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Absorption Spectroscopy beyond the Shot-Noise Limit
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A novel absorption spectrometer where an absorber is placed in one beam of a parametric oscillator is
described. The sensitivity is not shot-noise limited and may be enhanced by the operation of the para-
metric oscillator close to threshold.
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Traditional optical-absorption measurements have a
fundamental limit set by the shot noise due to photon-
number fluctuations in a coherent light beam. The shot
noise therefore sets a limit to the sensitivity that may be
achieved with use of coherent light. Recent work on

squeezed light fields with fluctuations reduced below the
vacuum or shot-noise limit suggest ways of beating this
limit. ' An experiment using squeezed light to improve
the precision of a measurement of phase modulation in

an optical interferometer beyond the shot-noise limit has
recently been reported. In the experiment we are sug-
gesting use is made of the quantum mechanical correla-
tions existing between a pair of photons produced in a
parametric oscillator.

The simultaneous creation of a pair of signal and idler
photons in a parametric amplifier has been experimental-
ly demonstrated. Since the photons are correlated,
measurements on the idler beam may be used to reduce
the photon fluctuations in the signal and produce a near-
ly photon-number state. A suggestion has been made
that this be used to enhance the sensitivity of absorption
measurements. s 9 That is, a twin-beam absorption spec-
trometer may be constructed from a parametric
amplifier with an absorber placed in one beam. The cor-
relation with its twin beam enables an absorption sensi-
tivity to be achieved which is no longer shot-noise limit-
ed.

In this Letter we wish to suggest a different scheme
which, though relying on the correlated beams, intro-
duces some advantageous new features. We propose to
use a parametric oscillator, where an absorbing element
is placed inside the optical cavity. The parametric oscil-
lator is tuned so that one beam (say the signal) is on res-
onance with the absorption line of the sample. The in-

tensity fluctuations in the difference of the signal and
idler photocurrents have been shown to be zero at zero
frequency, rising to the shot-noise limit for high frequen-
cies. The zero-frequency fluctuations correspond to an
infinite time where the photon-number Auctuations of

(R t (t)R2(t ')) =Z(ap)8(t —t '). (2)

These equations may be solved above the threshold by a
linearization technique. The linearized equations for the
intensities are

h, Ip = —xphIp —AI„

dIs = 2b'AID+ 2xxo(E 1)hIO+Fs(t),

AID = 2xhID +2b xo (E—I )AIO+ Fp (t ),

where

(3)

and IP is the steady-state intensity. We have defined

x=-,' (xt+x2), 8= —,
' (x] —x2),

the signal and idler beams exactly balance. The pres-
ence of additional intracavity losses will reduce the
correlation between the signal and idler beams. The in-

crease in fluctuations in the difference current may be
used as a measure of the absorption.

The quantum statistics of the parametric oscillator
may be described by a set of stochastic differential equa-
tions for the amplitudes ao, at, and a2 of the pump, sig-
nal, and idler modes, respectively. In the generalized P
representation, the equations are'

Qp = K'pap+ E ZQ] Q2,

at = —xtat+Xaoaj+Ri(t),

a2 = x2tt2+&&ottt +R2(t),

where xo, xt, and x2 are the sums of the absorption plus
cavity losses of the three modes, X is the optical non-

linearity, and e is the amplitude of the pump. The noise
terms have the following nonzero correlations:
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and the nonzero noise correlations are

(F,(t)F, (t ')) = (—Fp(t )Fp(t '))

=4xl x2C'S(t t —),
where

C = [(xpx~ x2) ' /Z] (E —1)', E =
I
e I /eth

(4)

lation functions of the external intensities I~(t) and
the internal c-number intensities I~ (t ) where IJ (t)
=a,t(t)aj(t):

=4yj yk(I, (T),Ik '(0))+ 26', k b(r) y, (IJ (0)) (6)

where eth, is the threshold pump amplitude.
The effect of losses in the intracavity medium is intro-

duced by our denoting the total losses (cavity plus inter-
nal) by xj and the cavity losses by yj (y~ & x/).

We wish to calculate the spectrum of fluctuations in

the intensity difference between the external signal and
idler modes. This spectrum is defined by

S (co) =„due "(i,(.) —i2(.),i, (O) —i2(O))„,

(s)
where IJ(t) are the external (operator) intensities and we

use the notation (A, B)=(AB) —(A)(B). This leads to
the following relation " between the two-time corre-

Sp(to) =Sp+4„dre ' '(Ip(r), Ip(0))„,
where

Sp =21 ~x (I ) +21 2x2(I2)

Ip(r) =r, x,I, ( ) —r&x212(r),

and

(7)

r, =y, /x, .

With use of the linearized equations above threshold,
this may be evaluated to give for the normalized spec-
trum

The intensity diN'erence spectrum may be written in the
form

sp(~) =sp(~)/so = [~'+4x'(I —r)+4a'r]/(~'+4x')+r Y(~)/I z(~)
I
',

where

Y(t0) = [48 e/(co'+4x')] [co'[4x+xo(E+ I)]—e]+q48eto +q 4(x —6 ) [4(x —8 )+co'](xi+to'),

I Z(~)
I

' = [e-~'(2x+ xo) ]'+~'(2xxoE —~') ',
with

e=4(x & )xp(E —1), q
=

2 (yi/x& —y2/x2)/I,

&= —(yi/xi+y2/x2), So=4C'I.

The vacuum or shot-noise level is Sp(to) =1 and perfect
noise suppression is Sp(to) =0.

Let us first consider the case where the dampings are
symmetric between the signal and idler, that is, y~ =y2
=y, x~ =x2=x. Then

Sp(to) = [to'+4x'(1 —r)]/(to'+4x').

At zero frequency (to =0),

S (0) =Sp(1 —I ) =Sp(1 —y/x)

with y~ x. Thus the effect of the losses is to reduce the
correlation between the modes and there is no longer
perfect suppression of the noise (Fig. 1).

We now consider a cavity with equal cavity damping
rates yl =y2 where we introduce an absorber at the idler
frequency so that x~ ax2. In this case at to =0

Sp(0) =1 —I +q'r/(E 1) . —

SZ( Pl
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FIG. 1. Effect of intracavity absorptions. Plot of SD(m):
solid line, y~ =y2=y, x~ =x2=K', K'p/x=1; dashed line, no in-

tracavity absorption, yj =x~ and yl =@2.

FIG. 2. Effect of asymmetrical intracavity absorption. Plot
of SD(~): xo/x=l, yi/xi = l, y2/x2=0. 8, x2/xi =1.25, (solid
line) E =1.05, (dashed line) E =2.
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There is an extra noise term q I /(E —1) which is sensi-
tive to the difference y'1/rcl

—yq/x2. In Fig. 2 we show
the intensity spectrum for the difterence current in the
presence of an intracavity absorber at the idler frequen-
cy. We see that from a noise background of zero for no
absorption the presence of an absorber gives a marked
increase in noise. Quantum noise reduced below the vac-
uum level in the difference current in a parametric oscil-
lator has recently been observed experimentally by Heid-
mann et al. '2 At low frequencies, however, they observe
an increase in the noise above the vacuum level. This
may be explained by the slight difference in internal
losses in the two beams and corresponds to the effect
shown in Fig. 2. This sensitivity to absorption may be
used to make an absorption spectrometer.

The level of absorption in the idler beam may be mea-
sured by insertion of a calibrated variable absorber in the
signal beam. The absorption in the signal beam is then
varied until a null in the noise is obtained. This indicates
that the absorption in both arms is equal and we have a
balanced twin-beam absorption spectrometer. The fea-
ture of the intracavity scheme is that the sensitivity may
be enhanced by operation near threshold (compare Fig.
2). In the region of threshold there are critical Auctua-
tions present which become manifest if there is an imbal-
ance in the absorption in the two arms.

We have described a novel absorption spectrometer
capable of achieving a sensitivity beyond the shot-noise
limit. Such a spectrometer could be demonstrated with

use of an optical parametric-oscillator of the type de-
scribed by Wu et al. '

This work was supported by the New Zealand Univer-
sities Grants Committee.

'See J. Opt. Soc. Am. B 4 (1987) (special issue on squeezed
states).
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