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Photon Antibunching in Pulsed Sgueezed Light Generated
via Parametric Amplification
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We have measured the intensity correlation of pulsed squeezed light generated by a degenerate
optical parametric amplifier seeding weak coherent input signal. When the signal was deamplified,
the correlation showed antibunching and the probability distribution of the photon number was
sub-Poissonian, both of these being nonclassical properties of light.

PACS numbers: 42.50.Dv, 42.50.Ar, 42,65.Ky

Recently there has been much interest in nonclassi-
cal properties of light, which are understandable only in
terms of quantized electromagnetic field. These proper-
ties are readily revealed in the intensity correlation which
is proportional to the probability of two photons being
detected at a time interval of v. . Classical field can give
an interpretation to the following two cases: the prob-
ability is maximum at ~ = 0 and decreases as ~ in-
creases (e.g. , thermal light), and the probability has a
constant value for all w (coherent light). The former
case is called "bunching. " However, we need quantized
electromagnetic field for cases where the probability at

0 is smaller than that for larger 7. This phe-
nomenon is termed "antibunching. " Experimentally, it
has been observed in the fluorescence from a system of
a very small number of atoms or molecules excited by
cw coherent light [1—4). It was also observed by the use
of a detection-triggered optical shutter in parametrically
down-converted light [5]. Another way. to observe anti-
bunching is to inject coherent light into an interaction re-
gion in which two photons are simultaneously absorbed.
Multiphoton absorption [6,7], parametric amplification
[8], and others [9] have been proposed for the interaction
process, but observations of antibunching by these meth-
ods have not been previously carried out, to the best of
our knowledge.

In this Letter, we report the first experimental observa-
tion of photon antibunching in pulsed squeezed coherent
light generated via degenerate parametric amplification.
The scheme we used is similar to that proposed by Stoler
[8], but we employed pulsed light instead of cw light in or-
der to obtain large nonlinear response even from a single-
pass geometry. In addition, the use of the pulsed light
has an advantage in that the effect of antibunching can
be detected even if its correlation time is shorter than
the detector response time [10].

Let us consider that the fundamental light and the
second harmonic light of a cw mode-locked laser are in-
jected to an optical parametric amplifier. The output
field is beam split and shone on two detectors, and time
intervals between two photon-counting events are mea-
sured. When the pulse duration of the incident light and
the response time of the detector used are much shorter

than the time interval between two successive pulses,
the recorded data give normalized intensity correlation
of pulses of the nth neighbor:

g(2)—
I(t)dt I(t + nT) dt:

I(t)dt I(t + nT)dt

where I(t) is the light intensity operator, the operator
product is written in normal order and in time order, T
is the time interval of the pulses, and the integrations
run over the duration of a single pulse. Since bunching
or antibunching means the tendency that more or fewer
photon pairs are detected close together in time than fur-
ther apart [ll], we may say that bunching occurs when

go ) g„and antibunching occurs when go ( g„(2) (2) ~ ~ (2) (2)

(n g 0) in the situation considered here. The latter con-
dition, like in the case for cw light, violates the Schwarz
inequality for classical field, and therefore the antibunch-
ing requires a quantized-field picture for its interpreta-
tion.

Our experimental apparatus is shown in Fig. 1. A
cw mode-locked Nd-doped yttrium aluminum garnet
(Nd: YAG) laser (Spectron model ML903) generates lin-
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FIG, 1. The schematic drawing of the experimental ap-
paratus; HWP1-2, harmonic wave plates; M1-2, mirrors;
BF, birefringent filter; P, polarizer; OPA, parametric ampli-
fier; BS, beam splitter; ET, etalon; IF, interference Filter; I,
iris; APD1-2, photon-counting avalanche photo diodes; TAC,
time-to-amplitude converter. Arrows show the direction of
polarization of the signal (~) and the pump (2~).
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put light alone and by both the output and the back-
ground, and the suKxes 1 and 2 refer to the start and
stop channels [1,12]. We can measure the contribution
of the background by blocking the path of the signal
light: 'Ri —Ri = 1020/sec and 'R2 —Rz = 810/sec.
N, and 'R, are directly measurable for each experiment.
For Fig. 2(a), using G&

——1275, N, = 1.103 x 107 for
the measurement time of 1000 sec, 'Ri ——11400/sec,
and Rz = 11500/sec, we obtain go ——0.80. The~ (2)

other six g (n = —1, 1, 2, . . . , 5) are found to be al-(2)

most unity: the average and the standard deviation of
them are 1.003 +0.026. This deviation is consistent with
the number of counts t „1.5 x 10~. Thus we con-(2)

elude that all g„(n P 0) are unity and go is smaller(2)
" . (2) .

than those. This evidences that the light deamplified
by the OPA shows antibunching (ge( ( g( ), and the
statistics of photon number in a pulse are sub-Poissonian

(giI ( 1). For Fig. 2(b), giI is calculated to be 1.34 us-

ing GIi ——3446, N, = 1.436 x 10, Ri = 14500/sec, and
'Rz = 15 100/sec. The other g„(n g 0) are 1.015+0.024
and can be similarly regarded as unity. This shows that
the light amplified by the OPA has the bunching prop-
erty and the super-Poissonian statistics. These results
also show that two types of quadrature squeezing of co-
herent states, often referred to as amplitude squeezing
and phase squeezing [13], are obtained via parametric
amplification.

Figure 3 is a plot of go for the two phases corre-(2)

sponding to the amplification and deamplification with
various input signal intensities represented by the num-
ber of photons per pulse. The intensity of the pump is
fixed for all data. Input intensities were estimated from
the counting rates, the classical gain of the OPA, and
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FIG. 3. Normalized intensity correlation go for various
input signal intensities. The relative phase p is chosen for
maximum deamplification (solid circles) and for maximum
amplification (open circles). The data at zero input are in-
dependent of the relative phase. The dashed lines are the
prediction by the theory using a single-mode picture.

the overall eKciency g. The classical gain was deter-
mined to be 1.18 from the two counting rates when the
relative phase was set for amplification and for deampli-
fication. We can see from Fig. 3 that the plotted go

(2)

shows appreciable deviation from unity when less than a
few photons are expected in a pulse. go for amplification(2)

rises monotonously from unity as the input intensity de-
creases, and reaches its maximum when there is no input
and only parametric Huorescence exists. On the other
hand, there is an optimum input intensity which min-

imizes gII for deamplification. As the input intensity

decreases further, go grows larger and finally reaches(2)

the same value as that for amplification.
The behavior of go may be understood by a simple

theory assuming a single mode. In this theory the pump
is treated classically and losses are neglected [8]. Then,
parametric amplification is expressed by the following re-
lations,

b = acoshr —ate '~ sinhr,
bt = a~ coshr —ae'~ sinhr,

(3)
(4)

A(r) = cosh 2r sinh r,
B(r) = cosh 4r —cosh 2r,
C(r) = sinh 4r —sinh 2r,

n = /n/e '8,
y= 28 —P.

(6)
(7)
(8)

(10)
In the above expression, y represents the relative phase
between the input and the pump. The output intensity
(n~bt b~n) is maximum for p = vr and minimum for &p = 0.
The first term of the numerator in Eq. (5), A(r), does not
vanish even when ~n~ = 0, so it represents correlation of
parametric Buorescence alone. It is always positive re-
flecting that an OPA emits two photons simultaneously
as observed for nondegenerate [14] and degenerate [15]
configurations. When ~n~2 is very small, this positive
term is dominant and go —1 is always positive irrespec-
tive of the relative phase p. When ~n~ is large enough
to make the second term of the numerator dominant, the
sign of go —1 depends on y. Production of signal pho-
tons from pump photons (y = 7r, amplification) gives

go —1 a positive value, and removal of signal photons

(&p = 0, deamplification) makes go —1 negative [note(2)

where at and a are the creation and annihilation opera-
tors of the input field, bt and b are those of the output
field, r is a squeezing parameter, and P the phase of the
pump. When the input field is in a coherent state ~n),

go is evaluated as follows:(2) ~

(,), (n~btbtbb~n)

(nibt bin) 2

A(r) + (n) [B(r) —C(r) cos&p]

[(cosh 2r —sinh 2r cos Ip) )n[2 + sinh r]2
where
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that C(r) ) B(r) ) 0]. In the case where ~cr~ largely
(2)exceeds unity, g&(

) —1 approaches zero with [n[ 2 or, in
other words, with her/E where E is energy per pulse.
The deviation of gII from unity in Eq. (5) originates
from the commutation relation of operators. It is there-
fore a quantum mechanical eÃect and disappears when
the energy becomes macroscopic.

For the comparison with the theory, the squeezing pa-
rameter r in the experiment for Fig. 3 was determined to
be 0.084 by equating the measured classical gain, 1.18,
with e~". Using this value, the theoretical prediction of
Eq. (5) for y = 0 and n is represented by the dashed
lines in Fig. 3. The discrepancy between the measured
data and the single-mode theory-for low input intensities
is mainly due to spontaneous fluorescence which is gener-
ated at nondegenerate frequencies and passes through the
etalon and the iris. Given r and g, we can estimate how
much fluorescence should be detected from the single-
mode theory described above. The measured counting
rate when there is no input is, however, about 6 times
larger than the estimation. This suggests that the flu-
orescence in unseeded modes also reaches the detectors.
Such fluorescence may cause the efFect similar to stray
light and make the measured go at weak input intensi-
ties closer to unity than the dashed lines, as can be seen
in Fig. 3. In order to observe more prominent antibunch-
ing, it would be important to reduce such fluorescence
efFectively.

Mandel's Q parameter [16] is often used for sub-
Poissonian statistics. For comparison, we can calculate
it as follows:

((&~)') —(&) ~ T (z)

For Fig. 2(a), we obtain Q = —3 x 10 s. This value
is smaller than those in Refs. [2,4,5,17] because of the
smaller quantum eKciency of the detectors at 1.06 pm.
If this is not the case, the Q value can be improved since
the output light is collimated well compared to the fluo-
rescence experiments.

In summary, we have investigated the intensity corre-

lation of pulsed squeezed light generated by a degener-
ate OPA pumped by pulsed light. We used very weak
pulsed coherent light as the input signal: less than sev-
eral photons in a pulse on the average. The measured
correlation showed bunching when the relative phase be-
tween the signal and the pump was adjusted for ampli-
fication. When we chose the phase for deamplification,
the data revealed the opposite phenomenon, antibunch-

ing, and sub-Poissonian statistics, which are nonclassical
properties of light.
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