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Mode-locked lasers provide a train of high-intensity light pulses that can be used to pump non-
linear media in order to produce squeezed light. The squeezed light produced would consist of a
train of short-duration pulses. It is shown here that a homodyne detector using a pulsed local os-
cillator can be used to observe the squeezing even when the response time of the photodetector is
much longer than the local oscillator or squeezed light pulse width.

I. INTRODUCTION

Squeezed states have been successfully generated!™* us-
ing optical materials which exhibit parametric gain (ei-
ther parametric down conversion or four-wave mixing
gain). Since the optical nonlinearities suitable for
squeezed-state generation are generally weak, high finesse
cavities or long-path-length media (such as optical fibers)
were employed. High-intensity lasers to serve as pumps
for the optical media could reduce the cavity storage time
or interaction length, making the generation of squeezed
light a less demanding technical task. In addition, linear
losses, which limit the amount of squeezing that can be
realized, are reduced by decreasing the effective optical
path length.

High-intensity lasers generally emit light pulses whose
pulse width is short compared to the characteristic
response time of currently available photodetectors. Here
a technique is described by which fast time-scale squeez-
ing can be detected using slow photodetectors. A laser
source emitting a periodic train of pulses (such as a
mode-locked laser) is used to provide both the pump for
the parametric gain medium and the local oscillator for
the homodyne detector. The pulsed local oscillator in
effect stroboscopically samples the pulsed squeezed light
generated by the pump. By employing a periodic train of
pulses with period T the output current from a homodyne
detector will have intense spectral peaks at the frequencies
fn=n/T where n is a positive integer. Between these
sharp spectral peaks the power spectrum exhibits a shot
noise floor. When squeezed light enters the signal port of
the homodyne detector this noise floor will drop below the
level due to the vacuum entering the signal port, provided
the local oscillator phase is adjusted correctly and the op-
tical path lengths are chosen so that the squeezed-light
pulses and local-oscillator light pulses overlap when they
arrive at the photodetector surface. An explicit expression
for this noise reduction, involving the local oscillator and
pump-pulse shape functions, will be given. As a technical
point, balanced homodyne detection®’ can be used to
greatly reduce (and in principle completely eliminate) the
intense spectral peaks occurring at f},.

The pulsed technique which can be used to overcome
linear medium losses can be regarded as an AM analog of
an FM technique introduced by Shelby et al.? to generate
and detect squeezed light in which they spread the pump

kH]

energy over many frequency components in order to
suppress stimulated Brillouin oscillations. Schumaker?®
has also investigated the use of pump beams comprised of
multiple frequency components for the generation of
squeezed light and has explored various amplitude corre-
lations that arise among the frequency components of the
squeezed light generated in nonlinear media with such
pumps.

Operator expressions for the squeezed light generated
by a parametric gain medium pumped with a periodic
train of light pulses (e.g., obtained by frequency doubling
the mode-locked laser output) will now be obtained.

Assume that the signal and pump beams are collinear
and phase matched, then (using the undepleted pump ap-
proximation) the signal field E; propagating through a
nonlinear medium with a second-order polarizability will
be adequately described® by the wave equation

8’E,  ,9%E,
= -0

912 dx?

where E, is the pump electric field, v is the light velocity

in the medium, and k characterizes the strength of the

nonlinearity. The incoming intense pump field can be
treated as a classical field of the form

Ep(x,1) =A@ —x/v)sin[2w0(t —x/v) +¢] , 2)

=xE,E; , 1)

where 2wy is the angular frequency of the optical carrier
and ¢ is the phase of the optical cycle at (r —x/v) =0.
The carrier is modulated by the periodic envelope function
A(t —x/v) which consists of a train of equally spaced
pulses in which each pulse has a temporal width of
7(1/t< ). The temporal periodicity (T) of successive
pulses need not be commensurate with a multiple of the
optical period. The signal field is split into positive- and
negative-frequency components and expressed in the form

—-; - _ i —x/v)
EoGe,t) =ES (xyt)e 79000 4 () (x,1)et 0 T

(3)

where E{ ™ is the Hermitian conjugate of E{*’. The goal
of the exercise here is to determine the response of a
homodyne detector to the squeezed light. The temporal
range over which the variations in E{~’ and E{*’ can be
detected is determined by the shortest of the three charac-
teristic response times given by 7, t o (local oscillator
pulse width), and 1/B (inverse bandwidth of the homo-
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dyne detector electronics). All characteristic times are as-
sumed to be long compared to an optical period, therefore
only frequency components encompassing the greatest
value of 1/7, 1/tL0, or B are kept in the Fourier expansion
of the electromagnetic field ES*). Hence, neglecting
weak frequency dependences, %13 the positive frequency
components E +)of the electromagnetic field incident on
the nonlinear medium (x =0) can be expressed by

E0,1) =sofndwa(w)e Tiet

where £ converts the right-hand side to the electric field
units and a(w) denotes the annihilation operator for a
photon of frequency w¢+ @ and satisfies the usual boson
commutation relations:

la(w),a ()] =6(w—w) , la(w),ale)]=0. ()
The integration is carried out over the frequency interval
—0<w<Q, where 20> Q but Q/27x is somewhat
greater than the greatest of 1/, 1/110, or B.

Substituting Egs. (2) and (3) into Eq. (1) and making
the slowly varying amplitude approximation which
neglects second-order derivatives in E ) (x,r) and
E 7)(x,1), one obtains the expression

) )

—+v—— |E{P (2t
a  Tox | G.)

_ kA —x/v)e "
40)0

*EC G . (6)

|

E{)(x,1) =cosh [——ZK(t —vx/v)x

E(0,6 —x/v) —e ~*sinh [
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where perfect phase matching has been assumed.
Transforming to the coordinates
E=t+x/v, n=t—x/v. @))
Equation (6) can be further simplified to
3"’55;“(5,77) = —K(p)e TE{ (&) (8)

where K(n) =xA(n)/8w,. Between this equation and its

Hermitian conjugate, E{7 can be eliminated to yield the
equation
2

aa—ézEs(“(é,n)-Kz(n)Ef”(é,n) , ©)

which has the general solution

EP(En) =C1()eX M+ Cy(n)e ~KME (10)

The C, and C,, in terms of the initial field operators
E{T(0,¢) and ELT2(0,1), are

— K@t

ci)==% > (EP0,0) —e ~#ELT(0,0)]
an

K@t )
cz(z)=e—2—lE;+>(o,n+e-wE§->(o,z>1 .

Having obtained the functional form of C;(¢) and C,(¢),
Egs. (10) and (11) give E *(x,t) and E 7(x,t) inside
the nonlinear medium0<x <L,

2K(t —x/v)x
v

]E,“’(o,z—x/v) ) (12)

Equation (12) relates the electromagnetic field of the light emerging from the nonlinear medium at x =L and time ¢ to
the field entering the medium at x =0 at the earlier time ¢ —L/v. Equation (12) is a generalization of the canonical

transformation !4

b=ua+va* s

13)

which converts coherent light into squeezed light. After emerging from the nonlinear medium the light beam will be

governed by the wave equation
2 2
é_l;: —c 2_‘9_E7 =0
at dx

(14)

and propagates to the homodyne detector (x =/). The time ¢4 it takes for light to propagate from x =0 to x =/ is given
by t4q=(—L)/c+L/v and the phase y accumulated by the optical carrier is given by y =woty. The electric field of the

light arriving at the homodyne detector is then given by

E;(1,t) ={cosh[2K (t — 1) L/v]IES (0,1 —14) —e ~#sinh[2K (t — 1) L/v1EL (0,6 —t5)e'Ye "™ +H.c} .

The response of a homodyne detector to light emitted
by the parametric gain medium will now be evaluated.
The analysis will be carried out for a balanced homodyne
detector since this detector®=7 has the advantage of being
blind to intensity fluctuations of the pump or signal. It
responds only to the interference between the signal and
the local oscillator. To a good approximation, '3 the out-
put current delivered by a balanced homodyne detector is
given by

10=f" _deHG= 1,6 . (16)

(15)

f
1,(¢) is proportional to the instantaneous current and is
given by
LW =ELWENW+ESNOER @), a1

and H (¢) is the response function of the detector electron-
ics.

The intense coherent local oscillator light can be treated
classically and has the form

Eo(t) =F(t)cos(wot +6) , (18)
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where 0 is the local oscillator phase and F(¢) is the periodic (7) amplitude function. Assuming L0 > 1/wq,
one has, to a good approximation,

—io

E{a>(z)=£—2—F(z). ~ (19)

From Eq. (15) one has

EM () ={cosh2K(t —t)L/VIES (0,6 —t3) —e ~*sinh[2K (t —14)L/v]EST(0,2 —t4)}e™ . (20)

Substituting Egs. (19) and (20) into Eq. (17), I,(z) becomes
i(o+y) .
L) =% e ES 0,0 ~10) —e "R (DEST 0,0 — 1)1 +He. 21
|

where g(¢z) and A (¢) are given by where w; =2x/T. Furthermore, g(¢) and h(¢) are real,

yielding the relations
(22) g-n=8ns h-n=hs . (24)

From Eq. (4), E{*)(0,1 —t4) can be written in the form

g()=F(t)cosh[2K(t —¢t4)L/v] ,

h(t) =F()sinh[2K (¢t —14)L/v] .

The functions g(¢z) and A (z) have periodicity T and will
be expanded in a Fourier series to determine the noise EM0,1—14) =80f dob(w)e ~i (25)
power spectrum of 1,(¢). Therefore, a ’

2(t) = i gy ot where b(w) =a(w)e'®". The Fourier transform of I,(1),
n 9
n=—oo had
) (23) @) =1/V2x [ _dietion, ) (26)
h(t)= 3 hye ", . .
n=—oo is then given by
|
1
I,(w)= [—%] g0 3 [(e0Vg, —e Tt v=Op )b (0 —nw,) + (e 1V, — i€tV )b (nw, — )] . 27

For simplicity one assumes that H(w) [the Fourier transform of A (7)] has the value k¢ out to frequency Aw and then
rapidly drops to zero so that 7(z) can be approximated by
ho
V2r

The moments of 7(¢) can now be evaluated for a given state of incoming light. Consider the case in which the incident
light is in the vacuum state |0). From Egs. (28) and (27) it is evident that the expectation value of I(z) is zero
(0] 1(¢)|0)=0. The first moment of I(z) is, keeping Eq. (24) in mind,

I1(t) =

Aw a X
f_Awda)I,,(w)e Tlat (28)

2
h Aw Aw o oo . . . .
©12() |0y = [%] f-mdwf—mdwl )y 5 (et(o+w)gn_e—x(o+w—¢)hn)(e -l(9+v)g':_el(9+w—¢)h’:)

= —oo = —o0

—iln—m)o,

X e 'Slo—w'—(n—m)oy) . (29)

The time average of this quantity can be written more compactly as

2
h o . )
{I2())) =2 [%] Z |e:(9+w)gn_e—:(9+w—¢)h"|ZAw ) (30)
n = —oo
r
Using the experimental variability of the electronic band- It is useful to express this in the form
width (Aw) of the homodyne detector, and realizing that 2
. R _ | €oho 2 2
the average power is equal to the integral of the power S(w) =2 ] 3 [lgnl2+ | hal
spectrum, one concludes that the power spectrum S(w) is 2 n=—oco N
given by —2cos(20+2y—o)g hy] .
. (32)
coho 2 From Eq. (23) one can readily show that
= 0 i(9+y) —i(6+y—¢) 2 oo
S -2 Hervlg, — v .
(@) [ 2 J DL et | CWhE= 3 gahi (33)

(31) n = — oo
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where the () denote time average. Hence the power spec-
trum can be written in the form

2
Kg2(e)+<n2t))

—2cos(204+2y— o) g()h )] .
(34)

S(w)-z[—"ﬁ:;2

Since g(¢) and h(¢) are real functions of ¢, the power
spectrum is maximized or minimized when cos(26
+2y —¢) == 1. This condition can be met by adjusting
any one of the three phases 6,y,¢ which could be accom-
plished by using a phase shifter in the local oscillator, sig-
nal, or pump beam, respectively. Without loss of generali-
ty {g(¢)h(¢)) can be chosen to be positive, then the max-
imum and minimum values of S (w) are, using Eq. (22),

2
(F(t)%expl £ 4K (t —t)L/v]) .

h
S(@) max =2 [5’—
min 2

(35)

From Eq. (37) the noise power spectrum normalized to
the vacuum noise power spectrum is

S () ST, F2()expl £ 4K (t —t4)L/v]dr
()] = .
e ST2,F2(t)de

(36)

Equation (36) constitutes the major result of this paper.
The maximum increase or decrease in the noise power
spectrum is directly related to the homodyne detector
pulse shape F(¢) and pump pulse shape K(¢). To maxim-
ize the squeezing observed, it is evident that the pulse
shape F(z) of the local oscillator light should be chosen so
that the function exp[4K (¢ —t;)L/v] is sampled only near
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its maximum, that is, the local oscillator pulse width 710
should be of the same order as the pump pulse width 7, or
shorter. The analysis assumed an ideal balanced homo-
dyne detector. For a real detector, imperfect balancing
will give rise to spectral peaks at frequency f, =n/T. Be-
tween these peaks the power spectrum is still given by Eq.
(36). That S,(w) of Eq. (36) is independent of frequency
is a consequence of the assumption of ideal phase match-
ing over the frequency interval |w| < @ of Eq. (4). The
effect of phase mismatches on S,(w) will be described
elsewhere. 13

An explicit expression, Eq. (36), has been obtained for
the degree of noise reduction observed in the power spec-
trum of a homodyne detector’s output when a periodically
pulsed local oscillator is used to observe the squeezing in
periodically pulsed squeezed light. To see a large effect
the local oscillator and squeezed light pulses should have
comparable pulse widths. It may thus be necessary to em-
ploy pulse compression techniques '® to the local oscillator
light before it reaches the homodyne detector. Alterna-
tively, a cavity could be used to lengthen the pump pulse.

More generally, the technique described here could be
used to stroboscopically sample portions of the squeezed
light where the degree of squeezing and the amplitude
component which is squeezed varies along the pulse en-
velope. For example, the degree of squeezing at various
positions along a soliton pulse propagating through an op-
tical fiber'’~'% could be explored in this manner.

ACKNOWLEDGMENT

One of the authors (B.Y.) would like to acknowledge
stimulating discussions with Prem Kumar.

IR. E. Slusher, L. W. Hollberg, B. Yurke, J. C. Mertz, and S. F.
Valley, Phys. Rev. Lett. 55, 2409 (1985); R. E. Slusher and
B. Yurke, in Frontiers in Quantum Optics, edited by E. R.
Pike and S. Sarkar (Hilger, Boston, 1986), pp. 1-41;
B. Yurke and R. E. Slusher, in Quantum Optics IV, edited by
J. D. Harvey and D. F. Walls (Springer-Verlag, Berlin,
1986), pp. 46-57.

2R. M. Shelby, M. D. Levenson, S. H. Perlmutter, R. G. DeVoe,
and D. F. Walls, Phys. Rev. Lett. 57, 691 (1986).

3L. Wu, H. J. Kimble, J. L. Hall, and H. Wu, Phys. Rev. Lett.
57, 2520 (1986).

4M. W. Maeda, P. Kumar, and J. H. Shapiro, Opt. Lett. (to be
published).

5H. P. Yuen and V. W. S. Chan, Opt. Lett. 8, 177 (1983).

6B. L. Schumaker, Opt. Lett. 9, 189 (1984).

7B. Yurke, Phys. Rev. A 32, 300 (1985).

8B. L. Schumaker, S. H. Perlmutter, R. M. Shelby, and M. D.
Levenson, Phys. Rev. Lett. 58, 357 (1987).

SA. Yariv, Quantum Electronics, 2nd ed. (Wiley, New York,
1975).

10Square-root factors of the form (wo + ) '/? have been neglect-
ed since the response times dictate that o < wo.

11C. M. Caves, Phys. Rev. D 26, 1817 (1982).

12C. M. Caves and B. L. Schumaker, Phys. Rev. A 31, 3068
(1985).

13B. Yurke, Phys. Rev. A 32, 311 (1985).

14H. P. Yuen, Phys. Rev. A 13, 2226 (1976).

I5B. Yurke, P. Grangier, R. E. Slusher, and M. J. Potasek (un-
published).

16H. Nakatsuka and D. Grischowsky, Opt. Lett. 6, 13 (1981).

17y E. Zakharov and A. B. Shabat, Zh. Eksp. Teor. Fiz. 37, 61
(1972) [Sov. Phys. JETP 34, 62 (1972)].

18A. Hasegawa and F. Tappert, Appl. Phys. Lett. 23, 142
(1973).

I9L. F. Mollenauer, R. H. Stolen, and J. P. Gordon, Phys. Rev.
Lett. 45, 1095 (1980).



