolute frequency stability of the laser.

There are several sources of noise which could have contaminated the electronic
feedback system and which may have limited its effectiveness. Shot noise in the pho-
todetector generates noise around the modulation frequency which will then be mixed
down to near DC in the signal extraction process. In addition, avalanche photodiodes

are known to have excess noise caused by the avalanche multiplication process [64]
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which may have been substantially larger than the shot noise level. Amplitude noise
in the laser itself near the modulation frequency would also have generated additional
noise which would have been coupled into the laser frequency by the feedback. Fi-
nally, the interaction of the counter propagating beams in the atomic vapor could
also have generated some excess noise on the probe beam, but since the details of the
interaction are not fully known, it is difficult to ascertain how much this may have
been.

Several other groups have recently reported an improvement in the linewidth of
a semiconductor laser using electronic feedback [65,43,20,66,67,19,68]. The FM side-
band locking technique has been employed for a semiconductor laser by Nakagawa et
al. [65] using a multi-section DFB laser and an optical cavity as a frequency reference.
A reduction in the frequency noise spectrum to less than 25 Hz2 /Hz was obtained
leading to an estimated linewidth of 160 Hz FWHM. However, the free-running line-
width of this laser was already quite small at 680 kHz. Lee and Campbell [43] also
demonstrated frequency stabilization using the FM sideband technique with velocity-
selective Faraday transmission in Rubidium as the resonant locking element. They
obtained a linewidth of 500 kHz under optimum conditions. F inally, a semiconductor
laser linewidth of 7 Hz was reported by Shin and Ohtsu [20] using a commercially
available Fabry-Perot laser with both optical feedback from a high-finesse cavity and

electronic feedback.

3.5 Conclusion

It has been demonstrated that the frequency stability of a semiconductor laser oper-
ating initially with optical feedback can be significantly improved with the addition
of electronic feedback to reduce the low-frequency fluctuations. A reduction of the
frequency noise power spectrum by over two orders of magnitude was obtained leading

to an improvement of the spectral linewidth by an order of magnitude. The mini-
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mum linewidth calculated from the measured frequency noise power spectrum with
both optical and electronic feedback operating simultaneously was 1.4 kHz, an im-
provement over the free-running linewidth by a factor of about 10%. In addition, the
low-frequency stability with electronic feedback, as measured by the Allen variance,
is improved by an order of magnitude from the stability with optical feedback alone.

An Allen variance of ~ 2 x 107'3 is measured at an integration time of 20 ms.
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Chapter 4

Effects of optical feedback on the quantum noise

properties of semiconductor lasers

4.1 Introduction

The generation of squeezed states of the electromagnetic field [69] has received consid-
erable interest in recent years. Such states feature a redistribution of the fundamental
quantum mechanical fluctuations which occur in the optical field due to the Heisen-
berg Uncertainty Principle. Quadrature squeezed states, the first squeezed states to
be produced in the lab [70,71,72], feature reduced noise in one quadrature of the
electric field operator and increased noise in the other. Amplitude squeezed states
exhibit a reduction in the fluctuations in the photon number operator at the expense
of the field phase, a perfectly amplitude squeezed state being the familiar number
state or Fock state.

In addition to the fundamental scientific interest in the generation of non-classical
states of the electromagnetic field, squeezed states have a number of potential appli-
cations to situations where precision, low-noise measurements must be made. These
applications include optical communication [16], quantum cryptography [17], grav-
itational wave detection [15] and sensitive spectroscopy [73,74] and interferometry
[75]. Tt should be noted that while the application of amplitude-squeezed states to

the above problems certainly seems possible, it is not clear that the advantages out-
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weigh the difficulties. With the exception, perhaps, of quantum cryptography, one
can achieve similar improvements in performance by just increasing the output power
of the laser. In addition, the sensitivity of the degree of squeezing to optical losses
would make the application of squeezed light in a commercial setting somewhat dif-
ficult, especially for long-distance communications systems. Thus, although there
would appear to be the potential for using amplitude-squeezed states in a variety of
applications, the actuai demonstration of a definite advantage in a specific situation
remains to be performed.

Of the methods proposed for the generation of amplitude squeezed light, one of
the most successful to date has been the use of a pump-suppressed semiconductor
laser [10]. If the laser is pumped far above threshold, the amplitude noise on the
output field is determined almost entirely by fluctuations in the pumping rate. If, in
addition, the laser is driven with a constant-current source, then the statistical pump
fluctuations in the injection current (which result in shot noise) can be suppressed
[76] and are replaced instead by thermal noise generated by the series resistance of
the current source. This thermal noise can be made arbitrarily small by making the
series resistance large enough. The result is that the light at the laser output is
amplitude squeezed, the degree of squeezing under strong pumping being limited on

a fundamental level only by the efficiency of the device.

4.2 Amplitude noise in semiconductor lasers

4.2.1 The quantum theory of amplitude noise in semicon-
ductor lasers

While the phase noise and linewidth of a semiconductor laser can be treated ade-
quately within the semiclassical theory of the laser, a proper analysis of the low fre-
quency amplitude noise requires the use of a fully quantum mechanical optical field.

The reason for this is that because of the strong gain clamping mechanism above
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Figure 4-1: The basic model of a semiconductor laser used in the analysis of the
quantum mechanical amplitude noise. The internal field, A(t), is coupled to both the
electron system, N.(t), and external field #(t).

threshold, the low frequency amplitude noise of a semiconductor laser approaches the
SQL even at moderate pump rates. Since it is precisely the quantum nature of the
field which gives rise to the SQL, the fully quantum mechanical theory of the laser
must be used. While the low frequency part of the spectrum is intrinsically non-
classical at moderate or high pump rates, it should be noted that some amplitude
noise phenomena such as the noise around the relaxation resonance peak or the noise
very close to threshold can be calculated correctly within the semiclassical theory
[77].

The quantum theory of intensity noise in semiconductor lasers used here is based
on the basic Langevin equation model [78] with modifications and extensions due
to McCumber [79], Lax [80], Haug [9] and Yamamoto [10,76]. The model is shown
in Figure 4-1. The laser can be described, after the adiabatic elimination of the
dipole-moment operator, using two quantum Langevin equations for the inversion
operator Nc(t) and the slowly-varying internal optical field annihilation operator /i(t)

in addition to the input/output relation connecting the slowly-varying external field
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#(t) with the internal field. These can be written [10]

d - No(t) od
ENc(t) =P —(1-7) o szTA </?Xi>
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where P is the pump rate, 3 is the fraction of the spontaneous emission which is
emitted into the lasing mode, 7,, is the spontaneous emission lifetime, p is the non-
resonant refractive index, X¥(IV.) is the resonant optical susceptibility, Tp0 and 7, are
the cavity photon lifetimes due to internal absorption and mirror losses respectively,
wr, is the lasing frequency and wy is the cold cavity resonant frequency. The inclusion
of B (which is typically < 1 for large cavity lasers) allows the treatment of micro-
cavity lasers. Note that the second term in (4.1) represents the spontaneous emission
into non-lasing modes while the fourth term represents spontaneous emission into the
lasing mode itself. The Langevin noise terms I',(¢), I',,(t) and ['(¢) drive the car-
rier variable and represent noise due to the pumping process, spontaneous emission
into non-lasing modes and dipole moment fluctuations respectively. Noise terms é’(t)
and §(t) generate fluctuations in optical field variable and are due to dipole moment
fluctuations and noise from internal optical losses. Finally, fe(t) is the vacuum field
incident on the front facet of the laser and accounts explicitly for noise due to sponta-
neous emission into the lasing mode. The vacuum field fe(t) is also partially reflected
off the front facet of the laser and therefore appears in the output coupling relation,
(4.3). Note that in this model, it is assumed that the front facet reflectivity is close to
unity and that the rear facet reflectivity is unity. This assumption is not justified for

semiconductor lasers which have uncoated or anti-reflection coated facets. A more
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general and considerably more complicated model has recently been developed by
Tromborg [81] and others which addresses this issue. In this treatment, it was found
that when the rear facet is high-reflection coated, the noise on the output from the
front facet does not depend strongly on the front facet reflectivity, justifying, to some
extent, the model used here.

The Langevin noise terms in (4.1)-(4.3) have correlation functions [10,82]

(Fer®forlw)) = (Fult)flw)) = 3 (¢ ) (44
(53 () = (3030} = {6t =) (4.5)
(Gr ()G (w) = (Gi(t)Gi(w)) = 1 (E + E,e + flg w) §(t—u) (4.6
(PP (w)) = [(Ew + E,.) AL + b j\ﬂ 8(t — ) (4.7)
(TG, () = —% [AO(ECU + E,.) + flg ‘;] §(t —u) (4.8)
(P(®)Gi(w)) =0 (4.9)
(Pal)lnla)) = (1= £)22 1= ) (4.10)

{ L2l §(t — u) (pump suppressed) (4.11)

P §(t —u) (constant voltage)

where f,, = (/. +f1)/2 and f.; = (f. — f1)/2i are the real and imaginary parts of the
noise operator fe, E., — E,. = ((w/p?)%i) = E.,/n.p is the net stimulated emission
rate, Af is the mean photon number, ¢ is the charge on an electron, and R, is the value
of the resistance in series with the laser in the case of pump-suppression. The terms
in (4.4)-(4.11) can be derived using the quantum regression theorem (generalized
Einstein relations) or understood by considering each noise source as being composed
of a large number of independent events, each producing an impulse change in the
variables a(t) and N,(t). In this case, the mean-square fluctuation of the variable

is just equal to the mean rate of occurrence of the events multiplied by the mean-
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square change in the variable from each event. For the carrier noise, for example, the
three ways in which the carrier density can change are through pumping, spontaneous

emission or stimulated emission/absorption. Thus the total correlation function
(Up (1)L (w)) + (Tep(t)Top(w) + (D($)L(w)) (4.12)

is equal to a delta function (Markoffian processes are assumed) multiplied by the rates
of occurrence for each process, P (for pump noise), N/ 7, (for spontaneous emission)
and Egy(ata + 1) + Eyc{a'a) (for stimulated emission/absorption) multiplied again
by the effect of each event, which is to change the carrier density by unity. The
cross-correlation functions include only those events which change both quantities
simultaneously. Poissonian pumping statistics have been assumed here and will be
discussed further below.

Equations (4.1) and (4.2) can be solved by writing the carrier density and fields
in terms of small signal quantities which fluctuate about mean values: Nc(t) =
No + ANL(1), a(t) = [Ag + AA(1)]e%® and #(t) = [ro + AR()]€4¥®), Tt has
been pointed out [83,84] that there is some difficulty in defining a quantum mechan-
ical operator which corresponds to the classical notion of the phase of an oscillator
such as the optical field. As a result, the small-signal decomposition of the field op-
erators is not, strictly speaking, valid in a quantum mechanical sense. However, this
approach is approximately valid in the limit of small fluctuations about a large mean
photon number. In this case the noise on the field can be described by small fluctua-
tions in the quadrature phase amplitudes about a large mean value as in Figure 4-2.
The amplitude fluctuations are then approximately equal to the fluctuations in the
quadrature amplitude in phase with the optical field while the phase fluctuations are
proportional to the quadrature amplitude out of phase with the optical field. Thus,
the amplitude and phase fluctuations may be defined by

AA(t) = = (a(t) + a'(2)) (4.13)

N =
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Figure 4-2: The quantum mechanical amplitude and phase flucutations are defined in
terms of the in-phase and out-of-phase quadratre amplitude fluctuations of the field.

Here Ao = V< ata >.

- 1

Ad(t) = TS (a(t) - at()) (4.14)

and a correspondence to the classical definition of the optical phase may be expected
as long as the photon number is much greater than unity.

The small-signal expressions are substituted into equations (4.1)-(4.3) and Fourier
transforms taken to solve them. The Fourier transformed algebraic equations are then
solved for each fluctuation variable AN (), AA(Q) and A¢(f), the fluctuation of
the external field Ar(f) is calculated using (4.3) and the single-sided power spectral
density of this quantity Pas(f2) is found. In general, Pa#(f2) is a fairly complicated
expression, but it can be simplified when the noise frequency is much lower than the
inverse of the stimulated emission lifetime of the carriers. In this case, the amplitude

noise power spectral density of the external field, normalized to the shot noise limit,



69

is given by
P+(0) 1 1 2
=(1- I+ =+=-+— .
SOL (1-=n)+n +R+R+nspR2 (4.15)

where 7 is the external differential quantum efficiency. The contributions from the
different noise sources in this expression can be easily identified. Optical losses inside
the laser are accounted for by 7, pump noise by the unity term inside the brackets
and one of the 1/R terms, spontaneous emission into non-lasing modes by the other
of the 1/R terms, dipole moment vacuum fluctuations (spontaneous emission into
the lasing mode) by the last. It can be seen that far above threshold, if the internal
losses are small compared to the facet losses (7 ~ 1), the noise is at the SQL and is

determined by the pump noise only.

4.2.2 Vacuum cancellation, pump suppression and ampli-
tude squeezing

Two aspects of the theory outlined in the previous section are now discussed: the rea-
son for which the vacuum field does not generate the SQL and methods for suppress-
ing the pump noise. These two elements are keys to understanding how amplitude
squeezed light is generated from a semiconductor laser. The absence of the vacuum
field fluctuations at high pump rates is due to interference between the component of
the vacuum field reflected from the front facet of the laser and the transmitted internal
laser field itself, which of course contains information about the vacuum component
transmitted through the facet. The pump noise is eliminated by driving the laser
with a constant-current source.

As has been described by Yamamoto [10], it is the interference between the trans-
mitted internal field and the reflected vacuum field which results in a complete cancel-
lation of the noise due to fe () at high pump rates. This cancellation can be thought
of in the following way. Imagine fe(t) to be not a vacuum field but an arbitrary

classical optical field. This field incident on the laser facet causes the internal field of
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the laser to see an altered facet loss which is either smaller or larger than the original
depending on the relative phase of the two fields. As a result, the gain (inversion)
must also change to satisfy the gain=loss condition. But if the pump rate remains the
same, this translates into an increased or decreased rate of stimulated emission into
the mode. The amplitude of the internal field is therefore altered in a fashion which
is correlated with the injected signal. In fact, when the simple calculation outlined
above is carried out (see Appendix A), one finds that the change in the portion of the
internal field transmitted through the facet exactly cancels the portion of the injected
field reflected from the facet. Since this argument holds for an arbitrary weak optical
field, it is certainly true for the vacuum field fe(t) as long as we consider only fluc-
tuations which occur at frequencies well below the inverse of the carrier stimulated
emission lifetime.

The noise due to pump fluctuations is now considered in more detail using argu-
ments proposed for semiconductor lasers by Yamamoto [76]. There are three obvious
ways to pump a semiconductor laser, each interacting with the carrier density in the
active region in a different way. The first is to pump the laser optically with classical
light. In this case carriers are generated in a random fashion and therefore the pump
current is indeed Poissonian and results in shot noise limited pump noise as is found
in the second expression in (4.11). This is the type of pumping usually considered in
laser models [9,85]. A second way of pumping a semiconductor laser is with a voltage
source. Since the junction voltage is proportional to the carrier density, this fixes the
carrier density at a constant value. Fluctuations in the rate of stimulated emission,
which are caused by the random nature of the emission process, cause corresponding
fluctuations in the pump rate since, in order to keep the junction voltage constant,
the carriers in the active region must be replaced as soon as they recombine to cre-
ate a stimulated photon. Thus, in this case also, the pump current is Poissonian,
the noise being caused by the random nature of the emission process rather than by

fluctuations in the generation rate.
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Finally, one can consider driving the laser with a constant current source or voltage
source in series with a large resistor. In this case, fluctuations in the rate of stimulated
emission cause the carrier density (junction voltage) to fluctuate and therefore change
the gain in exactly the direction to compensate for the original fluctuation. If the
rate of stimulated emission increases, the junction voltage decreases reducing the
gain and therefore reducing the stimulated emission rate back towards its steady-
state value. This “self-correcting” mechanism reduces the pump fluctuations to zero
in the limit of the current source series resistor being much larger than the diode
differential resistance [76]. The only pump noise that remains is the thermal noise
in the source resistor which may be reduced to an arbitrarily small value by using
a large enough resistance. In this case the pump noise correlation function becomes
the first expression given in (4.11).

The frequency-dependence of the amplitude noise on the external field is now de-
scribed when the laser is pumped far above threshold [10]. At frequencies above the
cavity bandwidth, the contribution from the incident vacuum field is equal to the
SQL since the internal field of the laser cannot respond quickly enough to provide
the canceling effect discussed above. At low frequencies, however, the vacuum fluc-
tuations do cancel out, and, under Poissonian pumping, the low frequency noise is
dominated by the pump noise which generates the shot noise limit. But above the
cavity bandwidth, the pump noise falls off due, again, to the inability of the internal
field to communicate with the external field on short time scales. Thus, for Poisso-
nian pumping, the total amplitude noise is a constant, at the SQL at all frequencies.
When the laser is pump-suppressed by driving it with a constant current source, how-
ever, the pump noise is drastically reduced, generating large amplitude squeezing at
frequencies well below the cavity bandwidth.

The generation of squeezed light from a semiconductor laser has several significant
advantages over other methods of producing squeezed light such as parametric down

conversion [72] and four-wave mixing [70]. One is the relative ease with which the
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squeezing can be produced. Typical quadrature squeezing experiments require a table
full of optics and complicated servo locking systems [72]. The generation of ampli-
tude squeezed light from a semiconductor laser in principle requires only a resistor! It
thus seems even feasible to produce amplitude squeezed light sources in a commercial
setting. In addition, the squeezing bandwidth for a semiconductor laser is essentially
the cold cavity bandwidth if high enough pump rates can be achieved [86], which can
be many GHz. In experiments using optical parametric oscillators, one of the most
successful devices for generating quadrature-squeezed light, high finesse cavities have
been used thereby limiting the bandwidth significantly. Finally, semiconductor lasers
generate “bright” squeezed light rather than squeezed vacuum: the squeezing sits on
a large steady-state optical field, which is a useful property for many applications.
However, the characteristics of the amplitude squeezing generated from semiconduc-
tor lasers are probably less well understood than other methods due to the many
competing physical processes which can generate noise in these devices. As a result,
the agreement of experimental results with theory has not been particularly good,

making the experiments somewhat more difficult to interpret.

4.2.3 Experimental issues in the generation of amplitude

squeezed light

Several experimental groups have reported measuring amplitude squeezed light from a
pump-suppressed semiconductor laser [86,87,88,89,90,91,92,93,94,12 95] or light emit-
ting diode (LED) [96,97]. The amplitude noise is usually measured in one of two
ways. The first is by directly detecting the light in a photodetector, measuring the
photocurrent noise and comparing the measured noise level to that from a source
thought to be shot noise limited, usually an LED. The second method is through
the use of a balanced detector [88,98]. This method of detection has the advantage
that the shot noise level can be internally calibrated by measuring the noise when the

detector photocurrents are subtracted rather than added. The shot noise level can
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then be rechecked using LED’s. Pump-suppression can be achieved either by placing
a large resistor in series with a high voltage source or by replacing the resistor with
an inductor which allows the DC current to pass unimpeded while suppressing the
current noise at higher frequencies. Also, most experiments are carried out with the
laser (and often the detectors) cooled to cryogenic temperatures in order to increase
differential quantum efficiencies and to enable the pumping of the laser far above
threshold. However, several groups [87,94,95,12] have now obtained squeezing from
room temperature lasers and there are no fundamental reasons why such generation
should be significantly less effective.

The largest degree of squeezing (of any kind) produced to date, 8.3 dB below
the shot noise level, was reported by Yamamoto’s group at NTT [90]. They used
cryogenically cooled lasers with LED calibration of the shot noise level. Their mea-
surements were performed in the frequency range of 50-150 MHz, and squeezing was
obtained at pump rates above R = 10. Interestingly, their minimum noise level is
actually below what would be expected from an efficiency argument alone without
any added noise from the laser itself. They explain this by assuming the existence of
a non-lasing junction in parallel with the lasing junction and analyzing the current
branching noise in the electronic circuit [99]. They find that in this situation, current
branching can reduce the external efficiency of the laser without affecting the noise
adversely.

With the exception of the one result described above, all other measurements
of amplitude squeezing in semiconductor lasers have turned up less than 4 dB of
squeezing. Although poor current-to-current efficiencies are certainly one reason, the
agreement between experiment and theory has not been particularly good either,
indicating that additional mechanisms not described by the basic theory may be
generating excess noise in the laser. Foremost among these is possible excess noise
caused by the existence of weak side modes [90,93]. In an inhomogeneously broadened

medium, such modes would have a noise level far in excess of their SQL (due to their
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being close to threshold), and thus, although they would not contribute much of
the total power, their noise contribution could be significant. Another mechanism,
asymmetrical cross-mode non-linear gain in an otherwise homogeneously broadened
medium [100], can generate substantial excess noise at low frequencies through a
renormalization of the weak mode relaxation resonance as a result of the inter-mode
coupling [101]. A number of other possible noise sources are outlined in Section 6.3.

Another candidate to explain the excess noise measured in some experiments has
been optical feedback [89]. While it is believed that optical feedback can lead to mode
instabilities and therefore indirectly affect the amplitude noise, it is demonstrated in
Chapter 6 that optical feedback can be used to actually enhance the squeezing and

therefore may not be an important source of excess noise.

4.2.4 Correlation schemes and squeezing enhancement

Several schemes have been proposed to enhance the squeezing in pump-suppressed
semiconductor lasers. These include amplitude-phase decorrelation [102,11], junction
voltage feedforward [11], injection locking [93] and optical feedback [103,104,94,12].
The method of injection locking seeks to eliminate the excess noise caused by multi-
mode operation by selectively reducing the loss seen by one particular mode. In one
experiment [93], a dye laser was used to injection lock a commercial quantum-well
laser at 10 K, suppressing the side mode power by more than 10 dB and reducing
the amplitude noise from 1 dB below the SQL to more than 3 dB below it. Similar
results were recently obtained with a room-temperature injection-locked laser [95].
The three other schemes take advantage of the residual correlations which occur
between the field amplitude, phase and the carrier density at moderate injection
currents. Using optical feedback (see Section 4.4), the phase-amplitude correlation
[see (2.6)] can be used to reduce the amplitude noise at injection currents near the
onset of squeezing around R = ¢/7;; — 1 = 2. In this regime, the amplitude noise

is close to the shot noise limit and the phase-amplitude correlation [calculated using
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(2.6)] is about 0.5, and hence a reduction in the noise by a factor of two is expected.
This range of injection currents is potentially important for the generation of squeezed
light from room-temperature semiconductor lasers. Due to the danger of thermal
damage to the laser facet, most room temperature semiconductor lasers cannot be
pumped by more than a few times the threshold current which necessarily limits
the squeezing due to the incomplete suppression of the dipole moment and vacuum
fluctuations and also due to noise from spontaneous emission into non-lasing modes.
Optical feedback could play a role in enhancing the squeezing from such lasers. Recent
experimental results [94,12] (see Chapter 6) have demonstrated the utility of optical
feedback in the generation of amplitude squeezed light from a room temperature
semiconductor laser. Optical feedback can also be used to substantially reduce the
classical noise in a laser close to threshold [5,8] (see Chapter 5) where the amplitude-
phase correlation is high.

Amplitude-phase decorrelation is a noise reduction technique in which the output
field of the laser is sent through an interferometer which translates phase noise into
amplitude noise. This results in a simultaneous decorrelation of the field amplitude
and phase and reduction of the amplitude noise. Reduction of the classical noise in
lasers close to threshold by more than 10 dB has been demonstrated experimentally by
Newkirk and Vahala [105]. This method can also be used to enhance the squeezing of
semiconductor lasers [11]. The final method of amplitude noise reduction mentioned
here is feedforward of the junction voltage fluctuations. The correlation between
junction voltage and field amplitude is exactly equal in magnitude to the amplitude-
phase correlation, (2.6), in the limit @ — oco. By feeding the junction voltage signal
forward to an intensity modulator, the amplitude noise can be reduced by a factor of

2 when R = 2.
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4.3 Amplitude noise reduction using optical feed-

back

As discussed in the previous chapters, weak optical feedback from a dispersive element
can reduce both the linewidth and the amplitude noise of semiconductor lasers. This
type of noise reduction relies on the phase-amplitude coupling [3,4] which takes place
in a semiconductor laser as a result of the asymmetrical gain profile and detuned oscil-
lation of the laser. Because of this phenomenon, part of the amplitude noise is coupled
into the field phase generating both a linewidth in excess of the Schawlow-Townes
linewidth and also a correlation between amplitude and phase noise. Semiclassical
analyses [35,7] have predicted a reduction in the amplitude noise by a factor of (14+a?),
the reduction being limited by the extent to which the amplitude and phase are corre-
lated. Such approaches can only be used when the laser is close to threshold, however,
since only then is the amplitude noise far enough above the SQL that a semiclassical
treatment is valid. At moderate pump rates, the laser noise approaches the SQL and
a fully quantum mechanical analysis must be performed in order to correctly predict
the effects of optical feedback on the amplitude noise of the laser. A recent analysis
by Nabiev et al. [103] using the dispersive loss model outlined in Section 2.2.2 based
on (2.7) has shown that the addition of a frequency dependent loss to the laser cavity
could in fact enhance the squeezing. The theory in this chapter extends the analysis
of Ref. [103] to the experimentally accessible configuration of optical feedback.

As discussed in Section 4.2.1, there are five fundamental noise sources in semicon-
ductor lasers: vacuum noise, dipole moment noise, noise due to optical losses, noise
due to spontaneous emission into non-lasing modes and pump noise. Each of these
noise sources is affected differently by the application of optical feedback to a semi-
conductor laser. Noise reduction with optical feedback works by taking advantage
of correlations which exist between the amplitude and phase of the external field. A

preexisting correlation between the field amplitude and phase is therefore necessary
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if a reduction in the laser amplitude noise is to be obtained through optical feedback;
the size of the reduction will depend on the strength of the correlation.

It 1s therefore pertinent to ask which of the noise sources mentioned above produce
correlated noise in both the amplitude and the phase. Dipole moment and vacuum
fluctuations involve transitions between conduction and valence bands which also add
photons to the lasing mode. As a result, a given fluctuation event causes a direct
change in both the internal field photon number and the gain/refractive index of
the laser medium so the amplitude and phase are indeed correlated for these noise
sources. For spontaneous emission noise, however, the situation is different. Under
constant current operation, the rate of injection of carriers into the active region is
fixed. Any fluctuation in the rate of spontaneous emission into non-lasing modes is
compensated by a change in the rate of stimulated emission into the lasing mode of
the opposite sign. However, the carrier density in this case remains the same since the
gain is clamped by the threshold condition. Thus, the field amplitude changes but
no correlated noise is added to the phase since the carrier density, and therefore the
refractive index, is fixed. The same argument also applies to pump fluctuations. Thus,
it might be expected that dipole moment and vacuum noise (which dominate at low
pump rates near threshold) can be reduced by optical feedback and that spontaneous
emission noise will be unaffected. The various noise sources, their dependence on
pump rate and phase-amplitude correlation are summarized in Table 4.1.

The analysis of a semiconductor laser with optical feedback is performed here us-
ing the quantum Langevin equation approach. This method offers the advantage over
other methods (such as Fokker-Planck equations) that the feedback can be included
in a straightforward way in analogy with the semi-classical analysis. Section 4.4 starts
with feedback-modified equations of motion for the internal field, carrier density and
external field and expressions are derived for the external field amplitude and phase
spectral density functions as well as for the amplitude-phase cross correlation. Sec-

tion 4.5 presents some numerical plots illustrating the effects of optical feedback on
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Noise Source Noise Dependence | Contribution to
on R=1i/iy, —1 | P-A Correlation

Pump 1 ~0

Spontaneous emission 1/R ~0

into non-lasing modes

Vacuum 1/R? a1+ a?

Dipole moment 1/R*

Internal losses 1-19 , ~0

Table 4.1: Summary of the fundamental noise sources in a semiconductor laser, with
their dependence on pump rate, R, and phase-amplitude correlation. Optical feedback
is expected to reduce the noise from only those sources which exhibit a significant
phase-amplitude correlation.

the amplitude and phase noise spectra of the laser. Section 4.6 discusses the noise
spectra in the low-frequency limit where simple analytical results can be obtained.
The spectral uncertainty product and quantum mechanical consistency are examined
in Section 4.7. Finally, Section 4.8 provides a discussion of the results and conclu-

slons.

4.4 Quantum Langevin analysis of a semiconduc-
tor laser with optical feedback

The configuration to be considered is shown in Figure 4-3. The internal optical field
of a semiconductor laser is weakly coupled to an external cavity through the front
laser facet. The output beam, reflected by a beamsplitter (R = 1) out of the external
cavity, constitutes the external optical field, its quantum mechanical operator denoted
by 7(t), and it will be our goal to calculate the amplitude and phase fluctuations of this
field. The transmitted beam passes into the external cavity and through a dispersive
element before being reflected back into the semiconductor laser by an end mirror.

The dispersive element could be an atomic vapor or Fabry-Perot cavity. In order to
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Figure 4-3: Optical feedback configuration to be considered.

simplify the analysis, it will be assumed that the laser is tuned to the transmission
peak of whatever dispersive element is used. In this case, the optical losses through
the element will not be locally frequency dependent. The frequency dependent phase
shift, manifested as an increase in the cavity round-trip delay time, is therefore the
only effect of the dispersive element. It is also assumed that the bandwidth of the
dispersive element is much larger than the noise frequencies of interest so that group
velocity dispersion can be neglected.

The fully quantum mechanical equation of motion for the optical field inside a
semiconductor laser has been extensively studied by Haug [9] and Yamamoto [10]. In
the weak feedback limit, the modification to this equation of motion given by (4.2)
is simple [32]. The resulting equation for the slowly varying Heisenberg internal field

operator A(t) is

dA(t) 11 1 w .
dt

— 4+ — + 2t(wp —wo) — E(Xz’ —ixe)| A®) + G(t) + 4(2)

Tpe Tp(]

+ \/TTfe(t) + ke ST Pt —T) (4.16)
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where wy, the laser frequency. The last term in (4.16) is the modification due to the
feedback. Here & is the (locally frequency independent) feedback coupling rate defined
by (2.11) and #(t) is the operator for the external optical field defined by (4.3). Since
the reflection coefficient of the beamsplitter is close to unity, the quantum mechanical
noise added by any absorption (losses) in the dispersive element and by the vacuum
entering the rear open port of the beamsplitter (opposite the output port) can be
ignored. The equations of motion for the carrier density operator N,(t) and external
field #(t) are unmodified by the optical feedback and are given by (4.1) and (4.3).
As in Section 4.2, the operators for the carrier density, internal and external fields

are now written as a combination of average values and fluctuation operators. Thus

A(t) = [Ao + AA(1)] €290 (4.17)
A(t) = [ro + AR(t)] €290 (4.18)
N,(t) = Ny + AN,(2) (4.19)
R(N) = X + % = () +1 (%) + &(a+ 1) AN, (4.20)
At + 1) — Ad(t) < 1 (4.21)

where it has also been assumed in (4.21) that the phase change of the field during
a round-trip time of the external cavity is small, i.e., Av <« 1/7 where Av is the
laser linewidth. For cavity lengths of up to meters and linewidths of megahertz, this
condition is certainly satisfied.

When (4.17)-(4.21) are substituted into (4.16) and (4.1), both the steady-state
values for the field and carriers as well as the equations for fluctuations about this

steady state can be obtained. The steady state equations are

11 . . . ido o~
2T, + 2i(wg, — wp) — % (<X > =i <Xy >)| Ao + koe e 4y = 4.22)
P
Neo  Eey
P-—2__2A_F, =0 (4.23)

Tsp Nsp
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From (4.22) the gain and lasing frequency are determined to be

E, 1
= — — 2K cos ¢ (4.24)
Nsp  Tp
W, = wg — zi — koV1+ a?sin(¢y + wrT + arctan a). (4.25)
Tp

where wo — a/27, is the lasing frequency without feedback. The field amplitude Ao
is determined by (4.23) along with the Einstein relation SN./7s = E., and the
threshold condition Py, = E,, /B which defines threshold as being the point at which
the spontaneous emission rate into the lasing mode equals the stimulated emission

rate [106]. The field amplitude is thus given by

2 R spR
A% =n,, <§ - 1) ~ ”ﬂ : (4.26)

where the approximation is valid as long as A2 > 1 which has been assumed above.
Finally, the mean carrier density above threshold, N, is determined by (4.24) along

with the Einstein relation.

The equations for the Fourier transformed fluctuation operators are given by

(i — A1)AN,(Q) = A, AA(Q) + T(Q) 4 T,,(Q) + T,(Q) (4.27)
i1+ C)AA(D) +iQC, AcAd(Q) =
ABRR) + G (@) 450 + [ Fr()  (428)

—iQC, AA(Q) + Q1 + C;) AgAd(Q) =
—aAsANL(Q) + Gi(Q) + 5:(Q) + —l—fei(ﬂ) (4.29)

pe

where
1 1 1 A?
Ay = — (_ + _) = _(j_i) (4.30)
Tsp Tst 7-sp
2A
4y = 2o (4.31)
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B(1 + A7)

Az = ;?fiAO = 94075 (4-32)
Ci(Q2) = kot cos ¢g (ﬂ> (4.33)
17
Cr(2) = —KoT sin ¢g (1—_52> : (4.34)
A0y

Equations (4.27)-(4.29) along with (4.3) can be solved for the external field fluctuation
operators A7() and A(9) giving

AFQ) = Ri(Q) [+ Ty + ] + R()(1+ Ci()) [G +gr + J-fJ

Ry ()G, (2 [ + G+ f- fez}— Jer (4.35)

A(Q) = Ro(Q) [T +Ty+T,] + Ry [G + G- + /‘f]

Rs( [G + 8+ f fm]—‘/ﬁefez (4.36)

where

Ry () = E D/(l;Z) (14 C; + aC,] (4.37)

Ry(Q) = \/—%% (4.38)

Ra() = - g lal(1+C) - G (4.39)
1 1 a [a(l+C)—ClEQ - 4) .

Ry(D) = ATICTac L-ﬁ — ) (1+ Cz)} (4.40)
1 1 1 [a(14C) =G0 — Ay)

R5(0) = NI CTar [E + 5] Cr} (4.41)

D(Q) =3 — A)[(1 + Ci)* + C?] — Ay As(1 + C; + oC,). (4.42)

Equations (4.35) and (4.36), along with the correlation functions (4.4)-(4.11),
enable the calculatation of the external field amplitude and phase noise power spectra

as a function of the feedback strength and phase. It can be seen from (4.28) and
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(4.29) that the feedback, which causes a non-zero C, coefficient, adds a coupling
between the amplitude and phase. Since the amplitude and phase were originally
correlated through the a-parameter, this additional coupling can serve to decorrelate
the two quantities and, at the same time, reduce the noise in one or both. The
feedback parameters C;({2) and C, () are actually frequency dependent extensions of
the parameters C, and C; defined in Section 2.2.2 [7,6,41] to the case where a feedback
delay is included. At low frequencies, when the feedback delay is unimportant, the
terms in parentheses in (4.33) and (4.34) reduce to unity and the coefficients become
those given in Section 2.2.2 [41]. In particular, if ¢g = —7/2 then C;(0) = 0 and
C;(0) = kot becomes equivalent to the parameter C introduced in Refs. [7,103] and
given in Section 2.2.2 to describe a frequency dependent loss in a carrier-independent
model of the laser.

The physical role of C, and C; is illustrated in Figure 4-4. Independent noise
sources create fluctuations in both the amplitude and the phase of the internal op-
tical field. Through the « parameter, the portion of the amplitude noise with a
correlated component in the carrier density fluctuations (dipole moment and vacuum
fluctuations) is translated into phase noise (and therefore frequency noise) producing
a correlation between the amplitude and instantaneous oscillation frequency of the
laser. The optical feedback creates corrections to the field amplitude and phase which
depend on the frequency of the output field. The parameter C, describes the correc-
tion to the field amplitude while the parameter C; describes the direct correction to
the field phase.

From equations (4.35) and (4.36), the power spectra of the amplitude noise,
Pa-(©2), and phase noise, Pay(f2), as well as the amplitude-phase cross correlation

function, P, ;(£), can be calculated. These are given by

2

4kT N, 1 R (1 + C)
. - 2 A il A S VA
PAT(Q) 2|R1, ’R, + (1 ﬂ) TSp} * 2 ’1 Tpe
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Figure 4-4: Correlations between the field amplitude and phase are produced through
phase-to-amplitude coupling. Optical feedback introduces changes in both the facet
loss rate and phase shift proportional to the phase of the output optical field. These
changes can correct for the original fluctuations.
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Mgy —
Der 1|R2(1+C,-)—2R1A0[2
27,
]' E
5Bl 1+ O + 2| Ry (4.43)
TpO Tp
4kT N, 11+/Tpe 1 2
P»Q:2R2 +1— CO}JF— P — Rey/—| +
2nsp — IB* | |Bs)
— 12134 ? 4.4
o7, I R3 0+R4l + 27'p IRI o) 27‘,,0 (4.44)
AET N,
Ppiag() = [23;33 ( R +(1-8) 0) +
q L, sp
Iy, — 1
”;T (4R;Rs A2 — 2(R; Ry + R3(1 + C7)Rs) Ao
¥4
+ (R3(1+ C7)Rs — R;C:Rs)) + ﬁ(R*(l + C7)Rs — R3C;R;)
r
RoCrfTpe 1
__ ! <R4 S A )J (4.45)
2\/Tpe Ao VP () Pyy()

These expressions (4.43)-(4.45) are the main result of this chapter. The first term in
each expression corresponds to pump noise (assuming the pump-suppressed case) and
spontaneous emission noise. The second term is the noise due to vacuum fluctuations
(or spontaneous emission into the lasing mode). The third term is due to fluctuations
in dipole moment, and the fourth term is due to internal optical losses. The last term

in (4.43) is uncorrelated phase noise which has been coupled into the field amplitude

through the feedback.

4.5 Numerical results

To get a feeling for how the noise spectra are affected by optical feedback, the expres-
sions (4.43)-(4.45) can be plotted as a function of frequency for various parameter
values. The values chosen here are ng, = 2, = 107°%, 7, = 2x 10725, Tep = 2% 1077

Tpo = 1071s, o = 5 and R, = 1M (complete pump suppressmn). In the first set
of plots (Figures 4-5 through 4-8), the limiting case of a short cavity length is as-
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sumed (7 = 107!s) to avoid the complication due to the frequency dependence of the
feedback parameters (which will be discussed later). The phase is set to ¢g = —7/2
thereby making C; = 0 and C, = ko7. Figure 4-5(a) shows the amplitude noise power
sbectrum, P, as a function of frequency at R = ¢/1y, — 1 = 0.1 for feedback levels
C, = 0,0.1,0.3,1. The low-frequency noise is seen to be reduced as the feedback is
increased. In addition, the relaxation resonance moves to somewhat higher frequen-
cies. The phase noise power is also observed to decrease (Figure 4-5b) indicating a
reduction in the laser linewidth. Finally, the low frequency phase-amplitude correla-
tion (Figure 4-6) is reduced from its free-running value of «/ V1 + o2 with increasing
feedback. Thus, at injection currents close to threshold, both the phase noise and the
amplitude noise can be significantly reduced along with an accompanying reduction
in the phase-to-amplitude correlation. All of these results have been obtained in the
past through semi-classical analyses [34,7].

As the pump rate is increased, however, (Figure 4-7, R = 1) and the ampli-
tude noise approaches the SQL at low frequencies, the low frequency reduction in
the amplitude noise is smaller. If the feedback is made too large, the low frequency
noise actually starts to increase. In fact, at very high pump rates (e.g., Figure 4-8,
R = 10) no reduction is possible at all and the low frequency amplitude noise increases
uniformly with increasing feedback power. The relaxation resonance frequency still
increases, however, as does the bandwidth of the low-noise part of the spectrum. At
these high pump rates, there would appear to be a tradeoff between noise reduc-
tion and bandwidth: very low noise operation is sacrificed to achieve an increased
bandwidth.

The behavior of the low-frequency noise can be understood in the following way.
When no feedback is applied, the phase and amplitude noise of the laser are correlated
through the a-parameter. As the feedback is increased, some fraction of the phase
noise is added to the amplitude noise in such a way as to correct for the correlated

fluctuations and reduce the noise. In the process, however, the part of the phase noise
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Figure 4-5: External field noise spectra at R = i/i;, —1 = 0.1 and C = 0,0.1,0.3,1
in order along the arrow path. (a) Amplitude noise and (b) phase noise. Amplitude
noise reduction by over an order of magnitude is possible at this pump rate. The

dashed line indicates the SQL.
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Figure 4-6: External field amplitude-phase cross-spectral density at
R=1/iy —1=0.1.

not initially correlated with the amplitude is also coupled into the amplitude noise
producing excess noise which increases with feedback strength. The amplitude noise
minimum thus occurs when there is enough feedback to reduce the phase-amplitude
correlation to zero. Any additional feedback causes too much of the uncorrelated
phase noise to be coupled into the amplitude leading to an increase in the amplitude
noise.

A more realistic situation occurs when the short cavity length assumption is re-
laxed and the frequency dependence of the feedback parameters C;(Q) and C,(9)
becomes important in determining the structure of the noise spectrum. Plots of the
three spectra are shown in Figures 4-9 and 4-10 with the same parameter values as
above but with 7 = 6.6 x 10™®s (corresponding to an external cavity length of 1m),
R =01,C; =0and C, = 0,0.1,0.3,1. As the frequency changes, C, oscillates in
magnitude between the limits +k0/€2, its phase also changing. At frequencies where
C’ is real, the noise behaves like the short cavity limiting case but with reduced ef-

fect at higher frequencies due to the decay of C, with ). At these frequencies, the
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Figure 4-7. Spectra as in Figure 4-5 but with R = 1. The low frequency amplitude
noise initially decreases to below the SQL and then increases as further feedback is

applied.
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Figure {-8: Spectra as in Figure 4-5 but with R=10. The low frequency noise
increases with increasing feedback but the bandwidth widens. The low-frequency
correlation between amplitude and phase also increases.
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Figure 4-9: Noise spectra at R = 0.5 when a delay (7 = 6.6 x 10~%5) in the feedback
is included. Peaks in the spectra occur when the delay introduces a net round-trip
phase shift in the feedback noise of 7. Here C' = 0,0.1,0.3,1 increasing along the
arrow path.
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Figure 4-10: Amplitude-phase correlation at R = 0.5 when a delay (1 =6.6x107%)
in the feedback is included. Here C' = 0,0.1,0.3,1 increasing along the arrow path.

delay due to the external cavity causes a phase shift in the fluctuation signal equal
to a multiple of 27 resulting in negative feedback. At other frequencies, however,
the phase shift of the noise signal as the light passes through the external cavity is
different from 27 and positive feedback can result leading to peaks in the amplitude

and phase noise spectra.

4.6 Low frequency noise

Noise in the frequency region between about 10 MHz and 1 GHz is of particular
interest in semiconductor lasers due to the utility of RF modulation techniques at
these frequencies; it is in this region that noise reduction will likely play its most
important role. It is assumed throughout this section that the noise frequency  is
well below both the inverse of the stimulated emission lifetime and the external cavity

free-spectral range. The expressions for the amplitude and phase noise then become
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very simple:

2

1 1 aC(Q) —1/(ny,R
Par(@) = 5(1=m)+3 [E + 20, (1 i aC/(gl)p )
1\ jo@p
+ 2n,, (1 + - R) T aC (7 (4.46)
oy = e 1 1+a2

where C () = C,()/(1 + C;(?)) and 7 is the external efficiency of the laser. It has
also been assumed that the feedback is not strong enough to bring the phase noise
down to near the SQL so that only the phase diffusion noise from dipole moment and
vacuum fluctuations need be considered.

From these expressions a number of observations can be made. F irstly, the pump
noise and spontaneous emission noise are unaffected by the optical feedback as can
be seen from the first term inside the brackets in (4.46). This just reflects the fact
that these sources produce fluctuations in the amplitude without corresponding fluc-
tuations in the phase. The second term inside the brackets in (4.46) comes from the
combined contribution of the dipole and vacuum fluctuations. It clearly does depend
on the feedback parameters and can, in fact, be reduced. The final term in (4.46)
is the uncorrelated component of the phase noise which has been coupled into the
amplitude noise by the feedback. In addition, the amplitude noise power spectrum
depends not on the independent contributions of the two feedback quadratures but
only on the combined quantity C = C,/(1+C;). This is not surprising since C, repre-
sents the part of the feedback responsible for altering the photon lifetime (rather than
the phase shift) inside the semiconductor laser cavity (see Figure 4-5) and in order
to change the amplitude noise, the photon lifetime must be altered. On the other
hand the reduction in the laser phase noise (and hence the linewidth) does depend
independently on C; which just indicates that since the feedback phase changes with

laser frequency (or phase), the phase noise can be corrected directly without relying
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on phase-to-amplitude coupling. Thus, by making C; large and then tailoring C, to
reduce the amplitude noise, the noise in both field variables can be reduced simul-
taneously. The limit to the amount of phase noise reduction possible with optical
feedback is set by the Heisenberg Uncertainty Principle: (4.47) is only valid as long
as Pay(0) > 1/2.

From (4.46) it is possible to deduce the maximum reduction of the dipole and
vacuum terms under feedback conditions. This occurs when C' = o/[1+(1+ a?)n,, R)
resulting in a reduction of the dipole and vacuum noise by a factor of 1 + a2. The

low frequency amplitude noise then becomes

R 14 a%n,R?

Ppr, (2= 0) = %(1 -n)+ g (l + 1 2 ) . (4.48)

Thus, close to threshold, where the dipole and vacuum noise dominate, the amplitude
noise can be reduced by as much as 14 dB using optical feedback in addition to large
reductions in the laser linewidth. At higher pump rates, however, the spontaneous
emission noise dominates the other noise sources and the maximum amplitude noise
reduction decreases.

The expressions (4.43) and (4.45) are plotted against pump rate R in the low
frequency limit in Figure 4-11. The parameter values are taken to be Q = 10%rad/s,
Ny =2, 8=10"% 7, =2 x 10725, 7, = 2 x 1075, 70 = 10~Ms, a = 5, R, = 1M
and o = —x/2 (C; = 0 and C, > 0). Features to note are that the amplitude
noise close to threshold can be reduced significantly, whereas at pump rates far above
threshold, the noise is always increaséd due to the added uncorrelated phase noise.
Figure 4-12 shows the maximum noise reduction under optical feedback conditions
as well as the value of C required to produce this reduction. At moderate pump
rates (R ~ 1) it can be seen that optical feedback can enhance the squeezing in a
semiconductor laser by as much as 3 dB. In addition, the injection current at which
the onset of squeezing occurs is reduced by up to a factor of 2 (see Figure 4-13, an

expanded version of Figure 4-12).
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Figure 4-11: Low frequency amplitude noise power and phase-amplitude correlation.
Here C'=0,0.1,0.3,1 increasing along the arrow path. Large noise reduction is possi-
ble at low pump rates where the phase-amplitude correlation is high. An enhancement
of the amplitude squeezing around R = 1 is also produced.
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Figure 4-12: (a) The maximum of the low frequency amplitude noise reduction under
optimal feedback conditions. Trace A indicates the noise under free-running condi-
tions and trace B indicates the minimum noise attainable using optical feedback. (b)
The value of C' corresponding to this maximum reduction.
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Figure 4-13: An expanded portion of Figure 4-12 showing =~ 3 dB of squeezing en-
hancement at R = 2. Trace A is for free-running conditions and trace B is with
optimal optical feedback.
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This enhancement of the amplitude squeezing at moderate pump rates is poten-
tially important for room temperature generation of squeezed light as mentioned in
Section 4.2.4. Most experiments to date have required cryogenic operation of the
laser in order to observe substantial squeezing, the largest being 8.3 dB below the
SQL. By contrast, to the author’s knowledge, the only room temperature experiment
for a free-running laser has observed only 0.33 dB. The use of optical feedback, which
can also improve the side mode suppression, could possibly add at least 1-2 dB to the
squeezing under such conditions. A significant improvement in the degree of squeez-
ing under strong feedback conditions has already been reported [92] although the role
of phase-to-amplitude coupling in this experiment is unclear.

If pump-suppression is not used, then the laser approaches the shot noise limit
at high pump rates which is a result of the unsuppressed pump fluctuations. Since
the pump noise cannot be reduced by optical feedback, the shot noise barrier cannot
be broken using this method, although considerable noise reduction near threshold
is still possible. The amplitude noise for the non-pump-suppressed case is plotted in
Figure 4-14.

It is also instructive to examine how the laser noise depends on feedback pa-
rameters at a fixed pump rate. Figures 4-15 and 4-16 show the noise spectra and
amplitude-phase correlation as a function of feedback power at constant feedback
phase for several pump rates. As the pump rate increases, the minimum noise oc-
curs at decreasing values of C. The reason that the noise reduction decreases with
increasing pump rate is that the noise due to spontaneous emission into non-lasing
modes which dominates at high pump rates does not produce correlated amplitude
and phase noise. This can be seen explicitly if at the low frequency phase-amplitude
correlation without feedback is considered. This is (with n,, = 1 and 7, = Tpe )

(0%

|Pasragl = \/ - (4.49)

(14 o2)(1 + R/2)
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Figure 4-14: (a) Low frequency noise reduction in a laser featuring Poissonian pump
noise. Here C' = 0,0.1,0.3,1 increasing along the arrow path. (b) The maximum
noise reduction in this case. Trace A is with no feedback while trace B is with
optimal feedback.
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Figure 4-15. (a) Low frequency amplitude noise dependence on feedback for
R =0.1,0.5,1,10 increasing along the arrow path. (b) The corresponding phase noise.
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Figure 4-16: Low frequency amplitude-phase correlation dependence on feedback for
R =10.1,0.5,1, 10 increasing along the arrow path.

As R increases, the amplitude-phase correlation decreases to zero indicating that the
optical feedback will be ineffective at reducing the amplitude noise far above threshold
as mentioned above.

If instead the feedback amplitude is kept constant and the feedback phase is varied,
the noise reduction is considerably altered as shown in Figures 4-17 and 4-18. Here
R =1, n;, = 2, @« = 5 and the various traces are for different values of xo7. Sharp
increases in the noise occur when the feedback phase is such that 1 4+ C; + aC, ~ 0
and in fact, for 1 + C; + aC, < 0, the laser mode is not stable and mode hopping is
likely to occur. Thus, careful control of the feedback phase is necessary in order to
take full advantage of the potential for reducing the noise with optical feedback.

Finally, the semiclassical result can be recovered in the limit R — 0 when the
amplitude noise rises far above the shot noise level. In this case the noise due to the

quantum nature of the field is negligible compared to the vacuum and dipole noise.
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Figure 4-17. The low frequency noise spectra dependence on feedback phase ¢o. (a)
Amplitude noise and (b) phase noise.
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Figure 4-18: The low frequency amplitude-phase correlation dependence on feedback
phase ¢y.

The low frequency amplitude noise, (4.46), then reduces to

n 1+ C?

PAT(O) = nspR2 (1 + aC)2

(4.50)

This corresponds to the result derived in a semiclassical analysis for the amplitude
noise reduction using dispersive loss [7]. However, we see that this result is only
valid near threshold and that as the pump rate is increased, other noise sources not
present in the semiclassical model dominate the laser amplitude noise. Due to the
absence of a restoring force for the field phase, the phase diffusion noise is far above
the SQL even at high pump rates, however, and the fully quantum mechanical result
for the phase noise (and hence the laser spectral linewidth) (4.47) corresponds to the
semiclassical result. This indicates that even at high pump rates, the semiclassical

predictions of linewidth reduction with optical feedback are valid.
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4.7 Spectral uncertainty product

Since large simultaneous reductions in the amplitude and phase noise of the laser
external field are possible, it is important to verify that the spectral uncertainty
relation implied by the Heisenberg Uncertainty Principle is not violated. This relation
can be expressed [107,108,10]

1
4r2

Pai(Q)Py;(92) > (4.51)
where 73 is the output photon flux in photons /second. For a conventionally pumped
laser at a moderate pump rate, the large amount of phase diffusion noise below
the cavity bandwidth generates a spectral uncertainty product far in excess of this
fundamental limit. In the infinite pump rate limit in a pump-suppressed laser, this
phase diffusion noise is what compensates for the large degree of amplitude squeezing
at low frequencies [10]. While the amplitude noise drops below the SQL by a factor
proportional to Q2 (as ) — 0), the phase noise increases above the SQL by a factor
of 1/0? satisfying (4.51).

Any changes in the phase noise spectrum caused by optical feedback will thus
have significant effects on the squeezing bandwidth. We examine the case of optical
feedback producing phase noise reduction (C; > 0) but no amplitude noise reduction
(C, = 0) since this is where the most dramatic changes in the phase noise spectra
occur. Figure 4-19 shows the phase noise, amplitude noise and spectral uncertainty
product 4T§PA;(Q)PA,&(\Q) as a function of frequency at R = 10° and at several values
of C;. It can be seen that as the phase noise drops due to the feedback, the amplitude
squeezing bandwidth is reduced to compensate. All of the spectral characteristics are
shifted uniformly to lower frequencies by a factor of 1 + C;.

The results of Figure 4-19 also determine the quantum limits to the amount of
phase noise reduction (and therefore linewidth reduction) that can be obtained using

optical feedback. This limit is clearly set by the SQL, which, in the case of the phase
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product.
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noise, is caused by the vacuum fluctuations reflected from the front facet of the laser.
Since there exists no restoring force for the phase of the internal optical field, the
cancellation of the vacuum phase noise in the external field does not occur and the
full shot noise is present in addition to the phase diffusion noise from the internal
laser field. In addition, this vacuum phase noise is not affected at all by the external

cavity.

4.8 Discussion

It is interesting to compare the quantum noise reduction which can be obtained using
optical feedback with the reductions obtained using other methods such as junction
voltage feedforward [11] and amplitude-phase decorrelation [11,102]. It has been
found that the laser junction voltage is also correlated with the output intensity noise
[109]. The junction voltage correlation with output field intensity, Pa,ay, 1s given in

the low-frequency limit with ny, = 1 by [110]

[ 1
Prrpw = — TTER (4.52)

It is, of course, precisely this correlation which gives rise to the amplitude-phase
correlation since the lasing medium refractive index depends on the carrier density
and hence the junction voltage. However, the additional phase fluctuations which
arise from spontaneous emission into the lasing mode dilute the correlation slightly.

Thus, the amplitude-phase correlation given by (4.49) can be rewritten as

[Par sl = \| o | Passol = 1 —2 ! (4.53)
ArAd| — 1+O.’2 ArAv| = 1+C¥2 1+R/2 .

which separates out the degradation in the correlation caused by the uncorrelated

component of the phase noise (due to spontaneous emission into the lasing mode) from

the degradation caused by the uncorrelated component of the amplitude noise (due to
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spontaneous emission into non-lasing modes). Thus we find that the amplitude-phase
correlation is only slightly smaller than the amplitude-junction voltage correlation for
typical values of & = 3 — 5.

The fact that the amplitude-phase correlation is slightly smaller than the amplitude-
Junction voltage correlation changes the amount by which the amplitude noise can be
reduced. At low pump rates (R — 0), Pa,a, — —1 and the perfect anti-correlation
implies that it is possible to reduce the amplitude noise by a large amount. In this
same limit, |Pa,ag] — «/v/1+ o? which means that the amplitude noise can be
reduced at most by a factor of 1 + o using either feedforward, amplitude-phase
decorrelation or feedback. On the other hand, when the laser is significantly above
threshold (R > 1), then the uncorrelated amplitude noise plays the major role in
reducing the amplitude-phase decorrelation. In this case, Parag = Parp, and thus
the noise reduction obtained by junction voltage feedforward is roughly equal to the
reduction obtained using optical feedback. This can be seen by comparing F igure 4-12
with the results obtained in Ref. [11]. Thus, it is found that at moderate pump rates,
optical feedback is almost as effective as junction voltage feedforward in enhancing
the squeezing of a pump-suppressed semiconductor laser. In addition, the maximum
amplitude noise reduction obtainable using optical feedback is identical to that for
amplitude-phase decorrelation at all pump rates since both methods rely on the same
correlation property for the noise reduction.

One advantage that optical feedback may have over junction voltage feedforward
is that parasitics often make a clean measurement of the actual junction voltage
difficult, especially at room temperature. In addition, feedforward at high frequencies
can be limited by the speed of electronic components. Optical feedback suffers from
neither of these problems, and therefore this technique may be somewhat simpler to
implement.

In conclusion, optical feedback can significantly improve the quantum noise prop-

erties of pump-suppressed semiconductor lasers. The potential for noise reduction
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is due to the quantum correlation between the amplitude and phase of the exter-
nal optical field emitted from such devices. At low frequencies and moderate pump
rates, an enhancement of the amplitude squeezing by up to 3 dB is possible. This
enhancement could find application in room-temperature generation of squeezed light
when the high pump rates needed to obtain more complete squeezing are not practi-
cal. Other aspects of quantum noise reduction using optical feedback have also been

mnvestigated including the effects of finite cavity delay and feedback phase.
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Chapter 5

Amplitude noise reduction using dispersive

optical feedback

5.1 Introduction

In this section, the theoretical predictions obtained in Chapter 4 are tested experimen-
tally in the classical regime with the laser biased close to threshold. Near threshold the
theory predicted that substantial reductions in the amplitude noise could be obtained
since it is in this regime that the noise due to vacuum and dipole moment fluctuations
dominates. These sources produce correlated noise in both the field amplitude and
phase which can be exploited with optical feedback to reduce the amplitude noise.
Reductions in the amplitude noise of up to 1 + o (about 10 dB) should be possible,
the main fundamental limitation very close to threshold being the imperfect corre-
lation between amplitude and phase caused by the uncorrelated component of the
phase noise.

Compared with linewidth reduction, the volume of previous experimental work on
amplitude noise reduction with optical feedback has been relatively small. A reduction
in the amplitude noise has been observed by Dahmani et al. [5], but the dependence
of this reduction on feedback level and injection current were not measured and the
role of phase-amplitude coupling was not clear. Newkirk and Vahala [102,105] have

also measured substantial reductions in the laser amplitude noise using amplitude-
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Figure 5-1: Experimental Setup: LD, laser diode; L, lens; BS, beam splitter; M,
mirror; P, polarizer; D, detector; ND, neutral density filter. The amplitude noise
power is measured at Ds, and the feedback power is monitored at D;.

phase decorrelation and in doing so demonstrated the feasibility of using the phase-

amplitude correlation to reduce the amplitude noise.

5.2 Low frequency amplitude noise

The experimental setup, shown in Figure 5-1, was described in Section 2.2.3. In
this particular experiment, a single-mode GaAs semiconductor laser (STC LT50A-
03U) lasing at 852 nm and with a threshold current of 51.4 mA was used. The Cs was
heated to ~ 90°C resulting in a feedback power ~ 10~ of the output power when the
laser was tuned to near the Doppler-broadened Cs transition at 852 nm. Due to the
wavelength selectivity of the Cs, the feedback affected the dynamics of only a single
longitudinal mode. Most of the light (98%) was coupled out of the external cavity (at
BS1) and was then passed through a pair of optical isolators which provided 60 dB of

isolation. For measurement of the low-frequency noise (f < 150 MHz), the beam was
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Figure 5-2: Frequency dependence of the detector photocurrent noise power at an
injection current of 76 mA. Free running (trace A), with Pry/ Py = 4 x 1077 (trace
B). Trace C indicates the SQL.

focused onto a large area, high-efficiency photodiode (Hamamatsu 1722-01) and the
resulting photocurrent amplified and sent to an electronic spectrum analyzer. The
net current-to-current differential efficiency above threshold between the laser and the
detector was 36%. The detector was found to be linear at DC up to photocurrents of
20 mA but showed some weak saturation at frequencies above 100 MHz at the higher
photocurrents.

The laser was tuned to the top of the Doppler-broadened Cs Faraday line, the
feedback was applied and the amplitude noise spectrum was measured. A portion
of this spectrum is shown in Figure 5-2, taken at an injection current of 76 maA.
Trace A is the noise under free-running conditions and trace B is the noise with a
feedback power of 4 x 1077 of the output power. Trace C is the shot noise level

calibrated by shining a filtered incandescent lamp onto the detectors to produce the
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Figure 5-3: Raw data showing the frequency dependence of the photocurrent noise
power spectrum taken at an injection current of 76 mA. Data are shown with no
feedback (trace A) and Pyy/ P,y = 1.7 x 1078 (trace B). Traces C and D indicate the
SQL and background amplifier noise respectively.

same photocurrent as the laser did.

Under feedback conditions, the amplitude noise is seen to be reduced at most fre-
quencies with a peak occurring at 60 MHz, a frequency corresponding to the external
cavity free spectral range modified from its empty cavity value of 200 MHz by the
dispersion of the Cs. Reductions by as much as 7 dB were observed under optimal
optical feedback conditions at an injection current of 76 mA. Larger reductions of the
noise are expected closer to threshold, but the inability to tune the laser to the Cs
line at lower injection currents prevented these from being observed.

It can be seen from Figure 5-2 that the noise is not flat but decreases with increas-
ing frequency: a 7 dB decrease in the noise occurs over roughly one order of magnitude
in frequency. Because of this unusual behavior at lower frequencies, the amplitude

noise power was measured as a function of the feedback power at a frequency of 116
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MHz in an attempt to obtain a better agreement with theory; a sample of raw data
between 100 MHz and 200 MHz taken at an injection current of 76 mA is shown in
Figure 5-3. Trace A in this figure shows the laser noise with no feedback; trace B,
the noise with feedback; trace C, the SQL; and trace D, the background amplifier
noise level. The results of the measurement at 116 MHz are plotted in Figure 5-4
at two different pump rates. It is assumed in this plot that the coupling of feedback
light back into to laser is 80%. For each measurement, the feedback phase was ad-
justed so that the laser frequency with feedback was the same as the unperturbed
laser frequency (zero-frequency pulling [6]) thereby fixing the phase to a constant,
known value. Each measurement was normalized to the SQL after subtracting the
background amplifier noise. At an injection current of 76 mA (trace A), the maximum
noise reduction was found to be 7 dB; at higher injection currents this maximum re-
duction decreased (trace B). The theoretical predictions are also plotted (solid lines)
using (4.43) and parameter values of 7, = 7, = 9.1 x 10725, 7,, = 4.3 x 109,
nsg = 1 (T6mA), n,, = 1.25 (97TmA), 8 = 1075, o = —4.5 (76 mA), a = —3.4 (97
mA), 7 = 1.4 x 1078s, 5;,, = 0.85 and 7,,; = 0.42. The laser is assumed to have an
uncoated facet (R = 0.31), refractive index of 3.5, a length of 200um and 80% feed-
back coupling. A reasonable agreement between theory and experiment is found at
the higher injection current, although it is emphasized that many of the laser param-
eters assumed in the fit are not known precisely and are adjusted to obtain a good
agreement with the experiment. However, all parameters are in roughly the right
range for a laser of this type. At the lower injection current, the laser noise increased
if the feedback power was increased above about 1.4 x 106 causing a deviation from
the theoretical prediction.

As mentioned above, the difficulty of tuning the laser to the Cs line and the
danger of thermal damage to the laser at high output powers limited the range of
injection currents at which these measurements could be made. Due to the high

threshold current of this particular laser, the maximum pump rate obtainable was
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several wavelengths. Trace A is with no feedback, trace B is with Pf;/ Py = 1 x 1072
and trace C is with Pg /Pyt &= 5 X 10~7.

R =i/i;, — 1 = 1.4 which permitted a noise reduction to within 2.3 dB of the SQL
but which was not enough to produce squeezed light. As can be seen in Figure 4-13, a
pump rate of about R=2 is required before significant low-frequency squeezing should
be observable. An extension of this experiment into the quantum regime, performed
with a different laser, is discussed in Chapter 6.

The dependence of the noise reduction on the feedback phase is illustrated in
Figure 5-5. Here the noise power at a single frequency (130 MHz) is plotted as the
external cavity end mirror position is scanned over several wavelengths. The noise
is measured at three different feedback levels: trace A is with no feedback, trace B
is with very weak feedback (Pjy/Pou: &= 1 x 107%) and trace C is with somewhat
stronger feedback (Ps/P,u: &~ 5 % 1077). In trace B a smooth oscillation is seen:

the very weak feedback perturbs the lasing frequency and amplitude noise, but the
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frequency is continuous as the mirror position is changed. In trace C, sharp changes
in the amplitude noise can be seen where the noise is maximum. This is due to the

laser frequency jumping discontinuously as the mirror position is scanned.

5.3 Amplitude noise at higher frequencies

The amplitude noise at higher frequencies (100-600 MHz) is shown in Figure 5-6(a).
These measurements were made by focusing the light onto a high-speed photodiode
(Ortel PD050-OM). Data at five different feedback powers are shown with the feed-
back phase the same for all curves (determined by enforcing the zero-frequency-pulling
condition). A smooth reduction in the noise at certain frequencies (116 MHz, 170
MHz, 280 MHz, 340 MHz, etc.) is clearly visible. The peaks are created by positive
feedback at frequencies corresponding to the inverse of the external cavity round-trip
time (at 320 MHz, for example) become narrower and increase in size as the feedback
power is increased. The expanded lower frequency portion of this plot is shown in
Figure 5-6(b). The narrowing of the peak at 140 MHz is seen clearly here.

Finally, the dependence of the high-frequency noise on end mirror position was
measured. Changing the end mirror position effectively changes the phase of the
optical feedback. Figure 5-7 shows the noise spectrum at a constant feedback power
of Ppy/Pou: = 1.3 x 107° but at three different phases (traces B, C and D). The
spectrum with no feedback is also shown in trace A. It can be seen that the width
and frequency of the peaks change significantly as the phase changes.

A theoretical plot using (4.43) of the expected dependence of the amplitude noise
power spectrum structure under feedback conditions is shown in Figure 5-8. The
parameter values used were: 7, = 3.8 X 107%s, 7,5, = 9.1 x 10725, n,, = 1, R = 0.94,
B =10"° o = —6, 7 = 14 x 1073, Niny = 0.85, Nexe = 0.17 and R, = 1k0.
Figure 5-8(a) shows how the spectrum changes as the feedback power [which varies

(

between 0 (trace A) and x = 0.2 GHz (trace B)] is changed while Figure 5-8(b) shows
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Figure 5-6: (a) High-frequency amplitude noise power as a function of feedback power.
The laser injection current was 98.12 mA and Pj;/ P,y = 0 (trace A), 1.1 x 1077 (trace
B), 5.4 x 1077 (trace C), 9.6 x 1077 (trace D) and 1.3 x 107 (trace E). Plot (b) shows
the expanded low frequency portion of the upper plot.
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Figure 5-7. (a) High-frequency amplitude noise power as a function of external cavity
end mirror position. The laser injection current was 98.1 mA and Pp/ P, = 1.3 x
107® for traces B, C and D. Trace A is without feedback at the same injection current.
Plot (b) shows the expanded low frequency portion of the upper plot.
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Figure 5-8: High-frequency structure of the amplitude noise spectrum under feedback
conditions as predicted by the theory in Chapter 4. (a) The changes in the spectrum
as the feedback power is varied at constant phase and (b) the changes when the
feedback phase is varied at constant power. The results are in qualitative agreement
with the experimental data of Figures 5-6 and 5-7.
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the spectrum dependence on the feedback phase (with x = 0.2 GHz). The theory
appears to agree with the measured data in a qualitative sense, although the details of
the two spectra do differ significantly. The agreement is not expected to be too close,
however, since the model of Chapter 4 is fairly simple and lacks many of the details

present in the experiment such as the frequency dependence of the Cs transmission.

5.4 Conclusion

The effects of optical feedback on the amplitude noise spectrum of a semiconductor
laser have been examined experimentally. Under weak feedback conditions ( P/ Py =
107%), the low-frequency amplitude noise is reduced by up to 7 dB at moderate in-
jection currents. The dependence of this reduction on the feedback power compares
favorably to theoretical predictions based on a quantum mechanical model of the laser
noise.

The dependence of the high-frequency (100 MHz - 600 MHz) amplitude noise
spectrum on feedback power and phase was measured. Peaks occur at frequencies
corresponding to the inverse of the external cavity round-trip time while the noise
is reduced below the free-running level at intervening frequencies. The peak ampli-
tude, frequency and width are found to depend on the feedback parameters in a way

qualitatively explained by the theoretical model described in Chapter 4.
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Chapter 6

Enhancement of amplitude-squeezing with

dispersive optical feedback

6.1 Introduction

This chapter extends the experimental investigations of amplitude noise reduction
using optical feedback into the quantum regime. The quantum theory of amplitude
noise reduction using optical feedback was discussed in Chapter 4 and predicts the
enhancement in the low-frequency squeezing that can be obtained from an already
pump-suppressed semiconductor laser at moderate pump rates. The experimental
setup and results are described in Section 6.2: squeezing of 19% below the SQL is
obtained from a room temperature semiconductor laser with a combination of pump-
suppression and weak optical feedback. The experimental data deviate significantly
from theoretical predictions, however, and some discussion is presented concerning
possible excess noise processes in semiconductor lasers. In Chapter 7, a multi-mode
theory incorporating asymmetrical cross-mode non-linear gain is proposed to explain
the discrepancy between the experimental results and the single-mode theory. Rea-

sonable agreement is found between the multi-mode theory and the experimental

data.
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Figure 6-1: Experimental setup: LD, laser diode; BS, beamsplitter; P, polarizer; D,
detector; ND, neutral density filter; L, lens; M, mirror; A/2, half-wave plate; PBS,
polarizing beamsplitter; A, amplifier.

6.2 Measurements of squeezing

The experimental setup is shown in Figure 6-1 and was described in Section 2.2.3.
An unmodified commercial, Fabry-Perot quantum well semiconductor laser (SDL-
5412) lasing single mode at 852nm was used in the experiment. It was mounted
inside a sealed TO-3 package and was high reflectivity coated on the rear facet (> 98%
power reflectivity, according to the manufacturer) and anti-reflection coated on the
front facet (< 5%). The threshold current was 17 mA at room temperature and
the differential quantum efficiency, 69%. The laser was driven with a home-built

constant current source [111] and was carefully temperature stabilized to prevent both



123

frequency drifts and temperature-induced changes in the mode structure. The entire
laser mount was placed inside two foam-lined containers which provided thermal and
acoustical isolation from the rest of the room. Pump suppression was achieved at high
frequencies while allowing DC current to pass uninhibited by placing an inductor in
series with the laser.

Most (99%) of the light emitted from the laser was reflected out of the external
cavity by a beamsplitter (BS) while the remaining 1% was transmitted in order to
provide weak feedback. As in Section 2.2.3, feedback was applied to the laser via
Faraday rotation on the Doppler broadened transition only when the laser was tuned
to the Cs D, transition at 852 nm. The transmitted field was then reflected off the end
mirror (M;) and retraced its path back to the laser providing weak optical feedback.
A neutral density filter placed in the beam path and a piezoelectric transducer (PZT)
attached to the end mirror allowed careful control of the feedback intensity and phase.
Part of the returning field was reflected into a detector (D) for measurement of the
feedback strength: typical feedback powers were about 107 of the output power.
In this way, dispersive, wavelength-selective optical feedback could be applied to the
laser diode.

The output from the external cavity was passed through an isolator which provided
60 dB of isolation before being sent to a balanced receiver [88] for measurement
of the amplitude noise with respect to the SQL. The balanced receiver consisted
of a half-wave plate, polarizing beam splitter and high quantum efficiency (97%)
photodetectors (Hamamatsu S3994, 30 MHz bandwidth). The current-to-current
differential efficiency from laser to detectors was 43%. The laser light was centered
on the detectors and expanded to fill the available detector area (1 cm?), a procedure
which was found to be important in keeping the detectors from saturating under the
high incident powers. The electronic signals from the photodetectors were amplified,
sent through a variable delay and variable attenuators, and transmitted finally to

a differential amplifier (Techtronix 7A24) which could either add or subtract the
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two photocurrents. The output from the differential amplifier was then sent to an
electronic spectrum analyzer for measurement of the noise. The noise was measured
at a single frequency of 30 MHz with a resolution bandwidth of 300 kHz. A 1 Hz
video bandwidth was used resulting in a measurement error of about 0.1 dB.

The receiver was balanced in the following way. First, the half-wave plate was
adjusted so that the DC photocurrents from the two photodetectors (D) were equal.
A small sinusoidal modulation was then applied to the laser injection current at the
frequency at which the noise was measured. The output signal from the differential
amplifier in the subtraction mode at the modulation frequency was minimized by
adjusting the electronic attenuation and delay in one arm of the receiver. Common
mode rejection of greater than 40 dB was achieved in this way. The modulation
was then turned off, and the noise at the same frequency measured in both addition
and subtraction modes of the differential amplifier. The addition mode gave the
amplitude noise on the laser light while the subtraction mode gave the SQL. Thus
the laser noise could be measured with respect to the SQL without any physical
changes in the experimental setup. The background amplifier noise was subtracted
from all measured signals.

The longitudinal mode spectrum of the laser was also monitored simultaneously
with the amplitude noise using a grating spectrometer. The mode spectrum was found
to be a strong function of the injection current and temperature: at most combinations
of these two parameters the laser was strongly multi-mode (side mode suppression
< 10 dB) and the amplitude noise was usually tens of dB above the SQL. However,
at any fixed injection current, the laser could usually be made to operate with fairly
good side mode suppression (> 20 dB) without too much effort. Considerably more
effort was required to obtain squeezing. The laser appeared to produce squeezed light
only in a very limited range of temperatures, where the side mode suppression was
particularly good (see Section 6.3 for a more complete discussion of the role of side

mode suppression). For all of the results presented in the remainder of this chapter,
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the laser was operated in this quasi-single-mode state.

The laser noise under free-running conditions was found to be extremely sensitive
to spurious optical feedback. Feedback powers as small as 1078 of the output power
were found to affect the measured noise level by up to several dB. To reduce the
effects of this feedback, most of the optics in the beam path were slightly misaligned
so that the reflected beam would not return to the laser. However, even scattered light
from the input polarizer of the isolator caused significant variation in the noise level.
This was measured by placing the isolator on a translation stage and then varying
1ts position with a PZT causing the phase of the feedback field to change thereby
producing oscillations in the measured amplitude noise level. The position of the beam
on the isolator could then be adjusted to minimize the effect of the spurious feedback
on the laser noise. Even under the best conditions, the variation in the noise level
with isolator position could not be reduced below about 0.5 dB for the free-running
laser. When intentional feedback from the external cavity was applied, the noise
was found to be much less sensitive to the isolator position, presumably because the
stronger intentional feedback drowned out the effects of the weaker spurious feedback.
In addition, several other sources of spurious feedback such as reflections from the
collimating lens and scattered light off the monitor photodiode (contained inside the
TO-3 package opposite the rear facet of the laser) could not be easily controlled and
the effects of these sources on the laser noise remain unclear. The fact that the
reflecting surfaces of these two sources were so close to the laser should have made
their effects on the noise minimal, however.

A useful technique for estimating the amount of spurious feedback being applied
to the laser was to measure the dependence of the lasing frequency on the injection
current. Under free-running conditions, the lasing frequency decreases smoothly as
the injection current is increased. When feedback is present, however, the lasing
frequency is “pulled” slightly from its free-running value by an amount which depends

on the amplitude and phase of the feedback (see Section 2.2.3). Thus, as the injection
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Figure 6-2: Photocurrent noise power, normalized to the SQL, as a function of the
feedback coupling rate for the case of wavelength-selective feedback. The data were
taken at three different injection currents corresponding to 5.8 74, (triangles), 6.4 14,
(squares) and 6.8 iy, (circles). The prediction of the single-mode theory is given by
the dashed lines.

current is scanned, the lasing frequency changes in a step-like manner, staying nearly
constant over a small range of injection currents and then jumping suddenly to a
different frequency. In our case the lasing frequency was measured by blocking the
feedback from the external cavity at the mirror and then measuring the transmission
through the Cs cell as the lasing frequency was scanned over the Cs line by changing
the injection current. When spurious feedback was present, a step-like structure
appeared on the transmission signal (similar to that in Figure 2-5b) allowing an
estimation of the feedback power. Under optimal alignment conditions, the feedback
power was estimated to be below 1078 FP,,;.

The laser noise was measured relative to the SQL as a function of the feedback
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power and is plotted in Figure 6-2. For each data point, the noise of the free-running
laser was first minimized with respect to the spurious feedback by adjusting the
position of the optical isolator. The feedback from the external cavity was then
applied and the noise reminimized by adjusting the position of the end mirror. The
data were taken at three different injection currents, corresponding to 5.8 2y, 6.4 74,
and 6.8 7,;,. At the lowest injection current used, the laser noise is clearly reduced
from above the SQL to well below due to the optical feedback. At higher injection
currents, although the ultimate noise level at high feedback is lower, the feedback-
induced reduction in the noise is somewhat less. A maximum squeezing of 19% below
the SQL is measured under optimal feedback conditions which is an improvement
by over a factor of three from the best previous room temperature result from a
free-running laser (6% squeezing [87]). This 19% squeezing measured at the detector
translates into 29% squeezing at the output facet of the laser when the effects of the
optical attenuation in the detection system are taken into account. Also shown in
the plot is the prediction of the single-mode theory, (4.46), (dashed lines) using the
parameter values n,, = 1.5, a = —2.5 and with ¢, adjusted to produce the minimum
noise. The laser is assumed to have a length of 200 um, refractive index of 3.5, facet
power reflectivity of 5% and a value of 70% is taken for the coupling efficiency of the
feedback back into the laser. Clearly the agreement is not particularly good, an issue
discussed further below.

The experiment was also repeated with the laser tuned off the Cs line and the
polarizers opened to allow partial transmission of the light through the external cav-
ity. In this case the wavelength selectivity of the feedback was lost and the feedback
applied to all semiconductor cavity modes simultaneously. Such an arrangement pro-
duced controlled conditions similar to those which occur when unintentional feedback
from optical components or detectors is present. Qualitatively similar results to the
wavelength-selective case were obtained and are shown in Figure 6-3. The difference

in the noise power measured under free-running conditions between Figure 6-2 and
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Figure 6-3: Photocurrent noise power, normalized to the SQL, as a function of the
feedback level for non-wavelength-selective feedback (empty cavity).

Figure 6-3 is believed to be due to changes in the side mode structure induced by the
small temperature change required to bring the laser frequency off the Cs line. The
single-mode theory is again shown (dashed lines).

Two experimental checks were performed in order to verify the measured level
of squeezing. First, high power LED’s with peak wavelength of 890 nm were shone
into the two detectors and the resulting photocurrent noise power measured at the
same DC photocurrent as produced by the laser. The noise level was found to agree
with the shot noise level measured with the laser (by subtracting the photocurrents)
to within 2%. Second, an optical attenuator was placed in the beam path and the
squeezing measured as function of the optical attenuation as shown in Figure 6-4.
Figure 6-4(a) shows the photocurrent noise power, normalized to the SQL, as a func-

tion of the optical attenuation. The squeezing is reduced linearly towards the SQL as
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the attenuation is increased in exactly the manner predicted by theory (solid line).
As a further check on the detector response linearity, the raw photocurrent noise
power was plotted (Figure 6-4(b)) as a function of the DC detector current (optical
attenuation) for the laser, SQL as measured with the laser light and SQL as measured
with the LED. The SQL is found to be linear with the detector current, as expected,
while the laser noise drops under the SQL in a non-linear fashion as the attenuation
is reduced. From the measurement error of 0.1 dB on the noise and these checks, it

is believed that the measurements of the squeezing are accurate to within 3%.

6.3 Discussion

There are a number of possible mechanisms which could be responsible for the excess
noise measured in the previous section. The most likely candidate would appear
to be effects due to imperfect side mode suppression in the laser. Because of non-
linear effects due to spatial and spectral hole burning, a Fabry-Perot semiconductor
laser does not oscillate in a perfectly single longitudinal mode. Weak side modes
are always present to some degree, and can contribute to the noise in a number of
different ways. Several of these possibilities are discussed below and an attempt to
evaluate the relative importance of each is made.

The existence of side modes leading to excess noise in semiconductor lasers has
been mentioned by several authors [90,93,94,101], and evidence for this was presented
in the previous section (since when the laser was strongly multi-mode, the noise tended
to be high). The effect of longitudinal side modes on the laser noise depends crucially
on the broadening mechanism. If the laser is assumed to be completely homogeneously
broadened, then the presence of side modes does not alter the photocurrent noise
significantly when the total field power is detected [112]. Although the amplitude
noise on each individual mode can be quite high, anti-correlations between the modes

produce a cancellation of the noise when all the modes are detected together. This
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Figure 6-4: Dependence of the squeezing on the optical attenuation. (a) The pho-
tocurrent noise power, normalized to the SQL, as a function of the attenuation. The
squeezing is reduced in a linear fashion towards the SQL. (b) The raw noise power
for the laser (squares) and the SQL measured using the laser (circles) and LED (tri-
angles). The SQL is seen to be linear with the DC photocurrent while the laser noise
drops below the SQL indicating squeezing.
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anti-correlation is generated because all modes couple to the same carrier population;
fluctuations in the intensity of one mode get coupled through the carrier density into
the noise in the intensity of the other modes. If, on the other hand, the laser is
assumed to be inhomogeneously broadened, then all of the longitudinal modes couple
to independent carrier populations. As a result, no correlations exist between the
noise on the individual modes and the photocurrent noise powers generated by each
mode add incoherently. If the mode structure is that of a strong main mode and weak
side modes, then although the side modes have significantly less power, they are much
closer to threshold and therefore have a much larger noise relative to their SQL. As
a result they can contribute a significant amount of noise to the fotal photocurrent
noise power.

Optical feedback, when applied to the laser, has the potential to change the mode
structure since it changes the photon lifetime of the cavity in a mode-selective way. As
a result, it was initially thought that perhaps the measured noise reduction could have
been entirely due to a change in the side mode power induced by the optical feedback
rather than the phase-amplitude coupling mechanism described in Chapter 4. In order
to test this hypothesis, the longitudinal mode spectrum of the laser was monitored
simultaneously with the amplitude noise using an optical spectrum analyzer. The
power in six of the side modes closest to the laser was measured under the presumed
free-running conditions and again with the feedback applied. The change in the
average side mode power was almost imperceptible, but was measured to decrease by
6 + 4 % as the laser amplitude noise changed from 1 dB above the SQL to 0.9 dB
below. This 1.9 dB change corresponds to a change in the total noise power from
1.26 Psgr, to 0.81Psgr where Psgy, is the photocurrent noise power corresponding to
the standard quantum limit. Since the main mode noise should account for about
0.65Psgy, according to the single mode theory, the net excess noise under feedback
conditions is reduced from 0.6 Psqr, to 0.18 Psgr. This represents a 70% decrease in

the excess noise, and it is hard to see how a 6% change in the side mode power could
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be responsible. The combined power in all the side modes was estimated to be about
1-2% of the total output power.

Mode partition noise is another important source of noise in homogeneously broad-
ened lasers. Although the strong anti-correlations between the individual modes can-
cel out when the total power from all modes is detected, if some of those modes are
blocked or attenuated, then the noise on the remaining transmitted power can in-
crease significantly. Variations in mode transmission can occur in a number of ways.
As mentioned by Freeman et al. [94], if the laser facet reflectivity has some wavelength
dependence (created, perhaps, by the AR coating), then as the power fluctuates be-
tween the different longitudinal modes, the varying reflectivity could cause the total
output power to vary substantially. Such an effect would be expected to be more
pronounced at room temperature where the gain bandwidth of the laser is larger and
where the power is therefore distributed over a larger range of wavelengths. This
effect could perhaps explain why amplitude squeezing has been significantly more
successful at cryogenic temperatures than at room temperature. If this source of
noise were in fact the cause of the excess noise measured in Section 6.2, however, one
would expect that as the noise was reduced with the optical feedback, the side mode
suppression would change. Such an effect was not observed as discussed above.

Longitudinal mode partition noise was also a potential source of error in the cali-
bration of the SQL. Because the polarization rotation caused by the half-wave plate
has some wavelength dependence (even though a zero-order wave plate was used),
partition of power among modes of different wavelengths could have caused fluctu-
ations in the polarization of the field incident on the polarizing beamsplitter. Such
polarization fluctuations would in turn cause an anti-correlation between the detec-
tor photocurrents generating excess noise when the photocurrents were subtracted by
the differential amplifier. Since such excess noise would result in a mis-calibration of
the SQL, care must be taken to ensure that this process was not occurring. Since

all measurements were performed with the laser predominantly single-mode, the re-
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sulting polarization fluctuations are expected to be small. The check of the SQL
calibration with the LED’s confirmed this expectation. In the next section, a po-
larizer was added immediately after the half-wave plate to reduce any possible error
from this process.

Another source of mode partition noise is power fluctuation between different
transverse or polarization modes. Here again the laser facet reflectivity could be the
source of the mode-dependent attenuation, but the detection system would probably
have had a much stronger effect. The optical isolator has a linear polarizer at the input
which would attenuate any orthogonal polarization strongly and therefore generate
excess noise due to any power fluctuations between polarization modes. No check was
performed to rule out polarization mode partition noise, and it remains as a possible
source of excess noise.

In addition, although an attempt was made to preserve the spatial intensity dis-
tribution throughout the detection system, it is possible that parts of the beam were
attenuated more strongly than others leading to mode partition noise due to power
fluctuations among transverse modes. One experimental check done to test this hy-
pothesis was to pass the beam through a pinhole placed close to the balanced receiver
which transmitted only part of the beam. The pinhole size and position in the beam
were varied, and no change in the noise power was measured except the expected
effect due to the attenuation of the light.

A final way in which multi-mode effects could generate excess noise is through
asymmetrical cross-mode non-linear gain. This possibility is discussed in Chapter 7
and a quantitative model is developed which explains the measurements of the pre-
vious section fairly well.

Aside from excess noise generated by the side modes, there are several other
possible noise sources which may have contributed to the amplitude noise power.
Noise on the injection current due to RF pickup or current source oscillation may

have been present. Although this could have generated excess amplitude noise, a
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large reduction due to the optical feedback would not be expected according to the
analysis in Chapter 4.

Another possibility arises from the fact that since the laser front facet was AR
coated, the model used in Chapter 4 does not really apply. In fact, due to the low
Q of the semiconductor laser cold cavity, the longitudinal modes of the structure are
not orthogonal, a situation which makes the quantization of the cavity optical field
difficult in the conventional manner. However, a recent analysis by Tromborg (81]
using travelling-wave fields has shown that for the case of a Fabry-Perot laser with
one facet HR coated (R =~ 1) and the other AR coated, the quantum mechanical
amplitude noise in the external optical field should not differ significantly from the
model outlined in Section 4.2.1. Therefore, although the feedback model of Section 4.4
might not be particularly applicable to the experimental setup here (due to the low
front facet reflectivity), the deviation from the conventional theory under free-running
conditions should not be large. The non-orthogonality of transverse modes in gain
guided structures has also been found to lead to substantial increases in the sponta-
neous emission noise [113,114,115] into the lasing mode. However, the particular laser
used in the experiment was predominantly index guided which should have made this
effect small.

Finally, it is entirely possible that there may be some other mechanism causing
the excess noise in the laser which is not well understood. For example, the process
causing the 1/f noise in the frequency noise power spectrum could also be generating
noise in the field amplitude. This situation cannot be ruled out at present, and further
investigation is thought to be necessary before more detailed conclusions about the

exact origin of the excess noise can be made.
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6.4 Conclusion

In summary, the effects of optical feedback on the amplitude noise and squeezing
of semiconductor lasers have been investigated experimentally. It was found that
extremely weak feedback, on the order of 1078FP,,;, can change the amplitude noise
power by several dB at frequencies up to 50 MHz. Depending on the phase of the op-
tical feedback, the noise is found to either increase or decrease indicating that careful
control of the feedback phase is required in order to generate an enhancement in the
squeezing. The squeezing in a pump-suppressed room-temperature laser is enhanced
from 2% below the SQL under presumed free-running conditions to 19% below the
SQL under optimal feedback conditions corresponding to 29% squeezing at the laser
facet. Agreement with the single-mode theory of Chapter 4 is not particularly good
indicating that additional mechanisms may play a role in determining the laser noise.
The mode structure of the laser was measured simultaneously with the amplitude
noise and the feedback-induced changes in the mode structure are thought to be
inadequate in accounting for the measured noise reduction in a simple way.

A number of possible reasons for the excess noise were outlined and discussed in
light of the experimental results. Among these, effects due to imperfect side mode
suppression seem to be the most likely although other possibilities cannot be ruled
out with confidence. One possible reason for the discrepancy between experiment
and theory is the existence of side modes in conjunction with asymmetrical cross-
mode non-linear gain. This issue will be discussed in the next section. A quantitative
model is developed for a multi-mode laser incorporating asymmetrical cross-mode
non-linear gain. This model is found to give substantially better agreement with the

experimental results than does the single-mode model.
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Chapter 7

Asymmetrical cross-mode non-linear gain

7.1 Introduction

In Chapter 6 a substantial discrepancy between the experimental data and the simple
single-mode theory was found: the measured amplitude noise was found to be as much
as double the theoretically predicted value and the feedback-induced noise reduction
was substantially larger than expected. Excess amplitude noise when the laser is op-
erating near the SQL has been found in several other attempts to generate amplitude
squeezing from free-running semiconductor lasers [87,86,90,92,93,94], and the source
of this noise is not well understood. A number of possible reasons were proposed in
Section 6.3 to explain the discrepancy. In this section, one possible mechanism is
considered in detail: asymmetrical cross-mode non-linear gain. This mechanism has
been used previously to explain the enhanced low-frequency noise in semiconductor
lasers [101]. Tt is emphasized that although this explanation seems reasonable and
accounts for the experimental data fairly well, there is no direct evidence supporting
this alternative over other possibilities. Further experimental investigation is required
before a firm conclusion can be drawn.

Asymmetrical cross-mode non-linear gain is a phenomenon in which the gain of one
mode can be affected by the intensity of another mode in an asymmetrical manner. In

a nearly single-mode semiconductor laser, this results in an enhancement of the gain
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at frequencies above the lasing mode and a reduction of the gain at frequencies below.
The basic mechanism, described in papers by Bogatov et al. {100] and Ishikawa et
al. [116], can be understood as follows. Consider a semiconductor laser in which two
modes are oscillating, one strong main mode and a much weaker side mode. The
stimulated emission rate of carriers depends on the square of the internal optical field
which in this case contains not only DC terms due to each mode individually, but
also a term representing the beating between the two modes. This beating leads to
a modulation of the carrier density in the active region at the difference frequency
between the two longitudinal modes.

We now consider how this modulation of the carrier density affects the main mode
optical field. Modulation of the carrier density modulates the gain of the active region
which in turn generates amplitude modulation of the main mode and therefore AM
sidebands on either side of the lasing frequency at the difference frequency between
longitudinal modes. However, due to the detuned nature of the semiconductor laser
oscillator, the refractive index is also modulated thereby generating FM sidebands,
one of which is in phase with the AM modulation and the other of which is out of
phase. Since the FM modulation index can be as large as or even larger than the AM
index, a strong asymmetry in the sidebands can occur. Thus, part of the main mode
intensity is coupled into the side modes in an asymmetrical fashion.

The effect of this asymmetrical inter-mode coupling on the amplitude noise of
semiconductor lasers has been analyzed by Su et al. {101,117]. They find that the
coupling between the strong mode and side modes leads to a renormalization of the
side mode relaxation resonance, moving it to very low frequencies (essentially to DC)
and substantially enhancing the amplitude noise at low frequencies. Though the
model of Su et al. could explain qualitatively the reduction of the squeezing under
free-running conditions observed in Chapter 6, theirs is a purely semiclassical model
and includes only noise due to spontaneous emission into the lasing mode. In addition,

they do not treat the effects of optical feedback on this excess noise. In this chapter,
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the model of Ref. [101] has been extended to include both of these issues in order
to attempt to explain the excess noise present in the measurements of the amplitude

noise in Chapter 6.

7.2 Two-mode model including asymmetrical
cross-mode non-linear gain

The model presented here is an extension of the single-mode model of Chapter 4 to
include multi-mode effects and asymmetrical cross-mode non-linear gain. Only two
modes are assumed, one strong main mode and one weak side mode. Following Ref.
[101], the equations of motion for the carrier density, Nc(t), the main mode field,
fll(t), and side mode field, A,(t), are written as
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where v, is the group velocity, V is the mode volume and
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is the non-linear gain coefficient. Here 7/ is the relaxation time and o/ is the phase-
amplitude coupling constant associated with the physical process responsible for the
pon-linear gain.

These equations are linearized as in Section 4.4 and the resulting small-signal
equations Fourier transformed and solved for the external field amplitudes. The
fluctuation in the total emitted photon flux, ASr(t), is then calculated using the

relations

AS(t) = 2ri0Afy (1) + 2rapAfy(t) (7.5)
Afy(t) = — AA(0) = far (1) (7.6)
Afa(t) = == Aolt) — far(t) (7.7

pe

Under the assumption that the power in the side mode is much less that the main
mode power, the power spectral density for the total intensity fluctuation, normalized

to the SQL, is calculated to be
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where P‘gOgT(Q) is the amplitude noise power with feedback for a single mode laser,
given by (4.43) multiplied by 4r%,,
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n is the optical efficiency and R, is the spontaneous emission rate into a single mode
of the field.

It can be seen from (7.8) that since Pf:g is independent of the feedback parame-
ters, the presence of the side modes adds noise for which the feedback dependence is
very simple. The physical process which generates this reduction of the multi-mode
noise through optical feedback is the following. The existence of the side mode gen-
erates excess amplitude noise under free-running conditions because of the non-linear
inter-mode coupling and renormalization of the weak mode relaxation resonance fre-
quency. However, this process also generates fluctuations in the carrier density which
are strongly correlated with the excess intensity noise. The carrier density noise
generates excess phase noise in the main-mode field through the phase-amplitude
coupling process which is then coupled back into the main-mode amplitude by the
optical feedback. The main-mode amplitude is thus corrected to compensate for the
total intensity fluctuation of all modes resulting in a reduction of the excess noise.

Equation (7.8) is shown in the low-frequency limit by the solid lines in Figure 7-1
and Figure 7-2. The value of Pfg; is taken as a fitting parameter and the feedback
phase (¢o in Equations (4.33) and (4.34)) in the theory is again adjusted to mini-
mize the noise. The other parameters are the same as those used in the single-mode
fits. The single-mode theory is also shown (dashed lines) in the figures. Clearly sub-
stantially better agreement with experiment is obtained with the multi-mode theory
indicating that incomplete side mode suppression and cross-mode non-linear gain can
at least explain the observed behavior of the noise on feedback intensity. It is recog-
nized that while the agreement of experimental results with this theory is fairly good,
the possibility of other processes also contributing to the excess noise is not ruled out

and the relative importance of the various noise sources remains unclear.
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Figure 7-1: Photocurrent noise power, normalized to the SQL, as a function of the
feedback coupling rate for the case of wavelength-selective feedback. The data were
taken at three different injection currents corresponding to 5.8 74 (triangles), 6.4 iy,
(squares) and 6.8 74, (circles). The prediction of the single-mode theory is given by
the dashed lines and the multi-mode theory by the solid lines. Much better agreement
is found with the multi-mode theory.
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Figure 7-2: Photocurrent noise power, normalized to the SQL, as a function of the
feedback level for non-wavelength-selective feedback (empty cavity). The prediction
of the single-mode theory is given by the dashed lines and the multi-mode theory by
the solid lines. Much better agreement is found with the multi-mode theory.
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7.3 Conclusion

In summary, it is proposed that the excess noise found under free-running conditions
and the larger-than-expected feedback induced reduction are caused by the existence
of weak side modes in combination with asymmetrical cross-mode non-linear gain.
This process causes additional amplitude noise under free-running conditions in the
low-frequency part of the spectrum as a result of the inter-mode coupling. It also
generates an additional correlation between the total intensity of all modes and the
main mode phase. This correlation allows a reduction of the excess noise by the
optical feedback in addition to the reduction obtained for the single-mode noise. A
quantitative two-mode model is outlined to evaluate the effects of optical feedback
on this excess noise source. With the non-linear gain coeflicient taken as a fitting
parameter, much better agreement is found between experiment and the multi-mode
theory than is found with the single-mode theory.

While cross-mode non-linear gain certainly explains the measured results, it is
not claimed that this process has been confirmed to be responsible entirely for the
excess noise. The origin of this excess noise is perhaps an important area for further
investigation since it would appear to be the main limitation to the generation of
amplitude squeezed light from room temperature semiconductor lasers. In addition,
methods of reducing the excess noise such as injection locking, optical feedback or
other mode-stabilizing techniques could play an important role in facilitating the

generation of amplitude squeezed light from semiconductor lasers.
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Chapter 8

Amplitude squeezing from a room temperature

semiconductor laser

8.1 Introduction

In the previous chapter, amplitude squeezing was obtained from a semiconductor
laser which was subjected to weak optical feedback from an external cavity. When
the optical feedback was removed, squeezing of only 2% below the SQL was observed.
This chapter describes an experiment in which amplitude squeezing was obtained
from a room temperature semiconductor laser with no intentional optical feedback.
Squeezing as large as 1.5 dB (29% below the SQL corresponding to 41% below the
SQL at the facet of the laser) is measured from the device using a balanced homodyne
detector. This measurement is important in that it demonstrates that significant
amplitude squeezing can be obtained from a commercial laser operating at room
temperature with essentially no modifications. Until now, to the knowledge of the
author, the largest amount of amplitude squeezing obtained from a room temperature
device without any external feedback or mode control has been 0.33 dB [87]. All
other reported measurements have either been performed either with the laser cooled
to cryogenic temperatures [90] or with some sort of extensive mode control such as

optical feedback [94,95] or injection locking [93].
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Figure 8-1: Experimental setup: LD, laser diode; L, lens; M, mirror; A/2, half-
wave plate; P, polarizer; PBS, polarizing beam splitter; D, detector; A, differential
amplifier.

8.2 Measurements of amplitude squeezing

The experimental setup is shown in Figure 8-1. The semiconductor laser used
(SDL-5402-H1) was a quantum-well index-guided structure with a threshold current
of 10.2 mA and a maximum rated operating current of 60 mA resulting in 50 mW
of output power. The differential quantum efficiency was 68% at room temperature.
The device was mounted by the manufacturer inside a TO-4 package which included
a thermistor, thermoelectric (TE) cooler and monitor photodiode. The laser tem-
perature was stabilized using a home built temperature controller, and a precision
current source provided the injection current which passed through an inductor be-
fore going to the laser. The inductor allowed DC current to pass through unimpeded

while suppressing the pump fluctuations at higher frequencies where the noise was
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measured.

The output light from the laser was collimated using an AR coated collimating
lens (Newport F-L40B) before being sent through an optical isolator to the detection
system. The amplitude noise was measured using the balanced receiver described
in Chapter 6 but with the addition of a polarizer between the half-wave plate and
polarizing beam splitter (see Figure 8-1). The polarizer was adjusted so that the DC
photocurrents into the two detectors (D) were equal (i.e., the light incident on the
polarizing beam splitter was polarized at 45°). The half-wave plate was then adjusted
to maximize the transmission through the polarizer. The polarizer was present in
order to reduce the effects of polarization mode partition noise which could interfere
with the SQL calibration as discussed in Section 6.3. Although most measurements
were made when the laser was predominantly single-mode and the measured level
of squeezing was checked with two other independent methods, the addition of the
polarizer provided added security in the calibration of the SQL.

The beams incident on the photodiodes were again expanded to fill the entire
detector area and the AC photocurrents were amplified and sent to a differential am-
plifier which could either add or subtract the photocurrents. The output from the
differential amplifier was then sent to an electronic spectrum analyzer for measure-
ment of the noise. In one electronic arm of the balanced receiver, an attenuator and
delay unit were present. The detector was balanced using the method in Chapter 6
and common mode rejection of 40 dB was obtained at a frequency of 28 MHz.

The SQL calibration was checked by shining the light from high-power LED’s onto
the detectors to produce the same photocurrent as did the laser. Figure 8-2 shows
the measured photocurrent noise power spectrum for the LED’s (trace A) and laser
(trace B). Figure 8-2a shows the noise when the photocurrents at DC were added
while Figure 8-2b shows the noise when the photocurrents were subtracted. The
delay introduced into one arm of the detector caused a frequency-dependent phase

shift between the two signals entering the differential amplifier which resulted in the
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photocurrent noise power varying as a function of frequency between the laser noise
level and the SQL [88]. In Figure 8-2b, it can be seen that at a frequency of 7
MHz the laser photocurrent noise power is at 1.4 dB below the SQL (determined by
the LED) indicating that the laser noise was amplitude squeezed by this amount.
For this measurement, the laser injection current was 64 mA, resulting in a detector
photocurrent of 12.9 mA /detector (current-current differential efficiency of 48%) and
the laser was cooled to about 10° C with the TE cooler. The resolution bandwidth
for this measurement was 100 kHz and the background amplifier noise level was
subtracted off all measured signals.

The detection system was balanced at a frequency of 28 MHz and the photocurrent
noise at this frequency was then measured as a function of the laser injection current.
The results, normalized to the SQL, are plotted against the pump rate R = /iy — 1
in Figure 8-3. It can be seen that the noise does increase as the laser gets closer
to threshold, crossing over the SQL at an injection current of about 3.5 times the
threshold current. Also shown in the figure is the prediction of the single-mode
theory of Chapter 4 in the low frequency limit with n,, = 1.2. Although the general
features of the data seem to be in rough agreement with the theory, there is still a
roughly 10-20% discrepancy over the entire range of injection currents at which the
measurements were made. The origin of this excess noise is unclear, but one of the
noise sources discussed in Section 6.3 may have been responsible.

As an additional check that the squeezing was indeed real, the amplitude noise
was then measured as a function of the optical attenuation as in Chapter 6; the results
are shown in Figure 8-4. The noise power normalized to the SQL is again found to
be reduced in a linear fashion towards unity as the attenuation is increased verifying
that the squeezing was indeed as large as 29% below the SQL.

As with the measurements presented in Chapter 6, the squeezing was only obtained
in a narrow range of laser temperatures and injection currents. At most combinations

of the two parameters, the laser operated multi-mode and the amplitude noise was
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far above the SQL. It appeared that particularly good side mode suppression was
required in order generate squeezed light from the laser.

Several checks were performed in order to determine if spurious optical feedback
was present and, if so, was influencing the laser noise. First of all the laser temperature
was varied by an amount not large enough to cause a significant change in the side
mode suppression but large enough to vary the laser frequency by a few GHz. The
idea here was that if optical feedback were present with an intensity large enough to
change the amplitude noise, then changing the laser frequency would change the phase
of the feedback thereby generating oscillations in the amplitude noise (similar to those
in Figure 5-5). The amplitude noise was found to vary by less than the measurement
error of 0.1 dB, however. In addition, the position of the optical isolator (which was
the offending component in Chapter 6) was varied by several wavelengths by placing
its translation stage on a PZT, and again no significant change in the amplitude noise
was observed. Finally, the position of the collimating lens was also varied by several
wavelengths and no change in the measured squeezing was observed.

The above checks seem to indicate that optical feedback from the tested compo-
nents was not playing a significant role in reducing the amplitude noise. It is possible,
however, that weak optical feedback from some other source may have been present
but that the side mode suppression was so good that the noise generated by the side
modes was very small compared to the other noise sources. In this case the optical
feedback, while changing the side mode noise in a way outlined in Chapter 7, would
not have affected the total noise of the laser by a measurable amount since the side

mode noise would have been so small.

8.3 Conclusion

In conclusion, amplitude noise 29% below the SQL was measured from a room tem-

perature semiconductor laser without any external modifications aside from those
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necessary to perform the detection (such as a collimating lens, optical isolator, etc.).
The side mode suppression is found to be around 35 dB for most modes of the laser
which may be the reason for the large degree of squeezing observed in this experi-
ment. The effects of optical feedback on the amplitude noise in this configuration
do not appear to produce a significant enhancement or reduction of the amplitude

squeezing.
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Appendix A

Vacuum Field Cancellation

The purpose of this appendix is to explain in a simple manner the cancellation of the
vacuum field in the output of a semiconductor laser pumped high above threshold as
discussed qualitatively in Section 4.2.2. The basic idea can be understood as follows.

Consider the arrangement in Figure A-1 which shows a semiconductor laser with
a fully reflecting rear facet and a partially (but minimally) transmitting front facet.
This front facet couples a single lasing mode of the internal field, represented by the
slowly varying quantum mechanical annihilation operator A(t), to an incoming and
outgoing mode outside the laser cavity which oscillate at the same optical frequency
and are represented by the slowly varying operators f (t) and #(t) respectively. The

incoming mode, f(t), is either a vacuum field or some applied optical field (in the

R=1 _ External field T(t)
Clnternal field A(t)—>> ;
Gain=E , Injected Signal f(t)
- !
Semiconductor Laser

Figure A-1: Cancellation of the incident vacuum field in a semiconductor laser.
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case of injection locking). It is assumed that the amplitude and phase of f(t) vary
more slowly than any other process in the laser so that we can effectively treat the
fluctuations as occurring at DC.

The mechanism for the field cancellation is as follows. When f (t) hits the front
facet of the laser, most of it is reflected back (with a phase shift of 7) while part is
transmitted into the laser. Assume for the moment that the phase of f(t) is such
that it interferes constructively with the internal field A(¢) (an arbitrary phase shift
will be analyzed more quantitatively below). This transmitted portion changes the
instantaneous photon lifetime (cavity decay rate) of the laser: the internal field sees
a momentarily reduced facet reflectivity due to the incoming field. This reduced loss
rate must be balanced by a reduced gain (to satisfy the gain=loss condition) and
therefore the carrier density drops somewhat. This reduced carrier density causes a
smaller total spontaneous emission rate and therefore a lower instantaneous threshold
current. Since the injection current of the laser has not changed, there must be a
corresponding change in the stimulated emission rate and internal field amplitude.
This then leads to a slightly increased output field. But this output field, which
has been transmitted through the front facet, must interfere with the portion of the
vacuum fluctuations which has been reflected from the facet. Since the fields are out
of phase, they interfere destructively and in fact completely cancel out the effect of
the incident field altogether.

A somewhat more quantitative description is now presented. The equation of
motion for the slowly-varying internal field of the laser in the presence of a slowly

varying incident field f(t) is

-‘# = —% Tip- + 2i(wr, — wp) — :—2()(1 - in)} A(t) + \/gf(t) (A.1)

where 7, is the cavity photon lifetime, wy is the cold cavity resonant frequency, u is

the non-resonant refractive index, and x is the resonant optical susceptibility. Under
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the assumption that f(t) is a small and slowly-varying fluctuation, we can rewrite

(A.l) as

dA(t) 11 _. w . 1f(t)] &
where A(t) = Ao + AA(t), i.e., the reference phase will be that of A(t).

The injected field, f(t), 1s now written as a slowly varying (DC) fluctuation with

some phase, ¢o, with respect to a(t),
F(t) = Fye'® (A.3)
and (A.2) is solved for the steady state solution which gives

1 1 Fy .
-t 2i(wp —wo) — Eov(l — iar) — 2 [ ==L = 0. (A.4)

r Tp AO

where Eoy = (w/p?)x; is the gain per photon and « is the linewidth enhancement
factor. It has been assumed here that the transparency density is small compared to
the inversion density and also that the inversion is perfect (no stimulated absorption).
Relaxing these constraints does not qualitatively alter the final result. The imaginary
part of (A.4) just gives a shift of the laser frequency. The real part corresponds to a

change in the gain=loss condition, the new gain given by

1 [1 Fy
[ ——— — e A.
Eoy - 2 — cos ¢ (A.5)
which implies that the change in Ecy due to the injected signal is
/1 F
AECV = -2 EA-—Z COs ¢0. (AG)

The change in the carrier density which corresponds to this change in gain can now

be calculated using Ecy = SN/, where § is the spontaneous emission factor, N
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is the carrier density and 7, is the spontaneous emission lifetime of the carriers. It

ANy 2 |1 Fy
Top *_B‘\/;A—OCOS% (A.7)

and that the threshold current therefore changes (instantaneously) by

is found that

Avn _ ANy

2 |1 Fy
= —_—— A8
e Tsp BY 1 Ao cos o (A-8)

To find the change in the internal photon number corresponding to the above
changes (at constant injection current), the expression relating the total photon emis-

sion rate with the carrier loss rate is used:

T — Up

= (A7 +1)Ecv = AjEov. (A.9)

Therefore, the fluctuations in the above quantities are related at a constant injection

current ¢ by

— A::h = AgAECV + 2A0Ecv AA. (A.10)

Substituting (A.6) and (A.8) into (A.10) and solving for the internal field fluctuation
AA we find

AA = Fy\/7, cos ¢g (1 + 51143) (A.11)

Thus it can be seen that an incident field, Fy, produces a corresponding change in the
real part of 4(t) equal to AA. It remains to calculate the external field, 7#(t), using

the relation

At) = —f(t) + | =A(2). (A.12)

It i1s found that

AF = —Foei¢°+FAA (A.13)
Tp
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= —Fycos ¢y — 1 Fysin ¢y + Fycos ¢ <1 + -5—%4—2—) (A.14)
0
fo cos ¢ — i.Fy sin ¢ (A.15)
= — —1Fys .
ﬂA% 0 0 5111 @g

Then, using 7(¢) = (ro + Af')emé ~ 1o+ AF 4+ iAD and BAZ = R = /iy — 1 it is
found that

F§ cos?® o)

(AF?) = ( I (A.16)

which clearly shows that the fluctuation in the external field falls like 1/R? above
threshold and that it can be reduced to an arbitrarily small number by pumping hard
enough. The key cancellation occurs in (A.14) where the reflected portion of the

incident field interferes with the added noise on the internal field.
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