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Squeezed-Light Generation with an Incoherent Pump
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We report generating squeezed light via parametric down conversion of a Q-switched and frequency-
doubled multi-longitudinal-mode Nd-doped yttrium-aluminum-garnet laser. A local oscillator with ap-
propriate temporal incoherence is needed to homodyne detect the generated squeezed light. As a first
approximation, we derive the local-oscillator beam from the same multimode laser whose harmonic is
used to pump the parametric down-conversion process 0.8 0.2 dB of squeezing is routinely observed.

PACS numbers: 42.50.Dv, 07.60.Ly, 42.65.—k

Several experiments have been reported for the gen-
eration of squeezed light since 1985.! All of these experi-
ments employ a temporally coherent source, either a
single-mode continuous-wave (cw) laser or a cw mode-
locked pulsed laser, to pump a nonlinear medium. The
resulting squeezed light is also temporally coherent. In
the degenerate single-mode limit, the electric-field opera-
tor for such light can be expressed in photon units as

E@)=de'™ +5%e'™ (1)

where a is the photon annihilation operator, and w, is the
radian frequency of light. Squeezing is said to occur
when the quadrature-noise variance, (Add)=(do—(ag))?
with de=de ~"®+a'e®, falls below the level set by the
coherent state | @) of light, where |a) is defined through
the eigenvalue equation dla)=a|a).? The squeeze an-
gle 6 is determined by the parameters of the experiment,
in particular the pump-field phase.

It is well known, however, that a coherent pump
source is not required to observe nonlinear optical pro-
cesses.’ Indeed, the very first observation of second-
harmonic generation was made using a pulsed multi-
longitudinal-mode ruby laser.* The following question,
then, begs an answer: Is the requirement of a coherent
pump necessary to observe quantum-optic effects, let us
say squeezing in particular? The answer is no and in
this Letter we report an experiment in which a temporal-
ly incoherent pump source is used to generate squeezed
light. The generated squeezed light is temporally in-
coherent as well, placing stringent demands on the tem-
poral profile of the local-oscillator (LO) beam that must
be used in the homodyne setup employed for the detec-
tion of squeezing.

The concept of space-time coherence of the elec-
tromagnetic field should be differentiated from the co-
herent state |a). The former expresses the spatiotem-
poral dependence of the electric-field operator whereas
the latter is a class of states of the electromagnetic field.
It is well known that an electromagnetic field with only
one excited mode in a coherent state is fully coherent in
the sense, as defined by Glauber,’ that the correlation
functions factorize.® Thus, despite the temporal incoher-

ence, a single-mode picture can still be used to describe
our experiment.” The positive-frequency part of the
electric-field operator can be expressed as

EA(+)(1)-&0¢00)+Z(3[¢,‘(1) , )

where ¢o(¢) is the temporal profile of the field mode that
is squeezed as a result of the nonlinear interaction,
{9; (), i=0} are the remaining members of a complete
set of orthonormal modes needed to describe the field
over the observation time T, and {4,} are the correspond-
ing annihilation operators. It is always possible to
choose ¢o(¢) to be such that it represents the temporal
profile of the positive-frequency part of the classical elec-
tric field. This would be the case if the modes {¢;(z),
i#0} are all chosen in the vacuum state, giving
(E™)(1)) =(4¢)0o(1). Then, once ¢o(r) has been chosen,
the remaining modes {g;(t), i=0} can be obtained via
the Gramm-Schmit orthonormalization procedure.® The
state of the electromagnetic field will then be specified
completely by the (single-mode) state of d.

In our experiment, we use the second harmonic of a
multimode laser to pump a traveling-wave parametric
down converter. The dual-detector balanced-homodyne
detection technique is employed to measure the level of
squeezing obtained.’ A general theory of homodyne
detection was first given by Yuen and Shapiro.!® They
showed that a homodyne detector measures the field
operator

H f¢fo(t)12““(t)dt+H.c.,

where H.c. stands for Hermitian conjugate, and ¢fo(¢)
is the temporal profile of the coherent-state LO em-
ployed in the detection setup. It follows then from Eq.
(2) that in order to probe the quadrature-noise proper-
ties of do one needs ¢10(t) =¢o(r). A coherent state of
ap is, however, not available in our experiment. There-
fore, as a first approximation, we derive the LO beam
from the same multimode laser whose second harmonic
is used as the pump for the parametric down-conversion
process. Note that ¢o(r) can have any arbitrary time
dependence;!! it can even fluctuate from pulse to pulse as
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it does in our experiment. Squeezing would be detect-
able so long as ¢10(1) = ¢o(¢) for each pulse.

Another motivation for our experiment is provided by
the pulsed squeezing experiment of Slusher ez al.'> Em-
ploying the second harmonic of a cw mode-locked laser
as the pump source, they initially achieved 0.6 dB of
squeezing via traveling-wave parametric down conver-
sion in a second-order nonlinear medium. To obtain
higher squeezing, they later made use of an optical cavi-
ty around the pump beam to increase to pump intensity
in the nonlinear medium, thereby increasing the para-
metric gain together with the resulting squeezing. In our
experiment, however, we take a different approach. We
obtain higher pump intensity through Q switching of the
laser. High pump intensity can be obtained either in the
mode-locked Q-switched mode of operation or in the Q-
switched-only mode. In our effort to demonstrate the
generation of temporally incoherent squeezed light, we
have chosen to run our laser in the Q-switched-only
mode of operation.

The experimental setup is sketched in Fig. 1.1} We
start with a Q-switched Nd-doped yttrium-aluminum-
garnet (Nd:YAIG) laser (Quantronix, Model No. 416)
operating in the infrared (IR) at 1064 nm. A green
beam at 532 nm, obtained by frequency doubling the
fundamental IR beam in a type-II phase-matched
KTiOPO, (KTP) crystal (not shown) and separated
from the latter with the use of a prism, provides the
pump to a traveling-wave optical parametric amplifier
(OPA). Portions of the fundamental IR beam are
separated using beam splitters to generate (i) an LO
¢L0(z) for the homodyne detection of the generated
squeezed light and (ii) a test input signal to the OPA
(shown as a dashed line) for the characterization of its
classical response. In order to achieve the high pump in-
tensity necessary for a large parametric gain, the mul-
timode Nd:YAIG laser is Q switched at a repetition rate
of 10 kHz. We estimate that approximately fifty longi-

tudinal modes of the laser, separated by 100 MHz, oscil-
late simultaneously. The frequency-doubled green pump
beam has an even broader bandwidth; it is estimated to
contain approximately seventy modes. The resulting
pulses are of 400- and 280-ns duration for the IR and
the green beams, respectively.

Parametric down conversion of the pump beam takes
place in another KTP crystal that is also oriented for
type-1I phase matching. The pump beam is linearly po-
larized along the e axis of the crystal. The down-
converted IR is composed of two orthogonal linear polar-
ization modes, called the signal and the idler modes.
The IR test beam is made collinear and copolarized with
the pump in order to measure the OPA gain and to facil-
itate the subsequent alignment of the amplified beams
into the homodyne detection apparatus. The idler beam
that is generated in the amplification process has a band-
width that is even broader than the pump. We estimate
that it contains approximately one hundred modes. It
has a pulse duration of 200 ns, half that of the funda-
mental beam. The signal (S) and the idler (I) beams
emerging from the KTP crystal are slightly displaced
from each other because of walkoff of the beams in the
birefringent KTP. To make them collinear again, for the
purpose of extracting the proper squeezed mode, a sepa-
ration and recombination technique is employed with use
of beam-splitting polarizers (BSP) as shown in Fig. 1.

The recombined beam exhibits maximum squeezing in
a mode ¢o(s) that is polarized at a 45° angle relative to
both the signal- and the idler-beam polarizations. The
squeezed mode is superimposed on the properly polarized
LO mode ¢;0(t), obtained with the help of various po-
larizers (P) and half-wave plates (HWP), using a 50-50
beam splitter (BS) as part of the dual-detector bal-
anced-homodyne detection configuration.® The homo-
dyning mode-matching efficiency is a very strong func-
tion of the relative path lengths of the various beams be-
cause of the temporal incoherence of the pump and the
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FIG. 1. Schematic of the experimental setup.
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LO beams. In order to obtain the best mode-matching
efficiency, the path lengths of the various beams from the
Nd:YAIG laser to the photodetectors are made equal to
within a few millimeters.

The output beams from the 50-50 beam splitter are
detected with InGaAs p-i-n photodiodes having high
quantum efficiencies at 1064 nm. The dynamic range of
the photodetectors is limited by the applied reverse bias
voltage, dictating a minimum duty cycle that must be at-
tained on the pulsed LO beam. The average LO power
must be sufficient enough for the associated shot noise to
overcome the front-end thermal noise of the subsequent
electronics, whereas the peak power must remain low in
order not to saturate the detectors. On the other hand,
we need high peak power for a high parametric gain be-
cause both the pump beam to the OPA and the LO beam
to the homodyne detector are derived from the same
laser. Photocurrents from the two detectors are sub-
tracted from each other to cancel any excess noise on the
LO beam,? and furthermore, to avoid saturation of the
amplifying electronics from the high peak power associ-
ated with the pulsed LO. A low-pass filter (LPF) with a
cutoff frequency of 80 MHz is used to suppress the
longitudinal-mode beats even further. The difference
photocurrent is amplified and fed to a spectrum analyzer
(SA) for spectral analysis. The gain of the amplifiers
(G) is chosen large enough for the difference-photo-
current noise power to exceed the SA noise floor up to
about 80 MHz. One mirror in the LO path is mounted
on a piezoelectric transducer (PZT) to sweep the phase
of the LO beam with respect to that of the squeezed
mode. No attempt is made to stabilize the relative
phases of the various beams.

When the pump beam is blocked, the noise level ob-
served on the spectrum analyzer corresponds to the sum
of the vacuum-state noise (shot noise) Ng and the back-
ground thermal noise Nr. With 0.6 mW average LO
power on each detector, at 23 MHz, this noise level is 4.5
dB higher than the background thermal noise in accor-
dance with our calculations.'* However, when the pump
beam is turned on, the measured noise is found to be a
function of the phase of the LO beam, as shown in Fig.
2. In typical measurements, when the LO beam is in
phase with the field quadrature whose noise is deam-
plified, a decrease (AN _-) of 0.5+0.1 dB in the noise
level is observed. Similarly, an increase (AN ) in the
noise level of 0.8 dB is observed for the other field quad-
rature. These changes are related to the measured
deamplification (squeezing) and amplification of the
vacuum-state noise level by

STt Ns+Nr
AN + Ne+N; 3)
where S represents the measured degree of squeezing.
Since, in our measurements, (Ng+Nr1)/Ny=4.5 dB, the
vacuum-state noise level Ng=1.8N7y. From this we find
that, with the pump beam on, the relative decrease (S™ )
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FIG. 2. Time trace of the noise measured on the spectrum
analyzer at 23 MHz (a) when the squeezed mode is blocked,
and (b) when it is unblocked. The phase of the LO beam is be-
ing scanned in both cases. The three horizontal lines are drawn
at noise levels that correspond to the mean (—98.03 dBm,
middle line) and mean = 1 standard deviation (0.12 dB) of
the phase-insensitive shot plus background noise level. At least
0.5 dB of squeezing is clearly observed. The resolution and
video bandwidth settings on the spectrum analyzer were 10
kHz and 3 Hz, respectively. The vertical scale is 0.5 dB/div
and the horizontal scale is 0.5 s/div.

and the increase (S?) from the vacuum-state noise level
are 0.83 and 1.31, respectively. This corresponds to 0.8
dB (17%) of observed squeezing. With some effort,
when the setup is aligned well, we are able to measure up
to 1.0 dB (20%) of squeezing. A higher value of squeez-
ing is expected with an increase in the pump beam
power. For the data presented above, the peak power
density of the green pump pulses in the down-converting
KTP crystal was 30 MW/cm?2. However, since the laser
in the present experiment is operated in the Q-switched-
only mode, there are large exponential intensity fluctua-
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tions underneath the Q-switched pulse profile due to ran-
dom beating of the longitudinal modes.!> When the
peak power density of the pump pulses is increased
beyond approximately 40 MW/cm?, these exponential
intensity fluctuations tend to damage the KTP crystal,
thereby limiting the amount of observable squeezing.
Although the data presented above were taken at 23
MHz, where extensive noise measurements were made,
squeezing was observable at many other radio-frequency
settings of the spectrum analyzer from about 10 to 75
MHz. The lower limit is due to the presence of low-
frequency Fourier components of the Q-switched LO
pulses, '* whereas the upper limit is due to the low-pass
filter introduced in the detection electronics to suppress
the signal components at multiples of 100 MHz arising
from the beating of the various longitudinal modes of the
laser.

The generated squeezed light encounters many loss
mechanisms in propagation from the nonlinear medium
to the detection apparatus. The squeezing level generat-
ed by the down-conversion process is thus better than
that observed. Major causes of loss are spatiotemporal
(mostly temporal) mode mismatch in homodyne detec-
tion with n,, =0.5, reflection losses at various optical sur-
faces with n,=0.9, and less than unity quantum
efficiencies of the photodetectors with ny;=0.9. These
give a total detection efficiency n=n,n,n4 of 0.4. The
measured quantities S are related to those generated
in the down-conversion process by

T =nSs +1-n, C))

with S representing the inferred degree of squeezing.
From this the vacuum-noise deamplification (squeezing)
and amplification are inferred to be 2.4 dB (42%) and
2.5 dB, respectively.

It has been shown by Wu et al.'® that the parametric
amplification of vacuum noise generates a minimum-
uncertainty squeezed state. To see whether such is the
case in our pulsed experiment, we can compute S+ from
the measured parametric gain u? using

St =[u+ (u2—1)"2)2, )

In our experiment, u? is typically 1.15. This predicts 3.3
dB of deamplification and amplification which is in
reasonable agreement with our noise measurements.

In conclusion, we have generated squeezed light by
parametric down conversion of a pump laser that is tem-
porally incoherent. The resulting squeezed light is also
temporally incoherent because an incoherent local oscil-
lator is needed for its detection. The experimentally ob-
served beam-path matching requirement implies a coher-
ence length of about 1 cm. The light generated in our
experiment is of direct use in applications which require
that the first-order coherence be washed out.!” In our
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experiment 0.8 £0.2 dB of squeezing is routinely ob-
served. At present, the maximum amount of observed
squeezing is limited primarily by the temporal mismatch
that exists between the local-oscillator mode ¢;0(¢) and
the squeezed mode ¢o(¢) that is generated by the para-
metric down converter.
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