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A nonlinear interferometer uses nonlinear elements as beam splitters to split and to recombine optical waves
for interference. As aresult, the interference fringe size has a nonlinear dependence on the intensity of the field for
phase sensing and leads to an enhanced phase signal. In this paper, a practical scheme of nonlinear interferometry
for precision phase measurement is analyzed with parametric amplifiers as the nonlinear beam splitters. It is
found that the signal due to phase shift is enhanced by a factor of the amplification gain as compared to a linear
interferometer with the same phase-sensing light intensity while the quantum noise is kept at the vacuum level,
thus, effectively increasing the signal-to-noise ratio (SNR) beyond the standard quantum limit. Furthermore, the
scheme is not as sensitive to the detection loss as the linear scheme with a squeezed state for noise reduction.
However, losses inside the interferometer limit the enhancement factor in SNR. We apply the concept to a
Michelson interferometer but with parametric amplifiers involved for gravitational-wave detection. We find that
effective power is increased by the gain of the amplifiers without actually increasing the cycling power inside the
interferometer. Furthermore, the full benefits with squeezed input and variational output or the combination of a
quantum nondemolition interferometer for sensitivity beyond the standard quantum limit apply here with even

better results. Such a nonlinear interferometer will find wide applications in precision measurements.
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I. INTRODUCTION

More than a century ago, Michelson and Morley [1]
performed a precision phase measurement with the invention
of their interferometer. The result played a critical role in
the development of Einstein’s special relativity. Since then,
optical interferometry has been refined with its sensitivity
ever increasing and now reaching the quantum limit. But the
fundamental design of an optical interferometer never has been
changed. Even with the advent of quantum sources, such as
squeezed states [2], the basic elements are still beam splitters
for splitting and recombining waves. The only difference is
the reduction in quantum noise via squeezed states [3—7]. The
state of the art is the Laser Interferometer Gravitational-Wave
Observatory (LIGO) project [8,9] whose application is to test
yet another theory of Einstein, i.e., the general relativity.

Another line of research follows the trail of a special kind
of state called the NOON state, which is a maximally entan-
gled state of photon numbers [10]. The phase-measurement
sensitivity is increased because the phase signal is enhanced
by N times with N as the photon number. However, practical
implementation is limited to a low number of photons because
of the difficulty in generating the NOON state with a large
photon number.

In the squeezed state approach mentioned above, at-
tention is payed to the quantum states that are used in
the interferometer but with the hardware structure of the
interferometer unchanged. This is straightforward thinking
after Caves pointed out, in a seminal paper [2], that quantum
noise is the limiting factor in a traditional interferometer.
So, most research effort is on finding the correct quantum
states with various quantum correlations in order to increase
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the phase-measurement sensitivity or the signal-to-noise ratio
(SNR) by reducing the noise.

On the other hand, there is another side to the story
concerning sensitivity, that is, the signal side. The increase
in the signal relies on the hardware or structure change
in an interferometer. As a matter of fact, precision phase
measurement is not confined to a traditional interferometer
composed of beam splitters. A proposal by Yurke et al. [11]
uses an SU(1,1) transformation (realized in parametric down-
conversion processes) to split and to recombine the fields that
carry phase information. Jacobson et al. [12] suggested using a
cavity QED device to split a coherent state into a Schrodinger
cat state and to form a nontraditional interferometer. Following
these, a general protocol [13] was suggested using an arbitrary
unitary transformation for phase measurement, that is, as
shown in Fig. 1,

W) o) = UL W), (1)

Here, I can be any unitary operator that involves the phase-
sensing mode a, and |W);, is the initial input state. Thus,
precision measurement of phase shift ¢ relies on differentiating
states |W )iy and [W)ou ().

So, following our previous discussion on the SNR, input
state | W)y, is mostly responsible for quantum-noise reduction,
whereas, the unitary operator, as we see later in the paper,
is designed to increase the phase signal so as to enhance the
SNR. Although there is a vast amount of research on input
state |W);, for noise reduction, there are only a few on the
unitary operator. As we see later, an appropriate unitary usually
gives rise to a nonlinear dependence of interference fringe
size on the phase-sensing field. It is the property that leads
to the enhancement in the phase signal. So, we assign the
name “nonlinear” to this type of interferometer. Note that it
should not be confused with the name “nonlinear phase shift,”
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FIG. 1. General phase-measuring scheme with an arbitrary uni-
tary operation as the generalized beam splitter.

which is introduced by a nonlinear interaction, such as the Kerr
effect [14-16].

For a traditional interferometer, which is the benchmark
to be compared to, beam splitters are used with u being an
SU(2) transformation [17]. Besides the SU(1,1) and SU(2)
transformations, other unitary operators were proposed [12,13]
and even were realized experimentally [18]. Some of the
schemes can reach the ultimate quantum limit for phase
measurement, i.e., the Heisenberg limit [19]. But most studies
were at the theoretical level, and the sole experimental
investigation [18] was at the low-photon level. Recently, a
variation in the SU(1,1) interferometer with a coherent-state
input was studied [20], and the nonlinear property of such an
interferometer was demonstrated experimentally with signal-
enhancement ability [21]. Thus, it holds great promise for an
experimental implementation of the idea of using nonlinear
processes for interferometry with greater sensitivity.

In this paper, we consider an experimentally implementable
nonlinear interferometer studied in Refs. [20,21] that employs
two parametric amplifiers to split and to recombine a strong
coherent field. However, different from the analysis in Ref.
[20], which uses photon-number detection, our detection
scheme is the homodyne detection, which is the experimentally
preferred method for quantum-noise measurement. Compared
to Ref. [21], which only involves classical analysis, we
analyze the quantum-noise performance of the nonlinear
interferometer and find that, just as the argument in previous
paragraphs suggests, the signal due to phase change is greatly
enhanced because of the nonlinear nature of the interferometer.
The enhancement factor is the power gain of the parametric
amplifier. With its quantum-noise level at vacuum, the signal
enhancement effectively increases the SNR above the standard
quantum limit by the same factor. To imitate the environment
of an actual experiment, we also study the effect of the losses
on the enhancement factor and find that it is limited mainly by
the losses inside the interferometer. Because the interferometer
operates at vacuum-noise level, it is less sensitive to the loss
at detection than the traditional interferometric scheme with
squeezed-state input.

The paper is organized as follows. We first compare the
noise performance of the linear and the nonlinear interfer-
ometers in Sec. II. Then, we analyze the effect of losses,
both external and internal, in Sec. III. In Sec. IV, we apply
the concept of the nonlinear interferometer to a modified
Michelson interferometer for the application of gravitational-
wave detection. We conclude in Sec. V with a summary and a
discussion.

II. ANONLINEAR INTERFEROMETER WITH
PARAMETRIC AMPLIFIERS

Consider the conceptual sketch in Fig. 2 where the one
on the left [Fig. 1(a)] is a traditional linear interferometer,
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whereas, the one on the right is a nonlinear interferometer with
parametric amplifiers as beam splitters. Assume that there is
a coherent-state input at both interferometers. For the linear
interferometer in Fig. 1(a), with the input-output relation for a
lossless beam splitter given by

A = @i+ bi)/V2, B = (bin — ain)/ V2, o
dout = (A + Be'*) /N2, bou = (Be'? — A)/V/2,

itis straightforward to express the outputs of the interferometer
in terms of the inputs,

bow = t(@)bin + r(@)ain, (3)

where t(@) = ¢'%/? cos ¢/2 and r(¢) = ie'/?sin /2. Here,
@ is the phase change, and we assume the beam splitters are
identical with 50:50 transmissivity and reflectivity.

For a coherent state |«) input at @;, and vacuum at l;in, the
output of the interferometer is simply

dout = H(@)ain + 1(@)bin,

(Bl ubowt) = (1 — cos 9)/2 = I,(1 —cos @),  (4)

where [, = (BTB) = |a|?/2 is the photon number of the
field subject to the phase shift (phase-sensing field). Note that
the phase-sensing field is what matters in phase-measurement
accuracy as shown in Refs. [15,19]. The interferometer usually
works at ¢ = 0 with a homodyne detection at the dark port,
i.e., boy. With a small phase shift § for ¢ and o = i|x|, we
easily can find

(X5 )= (X} (8/2))cos’(8/2) + (Y. (8/2))sin*(8/2)
~ 1+ |a?8? fors <1, > > 1. (5)

Here, X,(8/2) = be'®/? + bte=9/2 and ¥,(8/2) = (ae'/? —
a'e™/?)/i are the quadrature-phase amplitudes of corre-
sponding fields. Obviously, |a|?8? in (X%ﬂm) corresponds to
the phase signal while the noise of the phase measurement is
simply 1 from vacuum quantum noise. Hence, the SNR of the
linear interferometer is

Ry = |af?8%/1 = 2I,,8%, (6)

which leads to the standard quantum limit (SQL) dsqr, =
1//N with N = 21,,,.

For the nonlinear interferometer in Fig. 1(b), a parametric
amplifier now acts as a beam splitter to split the input
signal beam (cj,) into the amplified signal beam (C) and the
accompanying beam (D). Another parametric amplifier acts as
a beam combiner to complete the interferometer. Even though
there is no injection at mode dj, for the amplifier, vacuum
still contributes with quantum noise (see Ref. [2]). The full
input-output relation for the amplifiers is given by [22]

D = Gdy, + gél

mn’

dow = GDe' + gCT,

C = Gépn +gd!

m’

. A At (7N
Cout = GC +gD"e™?,

where we assume the amplifiers are identical with G as the
amplitude gain and |G | — |g|2 = 1. Here, we introduce a
phase shift in ¢ on mode D. Therefore, the output-input
relation of the interferometer is

ot = [G1(@)Cin + gr(@)di e,

R ., (8)
dow = Gr(p)din + gr(@)El,
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with Gr(p) = G?e'¥ + g% and gr(p) = Gg(1 + €'%). The
interferometer works best at a dark fringe with ¢ = 7 when
Gr(m)=1and g7 () = 0, i.e., at unit overall gain [11].

With a coherent-state input at c¢j, and no input at d;, as
shown in Fig. 1(b), similar to Eq. (4), we easily can find the
dark output port (dy,) intensity as

(ddow) = 1GT (@) + Igr@)(al + 1)
~ 2G?g?|al*(1 4+ cos ) for |af> > 1
= 2G> I (1 + cos @), )

where Il = (D'D) = g*(ja|* + 1) ~ g*|a*(ja* > 1)is the
photon number of the phase-sensing field D). Comparing the
above with Eq. (4) for a linear interferometer, we find that the
fringe size is increased by a factor of 2G2.

For homodyne detection around the dark fringe with ¢ =
7+ 8 (8§ «1)and o = i|x|, we have, from Egs. (7) and (8),

(X3.) = 1Gr@)*(X] (0c)) + lgr@)* (X2 (9/2))
~ 14 G g 4ol +2)8* for sk 1, (10)

where €% = Gr(¢)/|Gr(p)|. Hence, the SNR for the non-
linear interferometer then is

Ry. = G*g*(4lal* +2)8%/1 = 4G*I18*  for |a|* > 1.
(11)

Comparing this with Eq. (6), we find that, under the condition
of the same number of photons for the phase-sensing field,
the nonlinear interferometer has a better SNR than the linear
interferometer with an enhancement factor of

Ryi/RL ~2G* for |af*>> 1. (12)

The sensitivity of phase measurement for a linear interferom-
eter is usually at the so-called SQL. Then, the nonlinear inter-
ferometer improves upon the SQL by 2G?-fold. The physical
picture of this enhancement in sensitivity is straightforward if
we compare the output fringe intensities in Eqs. (4) and (9) for
the two interferometers: The fringe size is increased by a factor
of 2G2. In the meantime, at ¢ = 0 (dark output), dout = din,
which is in vacuum, so the noise is simply vacuum noise
just as in the linear interferometer. Thus, the improvement in
sensitivity is achieved not by reducing the vacuum quantum
noise at the unused input port, which usually is performed with
a linear interferometer but rather by enhancing the signal level
via amplification in the nonlinear interferometer.

With a squeezed vacuum at the unused input port (ﬁin), ie.,
()A(ji“) = e~", Eq. (10) is modified to

(X7 )=e" +4G?g*|al*s”. (13)

Then, the sensitivity of phase measurement can be increased
further from the SQL by a factor of

Ry, /R =2G%¢". (14)

Another interesting case is when there is no injection of the
coherent state at all. Setting |«|> = 0 in Eq. (11), we have the
SNR without coherent injection,

Ry, =2Gg8* =217 (I + 1)8°. (15)
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This leads to the so-called Heisenberg limit [11,13],
8w =1/\/210 (12 + 1) ~ 1/N, (16)

with N =1 ;é >> 1 as the number of photons probing the phase
shift. Squeezed-vacuum injection in the idler port can increase
the SNR further, but the photon number also increases because
squeezed vacuum contains photons.

III. LOSS ANALYSIS FOR THE NONLINEAR
INTERFEROMETER

It is well known that loss is the limiting factor that
hinders the application of the squeezed state in precision
measurements. Next, let us examine the effect of loss on the
sensitivity of this scheme of a nonlinear interferometer. There
are two types of losses: inside and outside the interferometer.
We start with loss outside the interferometer first.

A. Effect of loss outside the nonlinear interferometer

Loss outside the interferometer can be from propagation
loss, less than perfect homodyne mode match, and most likely,
the finite-quantum efficiency of the detectors. We can sum up
all these losses to get an overall loss of L and model it by abeam
splitter of transmissivity (1 — L): d’, = douv/T1 — L 4 do+/L.
It is straightforward to find that Eq. (10) becomes

()?3(,‘”[) =1+401 — L)G*g?|a|?8%. (17)

So the SNR is reduced by a factor of 1 — L. Such a reduction
can be compensated by the increase in gains (G,g). The
sensitivity enhancement is unlimited.

Recall that, for squeezed-state-based schemes, sensitivity
enhancement is limited by the loss even for a large amount of
squeezing. In this sense, our current scheme with the nonlinear
interferometer is less prone to detection loss than squeezed-
state-based linear interferometers. The underlining physics for
this insensitivity to loss is that the nonlinear interferometer is
operated at vacuum-noise level. So the introduction of vacuum
noise through losses will change its noise performance. On the
other hand, if we inject squeezed vacuum into the unused input
port (dip) to further increase the SNR as in Eq. (14), loss limits
the effect of squeezing just like squeezed-state-based schemes.

B. Effect of loss inside the nonlinear interferometer

For losses inside the interferometer, the situation is not so
good. We consider two situations: (i) losses in the propagation
between the two parametric amplifiers and (ii) losses inside
the parametric amplifiers. For the first case, we again model
the losses by beam splitters: ¢’ = /T — L,C 4+ /L;Cy and
D' = JT—=L,D + L,Dy. We also assume the amplifiers
have different gains of G|,G», respectively. Then, the idler
output port is

dowt = G'(9)din + /()2 + g23/LiCl + Gay/La Dy, (18)
with

G'(p) = gngzﬁ%— Gleei‘/’m,

g(@) = G611 - L + G211 - L.

19)
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For strong coherent-state input with |«|> > 1 and

—01Go/1—Lr=gGVI—L (20)

for 100% visibility, we find the output intensity as

82G1y/1 - Ly

(Al dou) ~ 2G2g*(1 —
= 2G50 (1 —

L)|a|*(1 + cos )
L>)(1 + cos ¢). (1)

So with loss, the fringe size is only reduced by 1 — L.
However, the quantum noise is not so. With g = + 6 (§ K
1), we find from Eq. (18),

(X3.)=12182v/1 = L1 — G1G2e" 1 — Lo
+182G1v/1 — L1 — g1G2¢\/1 = Ly *4la?

+G3Ly + g3 L. (22)

With the condition in Eq. (20) and § <« 1, Eq. (22) can be
simplified as

(R3.)=1+28Li + (@la® +2)g]G3(1 — L8, (23)
Hence, the SNR is

Ry, = @’ +2)g/G3(1 — L2)8* /(1 +2¢5L1)
~ AINGH(1 — Ly)8” /(14 2¢5Ly). (24)

Compared to Eq. (11) for the case without losses, the
SNR is reduced by a factor of (1 — L;)/(1 +2g%L1) and
is compared to the linear interferometer; the enhance-
ment in the SNR is 2G3(1 — Ly)/(1+2g5Ly) ~ 2(1 —
L,)/L; for large g2 Thus, like the linear interferometer
with a squeezed state, the enhancement is limited by the
loss L;.

Furthermore, for the case of no coherent-state injection, the
SNR becomes

Ry, =2g1G3(1 — L»)8* /(1 +2¢3L

and, forthe case of L; = L, = L, is

). @)

Ry, =200 (10 4+ 1)(1 —

ps

L)§*/(1421%L).  (26)

So, the minimum measurable phase is at the Heisenberg limit
for a small photon number with 1 ,’}i < 1/L, but for the large

photon number of / [’jﬁ > 1/L, Eq. (25) becomes
Ry = (I + 1) = L)§/L, 27)

which only improves upon the SQL by (1 — L)/L, similar to
the case of strong coherent injection. This shows that loss is the
limiting factor for reaching the Heisenberg limit in precision
phase measurement.

The second type of loss of the interferometer is the loss
inside the parametric amplifiers. This type of loss cannot
be modeled as beam splitters, but parametric amplifiers with
internal losses can be characterized as

C = Gé, +ng +G/C0+gd0, ’8
PN (28)
D = Gdi + gel + G'dy + ¢},

with G — g> + G — g7 = 1. One example is the nonde-
generate optical parametric oscillator below threshold, which
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acts as a nondegenerate optical parametric amplifier (NOPA)
with [23]

G =I[(y*—p)/4+ Ik 1/M, §=xy/M, 29)
= Jvey +p)2M, § =K\vp/M,

where « is proportional to the pump amplitude and y,p is
proportional to the cavity round-trip output coupling 7 and
loss L, respectively, and M = (y + p)>/4 — |k |>. Assuming
the second parametric amplifier is identical to the first one,
with a phase shift ¢ on the D field, we have

dowt = Gr(@)diy + grfw)éin + Glr(w)ﬁm
+ 3 (el + G'doy + el (30)

where 601,301,602,5?02 are the vacuum modes coupled in
through the losses inside the two NOPAs and

Gr(p) = 3>+ G*e", gG(1 + "),
Gr(p) =33 +GG'e’, grlp) =

Then, for ¢ = + (6 < 1) and the strong coherent state at
Cin, similar to Eq. (22), we find

gr(p) =
- _ (3D
G'g+Gge’.

(Xa.) = @ — G*) +41,,G?8* + (38’ — GG'Y’
_,’_(g_G/ _ Gg/)z + G/Z + g/z
=411G*8* +1+23G — Gz +238°. (32
where I"l (D'D) = g%|«|*. Hence, the SNR is

Ry, =4IMG*8* /(1 + 48" ~ 11187y [p  for G > 1
= I,’,’ﬁSzT/E. (33)

Here, we used Eq. (29). This SNR is enhanced from the
SNR (R;)inEq. (6) by afactorof 7 /2L. Noticethat L/7T = S
is the maximum squeezing from one of the two NOPAs. So
the enhancement is limited by the overall vacuum noise leaked
into the two parametric amplifiers through intracavity losses.

IV. NONLINEAR MICHELSON INTERFEROMETER WITH
PARAMETRIC AMPLIFIERS

Next, let us consider a Michelson interferometer, which
is the prototype for gravitational wave detection. We insert
parametric amplifiers in its two arms as shown in Fig. 3
and investigate if the nonlinear elements can increase the
sensitivity of the interferometer.

In this case, however, we cannot use the parametric
amplifiers depicted in Fig. 2(b) because of the extra vacuum
noise entering from the unused input port. Instead, we consider
a degenerate type of parametric amplifier of the form

A

C =Gép+ ge'reél (34)

1n’

where we set d = ¢ in Eq. (7) to make it degenerate and the
amplifier becomes phase sensitive [24] with ¢, as the phase
reference (G,g > 0). So, referring to Fig. 3, we have the field
operators at the free-mass mirrors,

di2 = (Gby s + gb] e, (35)

where ¢; 2 = 2k(l; » + x12) with /1> as the arm length and
x1.2 as the displacement of the free masses (m). Then, with
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FIG. 2. Comparison between a linear interferometer and a non-
linear interferometer: (a) A linear Mach-Zehnder interferometer. (b)
A nonlinear interferometer with parametric amplifiers (PA1, PA2) as
the equivalent beam splitters.

the d fields propagating back to the parametric amplifier, the
outputs of the degenerate parametric amplifiers are

&% = Gr(pi20bi2 + gr(pi2)b) ,, (36)
with

Gr(p) = G?e" + g%,
S . 37)
= Gge'?(e'" + e7'%).

gr(p)

As before, the nonlinear parts of the interferometer are
operated around unit gain by setting the arm length [,
such that 2kl » = /2427 N,, with N, as integers. So,
¢ =m/2+ 6 (8 = 2kx;» < 1). After dropping the common
phase of /2, Eq. (37) becomes

Gr(p)~1+i(G*+g»s, gr(p) ~2iGge'“rs, (38)

with § = 2kx; » < 1. For simplicity, we ignore all losses here.
We now send a coherent state o) into the interferometer in

mode 4i" and vacuum in the dark port of 41" (Fig. 3). Referring
to the 1nset of Fig. 3, we have

(39)

Xy m
1 ~(G+gon2 : d,

>

Ggo

A

a

—_—
=

Y

Jo>

| Homodyne detection | X

FIG. 3. (Color online) A modified Michelson interferometer with
a phase-sensitive amplifier inserted in each arm.
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where we treat the strong field of & ”“ as a classical field. From
Egs. (36) and (38), the outputs from the parametric amplifiers
are then

Com’\'ﬂn/\/_‘i‘[l +2lkX1(G2 +g +2Ggel(§0p_2%z|)]a/\/_
&M A ”“/\/_ (14 2ikx(G* + g +2Gge’(‘”/”_2“’°‘)) oc/«/—
(40)

Hence, the dark output port of the modified Michelson
interferometer is

&gul — (A(1>ut + éﬁl)ut)/\/z
~ A+ ia[G? 4 g2 +2Gge' Ik Ax,  (41)

with Ax = x; — x».

Due to light pressure, the displacement x  is related to the
photon-number operators of the fields impinging on the free-
mass mirrors: xj p = Cc?lT 231’2 with c?] 2 as the fields irradiating
on the free masses (Fig. 3). C is the optomechanic constant of
free mass m: C = ikt /m [25]. Then, we have

Ax = x) — xp = hgw +C(d]d, — didy), 42)

where Ay is the signal displacement due to the gravitational
wave. From Eq. (35), the photon number in each arm for
sensing the motion of the free masses is Iy = (31_231,2) =
la|’[G? + g + 2Gg cos(¢, — 2¢4)]/2. Then, from Egs. (35)
and (39), it is straightforward to find

Ax = hgw + Cla|[(G* + gH XN (¢o) + 2Gg X (g, — ¢u)],
(43)

where X0(¢,) = alte=i% 4 1" ¢l

The dependence on the phases ©p,Po in Egs. (41) and (43)
and in Iy for the photon number in each arm is because the
degenerate amplifier in Eq. (34) is phase sensitive [24]. So,
choosing the phase ¢, — 2¢, = 0 and substituting Eq. (43)
into Eq. (41), we obtain the dark port output,

X;)ut — Xizn
YU =Y+ K(G 4 ¢)* X + V2K(G + g)*(hew/ hsav),
(44)
where X = X0(g,), Y = X (o +7/2), X3 =

Xout((pa) _ Aout e % +a AOWT ei%e ,and Yout Xout((p + 7T/2)
hsoL = «/hr/m is the SQL and IC = 410hk2t/m with
= |a|*(G + g)?/2 as the photon number in each arm.

The quantum-noise performance of a regular Michelson
interferometer was analyzed thoroughly in Ref. [9]. Compared
to Eq. (16) of Ref. [9], the nonlinear version discussed here
has the constant K increased by (G + g)*>-fold under the
condition of the same photon number of Iy in the arms of
the interferometer. This will lead to a better performance at the
same phase-sensing photon number (/). Since we use a single-
mode description of the interferometer, we cannot obtain the
frequency response for the modified Michelson interferometer
discussed here. However, because gravitational-wave band-
width is much narrower than the bandwidth of nonlinear optical
interaction, the gain bandwidth of the parametric amplifiers is
much larger than the response bandwidth of the regular Michel-
son interferometer for gravitational detection, i.e., parameters
G,g,¢, can be treated as constants. So the frequency response
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of the modified interferometer should be the same as the regular
one without the amplifier. A more detailed multimode analysis
similar to Ref. [9] confirms this [26]. Therefore, all the benefits
for a quantum-non-demolition interferometer discussed in
Ref. [9] with a frequency-dependent squeezing angle and a
homodyne angle apply here with even better results because
of the enhanced /K coefficient.

To be more specific and with full reference to Ref. [9], we
may rewrite Eq. (44) as

Y = VK2 + 1(Y3" sin 6 + X2 cos 6)
+ V2K (hgw/ hsqu), (45)

with ' = KC(G + g)* and cot 0 = K'. If we measure o
for the detection of the gravitational signal hgw, the
quantum noise is from the first term in Eq. (45), i.e.,
VK2 4+ 1(Yi"sin 6 + XI cos 6). The equivalent noise power
in measuring hgw then is

h3q
Sy =
2K
with X2(0) = Y}"sin 6 4 X cos 6. So, if we can squeeze
the input field of a3 at the quadrature amplitude X3'(9) with
a power-squeeze factor of e 2%, i.e., the squeezing angle is at
05 = arccot K’ [27], Eq. (46) becomes

S — héQL (i —}-’C/) e—ZR (47)
=S\ o )
which is exactly the same as Eq. (48) in Ref. [9] except
replacing K with K' = K(G + g)>. So, with a squeezed-
state input at the dark port, the noise power is minimized
below the SQL at X' =1 with an optimized circulating
phOtOH number of 1(37]7 = ISQL/(G + g)2 (ISQL = m/4hk21')
This value is reduced by a factor of 1/(G + g)? as compared
to a conventional Michelson interferometer.

For a variational-output interferometer [27], on the other
hand, we do not measure Y;" but rather a different quadrature
amplitude )720‘“(;“) at a homodyne angle of ¢,

(1 + (X2, (46)

Y5"(¢) = Y5"'sin ¢ + X5" cos ¢
= sin ¢[Yi" + X(cot ¢ + K') + V2K (hw/ hsqu)]-
(48)
In this case, we may completely get rid of the Xizn term

due to light pressure by choosing a homodyne angle of
¢ = —arccot K,

héQL in12 héQL
s = S [y = e
2K 2K(G + g)?
if the dark input port is in vacuum. The noise power is reduced

further by a factor of 1/(G + g)* beyond the SQL as compared
to a conventional variational-output interferometer.

(49)
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For a squgezed—variational interferometer [27], the input
quadrature Y," is squeezed, and in the meantime, quadrature
Y5'(¢) is measured. From Eq. (49), we have

2

qu-var _ SQL([ Zin]2> _ h%QL 8_2R
2K 2K(G + g)?

To be better than the squeezed-input interferometer given in
Eq. (47), weneed K’ > 1 or Iy > I;" = IsqL/(G + g)*.

As discussed before, we do not have a frequency-dependent
IC here because we use a single-mode treatment. A full multi-
mode treatment [26] can show that the modified Michelson
interferometer has the same frequency dependence for K
as the conventional Michelson interferometer as long as the
parameters G, g,¢, are constant within the frequency-response
bandwidth of the conventional interferometer. Then, the
discussion above will lead to the same frequency-dependent
squeezing angle or homodyne angle given in Ref. [9] for
squeezed input or variational output or the combination
interferometer.

As for the practical implementation of the current scheme
for the LIGO project, it is limited by the availability of a
parametric amplifier of high-powered cw fields. Current tech-
nology in nonlinear optics only can provide stable parametric
amplification of a high-powered pulse field. Nevertheless, the
current scheme with nonlinear elements inside an interfer-
ometer may provide ideas to further improve upon the current
LIGO project based on conventional design of interferometers.

(50)

V. SUMMARY AND DISCUSSION

To summarize, a nonlinear interferometer with parametric
amplifiers as beam splitters has a better SNR in precision
phase measurement than a traditional linear interferometer.
This improvement is because of the signal enhancement in
the nonlinear interferometer. The enhancement factor is not
limited by losses outside the interferometer but by the losses
inside the interferometer. With squeezed-vacuum input to the
unused port, further enhancement can be achieved.

The idea of using nonlinear elements for beam splitting
and recombination is not limited to optical interferometry.
As a matter of fact, it may not be best suited for an
optical interferometer because the sensitivity of an optical
interferometer can reach a very high level without resorting to
quantum technology due to the availability of a large number of
photons, such as the LIGO project. In atomic interferometry, on
the other hand, the sensitivity indeed is limited by the number
of atoms [28]. Implementation of the ideas in the current paper
may well be in an atomic interferometer, which will help to
increase the sensitivity tremendously. Recent advances in atom
optics made it possible to implement a parametric amplifier for
matter waves [29,30].
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