PHYSICAL REVIEW A

VOLUME 30, NUMBER 3

SEPTEMBER 1984

Squeezing of intracavity and traveling-wave light fields
produced in parametric amplification

M. J. Collett and C. W. Gardiner
Physics Department, University of Waikato, Hamilton, New Zealand
(Received 6 February 1984)

A general input-output theory for quantum dissipative systems is developed in which it is possible
to relate output to input via the internal dynamics of a system. This is applied to the problem of
computing the squeezing produced by a degenerate parametric amplifier located inside a cavity.
The results for the internal modes are identical with those of Milburn and Walls [Opt. Commun. 39,
401 (1981)]. The output field is also found to have only 50% of maximal squeezing. However, by
taking the output for a degenerate parametric amplifier inside a single-ended cavity and feeding this
into an empty single-ended cavity, one can produce a maximally squeezed state inside this second

cavity.

I. INTRODUCTION

Recent calculations by Milburn and Walls! and by
Yurke? have shown that squeezing in a parametric ampli-
fier is a subject of great subtlety and possible ambiguity.
Milburn and Walls made calculations using master-
equation techniques which give a maximum squeezing of
only + compared with a theoretical maximum of +, while
Yurke has carried out a single-mode analysis which ap-
pears to show that the actual output from the cavity is not
so limited.

We show that a more careful formulation of input, out-
put, and internal fields in such a system is needed. The
behavior of the light field inside a cavity can be described
by standard master-equation techniques, which treat the
external field only in its role as a heat bath. This ap-
proach is incomplete in two ways: first, it does not allow
for the possibility that the incoming part of the field may
be other than a vacuum or thermal, although the inclusion
of a classical driving field is equivalent to allowing the in-
coming field a coherent amplitude; second, and more im-
portantly, it contains no prescription for calculating the
properties of the light emitted from the cavity, despite the
fact that it is precisely this emitted light which is normal-
ly accessible to measurement. The approach presented
here aims to provide such a method. The internal field is
linked with the input by identification of the “noise” with
the incoming field, and the output can then be calculated
using the boundary conditions at the cavity mirror.
Yurke and Denker’® have treated the case of an electronic
circuit connected to a transmission line from this
viewpoint. To the circuit this looks just the same as a
resistor, but it is clearly capable of carrying signals in and
out.

II. INPUT-OUTPUT EQUATIONS
FOR A MODEL CAVITY

We present here a phenomenological derivation of the
input-output theory for a light field interacting with a
cavity. In a later paper we will present a rigorous
development, which is, however, not so intuitively appeal-
ing or instructive.

An optical cavity is commonly described by a Hamil-
tonian of the form :

Htotszys+Hb +Hiy » (1)

where Hy is a function of internal-mode operators only,
H,, is the free Hamiltonian of the bath, and H,, describes
the interaction between bath and cavity field, which is
taken to be linear. The behavior of the internal mode or
modes may then be calculated by master-equation
methods. Alternatively, one may obtain quantum
Langevin equations* which for a single-mode cavity be-
comes

—'=_é[a,Hsys]_%a+F’ (2)

where a is the annihilation operator for the internal mode,
v is the cavity damping constant, and I" is the noise
operator. For a single-ended cavity, the bath is simply the
radiation field outside the mirror and the inhomogeneity
I" must therefore be ascribed to the incoming part of this
external field

'= Y,ain ’ (3)

where a;, describes the incoming field and y’ is as yet un-
determined. Time reversal of (2) must be equivalent to a
change of sign in the systematic part, and replacement of
the incoming field by the outgoing one, to give
da i ,

o~ 7l Ho] =57 o @
There will be a boundary condition at the mirror which
will take to be of the form

a=k(ajn+aou) 3)
and consistency in (2)—(5) then requires ¥’ =k, giving

da i

E = %[G,Hsys]— "ZKG +k7’ain

i
=_E[a’Hsys]+—§_a _kyaout . (6)
For a linear system this can be rewritten as
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da
T= A_%l £+k’}/£m
= [A"'J;_l]é_ky‘_lout ’ (7
where
a
a= |t (8)

and A is a matrix. This system is linear in a quite general
sense, including, for instance, the possibility of phase con-
jugation (on phase-conjugating and phase-preserving am-
plifiers, see Caves®). In terms of frequency components,
defined by

~ 1 ® e
dw)=—p= [ eait, ©)

Eq. (7) becomes
—iz(@)=(4—771)Z(0) +kyzn()
1
3

=(A+5vDzlw)—kyzoulo) , (10)

where
_ adlw) "
alo)= at—a |’ (1n

and for simplicity, the commutation relations of the
operators will be taken as

[@in(@),@,(0")]=0,
(12)
[@n(),@ (0] =80 —w') .

This is really an approximate form, valid only for the case
that one is dealing with a very narrow band of frequencies
around a high frequency, which is always the case in
quantum optics. In a future paper, we will show this is
not an essential simplification. Rearranging to eliminate
the internal mode,

Zounl®)=[4+ (37 +i0) 1l -4 +(77—io)1]" 'G@nl@) .
(13)

III. A ONE-SIDED CAVITY

If the systematic part of the Hamiltonian is taken as
that of a free Harmonic oscillator, we get a model of a
single mode in a one-sided cavity, i.e., a cavity with signi-
ficant loss through only one mirror. Thus we take

Hsys=hwoaTa . (14)
The equation for the internal-mode operator is

da .

E.—.—zwoa——-’zy—a +kyai, (15)
which has the solution for the frequency components

~ Y _

@)= ka, (o) (16)

sV —i(o—agp)

which is an ideal Lorentzian with width ¢ /2. The factor
k can be seen to be just a normalization constant for the
internal mode. It can be determined by the requirement
that the internal mode have the usual equal-time discrete
boson commutator

la(n),a'(]=1. (17)
Using the commutation relations (12) we find

[a(),a(t')]=kPye 71— —iott=1) (18)
giving

kl=y~! (19)
so that

E(Q)T—Lﬁin(w) . (20)

This relationship between k and y is nothing other than a
quantum fluctuation-dissipation theorem (on such
theorems in general see, e.g., Gardiner®). It will be shown
in our forthcoming paper that (19) is quite general. It is,
in any case, clear that since k is defined in terms of the
boundary condition at the mirror, it should be indepen-
dent of the nature of the internal system and also of any
other boundaries (mirrors). For the outgoing field one
may then use the frequency-space equivalent of (5) to give

(@) =VYa(0)—Gy(0) 1)

37 +ilo—ap)
O (@), (22)
Y —1 (w —-a)o)
that is, the output field differs from the input by a
frequency-dependent phase shift and the “out” commuta-
tion relations are the same as those for the input. Though
simpler in form, this is essentially the same result as ob-
tained by Yurke and Denker® for signals along a transmis-
sion line connected to an LC circuit.

IV. A TWO-SIDED CAVITY

In most cavities there is a possibility of input and out-
put in two directions. Using Hy as in (14) and generaliz-
ing (6) to allow for a second external field gives

da i Y1 Y2 — —
;="‘%—[a7Hsys]__2_a_7a+ Y1@in+ 7’2bin .
(23)
In frequency space we obtain
V718 @)+ VY 2bin(0)
a(o) = LTV Vim0 (24)
Y1+ 3772~ ile—wp)
The output field components @, (w) are then
Ao (w)
=V 7@(0)—ady,(w)
[T71— 372+ (0—00)]@in(0) + V71V 2bin (@)
TY1+3Y2—il@—ag) '
(25)
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If y, becomes very small we regain the results for the
single-ended cavity, that is to say, a small loss has a com-
parably small effect on the system. If, on the other hand,
the two mirrors are the same, y,=7y,=1, the result is

[ - ~in gin
To(0)= JO =TV H 7 Binle) (26)
Y —i(w—awg)

Near resonance (w~w,) this is approximately a through-
pass Lorentzian filter

Aou(0) =~ bin(w) . 27

Further away from resonance there is an increasing ele-
ment of back-reflection in the output. Eventually
(|@—wq| >>v) the field is completely reflected,

o0~ —ap(0) . (28)

A truly ideal Lorentzian through-pass filter is not, of
course, possible as it would also “filter out” the commuta-
tion relations and hence the quantum noise. The element
of reflection that appears in (26) is exactly sufficient for
their preservation.

V. THE DEGENERATE PARAMETRIC AMPLIFIER

The systematic Hamiltonian for degenerate parametric
amplification with a classical pump can be written as!>>
Hgy= =fiwga‘a + Liti[ee a2 _ere’P'a?),  (29)
where w, is the frequency of the pump beam and € a mea-
sure of the effective pump intensity. For now the pump
and cavity will be considered to be tuned so that v, =2w:
analysis of the effect of finite detuning is postponed for a

later work.
]

If this system is inside a double-ended cavity the equa-
tion of motion is, from (23),

da _ . —iept t | Y1 T2
g = oo ~+e€e a 5 + 5
+V¥1%in+V V2bin - (30)
We transform to a rotating frame with
a— euop /2(1 (31)

and similarly for the input operators.

For simplicity, we now use only these operators in the
rotating frame, without any distinctive notation. In ma-
trix notation, the equations become

da
—d?—[A—% 71+7/2 ]-]a""/_lam""\/—; in » (32)
where
0 € 0 le|e®
27 e 0| |lele® 0 (33)

In frequency space Eq. (32) transforms to
—iog(0)=[4—5(r1+72)1]z(w)
+V71Zinl @) +V Y 2lin(@) | (34)

where now to allow for the rotating frame,

d(ws+w)

z(w)= , (35)

alw,—w)

with w;=w,/2, and similarly for the input operators.
After performing the matrix inversion

oo, +00)= (%?’14‘%7’2*1'6;’)[\/7@;1(% +0)+V Vb0 +0)] e[\/—m @y —©)+V72b o, —0)] 36
(z71+772—i0l— |€|? (7714 372—i0)—| €|

If both the input fields are vacuum or coherent, they will have zero normally ordered variance, that is,

C N(@in,ath)=C n(bin,b 1) =0, (37)
where

(a,a) (ala)

CN(aa )= (ala) (aT,aT)} (38)
using the notation

(a,b)=(ab)—(a){b) . (39)

In this case the only contribution to the normally ordered variance of the internal field will be from the commutator

terms, giving

(371+372—iw)e’

1 _ 1

(A5 +0),d(0;+0')) =

2

(371+572— | €] P+ o?

Slo+a'),

B (FV1+ 372+ | €] P +o?
(40)

1 Slw—a') .

(@0, +0),a(, +0)y =L [ 1

(V1+ 7572~ | €] +o?

(371+ 572+ | €] P +e?
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For the full internal mode, the variances are then

(aha)==- [ dodo' (710, +0),a(0,+0))
27

2
=_L 1 1Ifl 2 2 @1
2 (714372~ | €]
(a,a):—l— fdwdw’(&'(ws+w),&'(ws+a)’))
2w
e(371+372)
2Y1+ 7272 42)

1
2 (3yi+3rP—le|?

To see the squeezing, the field must be expressed in terms
of the quadrature phases,>> Hermitian operators defined
by

a =e'%X,+iX;) . (43)
The normally ordered variances of these operators are
1
(X Xy )=t —
Yi+3v2— | €]

1

2

(X5, Xp:) = —% el , (44)
TVi+372+ €|

<2X1,X2:)=0 .
J

Perfect squeezing in one quadrature, corresponding to an
eigenstate of the quadrature phase operator, is achieved
with a normally ordered variance of —+. The best that
can be achieved in the case of the parametric amplifier in
a cavity is when on oscillation threshold, giving

(:Xz,X2: =—% . (45)

Squeezing by a factor of one-half can thus be obtained in
the X, quadrature of the generating cavity with the X,
quadrature infinitely unsqueezed. Note that the proper-
ties of the internal mode considered in this section depend
only on the total damping, not on the damping through
each mirror separately. This is naturally only true when
the two input fields have, as assumed, identical statistics.

The degenerate parametric amplifier in a cavity has
been analyzed in depth by Milburn and Walls! including a
quantized pump beam. It is not difficult to check that
their result is identical with ours for the intracavity prop-
erties, but of course it does not give any answer for the
output fields.

VI. THE OUTPUT FIELD

The internal-mode operators having already been found
in terms of those for the input field, the output operators
can now be calculated with use of Eq. (21):

[y —(2y—ioP+ | €| 2]an(os +0) + €718 ho, —o)

a‘out(a)s +o)=

(3V1+372—iw)—|e|?

4+ VIrd s+ 372—io)biylos+0)+ey Y1V b0 —©)

(371+372—iw)’—|€|?

Note that (13) could not be applied directly as it makes no
allowance for the second mirror, although if one wished it
could readily be generalized to correct this. As with the
internal field, only antinormally ordered terms contribute
to the variances so that

( a’Iut(a)s +w)’aout(ws +Cz)')>

_ lel 71 1
2 (3¥1+372— | €] +o?
T 1 L PR Slo—a'),
(771+ 772+ €] )V +o
(47)
<a'out(a’s + @), 8o (o +o'))
— lelra 1
2 (3¥1+372— | €| P +o?
1 !
Slo+a') .

+
(371+ 572+ | €] +0?

Calculation of the total output field variances shows a
very direct relationship with those for the internal mode:

(46)
[
(azut,aout)
=—l— f dodo' <aIut(wS +w))aout(ws +CD')>
2 .
=71<a1-’a) >
(48)

(aout’aout>
1 f do do' (@0 +0),d 0 +0'))
2w

=y{a,a) .

Once again it is the variances in the quadrature phases
which are of most interest. Defining the output quadra-
ture phases in the same fashion as the internal ones, from
(47)

(Xl,out(ws +w),-’Xv]’out(ws +w'):)
l € | ('}/1/2)

= Slo+o'),
(371+572— €] +0”
~ ~ 49)
(:XZ,out(ws +CO),X2’0ut(a)s +o'):)
/2)
- el Slw+a'),

(371+ 572+ | €] +0?
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while from (48)
Y1 €
<:X1,0ut’X1,out3)=T n Il J ,
?7/1+ 2Y2— | € I
N el

(:X2,out7X2,out:) = —T 1 1 i
TVi+2v2+ | €|

(50)

The maximum squeezing is still attained at threshold,
l€] =3 (y1+72), giving

( XZ,out(ws +w),f2,out(ws +(4)')2>

=—l/—1—_—"——'——7/1_‘}_7/2 p 8(0)+(L)’),

4 (71472 +0?
(51)

<:X2,out’X2,out:>= _'ZSI— .

The most interesting thing about these results is that
while the squeezing in the total field is independent of y,,
this is not the case for the individual frequency com-
ponents. The 8 function in (51) can be removed by in-
tegrating over ' to give the normally ordered spectrum of

the operator X, oy:
Y1 Y1+72

—_—— (52
4 (71+72)+0? )

152, 0ut (@5 + @)1= —
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which is a convenient way of describing the squeezing in
the output field. It may be thought of loosely as the
squeezing at a particular frequency, although in this case
it results from the coupling of pairs of frequencies on ei-
ther side of resonance: This spectrum is, ignoring the
sign, a Lorentzian with peak height +[y1/(y1+7,)] and
width ¥, +v,. Thus for a symmetric double-ended cavity
with y=v=7,

1S out(0):i=— 5 . (53)

The resonant mode of the output field is squeezed by a
factor of one-half, the same as the internal field. If, how-
ever, the cavity is single-ended, with y,=0,

1Sy out(0):= — ¢ (54)

and this corresponds to Yurke’s’ single-mode analysis.
Thus our multimode analysis agrees with Yurke’s result,
which is correct for the case that we measure only the
output field corresponding to @w=0. Although the pre-
ferred method of measuring squeezing is by homodyne
detection, we would like here to consider the effect of pas-
sive filtering of the output, to see what the effect on the
squeezing is of trying to isolate the squeezed mode by
means of such a passive filter.

VII. FILTERING OF THE OUTPUT

As a model of a passive filter, we consider passing the output through a second cavity resonant with the first, so that
the system is now such that a rotator or equivalent is used to isolate the input a;, from any feedback effects. The output

field through the filter is given by (25) as

(7K1 — T2 +i0)Ein(0; +0) +V K Kdiy (05 + )

(55)

Eout(ws+a))= 1 1 X
7K1+ 7K2—l(0

where k; and k, describe the mirrors of the filtering cavity. Using d;, =a, and assuming c;, to be a vacuum field, the
variances of the output field ¢, can be computed, and we find for the quadrature phases of the total field

Ky | €]y,

v v 1
( :Yl,outr Yl,out:) =7

(5K1+36)(FV1+5V2— | €| N Fhi+ TR+ 571+ 572— [ €])

(56)

KiKky | €] 71

( :YZ,outr ?2,out:) =—7

At threshold, with the generating cavity single-ended
(72=0):

K1K2Y1
(: Y2,out9 Y2,out:> =

1

8 (3k1+ 7K)[V1+ T (K +K))] '
(57)

For any ky,k, this always gives less squeezing than in the

initial output field a,,. The best that can be achieved is

with k) =k, >>71, giving

Y1

<:Y2,out’Y2,out:>z“‘? . (58)

Y (ki )31+ 12+ L€ ki o+ 1Y F Tt | €])

I

This is the same as if the filter were not there at all, which
is reasonable as, for large x; and «,, the second cavity in-
teracts strongly with the external field over a correspond-
ingly wide bandwidth. In the alternative limit of
K=K| =K, <<V the squeezing reduces to

K
< :Y2,out’ YZ,out:> =~ — E . (59)

Thus a through-pass filter cannot improve the squeez-
ing in the output field. If, however, one considers the
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internal mode of the second cavity, the picture is rather
different. From (24)

VK@i 05 +©) +V Kpdin (0 +0)

1 1 .
K1+ 37K —Ilo

flos+w)= , (60)

or going directly to the quadrature phases,

V;l?i,in(ws +o) +\/E/fvi,out(ws +o)

1 1 .
7K1+7K2—l(0

Y (s +0)=

’

i=12. (61)

With ¢;, a vacuum field, we find for the full internal
modes

1 k2| €71
Y Y= Lo Lo 11 ’
(zK1+ 76 FV1+7Y2— | €| Nzki+ 500+ 7V 1+5Y2— | €])
1 Ky | €| 71
<:Y2,Y2:)=—Z 1 1 1 1 1 1 1 1 ’
(714 765V 1+ 772+ | €] Ngki+ 500+ Y1+ 3V + [€])

On threshold with the generating cavity single-ended

Ky Y1

1
(:Y,,Y,):)=—— .
v 4 K1tk y i+ 5 (K +K)

(63)

If the second cavity is also single-ended (k;=0), and is
much narrower than the first (k, <<71), this becomes

(Y, Yy)=—7, (64)

which corresponds to perfect squeezing in the second cav-
ity. We thus see that it is indeed possible to produce arbi-
trarily large squeezing inside a cavity, provided this cavity
is single-ended.

VIII. CONCLUSION

In this paper we have outlined general methods of relat-
ing input, output, and internal dynamics. These methods
will be developed and put on a firm theoretical foundation
in a forthcoming paper. The main results are a clarifica-
tion of how to calculate squeezing in a multimode situa-
tion, and the demonstration that maximal squeezing in-
side a cavity can be achieved.

The results presented here depend on the model of a
cavity mode as a harmonic oscillator. However, calcula-
tions by Gardiner and Savage’ have shown that exactly
the same results arise by a detailed treatment of the
motion of light waves through a cavity composed of
genuine mirrors, and our forthcoming paper will unify
these two treatments. '
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