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Photodetection method using unbalanced sidebands for squeezed quantum noise
in a gravitational wave interferometer
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Homodyne detection is one of the ways to circumvent the standard quantum limit by changing the readout
phase of a gravitational wave detector. In this paper it is shown that the readout phase can also be changed by
the radio-frequency heterodyne detection scheme that is generally used in present detectors.

DOI: 10.1103/PhysRevD.67.122001 PACS nuni®er04.80.Nn, 42.50.Dv, 42.50.Lc, 95.55.Ym

[. INTRODUCTION coherent state. In a laser beam the light is in a coherent state.
The electric field of the laser beam is described by the fol-
Several large-scale laser interferometric gravitationalowing equation:
wave detectors have recently been developed. There are A
many kinds of noise sources that limit a detector’s sensitiv- _— _. n . -
ity, all of which, other than the quantum noise of the laser Ein= VN+Ane (@780~ | 1+ ﬁ+'A¢) YNe,
beams, may be reduced by technical advances in the near (1)
future. The laser beams used in these interferometers have
coherent light which satisfies the least uncertainty relatiorHere, N is the average photon number afdis the light
between the number of photon and the phase of the lighfrequency. From statistical theonAn=+/N so that A¢
which represents the particle and wave nature of light, re=1/2,/N. Thus the fluctuations of the real part and imagi-
spectively. Fluctuations in the photon number producenary part of Eq(1) are equal, a well-known property of the
radiation-pressure noise on the test masses and fluctuatiopsherent state. Vacuum fluctuations of the electric field are
in phase produce shot noise. The shot noise can be reducgtiependent of the photon numkythey can be injected in
by increasing the laser power; however, this increases thghe detector from any transmissive optic such as the beam
radiation-pressure noise. Consequently there exists a sensblitter or lossy mirror$13,14.
tivity limit that is called the standard quantum limBQL) Since the motion of the test mass induced by a gravita-
[1]. There are several ways to circumvent this SQL by untional wave of frequencyw produces a pair of sideband
balancing the coherent state, one of which is called homofields at frequencie§) + w, it is convenient to use the two-
dyne detectiof2]. In homodyne detection, the readout phasephoton mode description introduced by Caves and Schu-
can be chosen by changing the homodyne pldaseducing  maker[15], in which a pair of photons are considered simul-
the quantum noise below the SQL. Whéns chosen inde- taneously. There are two combinations of the photon
pendently of the frequency, the SQL can be avoided only irexcitation quadratures written in terms of annihilation and
a narrow band way, while a frequency dependgnthough  creation operator§for details see Sec. Il of Ref3)):
very hard to obtaif3], could allow us to avoid the SQL in a
broadband way. In this paper, we introduce a new detection . a,+a’
method which is similar to the conventional scheme using an a;= , 2
internal phase modulation to obtain the gravitational wave V2
signal[4] and which does not require additional equipment
other than the planned control system, but which can change ~ a,—a.
the readout phase as easily as homodyne detection. In the ar= i (€)
broadband configuration which is currently used in gravita-
tional wave detectorgb,6], the SQL cannot be avoided with N ~t N i
this method because of an extra quantum nffseld], but Here,a anda' are the annihilation and creation operators,

this method is useful for the detuned configuration whichf€SPectively, the suffix- indicates the upper and lower op-
will be employed in next generation detectéid, 12, erators whose frequencies der w and{) — w. Henceforth,

we shall assume that the incident laser light is in the first

IIl. STANDARD QUANTUM LIMIT quadrature. With this assumptié@ andéz are the source of
photon number and light phase vacuum fluctuations, respec-
Fluctuations in the photon numbéam and the phase of tively.
light A¢ are related to each other by Heisenberg’s uncer- In an interferometer for gravitational wave detection the
tainty principle. When the product of these two uncertaintiesantisymmetric port of the beam splitter is kept déske Fig.
is minimized, i.e., An-A¢=1/2, the light is said to be in a 1) to maximize the signal compared to the shot noise; all the
light but the gravitational wave signal is reflected to the sym-
metric port. These two ports are called the dark port and the
*Electronic address: somiya@hagi.t.u-tokyo.ac.jp bright port, respectively. Assuming perfect contrast for sim-
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FIG. 2. The output quantum noise is squeezed by the effect of
the radiation pressure. The quantum noise level is defined as the
ratio between the differential signal and the projection of this ellipse

FIG. 1. The quantum noise of incident coherent light results
from the vacuum fluctuation. The coordinadg is the source of
photon number fluctuation arag is the source of phase fluctuation. -
Each of these coordinates consists of a pair of annihilation and thebz axis.

creation operators. ] ) ) o .
the signal sideband during a round trip in the arm cavitis

plicity, there is no leakage carrier light at the dark port, the Fabry-Perot cavity pole frequendy, is the light power
which means a perfect-contrast interferometer. In this cast the beam splitter, andg =mL"y"/4() is the light power
the vacuum fluctuations coming from the direction of thenecessary to reach the SQL sensitivity«st y, whenm is
laser are reflected to the bright port; only the vacuum flucthe mass of the mirror and is the arm cavity length.
tuation coming from the direction of the signal detection port AS a result, the quantum output field is depicted by a
can contribute quantum noig€ig. 1). Furthermore we as- Squeezed ellipse as shown in Fig. 2 with axes rotated by
sume there is no optical loss in the interferometer; the en§l/2)arccotk/2). This effect is called ponderomotive
mirror reflectivities are unity. squeezing and was first recognized by Braginsky and
The output field of the dark port consists of differential Manukin [16]. If conventional radio-frequencyrf) hetero-
components including a gravitational wave signal and fluc:dyne detection is used as the readout schgfethe signal
tuations in the light that are derived from a coupling betweerfideband, as well as the squeezed vacuum, combines with a
the incident beam and the vacuum fluctuations coming fromiocal oscillator field or rf sideband of the light to produce a
the dark port. From the fact that the quadrature coordinategignal and noise at the photodetector, both of which are pro-

of the input fieldél andéz are equal, one may think that the portional to the amplitude of the local oscillator. The noise

N ~ level is defined as the ratio between the projection of the
output fieldb, andb, are also balanced equally, but actually . . - . . .
their amplitudes differ because of a coupling from photondt@ntum noise ellipse to tfie axis and the signal appearing

number fluctuations to phase noise, known as radiationon that axis with the input noise leveh anda, scaled to
pressure noise. unity, and the signal is proportional to the amplitude of the

Following Ref.[3], we definex(w) as the coupling con- incident classical field/«, so the sensitivity can be written
stant by which the radiation-pressure converts irputnto

2 K°+1
outputb,, hy=hsoL /7, (6)

b 1 0)\fa . o :
( Al) :( ( Al) e2ih, (4) Wherehgg = J8h/mw?L? is the SQL sensitivity, which oc-
b, —k(w) 1/\3a, curs whenk=1, orly=Igq andw=1y.
(Ig/1 SQL)Z'y4 IIl. CONVENTIONAL DETECTION AND HOMODYNE
K(w)=————. ©) DETECTION
o (Y + w)

Over the last few decades, several theoretical efforts to
Here we assume the interferometer configuration of TAMAovercome the SQL have been mafdg17-19, so-called
[5] and initial Laser Interferometric Gravitational Wave Ob- “quantum nondemolition(QND) technique$20]. One such
servatory(LIGO) [6] as an example. These interferometersscheme is homodyne detectif@] which allows the phase of
are recombined Michelson interferometers with Fabry-Perothe local oscillator to be adjusted relative to the signal and
resonators in the arms. The phase shiti® accumulated by noise ellipse so that the readout can occur for instance along
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the minor axis of the noise ellipse, where the quantum noise Interferometer Signal Port
is minim_ized, rather_than simply along the or b, axis, like From laser Signal
conventional detection.
In conventional detection we use rf sidebands for a Local Oscillator
modulation-demodulation scheme that produces the follow-
ing field components at the photodetector: Plezo & /—>D
Homodyne Phase
signal: 2D siny(t), l (Sig-+L.0)*
(Sig.-LO)2

sidebands: —4ia cosw,t siny, Ul

vacuum: b;cog &(t)+ @]+ boi sin &(t) + ¢ ].

FIG. 3. One example to realize homodyne detection. The light
with carrier frequency is picked off from the laser to be used as a
local oscillator for the signal detection of the interferometer.

Here the common factae ! is omitted for simplicity

(just as is shown in the phasor diagnarD is the classical
amplitude of the carriery(t) is the phase shift by gravita-

tional waves,« is the amplitude of the sidebands,is the J% h
phase shift caused by an asymmetry that is necessary to leak D siny(t)= e (12)
the sidebands to the dark polt;=1 andb,=\«“+1 are hsqL

the amplitudes of the common and the differential mode op- d then th L q
erators of the squeezed vacuugjs an ellipse parameter And then the noise spectral density reads
which represents random noise, and the phase shjftand

¢, are given as follows: S,=h2= hSQ'— Kt = ! >h%QL' (12)
1 K
0= Earccotz, which indicates that we cannot overcome the SQL with con-
ventional detection.
. 5 In homodyne detection, the local oscillators are combined
B1=(ksinf—cosf)"+sin 67, with the signal light both with and without a phase shift as
is shown in Fig. 3. This can be realized by placing a beam
B2=(« cosf—sin §)%+ cosh?, splitter at the signal extraction port and injecting the incident
light and the signal from opposite sides of the beam splitter.
¢,=arctaiB, sin §/B, cosé], (7)  The squeezed vacuum injected from the output beam splitter
is canceled by this process and the local oscillator can be
¢,=arctai B, sin /B, cos6]. (8)  considered as a classical light:
The signal, sidebands, and vacuum components shown LO:  Bcos{+pising,

above are summed and squared by the photodetector:
q y P where B is the amplitude of the local oscillator ardis a

readout phase called the homodyne phase, i.e., the phase of
the local oscillator relative to the phase of the carrier light.
=4b,D siny(t)sin &(t) + ¢,]+ b2coS £(t) + ¢4 ] Subtraction of the two interfered beams after square-law de-
tection gives the following equation:

|signat sidebands vacuunj?

— 16D & Sin (1) coswyt sin 77+ b3 Sir[ £(t) + ¢, ]
. . . 1
—8ab,CoSwnt SN £(t) + ¢b,]sin 77+ 4D? sinf y(t) E{Ivacuuer signah- LO|2— |vacuumt signal- LO|?}

1642 i mn.
+ 16« co§wmt5| n ©) 1+ (k—cot{)?

=2pBsing 5

Multiplying the signal by cos,,t to extract the amplitude of +2D Slmﬂ(t)}’ (13

the underlined components at,,, a process called demodu-

lation, we obtain the signal-to-noise ratio as follows. Theand the noise spectral density reads

random noise parameté(t) is time-averaged:
h&oL 1+ (x—cot)?

Jk h = p ) (14)
[demodulated signalnoisg = —8a—— ——
2 hSQL

which has a minimum value when the homodyne phase is
—2\2a K2 +1. (10) {=arccotk. This result has been derived in previous papers
[2,3]. We can see that the radiation-pressure effect disappears
Here we define the signal produced by a stitaias at a particular frequencgFig. 4).
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FIG. 5. Signal detection can be done at any phase for single

FIG. 4. Using homodyne detection, it is possible to overcomesidgeband detection, but for conventional dual sidebands detection
the SQL for a limited frequency band. The center frequency can bgnhe other sideband will produce a worse signal-to-noise ratio.
changed by adjusting the homodyne phase. The minimum value of
each spectrum is limited only by shot noise, i.e., quantum noisglearly. With conventional detection using dual sidebands,
without radiation-pressure noise. even if one wants to optimize the demodulation phase for
one sideband, the other sideband phase is antioptimal and
generates increased noise. As a result the total noise is

In this section we show that a performance identical toequivalent to the case when the sidebands stay on the differ-
that achieved by homodyne detection can be achieved b§ntial axis.
using only a single sideband—without any additional optics This detection can also be realized with dual sidebands if
such as the output beam splitter. The following analysis nethere is an unbalance between the amplitude of the upper and
glects what is called nonstationary shot noise, which will belower sidebands. It can be derived that the noise spectrum in
discussed in Sec. VI A: that case is the same as Hd4) when the demodulation

phase meets the following condition:

IV. UNBALANCED SIDEBAND DETECTION

single sideband: —2ia€'“m sin .

o
The solution to Eq(9) with only a single sideband is as §’=arcc0tA— K. (17)
follows: a
sianak-single sideband vacuum? Here, « and A« are the average and the difference of the
Isig g nt amplitude of the upper and the lower sidebands. When the
=4b,D siny(t)sin &(t)+ ¢, ]+ 4D?sirty(t) unbalance factoA « is small, the output16) is small, al-

though the signal-to-noise ratio is unaffected.

—4ab, coswnt sin&(t) + ¢,]sinz There are several ways to produce an unbalance of the

—8aD siny(t)cosw,t siny+4a?siry sidebands, for example, one can make only one sideband
— resonate in a cavity placed at the dark port. Advanced-LIGO
+b§ co§[§(t)+¢l]+b§ SIP[&(1) + ¢5] will employ what is called a detuned resonant-sideband-
) ) extraction (RSB system, realized with a signal recycling
+4ab, sinwt cog £(t) + ¢1)siny. (15

cavity detuned from the resonant conditigfig. 6). To con-
. . trol the detuned cauvity, it is planned to make only the upper
gf;ercﬁﬂsgé?i%ggf thn;gtigﬁmsogﬁéﬁ'gn ipéocens]ﬁlﬁlsl ?r?neljocr)r lower sideband resonant, hence, the carrier is detuned

: ; 4 Ty PYING BYtom resonancgll,17. The transmittance of the RSE cavity
sin (wy,— ¢'), the output is

for the resonant sideband is larger than the non-resonant

1+ (k—cotl')? _ sideband, producing the necessary sideband unbalance.
f+ 2D sinyg(t)|, (16)

V. DETUNED CONFIGURATION

2asin’

which i?] thi sam((aj as qulg)_ excepthaﬂﬁd and g;gl'b With a signal recycling mirror at the dark port, the gravi-
Nor?cet gtt eéea odutlp 'as L;nota_ omc;l ynip aseh.f;’tbtational wave signal sidebands circulate in the signal recy-
a heterodyne demodulation phase, I.e., the phase shift ben, . cayity which consists of the signal recycling mirror

tween the modulation sidebands and the rf demodulation sigs \ "o compound mirror with phase shéft?*. The trans-
nal. Conventionally, to obtain a differential signal, the de'mitted signal through this cavity is '

modulation phase is set to be/2, but considering the
ponderomotive squeezing effect, in order to minimize the
guantum noise at the desired observing frequency band, the Y.uDelotxgibxes2n T (18)
phase should be set 8 = arccotk. - 1—pe?(#=N)

One may wonder why this single sideband detection can
avoid the SQL even though it is impossible with conven-Here ¢=wl¢/c is the detuning phase, andand p are the
tional dual sidebands detection. Figure 5 explains the reasanansmittance and reflectance of the RSE mirror. From Eq.
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AN 0% 4, Optical Spring(t=n/2-1.5)

===x Multi-phase Optical Spring
Standard Quantum Limit o

Fabry-Perot Michelson
Power Recycling Interferometer

Mirror E

Noise Spectrum (1/rtHz)
N

-
O,
1

]
¢ [ E

| 2 8
RSE Mirror M: Frequency (Hz)
FIG. 7. The optical spring changes the shape of the noise spec-
Detuned trum with the readout phase. The laser power is 500 W, the finesse
of the arm cavities is about 2000, the reflectivity of the RSE mirror
is 0.98, and the detuning phase is 0.03° from the RSE condition.
The homodyne phase or the demodulation phase for the thin solid

SB Ca SB line and the small dotted line is set /2 and 7/2— 1.2, respec-
tively, and that for the large dotted line is chosen frar2, /2

9_ 1.2, andw/2—1.5 to be optimized at each frequency; this can be
called a “multi-phase optical spring.”

FIG. 6. Detuned RSE is realized by single-sideband lockin
which yields an unbalanced sideband condition.

(18) we can see that the amplitude of the upper and IOWereadout phase. However, as we shall discuss in the next sec-

zlr? ?E:r;(::]:sg;ﬁ;;egr;;r;hat 'S the total signal draws an ellips ion, the unbalanced sideband detection has advantages and

The phase shift is different between the upper and lowepisadvantages compared with homodyne detection.

sidebands:
A. Nonstationary shot noise
tanyg, = pSin2A$=\) , (19) An undesirable aspect of the unbalanced sideband detec-
~ l-pcos2qp=EN) tion is the influence of nonstationary shot noise, which is the
shot noise generated during the demodulation process).
Yty 20 A vacuum fluctuation exists not only around the carrier fre-
V= 2 (20 quency but also around the 2f ., region. Both incoherent

noises are coupled to rf sidebands and square-summed when

The ellipse is inclined at an angle ¢f+ . While ¢ is fixed  being demodulated by,,. While the vacuum around the
by the position of the RSE mirrogj varies with frequency. carrier is ponderomotively squeezed the vacuum around
The output signal from a detector is given by the projection+2f, is not squeezed so that the quadrature noise still re-
of the ellipse onto a direction that is determined by the readmains for any demodulation phasé&g. 8). If the readout
out phase. phase is chosen far from/2, the ratio from the signal to the

When the laser power is sufficiently high, the reinjectionoriginal quantum noise may decrease while the ratio from the
of the signal induces radiation-pressure that enhances the sigignal to the nonstationary shot noise increases and becomes
nal at another frequency. This phenomenon is called the omtominant instead of the radiation-pressure noise at lower fre-
tical spring. In this case the noise spectrum due to the readyuencies. As is discussed in REIQ], it is very hard to avoid
out phase needs more complicated calculations, which wenhe SQL in a broadband way with the unbalanced sideband
worked out in Refs[17,21,23. The result of the calculation
is shown in Fig. 7 with several readout phases. The standarr'
guantum limit is overcome by the effect of the optical spring

and the shape of the spectrum changes with the differen mmm

Nonstationary

readout phases. Note that in the detuned configuration thi shot oise

guantum noise can no longer be simply identified as the sho
noise and the radiation-pressure noise because these tw
components are strongly coupled.

f+2fm

f+fm

freq

Original
quantum noise

GWSB RFSB
(Signal) (LO)

VI. COMPARISON OF HOMODYNE AND UNBALANCED
SIDEBAND DETECTION FIG. 8. A vacuum fluctuation from the: 2f , region generates

the nonstationary shot noise during the demodulation process. If the
The most interesting feature of unbalanced sideband deeadout phase is changed largely frerf2 the amount of the non-
tection is that no other equipment is required to change thetationary shot noise exceeds that of the original quantum noise.
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detection. For the detuned configuration, the readout phasensitivity of the gravitational wave detector. The advantage
should be optimized for the signal phase at the peak freoef this method is that no additional equipment is required
quency to realize the best sensitivity; in this case the SQIlother than the planned control system for a future detector.

can be avoided even with the effect of the nonstationary shot However, unlike homodyne detection, the rf detection in-
noise. troduces extra noise during the demodulation progés$).

While this nonstationary shot noise makes it hard to over-

come the SQL for the broadband configuration, it is still

, . possible to avoid the SQL through the effect of the optical
One advanta_ge of unbalanced S|dgband detection is _th§bring when a detuned phase is used. The possibility of re-

one can combine the spectra of different demodulationy,cing the nonstationary shot noise by square wave modula-

phases. On the phasor diagram the single sideband rotates fy,, ang demodulation, as suggested in R§®-9], and

its modulation frequency, for example, 12 MHz megahertz i”squeezed input light could be investigated.

initial-LIGO. Here the demodulation is a kind of the strobo-  \ye also discuss the possibility of combining the spectrum

scopic measuremerf20], clipping the moving signal-to- fom more than two ports with different readout phases,

noise ratio at some periodic phase and producing a spectrufhich could improve the sensitivity. This multiphase tech-

for that phase. There is no quantum demoalition if the meanjque is available only for this unbalanced sideband detec-

suredphotocurrentis split to several demodulator circuits, tion, but cannot be achieved with homodyne detection.

each of which has a different demodulation phase. There is, A practical multiphase detection method for a high-power

on the other hand, quantum demolition if the outpeamis  getuned RSE deserves more investigation. For example, the

split to several photodetectors, because another vacuum ﬂuSpticaI spring can generate instabilities between the arm

tuation would be injected from the optical components usedayities and the transmissive RSE mirfaL]. Such instabili-

f(_)r the p|c_k-off_. In other words, if severalptical local 0S-  ties can be cured in the case of simple homodyne detection

cillators with different homodyne phases were to be used t‘by damping the optical spring with a feedback control sys-

try to avoid the SQL at several frequency bands, the decreasg, [21]. The condition will be more complicated with a

in optical power would increase the shot noise level, but ify1tiphase detection scheme, so further study is needed.
different-phaselectricallocal oscillators are used there is no

corresponding increase in shot noise. By this technique we ACKNOWLEDGMENTS
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B. Multiphase detection

VIlI. CONCLUSIONS AND DISCUSSIONS
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