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Abstract Sub-shot-noise measurement for dight absorption is experimentaly achieved with the twin beams of
quantum correlation. The improvement in sgna-to-noise ratio of 2.5 dB reative to the SNL isobtained. The experi-
menta results demongtrate the predictions of the semi-classcd theory.
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In the past decade, a variety of non-classcd lights, in which the quantum fluctuation of one
physical component is squeezed below the corregpondent shot-noiserlimit (SNL) , have been ex-
perimentally produced[l_g] . Injecting the quadrature squeezed vacuum state lightsinto the' dark”
port of interferometers, Kimble' s group and Bell Lab'*~®! carried out the optica measurements
for phase shift, polarization and sectroscopy with precison beyond standard quantum limit
(SQL) . Beddes the quadrature squeezed vacuum states, the intensity correlated twin beams, the
guantum fluctuation of intendty difference between which islower than that for a classical coher-
ent states, were obtained from the nondegenerate parametric dowrrconverson processes. The
theoretica anadyses and experiments show that compared with quadrature squeezing, the restric-
tion on experimenta conditionsfor the generation of the intendty difference squeezing is relatively
less® "1 which makes the study of its application more attractive.

Scientists are interested in the gpplications of twin beams in sub-shot noise measure
mentst® !, Based on the semi-classcally theoretical analyses we demonstrated that quantum cor-
related twin beams can be used in sub-shot-noi 2 measurementsfor absrption gectroscopy analy-
g5 and small phase shift!**!. The sgnal-to-noise ratio beyond SNL would be proportiona to
the degree of the intendty difference squeezing. In principle, the minimum of the detectable val-
ues would tend to zero if perfect squeezed lights are employed! 3!

Recently we experimentaly generated quantum correlated twin beams**! from a semi-
mololithic optical parametric oscillator (OPO) pumped by a homemade CW intracavity frequency
stabilized and doubled ring Nd YAPlaser. The twin beams with the character of intendty differ-
ence sgueezing were used in the sub-shot-noise measurementsfor the dight absorption. Snce the
twin beams produced from our OPO are with perpendicular polarization and near-degenerate fre-
guencies, the intendty unbalance between the two channels of the twin beams in different
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oolors was minimized and the equipment for litting beams was s mplified to a normal polarization
beamgplitter. Compared with that of ref. [9] the transmissvitiesof the measured sample desgned
inour lab need not be modulated , 0 it could be used to any practical materia. To our knowledge
thisis the first sub-shot-noise measurement for dight absorption on an unmodulated sample by
means of the intendty difference squeezed light. The dgna-to-noise ratio relative to SNL isin
creaxed by 2. 5dB. The other advantage of our system is that the intensty of“ laser like” twin
beams generated from an OPO is much higher than that from the pontaneous emisdon; therefore
the abslute sengtivity must be increased and it would be more convenient for the gplications.
The experimental results are in good agreement with our theoretical predictions™?!.

1 The principle of measurement

1.1 The absorption sgnal
The light field E (t) of twin beams (i =1,2) generatedfrom OPO can be expressed with its
quadrature amplitude and phase components P;(t) and Q; (t)[*!.
E(t) = Pi()oogoit + Qi(t)smwit, i =1,2, (1)
where W; is the frequency of one of the twin beams. In the case of near-degenerate f requency , W;
= w,. The average valuesof amplitude and phase component are!*?!

Pi(t) = Po(t) = P, (2a)
Qi(t) = Q1) =0. (2b)
The average intensity (photons s) isequa to!*?
- _ P
() = 12() =1= 4 (3)

As showninfig.1l, E;and E;are separated by polarizing-beam-plitter P;. Eyisdirectly detect-
gd by D"f‘ The amplitude of the dgna 0. Stum_OPO \ A|£|2 P, E0 A4 P2 Dg
field E; is modulated by the modulator — 71
conssting of the dectrooptic crystd
EO, A/4wave plate and polarizing
beam litter P,. The modulated sgna
at frequency Wn, is separated into two e
qgua partsof Eg and Eg. Egisdetected
by Dg; Eg traversesthe absrption cell
and then injectsinto the detector Dg.
The polarization of fidd E; and the
direction of electric field gpplied on the optic crystdl ; Da , Dg and Dz , detectors; C, samplecdl ; SA , ectrum
EO crydd areparalel with the x-axisof znqyzer.
the crystal and the light propagates dong
Z-axis. The polarization orientationsof polarizers P; and P, areidentica. The average intendties
of the modulated signals arel*®!

Fig.1. The experimenta diagram for dight absrption measurement.
OPO, opticd parametric odillator; P, and P, , polarizers; EO, dectro

lg = J;‘[l 2Ms‘nwmﬂ , (4a)
lo = J;—[l + 2Ms‘nwmﬂ . (4b)

The output intensty from the absorption cell can be expressed as
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le = lg €2 = 1g (1-81)
:é(l-m- IMSMOt + 2V 1SMWot) | (5)

whered® and | are repectively the absorption codficient and length of the sample. Suppose that
al detectors have the same quantum efficiency NN . The finaly analyzed photocurrent Sgna g
on the pectrum andyzer (SA) is

Isg :ﬂT[ le + lo - |2:|

ol
5). (6

Thefirst termisapulsating sgna with the modulated frequency W, and the amplitude which is
proportional to the absorptiond |. The aborption of the sample can be measured by eva uating the
height of thispulsating sgnal.

=§I(MISnnt -

1.2 Background noise

The fluctuation of photocurrent resulting from the quantum noise of injected light field enters
the ectrum anayzer (SA) dong with the signa to form the background noise which confines
the minimum detectable Sgnal. Acoording to the semiclasscal theory , when alight field with anr
plitude P(t) isinjected into a detector of eficiencyn , the detected amplitude component should
be[17]

Pe(t) = NP + J1-nV(Y), 7

where V (t) isthe amplitude component of the vacuum field. Asiswel known, V (t) =0.
The detected intensty and intensity fluctuation of light are!*?!

LApn + J1-nvinl?
" ,

la(t) = (8)
Olg(t) =md1(t) + Jrl(l-ﬂ)_P_m_2 OV (1). (9)
The fluctuations of the output photocurrent from a detector is equa to
di(t) =&lq4(t)
={ﬂ5l(t)+ Jr](l—ﬂ)_P_(‘o_2 5V(t)}. (10)
The tota photocurrent fluctuation entering the spectrum analyzer is expressed as
Oia(t) =0ig(t) +dig(t) - dis(t), (11)

whered iy, 0ie and di, regectively stand for the photocurrent noises from the detectors Dy ,
Dg and D,. The noise power gpectrum is defined as?!

Py (Q) :J'@QC‘éi(T)d : (12)

where G; (T ) expresses the autocorrelation faction of 84i (t) , i.e.?!
Gi(t) = 0ia (O (t+T)

= {5iﬂ(t) +0ig(t) - 5i2(t)}{5i31(t +T) +0ig(t +T) - diy(t +T)} . (13)
Substituting eg. (10) into eq. (13) , we obtain

G () = € [ﬂ{5|51(t) +01go(t) - 6|2(t)} + VN (1- n){—Pﬂé—t)—Vﬂ(t)
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e IO '2E5V2(t)}] [n{81a(t41) +810(t+1) - 315(t +1))

+vN (1 - n){—Pﬂzﬂ)—évﬁ(t +T) +—P<221_t)_5V52(t+‘[) - J2§5V2(t +T)}] ,

(14)
whered 14 (t) ,01o(t) ,01,(t) anddVg(t),0Ve(t),dVa(t) are repectively the intendty
fluctuations and the corregpondent vacuum fluctuations introduced from the imperfect detectors
D« , Dg and D, with eficiency N in the light fields Eq, Eg and E. It has been theoretically
demonstrated that the sumof & 14 (t) andd 1 (t) areequal tod g (t) 2!, If theinserting lossof
the sample cdll is neglected , eq. (14) can be expanded into

a:i(0) = An?6,0) +n(@-ml call) + Colt) + )} (15)
The auto-correlation function G, (T ) of the intendty difference fluctuation between the twin
beamsis equd to

G (1) = [81:(1) -81,(0] [B1.(t+1) - 81o(t+1)] . (16)
Thefourthrorder field-correlation functions C4q (T ), Co (T ) and C, (T ) between the vacuum

fluctuation and dgnd fidds Eq , Eg and E; are given asfollows:

2
_Pki_tL 6Vk(t)6Vk(t +1)

C(@) = (k =sl,s2,2). (17)

In eq. (15) the cross terms of the independent operators without any quantum correlation are e
gua to zero. Thefluctuation{)ectrum of the photocurrent noise is written as

Py (Q) =e ni[csl(r)e‘”or +n(1-n)[ Cat)e ™ a

+Icsz(r)e'“dr +ICQ(T)e'iQd‘] . (18)

Thefirg termis the noise power ectrum S, (Q) of the intendty difference between the twin
beams! *°!

$.1(Q) :Ies.(r)e'i“dr =SS (Q), (19)

where Sp = 21 is the shot-noise level , S, (Q) is the noise ectrum of the amplitude differ-
ence! ™. Theleft three terms stand for the coherent noi 2 power gectra between the vacuum field
Vi and the light field E of the twin beams,

Sk(Q) = Ck(T)e_iQ[d-

2 52
:—P“i—t)— dViQ) :—Z": Il k= sl,sl,2 (20)
Snce 0V (Q) isthe Fourier component of vacuum fluctuationd Vy (t) , we smplify it into
dvi(Q) =1™"ineq. (20). From eg. (4) , we have
S«a(Q) + Se(Q) = S(Q) = 1. (21)
Eq. (18) can be rewritten in the Smple form
Dy =eAN%SeS(Q) +n(1-n) S&
- a@dNS(Q) + (1-n)) (22)
where ip =281 is the mean photocurrent. The measured photocurrent fluctuations at frequency
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Q within the detection bandwidthAQ =2m1B is given by

Oia (Q))* = 2BPA(Q) = 26ioBR(Q), (23)
where R(Q) isthe noise gpectrum factor of the intensity difference between the twin beams:
R(Q) =ns:(Q) +1-n. (24)

If parametric down conversonfields E; and E, are perfect correlation ( R(Q2) -0) andn =1, the
photocurrent fluctuation isa < close to zero. If there is no quantum correlation between fidds E;
and E»(R(Q) =1) , the current fluctuation @ia (Q))? isjust the shot-noise-level iy of pho-
tocurrent :
iN = 2ei0B. (25)
After the sample cell isinserted, due to the extra optical lossO the noise gectrum factor R(Q)
becomes! *?!
R(Q) =(1-0)R(Q) +0. (26)

1.3 The minimum detectable absrption
For the measurement with dassca coherent lights the sgnal-to-noise ratio W, = i34/ i% , and
the minimum detectable absorption [0 Jsw. = (8B/NT) Y% MI. If the twin beams with quantum
correlation are employed the dgnal-to-noise ratio will be increased to
2
Yo Tri@ @
Corregpondingly, the minimum detectable absorption will be decreased to [0 g = [0 ]sw

VR (Q).
2 Experiments

2.1 The production and measurement of intendty difference squeezed lights
The measurement sengtivity for dight sgna beyond SNL dependson the degree of quantum
correlation between twin beams which is evaluated with the intendty difference squeezing. Hence
before the measurement the noise power gectrum of the intendgty difference fluctuation should be
carefully detected. The experimental scheme for detective syssem of intendty difference fluctuat-
OPO A2 p D, ingisshown infig. 2. The green light at 0. 54U m
O%km N\ ] emitted by intracavity frequency doubledm, and fre-
guency stabilized laser Nd YAPiscoupled into OPO.
The OPO isa ssmimonolithic F P cavity cond sting of
an acut KTPcrysta , thefront planeface of whichis
ao as the input coupler (transmisdon of 15 % for
green light ; high reflectivity for the infrared light)
Fig.2. The experimenta diagram for detection of i~ and an output coupler which is a concave mirror with
tensty difference squeezing. the curvature of 20 mm (high reflectivity for the
green light , transmisdon of 3 % for the infrared light) . The output coupling eficiency is about

90 %.

The quantum correlated twin beams with near-degenerate frequency and cross polarizations
were generated from OPO operating above the pump threshold (50mW) . Under the pump power
of 110 mW the output power of 20 mW wasobtained. The twin beams were sparated by the
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polarizer P; and monitored by the photodiodes D; and D,. The outputsof the photodiodes were
amplified , and then subtracted in the power combiner (- ). Findly the difference photocurrent
was andyzed by a spectrum anadyzer (SA). To ensure the balance of the detective system, the
photodiodes were caref ully chosen and the electronic compensations were included. The polariza
tionsof the twin beams were rotated at an angle of 3 by a haf-wave plate. When3 =0°, the
sgnal recorded by a spectrum analyzer was the noise of the intensity difference between the twin
beams; when3 =22.5° the sgnal recorded by the spectrum analyzer was the corregpondent shot-
noiseleve for a beam with the intendty of (1
+1,) B!, Fg. 3 shows the measured noi se pow-
er ectrum from 1 to 6 MHz. The noise power
of the intendty difference is reduced by 55 %
(3.5 dB) to around 3. 6 MHz which corre-
gondsto R(Q) =45 %.

Noise power (6dB/div.)

2.2 The measurement of dight absrption
Asshown in fig. 1, the modulated voltage
at 3.6 MHz was goplied on EO dong x-axis | | 1
with the modulation index of M =2 x 10" 4. ! 2 3 4 3 6
Without the absorption cell the two armsof Eg Frequency/MHz
and Eo were balanced and the modulation signal Fg.3. Experimentd resultson intensgty difference squeezing.
was canceled by the power combiner ( +) (see 1, the shot noiselever: 2, the noisepower spectrum of intensity
eq. (4)). Inthisexperiment we placed a sample difference fluctuation between twin beams; 3, the dectrics roise
cdl with olvent (pure water) in Eg at first, "
and then inserted an adjustable attenuator in Eo to make the balance of AC dgnals between Eg
and Ey. The extralossesfrom the modulator and absorption cell wereG =16 %; therefore anoth-
er attenuator of 16 % had to be placed in E; to balance the DC components between E; and E,.
As shown infig.4(a) , the modulated signa at the frequency Wy, was canceled. Due to the extra
loseso |, theintendty diff erence sgueezing was decreased to 2.5 dB (44 %) below SNL which cor-

N -~
- >
3 ! 3
3 - i 1
3 % =2 .
~ NS
&
QO B4
z z
| (a) l (b)
3.2 3.7 4.2 3.2 3.7 4.2
Frequency/ MHz Frequency/ MHz

Fig.4.  Sub-shot-noise measurement for dight absorption (rf bandwidth, 30 kHz; video bandwidth, 30 H2) . (a) Mexr
sured results without absorption medium; (b) measured result with absorption medium. 1, with uncorrdatted two beams;
2, with quantum correated twin beams.
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regpponds to R = 56 %. Afterwards a little absorption medium (organic compound Sm
(CPFX) ,C3(H20) 4) was dropped into the solvent. The baance between Eg and Ee was de-
stroyed and the pulsating sgna with modulated frequency should appear. However , when the co-
herent lights without correlated quantum were used (B =22.5°) , the dight absorption sgnad was
submerged in the shot noies. There is no pulagting sgna to be observed (upper trace of fig. 4
(b)) . When the twin beams with quantum correlation were employed (B =0°) , the absorption
sgna emerged from the squeezed noise background around the modulated frequency (lower trace
of fig.4(b)). The absorptiond | can be evad uated from the height of this Sgna (equation (6)) .

3  Conclusion

We designed an optical system for the dight absorption measurement by means of quantum
correlated twin beams as the light source and analyzed the principle of the measurement with se
mi-classca theory. By calculating the noise pectrum of photocurrents we have demonstrated that
the precison of measurement is beyond shot-noise-limit. In principle the minimum detectable ab-
rption isable to close to zero if the quantum correlation between the twin beamsisperfect. The
sgna-to-noise ratio relative to the SNL isincreased by 2.5 dB , which isin good agreement with
the prediction from the theoretical calculation.
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