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Wideband calculations of the response of a homodyne detector to the outputs of various four-
wave-mixer configurations are presented. It is shown that the noise-power spectrum of the homo-
dyne detector output can exhibit regions where the noise is greatly reduced below the shot-noise level
even at frequencies far from dc. Hence, in the detection of noise squeezing via homodyne detectors,
1/f noise and other low-frequency noise sources may be avoided by observing the homodyne

detector’s noise power at frequencies far from dc.

I. INTRODUCTION

The proposal by Yuen and Shapiro' that squeezed
coherent states could be generated via degenerate four-
wave mixing has triggered experimental efforts directed
toward producing squeezed states in this manner.~* Also
considerable theoretical work has been devoted toward
understanding how the details of the four-wave-mixing
process affect the ability of the four-wave mixer®>® to
generate squeezed states. These investigations have pri-
marily concentrated on the degree to which losses in the
medium and pump noise affect the ability of the four-
wave-mixing process to generate squeezed coherent light.

Yurke has’ demonstrated that by placing a four-wave-
mixing medium in a cavity the degree of squeezing can be
greatly enhanced. The analysis was carried out in the
narrow-band approximation, in which only the mode os-
cillating at the pump frequency was considered. Here this
work is extended to a wideband analysis. It is shown that
the noise-power spectrum of one component of the ampli-
tude of the light leaving the four-wave mixer can exhibit
considerable structure, exhibiting noise reduction over
some frequency intervals and noise enhancement over oth-
ers. This work parallels wideband calculations that have
been performed for degenerate parametric amplifiers.?

In addition to the analysis of the wideband output of
some four-wave mixers, the wideband response of a homo-
dyne detector to this output is presented. Yuen and
Shapiro®!® have pointed out that homodyne detection
measures one of two components of the amplitude of the
electromagnetic field arriving at the photodetector. More
recently Yuen and Chan have shown that quantum and
excess noise from the local oscillator can be eliminated by
balanced homodyne detection.!! The technique has been
experimentally demonstrated by Abbas, Chan, and Yee.'?
As a result this technique looks very promising as a
means of observing noise squeezing. Mandel'> and
Schumaker!* have also discussed the detection of squeezed
states via homodyne detection. In this paper a wideband
calculation of the response of a balanced-homodyne detec-
tor is carried out for the case when the photodetectors
respond to energy flux rather than photon flux, that is,
when the photodetectors are bolometers. Since the noise-
power spectrum of one component of the light leaving the
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four-wave mixer can exhibit noise reduction at frequencies
far from dc, 1/f noise and other forms of noise likely to
appear in the output of the homodyne detector near dc
can be avoided by looking at the high-frequency com-
ponents of the detector’s output.

After establishing some notation and defining the com-
ponent operators of the amplitude and the noise-power
spectrum of a component of the amplitude, the analysis of
the wideband homodyne detector is presented. The
analysis of the four-wave mixers will follow last. This
will allow a discussion of the output of a four-wave mixer
in terms of the response it produces on a physically realiz-
able detector.

II. THE COMPONENTS OF A FIELD MODE
AND SQUEEZED COHERENT STATES

In this section the two components of an electromag-
netic field mode are introduced, and their noise-power
spectra for squeezed coherent states are derived.

To this end, consider a homodyne detector, which
through spatial filtering has been made blind to all but
one particular radial field mode of the electromagnetic
field propagating along the z axis and let the detector ac-
cept this mode over some frequency band B. At the aper-
ture of the detector the electric field operator can thus be
written

E(x,y,t):e(x,y)dea)cal/z[a (w)e = +a¥(w)ei®] ,

(2.1

where €(x,y) specifies the electric field amplitude and po-
larization across the detector aperture and the creation
and annihilation operators satisfy the commutation rela-
tions

[a(0),a'(0)]=8w—w),
2.2)
[a(w),a(w’)]=0.

The operators X,(¢,0) and X,(¢,60) of the field amplitude
components can be introduced by writing E(x,y,?) in the
form :

E=1"2w€(x,y)[Xcos(wgt +6)+X,sin(wet +6)],
(2.3
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where wq is some preferred frequency, say the homodyne
detector’s local oscillator frequency. From (2.3) and (2.1)
explicit expressions for X(z,0) and X,(¢,0) can be ob-
tained.

In particular

172
wo+w

2&)0

X,(4,0)= [, do

X[a(wo+w)ee iy H.c.],

2 (2.4)

o+
260()

Xz(t,G)—-:dew

X[ —ia(wo+w)e'fe "+ H.c.] .

By taking the band B to be symmetric about wq, X(z,0)
and X,(¢,0) can be reexpressed in the following useful
form:

Aw .
X,(6,0)= [ do[X(0,0)e ~*'+H.c.],

Ao ] (2.5)
X,(4,0)= [ do[Xy(w,00e ' +H.c.]
where
172
Wo+w .
Xilw,0)= . a(wo+w)e’®
2(00
wo—a |
. aT(wo—a))e‘ie ,
2600
(2.6)
woto 172 ;
Xy @,0)=—i alwg+w)e’
. 20)0
on—o 172
+i [ . aT('a)O—a))e_io ,
2600
and Aw=B/2.

Since Xz(t,9)=X1(1,6-"71_‘7T) the discussion will now
be restricted primarily to X;. In Sec. III it will be demon-
strated that a homodyne detector measures X(¢,0) where
0 is determined by the local oscillator phase. Having in-
troduced the component operator X,(¢,60), the expectation
value of X,(¢,0) and X?3(1,0) will be evaluated for a class
of squeezed coherent states which will now be defined.

Let |0,) denote a vacuum state for the annihilation
operators b (w):

b(w)|0,)=0 for all ® , 2.7)

(0p]05)=1. (2.8)
Squeezed coherent states can be generated from this vacu-
um state via the mode transformation

a (004 w) =G (0)b(wg+0)+M(0)b(wy—w) . (2.9)

Under this transformation |0, ), which is a vacuum state
for the b(w), is a squeezed coherent state for the a(w).

Four-wave-mixer configurations which are capable of per-
forming the mode transformation (2.9) on an incoming
vacuum state will be presented in a later section of this
paper. It is worth noting that G (w) and M(w) are not in-
dependent. Since both a(w) and b(w) must satisfy com-
mutation relations of the form (2.2), one requires

| Glo)|*— | M(0)|*=1 (2.10)
and
GloM(—w)=G(—o)M () . (2.11)
From (2.10) and (2.11) one can readily show
|G(w)|*=|G(—w)|?,
(2.12)

| M(0)|?’=|M(—0)|?*.

That is, the norms of G and M must be symmetric func-
tions of w. Substituting (2.9) into (2.6), X ;(w,0) becomes

ogto |1
X1(@,0)= 2 G(w)e'®
2(00
wo—ao |*
+ |—= M*(—w)e ™% |b(wg+w)
20)0
(onto |7
+ 2 M (w)e'®
2&)0
o 1172
+ [— G*(—w)e 'i"’bf(wo—w) .
20)0

(2.13)

Since X (w,0) is linear in b and b, it is immediately evi-
dent that the expectation value of X (#,6) with respect to
| Op ) is zero:

(0, | X(£,6)]0,)=0. (2.14)

In fact, it is clear that each of the frequency components
X (w,0)e “"“’t—i-X);(a),B)e'.""

of X,(¢,0) has zero expectation with respect to the state
[ 0p ).

It is straightforward to show that the mean-square de-
viation of X(z,0) from its zero expectation value is given
by

(0 | X3(2,0)]|0p)

Aw
=f0 dcol |G(w)]*+ | M(0)|?

271172

(9]

@o

+2]1—

X Re[G (0)M (—w)e??] I , (2.15)

where use has been made of Egs. (2.11) and (2.12). Hence,
the noise-power spectrum for X3(¢,0) is given by
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S(w,0)= | Glw)|*+ | M) |?

211/2

+2|1— Re[G (0)M (—w)e??] .

@
(2]
(2.16)

It will be shown in Sec. III that S(w) can be observed
directly by feeding the output of a homodyne detector
into a spectrum analyzer. Here some properties of S (w,6)
will be pointed out. If one chooses the identity transfor-
mation for (2.8), i.e.,, G(w)=1, M(w)=0, then

S(w,0)=1.
Squeezing is said to occur whenever

S(w,0)<1. (2.17)

Under typical experimental circumstances the homodyne
detector output frequency w /27 will extend to tens of ki-
lohertz, while wy/21, for visible light, will be of the order
of 5x 10" Hz. Hence (w/wy)* appearing in (2.16) is
much less than unity and can for practical purposes be
neglected. The term [1—(w/wy)*]'/? appearing in (2.16)
does, however, set a fundamental upper bound on how
small S (w,8) can be made. One can show

S(,0)> 2, (2.18)
@
the minimum occurring when
1)
16 2=L [1+22 (2.19)
2 @

III. WIDEBAND HOMODYNE DETECTION

In this section it is demonstrated that the noise-power

spectrum P(w,0) given by (2.15) can be measured directly
by feeding the output of the homodyne detector into a
spectrum analyzer. Yuen and Chan have shown that
quantum and excess noise from the homodyne detector’s
local oscillator can be eliminated by balanced-homodyne
detection.!! The wideband analysis of a balanced-
homodyne detector using energy flux detectors is present-
ed here. The case when photoemissive detectors, that is,
photon flux detectors, are employed will be carried out in
the accompanying paper,'® but to lowest order in w/wg
the results are the same. A balanced-homodyne detector
is depicted in Fig. 1. A 50%-50% beam splitter combines
the signal beam and the local oscillator beam. The result-
ing beams a, and a, are directed towards photodetector 1
and photodetector 2, respectively. The signal proportional
to the difference in the signal generated by photodetector
1 and photodetector 2 (difference mode signal) is then
delivered as output. Photodetectors with quantum effi-
ciencies less than unity will be considered, but for simpli-
city it will be assumed that the photodetectors are
"matched, that is, their quantum efficiencies are equal. Let
di(w) and d,(w) denote the annihilation operators for
light entering, respectively, photodetector 1 and photo-
detector 2. Introducing the positive and negative frequen-
cy components of the electric field at photodetector 1,

DETECTOR 2 —>

OUTPUT

b| a,

DETECTOR

SIGNAL
BEAM

50/50 BEAM b
SPLITTER 2

LOCAL
OSCILLATOR
BEAM

FIG. 1. Balanced-homodyne detector. Output current is pro-
portional to the difference between the photocurrents developed
in detectors 1 and 2. Such a detection scheme eliminates noise
due to local oscillator intensity fluctuations.

Ei =e(xy) [ doo'd](we™
_ 3.1
Eff =e(x,y) [ doo'd (@) ",

the power deposited in the bolometric photodetector is
proportional to ETE{. Let I,(z) denote the signal
delivered by the photodetector to the external world.
Then I,(¢) has the form

Il(t)zFdewadw’wl/za)’ 1241 (0)d (@")ei@=)t |
(3.2)

where F is the proportionality factor. Similarly, for pho-
todetector 2 one has '

Iz(t)=Fdewada)’a)1/2w’ 1/2d;(w)d2(w')ei(m—w’)t )
(3.3)

Yuen and Shapiro® ! have pointed out that the effect of a
quantum efficiency 1 < 1 for photodetectors can be taken
into account by introducing the mode transformations

di(@)=7"%a(0)+(1=)"%ci(w),
(3.4)
dy(0)=1"%a,(0)+(1—9)cr(0) ,

where a(w) and a,(w) denote the annihilation operators
for light delivered, respectively, to photodetectors 1 and 2.
A loss, by the fluctuation-dissipation theorem, couples
equilibrium noise into a system. This noise is taken into
account with the noise mode operators ¢ (®) and c,(®)
appearing in Egs. (3.4). For simplicity, n will be taken to
be independent of frequency.

Let b,(w) and b,(w) denote the annihilation operators
for light propagating along the signal beam and the local
oscillator beam, respectively. The mode transformation
performed by the 50%-50% beam splitter can be taken to
be
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al(a))=—-\71-—2—[b1(w)+b2(w)] ,
(3.5)
az(a))=—‘/l—§[¥—b1(w)+b2(co)] .

Ii(@)—I(@)=F [ do [ do'e' e %!

X

Using Egs. (3.2)—(3.5) one can express the operator
I,(t)—1I,(t), which is proportional to the difference mode
signal, in the form

b1 (@)by(0") +bi(w)b1(0")]

12
n(l—y
+[ ( 2 )] [b;r(w)[cl(w')—C2(w’)]+b;(w)[01(w')+“2(“”)]

+ [cI(m)—cI(w)]bl(w')+[cf(w>+c§(w)]b2(m')J

+ (1—n)[cT<w>c1(w'>+c§(m)c2(w')]] . (3.6)

Each of the operators b;(w), b,(w), c;(®), and c,(w) acts
on a separate Hilbert space. The Hilbert space on which
I (w)—1I,(w) acts consists of the outer product of these
separate Hilbert spaces.

The expectation of I;(w)—1I,(w) is now taken for the
state

[9)=[¥1) |4;) |03) [04) ,

where |0;) and |04) are vacuum states for the operators
ci{w) and c,(w), respectively, |;) is an arbitrary state
of the Hilbert space of b(w), and | 4, ) acting on b;(®w)’s
Hilbert space represents the state vector for the local os-
cillator light. For simplicity, let | 4,) be a Glauber state
for an oscillator that is very stable and spectrally pure:

by(w)] Ay) =Ae "% (w—wp) | 4;) . (3.7

One then has

|
Y| 1(0)—I()] | ¢) =2"20mAF (¢ | X,(£,0) |¢) ,
(3.8)

where

X,(4,6)= [ do

172

+w : .
@o [b)(wo+w)e’Pe—*"+H.c.]

2600

(3.9)

is a component operator for the light in the signal beam,
as can be seen by comparison with (2.4). Hence, the bal-
anced homodyne detector measures a component of the
incoming signal mode. The precision with which this
measurement is carried out is determined by evaluating
the higher moments of I,(¢)—I,(¢). In particular, one
can show

W (O—L0F | 9) = 2P A%03( ¢ | X1(14,0) | 1) +Fn(1—m 4’0, [ do o

+F [ do [ do’ [ do"ol'e”) 2! =g | b](0)b1(0") | 41) -

From this equation one sees that the rms fluctuations in
X,(2,0) are reported by the difference mode signal of the
balanced-homodyne detector. The degree to which the
rms fluctuations in I,(z) —1I,(¢) reflect the fluctuations in
X(2,0) is degraded by the noise terms in (3.10). By mak-
ing A sufficiently large, that is, by making the local oscil-
lator beam much more intense than the signal beam, the
last term on the right-hand side of (3.10) can be made
negligible. The second term on the right-hand side of
(3.10),

(3.10)

Fp(l—md’e, [ doo,

arises as a consequence of the less-than-unity quantum ef-
ficiency of the homodyne detector and provides a floor
below which the noise power of the homodyne detector
output cannot be reduced.

Using Eq. (2.15) one can readily show from (3.10) that
the noise-power spectrum Sp(w,0) of Ii(w)—I,(w) nor-
malized to unity when the signal beam consists of vacuum
fluctuations is
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SD(w,6)=nl |G(w)|*+ | M(w)|?
271172
o

X Re[G (0)M (—w)e??]

+2]1—

+1—7

=S (0,0)+1—7 . (3.11)
Hence, it has been demonstrated that the noise-power
spectrum (2.16) is directly observable with a homodyne
detector. Noise squeezing is observable as a reduction of
the Sp(w,0) below the shot-noise level of unity.

IV. WIDEBAND FOUR-WAVE MIXING

In this section a wideband model for a four-wave-
mixing medium is constructed. The treatment follows the
approach of Yariv.!®* The medium is taken to be lossless
and to have a nonlinear polarization with a third-order
polarizability. The pump beam is assumed to be classical.
For a treatment of the four-wave-mixing medium from a
microscopic point of view the reader is directed to Reid
and Walls.!”

The case when all electric field vectors are polarized
along the same direction will be treated. Hence, the non-
linear polarization may be written as

P,=E%d . (4.1)

By neglecting the effects of losses in the medium, the field
equation governing the electric field is
’E P’E?
VE =pe— +ud .
e THg
The electric field E (x,?) can be separated into the pump
field E,(x,?) and the signal field E(x,?),

E(x,0)=E,(x,0)+E,(x,0) .

4.2)

(4.3)

The pump electric field, as shown in Fig. 2, arises from
two counterpropagating beams at frequency wy,

Ey(x,0)= +[E,(1)e'** ™™ L H.c.]

i(kg'x+agt

+L[E,(2)e” 'yHec]. (4.4)

The pump field will generate a time-dependent suscepti-
bility oscillating at 2wg. An electric field oscillating at

PUMP

BEAM
0y (w,0) gy (w,L)
—p FOUR=— WAVE - F—
MIXING
- MEDIUM —
oz(wfi//'///// az(w, L)
PUMP

BEAM

FIG. 2. Four-wave mixer.

o+ will be coupled to a field at wy—w and vice versa
via the time-dependent susceptibility. Considering the
case when all the signal beams propagate along the z axis,
in order to study what happens at the frequency wy+ o,
E; must include all the following terms:

i[k,z —(wy+w)t]

E,= +[E|(wy+w,z)e +H.c.]

—w?—(wg—w)t]

+%[E1(wo——a),z)ei[k +H.c.]

—ilk,z +(wy+0)t] +H.c. ]

—i[k_ z+(wy—o)t]

+ 3 [Ez(0p+o,2)e

++[Ey(wg—w, 2)e +H.c.]. (4.5

Where k, and k_, are taken to be greater than zero and
denote the magnitude of the k vectors for light oscillating
at wo+w and wo—w, respectively. Making the standard
assumption that

)8 d’E,
kiw’“az >

one obtains, by substituting Egs. (3.3)—(3.5) into (3.2),

) (4.6)

OE(wp+w,2) g

172
= 22
3 =3 (wo+w) B ] E,(1)E,(2)
><E;(a)o—co,z)ei(k_"’_k“’}z ,
3 12 4.7)
E,(wy+w, z) id s
3z =—7 (wo+a) c E,(1)E,(2)

- XEl(@p—0,z)e ek
where for simplicity it has been assumed that € is indepen-
dent of frequency. Introducing the field amplitudes
172

E; ‘ (4.8)

where n is the index of refraction of the medium, Egs.
(4.7) can be written in the form

dA|(wo+w,z)
dz

271172

@o

1—

= iK

Xe—z"("/")"’zA;(wo——w, z),

(4.9)

dA(wg+w, z) . l lw r 1/2
_ = k1= |

dz @o

xe2itn/oz gty o 2)
where
2

[0]

K:%[_g 4,(1)4,(2) “10

is, in general, a complex number and c¢ is the vacuum
speed of light. Equations (4.9) can be integrated as fol-
lows.
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Let 5’—Yd—(z—) —ia*e¥®X () . (4.13b)
z
X(Z)=A1(0)0+CL),Z) N . . .
(4.11)  These equations readlly yield
¥
Y(z)=A,(0wy—w,2) ,
2(@g dx ax +2bdX(Z) +la|2X(2)=0 (4.14)
and dz dz ,
o 12172 which has the general solution
a wo ’ X (2)=Ael-0+(al?+b2)1 21z 4 poil—b—(la|?+b7)' ]z
. (4.12) 4.15)
b:—;a) ’ An expression for Y(z) can be obtained by substituting
Eq. (4.15) into Eq. (4.13a).
then Eqs. (4.9) can be reexpressed as Taking the nonlinear medium to exist in the region
dX(z) —ige -2ty () 4.132) 0<z <L, the solution to Egs. (4.9) can be put into the
dz form
i |
clw)e LY (wo+w, 0)+ialw)e 12 @Lgin[c ( a))L]Az(a)o—-a),L)
A(wg+w, L)= ,
c(w)cos[c(w)L]—ib(w)sin[c(w)L]
) (4.16)
" o —ia*(w)sin[c()L]A4{(0y+o, 0)+c(w)e P LA} (wy—w, L)
2@ @, = c(w)cos[c(w)L]—ib(w)sin[c (w)L] ’
T
where where
27172 i6,
a(w)=xk|1— - s Gprle) = c(w)e‘ . ’
0 c(w)cos[c(w)L]—ib(w)sin[c(w)L]
o (4.22)
bla)= c (4.17) ia (w)sin[c(w)L]

clw)=[|al(w)|*+b(w)]?.
In order to use these results as a building block for
analyzing cavity four-wave mixers it is convenient to reex-
press Eq. (4.16) in terms of creation and annihilation
operators that include phase shifts due to . position dis-
placements.

Hence the operators

a(wg+w, z)=A(wy+w, O)eik"’z R

" (4.18)
ay(wo+o,2)=A(wy+w,00
are introduced. Now k,, is given by
kmzf(wﬁm) . (4.19)

Let 0, denote the phase shift experienced by light at fre-
quency , as it propagates along the length L of the non-
linear medium at frequency w,

=‘"600L (4.20)
Using Egs. (4.17)—(4.19), Eq. (4.16) can be put into the
form

a(wo+w, L)=Gpylw)a(wy+w, 0)

+MM(w)a;r((oo—a), L),
(4.21)
a,(wpg+o, 0)=MM(a))aT((oo——co, 0)

+Gy(wla(wy+w, L),

c(co)cos[c ®)L]—ib{w)sin[c(w)L] °

Equations (4.21) and (4.22) together with the defining
equations (4.17) constitute the major result of this section.
The wideband behavior of various four-wave-mixing con-
figurations capable of producing squeezed coherent radia-
tion will now be described.

V. COHERENTLY COMBINING THE OUTPUT BEAMS
OF A FOUR-WAVE-MIXING MEDIUM

Yuen and Shapiro' have pointed out that squeezed

coherent radiation can be generated by coherently combin-
ing the output beams of a four-wave-mixing medium via a
50%-50% beam splitter. The device they proposed is de-
picted in Fig. 3. The input beams a;(0) and a,(L) are
separated from the output beams a,(0) and a;(L) via the
optical circulators labeled C. The output beams are then
combined via a 50%-50% beam splitter, labeled M 2. The
light in either ¢, or ¢, can exhibit squeezing. A phase
shifter ¢ has been included in the figure as a convenient
way of simulating what happens when the output beams
a,(0) and a,(L) travel over different optical path lengths.
Letting the beam path labels of Fig. 3 also denote the an-
nihilation operators for the optical modes traveling along

the beam path, one has for the phase shifter
by(wo+w)=e*?q,(wy+w, 0) . (5.1)

Let Ljp denote the difference in the length of the optical
path followed by light traveling from the four-wave mixer
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a, (0)

ap (L)

FIG. 3. Four-wave-mixer configuration capable of generating
squeezed coherent light. Circulators C are used to separate the
light propagating towards and away from the four-wave-mixing
medium F. M2 is a 50%-50% beam splitter. The phase shifter
¢ simulates the effect of unequal path lengths for the light prop-
agating to M 2 from the four-wave-mixing medium:

to the 50%-50% beam splitter along beam path a,(0) and
a;(L). One then has

$p0)=¢o+07p , (5.2)
where
L
‘150=600_2 (5.3)
c -
is the phase shift at the pump frequency w, and
L
p=—2 (5.4)
¢

is the difference in arrival time for pulses propagating
along the two optical paths.

For the beam splitter one has
|

1
cl(wo—}—a)):-ﬁ[al(wo—kw,L)+b2(a)0+w)] ,
(5.5)
1
cz(a)o—l—w):—‘/—i[—al(a)o—i—a),L)—}—bz(wo—{—w)] .
Equations (5.1) and (5.5) together with Eq. (4.21) can be
solved to express the annihilation operators c¢;(wo+w)
and c,(wp+w) in terms of the creation and annihilation

operators of the incoming light.
In particular,

cilwg+w)

= —‘/I—EGM(w)[al(wo—i—w, 0)+e" 9%, (wy+w, L)]

+—‘/17MM(w)[e"¢(“’)aT(wo—w,0)+a;(wo——w,L)] .

(5.6)

This equation is not of the form (2.9) and hence Eq. (2.16)
is not applicable. However, working from the expression
given for X,(#,0) in Eq. (2.5), one can show that the
noise-power spectrum for the X(¢,6) component of the
light in the output beam c¢; is

S(0,0)= | Gylw) | *+ | Mp(w) |
21172
1— |«

+2 cos(wTp)
><Re[ei<29+¢°)GM(aJ)MM(—a))] . (5.7)

Upon writing a (w) in the form

alw)= [a(w)]ei% (5.8)

and using Egs. (4.22) the noise-power spectrum can be ex-
pressed as

cHw)+ |a(w) | Bsin’lc(@)L]  2[1—(w/00)*]'?|a(w) | c(w)cos(wrp )sin[c (@)L Isin(20+$o+ 6o+ Yo)

S(w,0)=

. . b
cHw)— |alw) | *sin*[c(w)L] cHw)— |alw) | *sin’[c(w)L]
(5.9)
10;l l_: 10—; r 1 1Tt 1 1 T 1 1 T T 17T ]
3 j 3 E
A ) = = = 9
%) o E [ E _il
B | L ]
[OR N = = o1k —
E I S IS TR T A T N TN N T S N EL TN TS WU S N Y GO RO T NN NN S N B
o 5x1010 10x1010 15x1010 o 5x10'0 10x10'° 15x10'0
w (s~

FIG. 4. Noise-power spectrum, for the components of the
light leaving port ¢, of the device depicted in Fig. 3, exhibiting
the greatest noise squeezing and noise enhancement at =0 for
the case when the two beam path lengths for light propagating
to M2 areequal (Lp=0)and L=1cm, n=1,«xL =1.

w (s~1)

FIG. 5. Noise-power spectrum, for the component of light
leaving port c;, exhibiting the greatest noise squeezing at w=0,
when the two beam path lengths to M 2 differ by 5 cm (Lp =10
cm)and L=1cm, n=1,kL=1.
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FIG. 6. Noise-power spectrum for the component of light in
quadrature (90°) to the component displayed in Fig. 5.

where a(w), b(w), and c(w) are defined by Egs. (4.17).
From Eq. (5.9) one sees that the largest amount of noise
squeezing at @ =0 occurs when

20+ o+ 00+ vo="- . (5.10)
This condition may be met by properly adjusting the local
oscillator phase 8. Maximum noise enhancement at =0

occurs for the component in quadrature to the component
exhibiting maximum squeezing, that is,

29+¢0+00+¢0= —"IT/2 .

In Fig. 4, Eq. (5.9) is plotted for the components specified
by Eqgs. (5.10) and (5.11). The length L of the active
medium was taken to be 1 cm long. The index of refrac-
tion n of the medium was taken to be 1, and the product
«L was taken to be 1 and the difference in the beam path
lengths Lp was taken to be zero. Note that both com-
ponents exhibit regions of noise squeezing S(w)<1 and
noise enhancement S(w)> 1. Figures 5 and 6 illustrate
the effect of a nonzero path difference Lp. All the pa-
rameters for these figures are the same as those for Fig. 4
except now Lp =10 cm. Note that the noise-power spec-
trum of each component exhibits pronounced dips below
the shot-noise level S(w)=1.
When

204 ¢o+09+1p=0,

(5.11)

(5.12)

Lot

T T 11T

S(w)

T T TTTTIT
Ll

O TR RN TN NS S N N N SO N WO N M =
o 5x10'0 10x10'0 15x1010
w(s™)

o
[T

FIG. 7. Noise-power spectrum for the component of light 45°
to the component displayed in Fig. 5. No noise squeezing is ob-
served. '

the second term of (5.9) vanishes, and, since the denomi-
nator of the first term is always less than or equal to the
numerator, one has S(w,0)>1 for all . In this case
S(w,0) is independent of the path length difference Lj.
Figure 7 shows S(w,0) when (5.12) holds. This figure is
plotted for the same parameters used in Figs. 5 and 6.

VI. A FOUR-WAVE-MIXING MEDIUM BACKED
BY A TOTALLY REFLECTING MIRROR

In this section a four-wave-mixing medium backed by a
totally reflecting mirror is discussed. The device is de-
picted in Fig. 8. The four-wave-mixing medium acts like
a phase-conjugating mirror. This phase-conjugating mir-
ror together with the totally reflecting mirror forms a cav-
ity. As the reflectivity of the phase-conjugating mirror
approaches unity the cavity is brought near the threshold
of oscillation. In a narrow-band analysis Yurke’ has
shown that a large amount of squeezing is generated in
the output beam as threshold is approached. Here the
wideband behavior of the device is presented. It is shown
that the noise-power spectrum for a component of the
output can exhibit rich structure, exhibiting regions of
both noise squeezing and noise enhancement.

Let 6,(w) denote the phase shift suffered by light at fre-
quency wo+w as it propagates from the four-wave-mixing

medium to the totally reflecting mirror. Then
a,(wo+w, L) can be expressed in terms of a(wy+w, L),
az(w0+a),L):ezml(w)al(wo—{—cu,L) . 6.1)

Let L, denote the distance between the four-wave-mixing
medium and the totally reflecting mirror, then

0,(0)=6,(0)+70 , (6.2)
where
0,(0)= “"’CL‘ (6.3)

is the phase shift for light at wy and

L,
= (6.4)

c
is the time it takes light to travel from the four-wave-
mixing medium to the totally reflecting mirror. Equation
(6.2) together with Eq. (4.21) may be solved to yield the
outgoing annihilation operators a,(,0) in terms of the
incoming creation and annihilation operators a {(w,0) and

PUM’I/

INPUT
—— s/ FOUR- WAVE-
MIXING
MEDIUM
SQUEEZED
OUTPUT
TOTALLY
PUMP REFLECTING
MIRROR

FIG. 8. Four-wave-mixing medium backed with a totally re-
flecting mirror. Output light exhibits large amounts of squeez-
ing when the reflectivity of the four-wave-mixing medium ap-
proaches unity.
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FIG. 9. Noise-power spectrum, for the components of the
light leaving the device of Fig. 8, exhibiting the greatest noise
squeezing and enhancement at =0 for the case when the dis-
tance L; between the four-wave-mixing medium and the totally
reflecting mirror is zero and L =1.cm, n =1, kL =0.5.

a(w,0). The result is

ay(wo+ o, 0)=Gg(w)a,(wy+w, 0)+Mz(w)al(wy—w, 0) ,

LN B N U A L O N S B ) S B e

T T T TTT7]
L Ll

S(w)

T Y G T U N U [ T R N SO O U W Y S WO N Y S T B

o 5x10!0 j0x10'0

w(s™h
FIG. 10. Noise-power spectrum, for the component of light
leaving the device of Fig. 8, exhibiting the greatest noise squeez-
ing at w=0 for the case when the distance L, between the four-
wave-mixing medium and the totally reflecting mirror is 5 cm,
the other parameters being the same as for Fig. 9.

where the amplitude gain Gy (w) and reflection amplitude
Mp(w) for the four-wave mixer with a totally reflecting
mirror in terms of the medium’s amplitude gain Gy (o)

(6.5) and reflection amplitude M,,(w) is
J
oo eiw‘(w)Gfl(w)
R\@W)= i ©)—0,(— ’
l—M(w)M*(—w)elzwl( )—6,(—w)]
. (6.6)
: My (0){14[Gr(0)Gig(— ) — Mpg(0)Miy(— ) ]e O 0 =)y

Mg(w)= N 12[6,(0)—6,(—o)]
1—M(o)M*(—w)e

-

Equation (6.5) is of the form (2.9). Hence, the four-wave
mixer backed by a totally reflecting mirror can transform
incoming vacuum fluctuations into squeezed states whose
noise-power spectrum for a particular component is given
by (2.16).

Figure 9 shows the noise-power spectrum S (w) for both
the component exhibiting maximum squeezing at w=0
and its quadrature component which exhibits maximum
noise enhancement at @ =0. For this simulation, the dis-
tance between the mirror and the active medium was tak-
en to be zero. The length L taken to be 1 cm was chosen
for the medium, the index of refraction n was set to 1,
and the product of kL was taken to be 0.5. More than an
order of magnitude in noise reduction is obtained at w=0.
Note that both components exhibit regions of noise
squeezing and noise enhancement. Figures 10 and 11

show the effect of moving the totally reflecting mirror

away from the four-wave-mixing medium. The distance
from the active medium to the totally reflecting mirror
was taken to be 5 cm in this case. All other parameters
are the same as in Fig. 9. Figure 10 displays the com-
ponent exhibiting maximum squeezing at the origin. Note
the oscillation from maximum squeezing to maximum
noise enhancement as a function of w.

Figure 11 depicts what happens to the component in
which the local oscillator phase has been shifted by 7/4

radians from the phase exhibiting maximum squeezing.
In this case no noise squeezing is observed. By comparing
S(w) of Fig. 7 and Fig. 11 one sees that Fig. 11 shows
more structure than the corresponding noise-power spec-
trum for the device discussed in Sec. V.

LN R I I S N O N B D S
iy _
— 3» N
-3
(7]
2H -
I“J
P#l 1 I N N O U TS SO0 N O T YOO T M O Y S M B
(o] 5x1010 10x100

w(s™h)

FIG. 11. Noise-power spectrum for the component of light
45° to that depicted in Fig. 10.
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VII. THE CAVITY FOUR-WAVE MIXER

In this section a partly transparent mirror is added to
the input-output port of the four-wave mixer discussed in
Sec. VI. The device is depicted in Fig. 12. Such a config-
uration allows one to obtain large amounts of squeezing’
even when the L product for the four-wave-mixing medi-
um is much less than unity.

The relation between the creation and annihilation
operators for light propagating along beam paths a; and
a, have been derived in Sec. VI and are given by Egs.
(6.5) and (6.6).

The distance L, between the partly transparent mirror
M1 and the four-wave mixer is taken into account with
the phase shifter 0, depicted in Fig. 12. The relation be-
tween the a,a, modes and the b,b, modes is given by

al(w0+a))=ei62m)b1(co0+w) ’
6.(0) (7.1)
b2(w0+a))=et 2 waz(w0+w) N
where 6,(w) in analogy with (6.2) has the form
0,(0)=06,0)+710 , (7.2)
- where
02(0)=CL)0T2 5
(7.3)
L,
Ty=— .
c

The scattering matrix for the partly transparent mirror

i20,(w)

A(0)=—(1—K)"*+Ggr(w)e +(1—K)GR(—w)

—(1=K)"*[Gr(0)Gr(—0) —Mgp(0)Mz(—)]

SR A D ) R O O I O M B B e

pe el g

LA L L AL e B

0.9

| TSI A

OBy 4 v v 1y v v by v v v by v b
o 5x10'0 10x10'0

w(s™h

FIG. 13. Noise-power spectrum, for the component of light
leaving the device of Fig. 8, exhibiting the greatest noise squeez-
ing at w=0 for the case when kL =0.01, L=1 cm, n=1, and
Lz =5cm.

i2[6,(0)—0)(—)
PRE L ) ]

bin M b,

0 - =

bout bz a2
) /'/ M2

FIG. 12. Cavity four-wave mixer. When «L for the four-
wave-mixing medium is small, a large amount of squeezing can
still be achieved by passing the light through the medium many
times.

M 1 is taken to be given by

bi(wo+@)=K"'"?bi(wo+0)+(1—K)' by (wo+) ,
(7.4)
boulwp+w)=—(1 —K)l/zbm(wo—{—(o)+Kl/2b2(w0+w) .

Equations (6.5), (7.1), and (7.4) can be solved to express
by (w) in terms of b;,(w). The result is

bout(wo+w)=G(w)bin(wo+w)+M(w)b;rn(wo—w) ,
7.5
where G (w) and M (w) have the form @5
Glw)=A4(w)/D(w) ,
(7.6)
M (w)=B(w)/D(w) .

The complex numbers 4(w), B(w), and D(w) are given
by

—i20,(—w)
e 2

) (7.7

I % S N L N s B I A O I B B 0 N B B

S (w)

TN T U T T TN S N P O N U W O S 0 A

0 5x 1010 10x1010

FIG. 14. Noise-power spectrum, for the component of light
leaving the device of Fig. 12, exhibiting the greatest noise
squeezing at @ =0 when the transmission coefficient K of the
mirror M1 is 0.5 and the mirror is located a distance L, of 5
cm from the four-wave-mixing medium. All other parameters
are the same as in Fig. 13. Comparing with Fig. 13, one sees
that a substantial enhancement in the amount of squeezing re-
sults by putting the mirror M2 in place.
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B(w):KMR(a))ei[Oz(w)—oz(._w)]
D(w)= 1_(1_K)1/2[GR(w)eizaz(m)

+(1—K)[Gr(0)Gr(—w)—Mg(0)Mi(—o)]

+GR(—w)e

As an illustration of the enhancement in noise squeezing
that can be achieved, consider the device discussed in Sec.
VI, where L =1 cm, n =1, L;{=5 cm, and the «L prod-
uct is now taken to be 0.01, a factor of 50 less than that
chosen to generate Fig. 10. The output of this device is
depicted in Fig. 13. The noise level at @ =0 drops only to
0.82, unity being the vacuum fluctuation level.

By placing a mirror with a transmission coefficient
K =0.5 at a distance L, =5 cm in front of the four-wave
mixer, the noise level at =0 drops to the respectable
value of 0.32, as depicted in Fig. 14. One also has a corre-
sponding enhancement of the noise peaks and dips away
from w=0. These peaks and dips are spaced with a fre-
quency spacing Aw corresponding to the difference in fre-
quency between two successive Fabry-Perot modes.

VIII. CONCLUSION

A wideband model for a balanced homodyne detector
has been presented. It was shown that the homodyne
detector measures a component X;(#,0) of the incoming
signal light. An expression for the noise-power spectrum
of the output of a homodyne detector has been obtained

—i20,(—w)

i2[0,(0)—6,(—a)]
e 2 2 .
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for the case when the incoming light consists of squeezed
vacuum fluctuations. Expressions for the wideband out-
put of various four-wave-mixer configurations capable of
squeezing light have been presented. It has been shown
that the noise-power spectrum of the X,(z,60) component
of the squeezed output light can show considerable struc-
ture as a function of frequency. In particular S(w,0) for
a given O generally shows regions of noise squeezing S < 1
and regions of noise enhancement S > 1. These features
may facilitate the experimental observation of squeezed
coherent light since 1/f noise and other forms of low-
frequency noise originating in the homodyne detector can
be avoided by observing S (w,0) at frequencies sufficiently
far from dc. For the convenience of display, cavity path
lengths comparable to the 1-cm path length of the four-
wave-mixing medium were chosen to generate the figures.
For cavities of such dimensions, S (w) exhibits successive
dips on the GHz frequency scale, frequencies above the
response range of present photodetectors. Experimentally
it is more convenient to work with cavities a meter long or
longer. For such cavities S(w) will show successive dips
and peaks on the 10—100-MHz frequency scale, a range
easily accessible with the current generation of photo-
detectors. ’ '
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