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Noninvasive measurements of cavity parameters by use of squeezed vacuum
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We propose and experimentally demonstrate a method for noninvasive measurements of cavity parameters
by injection of squeezed vacuum into an optical cavity. The principle behind this technique is the destruction
of the correlation between upper and lower quantum sidebands with respect to the carrier frequency when the
squeezed field is incident on the cavity. This method is especially useful for ultrahigh-Q cavities, such as
whispering-gallery-mode cavities, in which absorption and scattering by light-induced nonlinear processes
inhibit precise measurements of the cavity parameters. We show that the linewidth of a test cavity is measured
to be y=844+40 kHz, which agrees with the classically measured linewidth of the cavity within the uncer-

tainty (y=856+34 kHz).
DOI: 10.1103/PhysRevA.74.033817

I. INTRODUCTION

High-Q cavities such as whispering-gallery-mode (WGM)
cavities have recently demonstrated quality factors (Q) as
high as 2 X 10'? and have shown the potential to reach even
higher Q values [1-3]. However, there are difficulties in
measurement of the linewidth and Q of such high-Q cavities.
While in theory the Q factor could be as high as 10'? and is
limited only by Rayleigh scattering [4], in practice it is lim-
ited by other losses in the cavity. They include absorption
and scattering losses due to impurities in the cavity material
and light-induced losses due to nonlinear processes. Due to
the extremely small mode volume and high Q factor of the
cavity, the cavity buildup intensity is extremely high, even in
the case of an input with small power (as small as several
mW). Such a high resonator intensity leads to very efficient
nonlinear processes inside WGM cavities, such as Raman
scattering, second-harmonic generation, and four-wave mix-
ing [5]. Whereas this is beneficial in many applications, it
causes additional losses in the cavity and thus makes the
Q-factor measurement unreliable (at least, making it power
dependent) [6].

Squeezed states of vacuum or light have been used in
many applications such as improvement in interferometric
[7-10] and absorption [11] measurements, for quantum tele-
portation [12] and quantum cryptography [13] and for quan-
tum imaging [ 14]. However, to the best of our knowledge, no
experiment for measurements of cavity parameters by use of
squeezing has yet been reported. In this paper we propose
and demonstrate an alternative method of measuring Q fac-
tors by use of a squeezed vacuum field which is equivalent to
a field with correlated quantum sidebands [15,16]. This tech-
nique is advantageous over traditional optical methods in
that it utilizes the injection of squeezed vacuum into a test
cavity not to excite any nonlinear processes in the cavity.
When the input field is detuned from the cavity resonance
frequency, it transmits only the upper or lower quantum side-
bands within the cavity linewidth while reflecting the coun-
terparts (associated upper or lower sidebands) and all the
other sidebands. The linewidth of the cavity can then be
measured by observing the destruction of the correlation be-
tween the upper and lower quantum sidebands with respect
to the carrier frequency. We show that the linewidth and Q
factor of a test cavity using the method agree with those
measured by traditional optical methods.
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This paper is organized as follows: In Sec. II A, we de-
scribe the theoretical framework for the measurement
method. In Sec. II B, we explain the validity of the use of
squeezed vacuum as a probe for noninvasive measurements
and compare the technique to using a classical state. In Sec.
III, we demonstrate the method using a test cavity with
known cavity parameters and compare the parameter values
obtained by our method and traditional optical methods. The
conclusions of the paper are summarized in Sec. IV.

II. THEORY

A. Destruction of quantum sideband correlation as a probe
for cavity parameter measurements

Consider a squeezed vacuum field with carrier and side-
band frequencies w, and wy+{), respectively. As shown in
Fig. 1, when the upper sideband of the squeezed vacuum
field a(wy+{2) is injected into an optical cavity with reso-
nance frequency w,. and mirror reflectivities Ry, R,, and R5,
the reflected field b(wy+€)) and its adjoint b'(wy—) are
given in terms of a(wy+) and its adjoint a’(wy—{2) by

b(wy+ Q) = r(wy+ Q)a(wy+ Q) + Hwy+ Q)v(wy+ Q),
(1)

V (0p+)

b (o +<2)

FIG. 1. (Color online) Schematic of a cavity under test. The
cavity is composed of three mirrors M1, M2, and M3 in triangular
geometry with reflectivities R, R,, and Rj, respectively. a is the
upper sideband of an injected field at frequency wy+{), b is the
cavity-filtered reflection at the frequency, c¢ is the transmission at
the frequency, and v is the vacuum field that couples in due to
losses in the cavity at the frequency. w, is the cavity resonance
frequency. The carrier field at frequency w, transmits through the
cavity when wy=w,.
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b (wy— Q) =r"(wyg— Q)a'(wy— Q) + "(wy — Qv (wy - Q),
(2)

where r(wy+()) is the frequency-dependent cavity reflection
coefficient and I(wy+(}) is the vacuum noise coupling coef-
ficient associated with transmission and intracavity losses.
When the cavity is not perfectly mode matched, the reflected
field contains the cavity-coupled reflection a, [17] and the
promptly reflected field a,,, which does not couple to the
cavity due to mode mismatch, such that

r(wo+ D)alwy+ Q) =r(wy+ Q)a (wy+ Q) + r,a,,(wy+Q),

(3)
r(wy— Q)a’(wy— Q) = r:(wo - Q)ai(wo -Q)
+ r;ajn(wo -Q), (4)
Hwy+ Qv(wy+ Q) =1(wy+ Qv (wy+ Q) + L,v,,(wp+ ),
(5)
I(wy— Qo' (wyg— Q) = li(wo - Q)vi(wo -Q)
+ lfnv:;(wo— Q), (6)

where a. and a,, are spatially orthogonal and

TVRR, e lLol0)xd ()]

relwo £ Q)= rlwgx Q)= VR -1~ VR RyR e 0=,

(7

Fm= \'/R_l' (8)

Here, w, is the detuning from the cavity resonance given by
w;=wy—w, and we have assumed that the resonance fre-
quency of a,, is far from that of a,. such that the reflection
coefficient r,, can be treated as a frequency-independent con-
stant at frequencies around the resonance frequency of a,,.
The vacuum noise coupling coefficients are then given by

—_—
l(wy= Q) =1 (w;£ Q) =1 = |r(w; £ Q) 2 9)

L(wo= Q) =1, (= Q) =\1-r%. (10)

The cavity mirror reflectivity and transmission of each mir-
ror satisfy

Ri+Ti+Li=1’ fori=1,2,3, (11)

where L; is the loss of each mirror. The intracavity losses can
be absorbed into Rj.

Since the carrier is detuned from the cavity resonance
frequency, the reflection acquires extra frequency-dependent
phase shifts at the detuned carrier frequency and the side-
band frequencies, respectively, given by

Q
P g =Lo-2nr— (12
C

p
b.=—wy=27
c WESR WFSR

where p and wggg are the round-trip length and free spectral
range (FSR) of the cavity, and ¢ is the speed of light in
vacuum.
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For simplicity, we transform into the rotating frame of the
carrier frequency w, in the frequency domain, such that Eqgs.
(1) and (2) become

b(Q) = rc(wd + Q)ac(ﬂ) + rmam(Q) + lc(wd + Q)U(Q)
+1,0,(Q), (13)

b'(= Q) = ri(w;~ Wal(- Q) +7r,a,, (- Q)
+ 1 (0= QU (- Q) + [ (-Q),  (14)
where a,({)) and ai(—Q) satisfy the commutation relations
[a.(£Q),a/(xQ)]=278Q - Q"), (15)

and all others vanish [similarly for a,, (), a,Tn(—Q), v.(Q),
vZ(—Q), v,,()), and vfn(—Q)]. In the two-photon representa-

tion [15,16], the amplitude and phase quadratures of a, are
defined by

ai(Q) =a(Q) +al(- Q), (16)

a5(Q) == ila Q) - al(- )], (17)

respectively (similarly for a,,, b, v., and v,,). A little algebra
yields the amplitude and phase quadrature fields of the re-
flected light in compact matrix form

b=Ma_ +r,a,+Hv.+1[,v,, (18)

where we use the two-photon matrix representation

a, = (‘” ) (19)
a

for the operator a,. (similarly for a,,, b, v., and v,,),

cos ¢, —sin @, )( A, 1AL

. . ) (20)
sin @, —iA_ A,

M= e“"—(
cos @,

is a matrix representing propagation through the cavity, and

H_( I, il_) .
C\-il 1) @1)

M comprises an overall phase shift ¢_, rotation by angle ¢,,
and attenuation by factor A,. Here we have defined

0. = Slarer () 2 - )], (22)

Ai = [|rL(Q)| = |rc(_ Q)

1. (23)

N | —

L= o O sl 0) 04)

In the case of no carrier detuning (w,;=0), rc(Q):r:(—Q),
and ¢, and A_ vanish, giving neither quadrature angle rota-
tion nor asymmetrical amplitude attenuation. In the case of
cavity detunings (w, # 0), nonzero ¢, gives quadrature angle
rotation.

From Eq. (18), when we perform homodyne detection of
the reflected field with a local oscillator (LO) field, the mea-
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sured amplitude and phase quadrature variances of the field,
defined by Vi=(b7)—(b;)* and V5=(b3)—(b,)* (similarly for
Vie, Vi, Vim, and Vi), are found in terms of the mode-
matched input amplitude and phase quadrature variances V{¢
and V¢ to be

(Vi’)_n(cosz% sin2<p+><Ai AE)(W‘)
14 “\sin® @, cos’ @, /\A% A7)\ Vi

Vim 1
+ nmri<vém> + 71 - (A3+A3)]<1 )
1 1
+77m(1—r3n)<1)+m<1>, (25)

where 7. and 7,, are the composite efficiencies of detection
associated with the cavity-coupled and cavity-mismatched
modes respectively, 7; is the coupling of detection losses,
and 7.+ 7, +7,=1. The detection efficiency is a product of
the quantum efficiency of the photodiodes and the mode-
overlap efficiency with the LO mode. Equation (25) can be
rewritten in terms of the quadrature variances of the incident
field Vi, since the cavity-coupled reflection Vf¢, and the
mode-mismatch reflection Vi originate from the same inci-
dent field VY ,, such that

Vie Vim Vi
= = (26)
Vgc ng Vg
and, therefore,

IR ool [y BE¥E1 )
Vi) e\ sin? @, cos’ g,/ \A? A? T %4
1
+[1 - UC(A-%--FA%)_ 77mr31]<1) (27)

Note that if the input field is in a vacuum or coherent state
such that V{=V5=1, then Vi=V5=1, as expected, and no
cavity information is contained in the output state b.

If the carrier frequency is detuned downward from the
cavity resonance frequency, the cavity transmits only the up-
per sidebands within the cavity linewidth and replaces them
by vacuum at those frequencies while reflecting the associ-
ated lower sidebands and all the other sidebands. Hence, the
cavity-coupled reflected field is composed of the uncorre-
lated sidebands within the linewidth and the reflected corre-
lated sidebands outside of it. The consequence is the destruc-
tion of the correlation within the linewidth between the upper
and lower quantum sidebands. This is analogous to the de-
struction of the correlation between electro-optically modu-
lated coherent sidebands in pairs, in which the beat between
the carrier and the upper or lower sideband can be measured
only when either sideband is absorbed into the cavity, reflect-
ing the carrier and other sideband. The beat could not be
observed if all the fields were reflected. Similar measure-
ments could be done with the transmission of the squeezed
vacuum field through the cavity. However, the signal-to-
noise ratio would not be as good as in the reflection method
because the background of the transmission signal is shot
noise.
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It is convenient to define the test cavity linewidth 7, the
quality factor Q, and the finesse F as

2 . 1 1 - V”R1R2R3 1 - \/’RleR?,
=— sin = s
[ 2(R\R,R3)" 7(R\R,R3)"" CFSR
(28)
)
0=—, (29)
Y
and
m(RR:R)  w
e (R\R,R) _ FSR’ (30)

B 1 - \‘/RIRzR:; Y

respectively. The approximations made in Egs. (28) and (30)
are valid for high-Q cavities. R, R{R,R3, w;, and wrgg Will
be treated as free-fitting parameters. We also assume the in-
put mirror is lossless such that 7)=1-R;.

B. Squeezed-antisqueezed vacuum vs classically noisy light

Since we are interested in having as little light (at the
carrier frequency) as possible in the test cavity, it is instruc-
tive to calculate the average photon number in the field we
use. The average photon number in squeezed light with
squeeze factor r and squeeze angle 6 is given by [18]

(N)={a'a) = |a|*(cosh® r + sinh? r) — (a")?¢’ sinh r cosh r
— a?¢” " sinh r cosh r + sinh? r, (31)
where « is the coherent amplitude of the light. As the num-
ber of coherent photons becomes zero (a—0), resulting in
squeezed vacuum, Eq. (31) becomes

(NY={a"a) = sinh? r. (32)

This is the average photon number in squeezed vacuum gen-
erated by squeezing. Note that if the field is unsqueezed
(r=0), (N)=0. For a squeeze factor of 1.5 corresponding to
the squeezed or antisqueezed level of —13 dB which is the
current experimental limit [19,20], (N)=4.53. Therefore, it is
fair to say that the optical influence of ideal squeezed
vacuum on cavities is negligible.

Similarly, it is instructive to compare this technique to
using a classical state. For simplicity, assuming that the
quadrature variance in both quadratures is frequency inde-
pendent, we consider the case in which the lower sideband is
fully transmitted through an impedance-matched cavity and
the upper sideband is fully reflected at the input mirror such
that r.(-Q)=0 and r.(Q)=1 at Q=w,, respectively, which
gives A,=A_=1/2 from Eq. (23). Thus, the amplitude and
phase quadrature variances of the reflected field are found to
be

Vi) = Viw) = (Vi + V) + . (33)

In the absence of coherent light, the signal contrast can be
defined as the quadrature variance at detuning frequency wy
compared to the cavity-uncoupled quadrature variance at off-
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FIG. 2. (Color online) Comparison of signal contrast between
squeezed and classical fields injected into an impedance-matched
cavity. The quadrature variances V'f and V'z’ are shown as solid and
dashed curves, respectively, for different input states. (a) and (b)
show the (impure) input state with V¢=-6 dB and V5=10 dB, in the
absence of the cavity. (c) and (d) show the cavity-coupled response
to the squeezed and antisqueezed vacuum injections, respectively.
(e) and (f) show the cavity-coupled response to injection of a clas-
sically noisy state with V{=0 dB, V5=10 dB. Comparing (e) and
(c), we note that squeezing improves the signal contrast, but the
classical noise and the antisqueezed quadrature behave almost iden-
tically [cf. (d) and (f)].

resonance frequencies (|Q—w,|> ), in which case Vb =Vi
and Vb V3, and the signal contrasts at the two orthogonal
quadratures are, respectively, given by

1
Vitwy) VY
S\ (wy) = = , 34
1(wy) e Ve (34)
1% %3
Si(wq) = pps =T (35)
2 VitV +3
In the limiting case of V5>>V{ and V3>> 1, we obtain
Va
Si(wy) = m (36)

We see that S, has about the same limiting level as in the
classical case, while S; grows if V{ gets smaller. Classically,
Vi{=1 (the shot noise limit), but using squeezed vacuum we
can obtain V{<1 or improved signal contrast for a measure-
ment in the squeezed quadrature. This is illustrated in Fig. 2,
where we compare the signal contrast for measurement of
the cavity linewidth using a classical field with the signal
contrast for squeezed field injection. The cavity-coupled re-
sponses of the classical and antisqueezed quadrature vari-
ances behave almost identically in the case of the
impedance-matched cavity, whereas squeezing improves the
signal contrast of the measurement.
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C. Fundamental limit on measurement uncertainty

It is important to note that even in the absence of techni-
cal noise, quadrature variance measurements are intrinsically
contaminated by quantum noise itself. The standard devia-
tion of the quadrature variances is given by [21]

AV?: \r/EV? f0rj= 1,2 (38)

Thus, the noise of the measurement is proportional to the
measured value itself, and many averages can be performed
to achieve smaller uncertainty levels.

This is different from the classical case where the param-
eters of a cavity are measured by measuring the transmission
of a probe optical field incident on the cavity as a function of
cavity detuning. In this case, the measurements are funda-
mentally limited by shot noise: the number of measured pho-
tons (N) has uncertainty proportional to \N. Therefore, the
signal-to-noise ratio grows as the number of the transmitted
photons increases.

III. EXPERIMENT

The experiment is schematically shown in Fig. 3. The
Nd:YAG laser (Lightwave Model 126) gives an output of
cw 700 mW at 1064 nm, which is injected into the squeezed
vacuum generator (squeezer). The squeezer is composed of a
second-harmonic generator (SHG) and an optical parametric
oscillator (OPO), both using 5% MgO:LiNbO; nonlinear
crystals placed within optical cavities (hemilith for the SHG
and monolith for the OPO) in the type-I phase-matching con-
figuration. The SHG pumped by the Nd: YAG laser gener-
ates 250 mW at 532 nm, which then pumps the OPO below
threshold with a vacuum seed. The resultant field generated
by the OPO is a squeezed vacuum field with a squeezing
bandwidth of 66.2 MHz defined by the OPO cavity line-
width. A subcarrier field, frequency-shifted by an acousto-
optic modulator (AOM) to a frequency that is coincident
with the cavity TEM,; mode, is injected into the other end of
the OPO cavity. The cavity is thus locked to the TEM,
mode, offset by 220 MHz from the carrier frequency, using
the Pound-Drever-Hall (PDH) locking technique [22]. The
frequency shift is necessary to ensure that no cavity trans-
mitted light at the fundamental frequency is injected into the
OPO cavity since it acts as a seed and degrades broadband
squeezing due to the imperfect isolation of the Faraday iso-
lator [23,24]. This is especially important for high-Q cavities
with linewidths as narrow as kHz because low-frequency
squeezing is difficult to achieve.

The squeezed vacuum is injected into a triangular test
cavity with a FSR of 713 MHz and full width at half maxi-
mum (FWHM) of y=856+34 kHz, both measured by tradi-
tional methods using light. The frequency shift of the sub-
carrier is 231+0.1 MHz so that the carrier frequency is
detuned from the TEM, mode by 11.0+0.1 MHz. As a re-
sult of this frequency shift, only the upper sidebands are
within the cavity linewidth, destroying the correlation be-
tween the upper and lower sidebands and, therefore, destroy-
ing the squeezing or antisqueezing. This cavity-coupled
squeezed vacuum reflection is measured by balanced homo-
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FIG. 3. (Color online) Schematic of the experiment. SQZ:
squeezed vacuum generator. FI: Faraday isolator. AOM: acousto-
optic modulator. EOM: electro-optic modulator. OC1 and OC2: os-
cillators. PZT1 and PZT?2: piezoelectric transducers. PD: photode-
tector. HD1 and HD2: homodyne photodetectors. BS: 50/50 beam
splitter. S: substractor. SA: spectrum analyzer. NL Servo: noise-
locking servo. PDH Servo: PDH-locking servo. The oscillators
(OC1, OC2) are driven at 11.0=0.1 MHz and 13.3+0.1 MHz, re-
spectively. The squeezed vacuum generator is composed of an op-
tical parametric oscillator (OPO) and a second harmonic generator
(SHG) that pumps the OPO. The cavity length is locked to the laser
frequency by the PDH-locking servo and PZT (PZT2). The homo-
dyne angle is locked by the noise-locking servo and PZT (PZT1).

dyne detection, where the field to be measured interferes
with a LO field and is detected by two (nearly) identical
photodetectors. The difference between the two photodetec-
tor signals is sent to an HP4195A spectrum analyzer (SA) to
measure the noise variance of the squeezed or antisqueezed
quadrature. The results are shown in Fig. 4. The experimen-
tal data are exponentially averaged 100 times. The resolution
bandwidth of the spectrum analyzer is 100 kHz. Since the
squeezed vacuum does not carry any coherent amplitude, the
noise-locking technique [21] is employed to lock the homo-
dyne angle to either the squeezed or antisqueezed quadrature
at 2 MHz.

Before fitting the experimental data points, the homodyne
efficiencies €, and €, and the quantum efficiency of the
photodetectors, €g, need to be taken into account. The sum
of the homodyne efficiencies and the quantum efficiency
were independently measured to be 90% and 85%, respec-
tively. The sum of the efficiencies 7.+ 7,, in Eq. (27) is given
by 7.+ 77m=(ehc+ shm)eQE. We ignore €, since the cavity-
mode-matching efficiency is 82% and hence €, <€, which
yields 7,=1- 7. Moreover, we have assumed that the input
mirror M, is lossless. This assumption is valid since it is a
single-pass loss and does not influence the linewidth of the
cavity. We then fit Eq. (27) to the measured data points with
free parameters R;, R,R3, and w,; both the data and the fits
are_shown in Fig. 4. The resulting fitting values are
VR R,R3=0.996 28 £0.000 16, VR;=0.997 83+£0.000 05, and
w,/ (27)=11.098+0.017 MHz. Therefore, the FWHM line-
width of the cavity is found to be y=844+40 kHz, which
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FIG. 4. (Color online) Measured squeezed and antisqueezed
quadrature variances with respect to shot noise (dots) and fits to the
data points (curves) using Eq. (27). The resolution bandwidth of the
spectrum analyzer is 100 kHz. The data are exponentially averaged
100 times. The apparent peak at 13.3 MHz is due to the coupling of
the EOM modulation at the frequency for the PDH-locking tech-
nique. The overall decrease in the squeezing and antisqueezing lev-
els with frequency is due to the OPO cavity linewidth. With the
optically measured FSR, the linewidth is found from the fits to be
y=844+40 kHz.

agrees with the classically measured linewidth of the cavity
within the uncertainty (y=856+34 kHz). We note that wggg
can be determined from the fit, but here we have used the
optically measured value to estimate the linewidth. This is
valid because any loss in the cavity does not change the FSR.

IV. CONCLUSION

We have proposed and experimentally demonstrated a
method for noninvasive measurements of optical cavity pa-
rameters by use of squeezed vacuum. The technique has the
advantage over traditional optical methods that the injection
of a squeezed vacuum field as a probe for cavity parameters
does not excite any nonlinear processes in cavities and is,
therefore, useful for ultrahigh-Q cavities such as whispering-
gallery-mode cavities. We have shown that when a squeezed
vacuum field is injected into a detuned cavity, the linewidth
and Q factor of a test cavity can be determined by measuring
the destruction of upper and lower quantum sidebands with
respect to the carrier frequency. The linewidth of a test cavity
is measured to be y=844+40 kHz, which agrees with the
classically measured linewidth of the cavity within the un-
certainty (y=856+34 kHz). We have also show that the use
of squeezed fields leads to better signal contrast, as expected.
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