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Quantum optical interferometry via general photon-subtracted
two-mode squeezed states™
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We investigate the sensitivity of phase estimation in a Mach—Zehnder interferometer with photon-subtracted two-
mode squeezed vacuum states. Our results show that, for given initial squeezing parameter, both symmetric and asymmetric
photon subtractions can further improve the quantum Cramér—Rao bound (i.e., the ultimate phase sensitivity), especially
for single-mode photon subtraction. On the other hand, the quantum Cramér—Rao bound can be reached by parity detection
for symmetric photon-subtracted two-mode squeezed vacuum states at particular values of the phase shift, but it is not valid
for asymmetric photon-subtracted two-mode squeezed vacuum states. In addition, compared with the two-mode squeezed
vacuum state, the phase sensitivity via parity detection with asymmetric photon-subtracted two-mode squeezed vacuum
states will be getting worse. Thus, parity detection may not always be the optimal detection scheme for nonclassical states

of light when they are considered as the interferometer states.

Keywords: quantum optics, phase sensitivity, quantum metrology

PACS: 42.50.Dv, 03.65.Ta

1. Introduction

Optical interferometry and phase estimation are the ba-
sis for many precision measurement applications. In general,
the sensitivity of the phase estimation within these settings
crucially depends on the input states as well as the detec-
tion schemes. It is well known that the phase sensitivity with
coherent-based interferometry is limited by the shot-noise
limit (SNL) of A¢ = 1/+/7,["? where ¢ is the unknown phase
to be estimated and 7 is the total number of the photons used to
perform the estimation. In order to go beyond the SNL, or even
reach the so-called Heisenberg limit (HL) A¢ = 1/72,1>* one
has to resort to interferometry with nonclassical states of light.
Up to the present, it has been demonstrated that, with parity
detection,®! the HL sensitivity can be approached in a loss-
less Mach—Zehnder interferometer (MZI) by using nonclassi-
cal states, such as twin-Fock states,[®! NOON states,!”! entan-
gled coherent states.®! Squeezed vacuum state, which is the
brightest experimentally availble nonclassical light, has also

received much attention.[9-1©

I In particular, it is found that an
MZI with a two-mode squeezed vacuum state (TMSVS) and
parity detection can offer sub-Heisenberg sensitivity. 1]

In recent years, it is of particular interest to investigate
the enhancement given by non-Gaussian states or operations
for quantum communication, metrology, imaging, and in-

17-28
gl

formation processin ! For example, it has been found

that those non-Gaussian squeezed states generated by pho-
ton subtraction or addition can improve the phase sensitiv-

ity for a given initial squeezing in quantum metrology.?>~26]

DOI: 10.1088/1674-1056/ab38a9

In 2012, Carranza and Gerry!??! found that compared with
the TMSVS, the symmetric photon-subtracted TMSVS (PS-
TMSVS) generated by subtracting an equal number pho-
tons from each mode of TMSVS can further improve the
phase sensitivity and the degree of superresolution in an MZI.
These applications of photon-subtracted or added single-mode
squeezed vacuum states in quantum precision implemented
by an MZI or SU(1,1) interferometer are also explored.?3-26]
In view of efforts towards complete understanding of non-
Gaussian quantum squeezed states for quantum information,
we also investigate whether the enhancement is still valid
under energy-constraint for quantum metrology.?’-?81 Very
recently, symmetric PS-TMSVS with tunable mean photon
numbers by utilizing a bright spontaneous-parametric-down-
conversion in combination with photon-number-resolving de-
tectors has been generated in the experiment,>**%1 which can
enrich quantum information protocols relying on multi-photon
interference. While compared with symmetric PS-TMSVS, it
is easier to product the asymmetric PS-TMSVS (especially the
single-mode photon subtracted TMSVS). Therefore, it may be
interesting to investigate whether the asymmetric PS-TMSVS
can further enhance the phase sensitivity on some particular
occasions?

Different from that work in Ref. [22], we consider a gen-
eral PS-TMSVS as the input state of an MZI, and will inves-
tigate the phase sensitivity in detail by the quantum Fisher
information and parity detection, respectively. It is known
that those sources of TMSVS can be generated by the pro-
cess of spontaneous-parametric-down-conversion.*!) Mathe-
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matically, a TMSVS is generated by performing the two-
mode squeezed operator S5 (r) = exp [r (aﬁlA)T — d@)] on a two-
mode vacuum state, i.e., [z)= (1—2z?) V2 exp 2a757] |0,0)
with squeezing parameter z = tanhr. Then, the normalized
general PS-TMSVS can be obtained by subtracting different
number of photons from each mode of TMSVS, 32 ie.,

(l—zz)l/2

1/2
Ny

|z, —k,—1) = db'exp[za'57]10,0), (D)

where Ny ; is the normalization factor (without loss of gener-
ality, assuming k > [)

2\ K 2

Z —1o0f 1+z
Ny =k!l! P 2
k,l <1_Z2> l (]_Z2)7 ( )

and the total mean photon number of the PS-TMSVS is N =
(Nkj+1+ Nit1,1) /Nis. Photon subtraction and addition are
the typical non-Gaussian operations used to generate non-

Gaussian states. Agarwal and Taral®3! theoretically studied
the non-classical properties of photon-added coherent states,
which was implemented®*! via a nondegenerate parametric
amplifier with small coupling strength. The photon subtraction
was implemented®3 with a beam splitter of high transmissiv-
ity. For a review of quantum-state engineering with photon
addition and subtraction, we refer to Refs. [17] and [18]. The
paper is organized as follows. In Section 2, for an MZI with
the PS-TMSVS as input states, we obtain the quantum Fisher
information. Via quantum Fisher information, we investigate
how the photon subtraction affects the quantum Cramér—Rao
bound (QCRB), the ultimate limit of the phase estimation. In
Section 3, we study the parity detection and phase sensitiv-
ity. Our results shows that the QCRB can be reached by im-
plementing the parity detection for symmetric PS-TMSVS at
particular value of the phase shift. However, the phase sensi-
tivity with asymmetric PS-TMSVS can not reach the QCRB.
Thus, parity detection is not the optimal detection scheme
when the asymmetric PS-TMSVS is considered as an interfer-
ometer state. Our main results are summarized in Section 4.

2. Quantum Fisher information in an MZI

The balanced MZI considered here is mainly composed of
two 50:50 beam splitters and two phase shifters. As was shown
by Yurke er al.,*9) the input beam splitter BS1 is described
by the transformation Ugs; = exp [—i® (éTB + &BT) /4]. And
the operator representation of the output beam splitter BS2
is taken as Upsy = exp[im (@'h+ab") /4]. The opera-
tor U (@) = exp lip (&*&—IA)TIAJ) /2] denotes the two phase
shifters, the angle ¢ being the phase shift between the two
arms to be estimated. According to the work in Ref. [36], the
unitary transformation associated with such balanced MZI can

be written as

N T . . T .
U = exp (inl) exp <—i(pJ3) exp (—12J1>
= exp (—ifpfz>, 3)
where these operators consisted of two sets of Boson operators
1 B ~ o~ 1 ~ ~
S = 5 (@b+ab"), h=—(a'b—ab"),
2 2i
b= (a'a—b'b) )
3 2 )
are the angular momentum operators in the well-known
Schwinger representation,®! They satisfy the commutation
relation [J;,J;] = iguJi (i, j,k = 1,2,3), and commute with
the Casimir operator, i.e., [fo,f,-] = 0. For an input state prop-
agating through the MZI, the resulted output state can be writ-
ten as

lout) \z1 = e ioh |in) . 3)

Applying the following transformation relations

e 19hgTei0h — d*cosg—&-ﬁsing,
2 2
e 1PLpTel0 — ];+COS§ —a' sing, 6)

and the relation ¢~ %2 |0),10), = [0),]0),, in principle, one
can obtain the explicit form of the output state the MZI.
Different from that work in Ref. [22], here we first in-
vestigate the quantum Fisher information in the MZI with
PS-TMSVS as interferometer states.
the QCRB via quantum Fisher information sets the ultimate

It is well known that

limit for the phase sensitivity. 3! Here, we first give the quan-
tum Fisher information for the interferometer with the PS-
TMSVS. The ultimate limit of phase sensitivity is given by
the QCRB 3371

1

A = 7

$QCRB T (N

For pure states injected into an MZI, the quantum Fisher in-
38]

formation Fg can be obtained by!
Ro=4[(v @V (@) - [(v@|ve)]]. ®

where |y (@)) =e %3¢~ im1/2]in) is the state just be-
fore the second beam splitter of the MZI, and |y (9)) =
d |y (@))/d¢. In terms of the input state, the quantum Fisher
information becomes

Fo=4 [(in\ﬁ lin) — | (in| ./, \inﬂ : ©)

and thus the quantum Fisher information is, up to factor of
4, the variance of the operator J,. Noting that the expecta-
tion value of a general product of operators ataPbiph in the
TMSVS!

B min[p,h] p!q!h!j!(l _ZZ)—(p+j)22p+h+j—2m

NpﬁqA,h.,j -

m!(p—m)!(h—m)!

m
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5p+/ q+h
X —— 10
(j—h+m)! (10)
and Eq. (2), we can obtain the corresponding quantum Fisher
information when the PS-TMSVS is considered as the inter-
ferometer state, i.e.,

2Nit1,041 + Nigjr1 +Nigr
Ny

)

Fos = (11)
Particularly, for single-mode photon subtracted TMSVS,
equation (11) reduces to a simple form, i.e.,

(k+1) (k+2)22

i_ap Tk (12)

Fosli=o =2

While for the case of k =/ = 0, we can further obtain the quan-

tum Fisher information for input state with TMSVS

FQS‘k:l:O = m7 (13)

which is just that result in Ref. [10] with z*> = i/ (7 +2) (7

is the mean photon number of the TMSVS). Compared with

Eq. (13), equation (12) clearly indicates that, for a given initial

squeezing parameter z, single-mode photon subtraction can
further enhance the quantum Fisher information.

In order to see clearly the influence of the photon sub-
traction on the ultimate limit of phase sensitivity of an MZI,
we plot A@qcrp varies with squeezing parameter z and the
total mean photon number of the PS-TMSVS for some differ-
ent values of (k,[) in Fig. 1, respectively. We can see from
Fig. 1(a) that, for a given initial squeezing parameter z, it is
better to perform asymmetric photon subtraction (especially
single-mode photon subtraction) than symmetric photon sub-
traction in order to improve the QCRB, the ultimate limit
of phase sensitivity. This may be because, for a given total
number of the photon subtraction k + /, it is always better to
perform asymmetric photon subtraction rather than symmet-
ric one in order to increase the total mean photon number
of the PS-TMSVS as shown in Fig. 2. Therefore, compared
with TMSVS and symmetric PS-TMSVS, the asymmetric PS-
TMSVS can give the higher ultimate limit of the phase sen-
sitivity for given initial squeezing parameter. Next, one just
need to find the optimal detection which enables the phase
sensitivity to reach the QCRB. It should be pointed out that
the quantum Fisher information (or the QCRB) is independent
of the phase shift, while the phase sensitivity derived by the
concrete detection methods generally depends on the values
of the phase shift.

Within a constrain on the total mean photon number,
Fig. 1(b) shows that the TMSVS gives a better phase sensitiv-
ity than the PS-TMSVS. However, the TMSVS generated by
process of spontaneous-parametric-down-conversion is at very

low brightness and its mean photon number is also small.[2%-30]

For the quantum metrology, the mean photon number of input
states is an important factor. One advantage of photon subtrac-
tion is that it can increase the mean photon number of states
as shown in Fig. 2. Thus, asymmetric photon subtraction may
be also useful in quantum precision measurement. In the fol-
lowing, we will investigate the phase sensitivity based on the
parity detection.

0.6

0.4F

ApqcerB

0.2F

0 20 40 60 80 100

Fig. 1. The ultimate limit of phase sensitivity Apocrp of an MZI with the
PS-TMSVS. (a) The A@qcrg as a function of the initial squeezing param-
eter z for some values of (k,[); (b) The Apgcrp varies with the total mean
photon number for some values of (k,/). The upper black line denotes the
SNL limit, while the below black dashed line represents the HL limit.

30m
25F ]
20F ]

Iz 15F ]
10' - (272)-
S el /(1,1);

, <—(0,0)
0% 02 04 06 08 10

Fig. 2. The total mean photon number of the PS-TMSVS varies with
the squeezing parameter z for some values of (k, /).

3. Parity detection and phase sensitivity

There are several detection methods for extracting phase
information from the output states of the MZI, e.g., intensity
detection, homodyne detection, and parity detection.’! Up to
represent, it has been known that the QCRB can be reached
at particular values of the phase shift by detecting the photon
number parity on one of the output modes.>~1%1531 In the
following, we will shows a counterexample that the QCRB
can not be reached via parity detection with some nonclas-
sical states of light. In experiments, the parity detection us-
ing a photon-number resolving detector with coherent states
has also been demonstrated.!*’! Here, we use parity detection

094217-3
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to investigate the phase sensitivity of the general PS-TMSVS.
And then, we analyze whether the phase sensitivity obtained
by parity detection can approach the QCRB.

Actually, the parity detection is to obtain the expectation
value of the parity operator in the output state of the MZI. Dif-
ferent from the calculation method used in Refs. [10] and [22],
we directly calculate the signal of the parity detection. For
the sake of convenience, we rewrite the parity operator on the

mode a as follows: [4!]

where |y) is a coherent state. Then the expectation value of
the parity operator can be obtained by

2
() = v o] [ L1 (~plowd. (19

Thus, if one knows the output state of the MZI, one can present
the parity-based phase estimation scheme with calculation of
the average signal <ﬁa> and phase sensitivity. When the gen-
eral PS-TMSVS is injected into an MZI, we obtain the ex-

R . - d2y pectation value of the parity operator in the output state (See
I, = (-1)"“ = / = 17 (=7, (14)‘ Appendix A)
(T, (0)) = (M), 9%+ o P+ 72— —P)Psin2¢ | (y+17) (z—2cos29)  (xt —yT) (2 +2*)sing
a\P) = Ny 0xkdyldtkat! P 2(1—2z2cos2¢ +7%) 1—272cos2¢ +7* 1 —2z2cos2¢p +z*

)
xyt,7=0

(xT+yt) (2 —z*)cos @
1—272cos2¢p +z*

where an additional /2 phase shift was introduced. In
Eq. (16), <ﬁh>0 is the corresponding expectation value of the
parity operator for the input state with TMSVS

_ 1-2
V1 -272cos2¢ + 7+

A7)

(I, (9)),

which is just that result in Ref. [10] with z2 = 71/ (77 +2). Par-
ticularly, in the case of single-mode photon subtraction, for
example [ = 0, equation (16) reduces to the expectation value
of parity operator for input state with single-mode photon sub-
tracted TMSVS

(I, (@)) li=0 = <ﬁa>§+l sin® QP (

—(1+2%)
V1-222cos2¢ +74 )
(18)

where we have used the normalized constant Ny =

k'z2% /(1 — z2)¥ and the generating function of the Legendre

polynomial[4?]

2k
J e—12—12+2xrt/(x2—1)1/2
dtkatk

21
== _P.(x).
0 <x2_1>k/2 i (x)

19)

Consequently, in the case of k = [, when the symmet-
ric PS-TMSVS is considered as the interferometer state of a
Mach-Zehnder interferometer, we can prove that our equa-
tion (16) is completely identical to Eq. (14) in Ref. [22] by nu-
merical method. Therefore, our investigation extends the work
of the parity-based phase estimation scheme with the symmet-
ric PS-TMSVS in Ref. [22].

We plot Fig. 3 to show how the signal of the parity de-
tection varies with the phase shift for different values of (k, ).
From Fig. 3, we can see that, for symmetric PS-TMSVS, the

(16)

values of IT, (¢) approach to the maximum at ¢ = 0. In ad-
dition, the central peak of IT, (¢) at ¢ = 0 narrows as k (or
[) increases, which may indicate that symmetric photon sub-
traction can enhance suppersolution for given initial squeezing
parameter z. However, for asymmetric PS-TMSVS with / =0,
from Eq. (18) one clearly see that (IT, (¢)) |;—=o =0 at ¢ = 0.
For general asymmetric PS-TMSVS (k # [), we can numeri-
cally prove that the signal of parity detection is also equal to
zero at @ = 0 as shown in Fig. 3. In addition, figure 3 also
shows that, for asymmetric PS-TMSVS with different values
of (k,1), the phase shift corresponding to the maximum values
of IT, (¢) is also different.

1.0F
0.8}
0.6
oy 0.4
= 0.2

—-0.5 0 0.5 1.0

Fig. 3. Plot of the signal value of the parity detection against the phase shift
for z = 0.6 and some values of photon subtraction (k, ).

On the other hand, for the measurement of photon number
parity, the phase sensitivity determined from the error propa-
gation calculus is given by

1- <ﬁa ((P)>2

=" 20)
19(IL.(9)) /99|
In the case of k =1 =0, we have
14+z*—27%cos2
APlisg = oo S0 @1

2z(1—22)|cos | ’
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which also reduces that result in Ref. [10] with 22 =71/ (77 +2).

For the symmetric PS-TMSVS as the interferometer state,
combining Egs. (11) and (20), we can prove based on the nu-
merical method that the QCRB can be reached by parity detec-
tion at ¢ = 0. Symmetric photon subtraction can enhance the
phase sensitivity of an MZI for a given initial squeezing pa-
rameter as shown in Fig. 4. When the photon subtraction de-
viates from the symmetric operation, particularly single-mode
photon subtraction, the phase sensitivity with such asymmetric
PS-TMSVS as the interferometer state is getting worse. Only
when the photon subtraction slightly deviates from the sym-
metric operation, for example k = [ + 1, can the photon sub-
traction improve the phase sensitivity.

1.0

0.8

0.6
S
<

0.4¢

0.2,

Fig. 4. Phase sensitivity A¢ as a function of the phase shift ¢ for z=0.8
and some values of (k,[) when the PS-TMSVS is considered as interferometer
states.

0.6}
(1,0)
o 04 o)
q b
02 32)—
O L
0 0.2 04 06 08 1.0

A‘PQCRB

0 02 04 06 08 10
z

Fig. 5. Phase sensitivity A@ as a function of the initial squeezing parameter
z for different values of (k,/) at ¢ = 1073, (a) The phase sensitivity obtained
by the parity detection; (b) The ultimate limit of phase sensitivity A@qcrs
obtained by the quantum Fisher information.

In Fig. 5, we plot phase sensitivity obtained by the par-
ity detection and the quantum Fisher information, respectively,
with the asymmetric photon subtraction with k =+ 1. We can
see that, although the phase sensitivity via the parity detection
do not reach the QCRB, the asymmetric photon subtraction

with k = [+ 1 can further improve the phase sensitivity for a
given initial squeezing parameter. It is known that the quan-
tum Fisher information is independent of the phase shift. We
have shown that the quantum Fisher information or AQqcrs
can be effectively improved by single-mode photon subtrac-
tion as shown in Fig. 1(a). Therefore, our results imply that,
for the general asymmetric PS-TMSVS considered as the in-
terferometer state, the parity detection is not the optimal mea-
sure scheme.

0.20

0.15F |

0.10¢

Agp

0.05¢

0 20 40 60 80 100

0.20

0.15

0.10

Agp

0.05

Fig. 6. Plots of phase sensitivity A as a function of total mean photon
number of the PS-TMSVS for different values of (k,[) at ¢ = 1073, (a)
Symmetric PS-TMSVS, k = [; (b) Asymmetric PS-TMSVS, k =1+1.
The upper black line denotes the SNL limit, while the below black
dashed lines represents the HL limit.

Finally, for a given constraint on the total mean photon
number of the PS-TMSVS, we investigate how the phase sen-
sitivities obtained by parity detection change with the total
mean photon number. In Fig. 6, we plot the phase uncer-
tainty A¢@ against the mean photon number of input states at
¢ = 1073, along with the corresponding curves for both SNL
and HL limits. One can see from Fig. 6 that, within a constraint
on the total mean photon number, compared with TMSVS,
photon-subtracted operations do not enhance the phase sensi-
tivity. On the other hand, within a constraint on the total mean
photon number, compared with the asymmetric PS-TMSVS,
the symmetric PS-TMSVS can give better phase sensitivity.
In addition, figure 6(b) shows that these curves are overlapped
with each other. This indicates that the phase sensitivity for
asymmetric PS-TMSVS with k =741 are almost the same.
In order to improve the phase sensitivity of an MZI, one may
like to enhance the squeezing parameter to enhance the mean
photon number of the TMSVS. But the largest achievable two-
mode squeezing parameter in a stable optical configuration

094217-5
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is about z =~ 0.82431 j.e., the mean photon number is about
4. While the photon subtraction can increase the mean pho-
ton number of the states, which was explained in detail very
recently by Stephen et al.[**! and references herein. Hence,
techniques that improve the performance of the phase estima-
tion without demanding higher initial squeezing may be still
useful in quantum metrology. In this regard, for a given two-
mode squeezing parameter z, the TMSVS that is engineered
by multiple-photon subtraction (especially single-mode pho-
ton subtraction), contains more photons. In addition, the quan-
tum Fisher information of these resulted non-Gaussian entan-
gled states can be enlarged. Thus, non-Gaussion operations
may still be advantageous for quantum metrology.

4. Conclusions

In summary, we have studied the performance of the gen-
eral PS-TMSVS in the phase estimation based on an MZI in-
terferometer. Via the quantum Fisher information, our numeri-
cal analysis shows that, for a given initial squeezing parameter,
it is better to perform asymmetric photon subtraction (espe-
cially single-mode photon subtraction) than symmetric pho-
ton subtraction in order to improve the QCRB, the ultimate
limit of the phase sensitivity. This may be because that it is al-
ways better to perform asymmetric photon subtraction rather
than symmetric one in order to increase the total mean photon
number of the PS-TMSVS. Compared the generation of sym-
metric PS-TMSVS, it may be easier to generate single-mode
photon subtracted TMSVS in experiments. Therefore, asym-

metric PS-TMSVS, especially single-mode photon subtracted
TMSVS, may be useful in quantum precision measurement.
Although our results show that the QCRB phase sensitiv-
ity can be reached by parity detection at ¢ = 0 for symmetric
PS-TMSVS, it is not valid for asymmetric PS-TMSVS (partic-
ularly single-mode photon subtracted TMSVS). Therefore, for
general asymmetric PS-TMSVS considered as the interferom-
eter state, the parity detection is still not the optimal detection
scheme. One may look for other detection schemes to extract-
ing phase information from the output states of an MZI, such
as difference intensity detection and homodyne detection. ]
However, for symmetric PS-TMSVS as the input states, we
can prove that signals of both difference intensity detection
and homodyne detection are zero. Although the signal of the
single-mode intensity detection is not zero, its derivative with
respect to the phase shift is zero. Thus, for our considered in-
put states, it is not appropriate to extracting the information
of the phase shift by intensity detection or homodyne detec-
tion. Up to present, many studies show that the QCRB can be
reached via parity detection in an MZI with many nonclassi-

cal states.[>-11:15.39

| Here, we give a counterexample that the
QCRB cannot be reached via parity detection with the asym-

metric PS-TMSVS.

Appendix A: Derivation of Eq. (16)

In the basis of the coherent state, the TMSVS can be ex-
pressed by

12 [ d?ad? o +|BJ
) = (1-2%) / / = ﬁexp [' | 2“3' +o"Bz| |a,B). (A1)
Then, the PS-TMSVS can be expressed by
1/2 nN1/2 o o k+1
(1-22)7" oy - (1-2%) d°ad*B o**
2=k, —l) = @ exp [:a'h1] 0,0) = /
e /2 ’ 1/2 2 kgl
N N w2 dxkdy
2 2
al”+ * %
X exp —M—ka B*z+xo+yp |a7[3>‘ . (A2)
2 x,y=0
When the PS-TMSVS is injected into the MZI, by Egs. (5) and (6), the resulted output state can be written as
1/2
(1 _ZZ) dzadZﬁ ak-‘rl ’ 2 .
lout) iz = Nkléz / RN exp [f (|Ot| +|B] >+a B*Zeraerﬁ}

X €exXp [ﬁ"’ (a cos% — Bsin (§> + bt (a sin % + B cos %) } |0,0) ’x,y:O’ (A3)
which is the state of light at the output of the MZI. Then substituting Eq. (A3) into Eq. (15), and applying the integral formula*>!
dzz 2 1 _577

—exp {C|z| —I—éz—&-nz*} =——exp|—|, (Ad)
/= Sl
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whose convergent condition is Re({) < 0, as well as the integral formulal**!

! exp(—Cén+§2g+n2f)
V2 —4fg G-4fe )

d2
/n_zexp<C|z|2+§z+nZ*+fzz+gz*2> = (A5)

whose convergent condition is Re(§+f+g) < 0 and

Re <€274f 8 ) < 0, after long calculations, we obtain the ex-
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S+f+g

pectation value of the parity operator in the output state of the
MZI as shown in Eq. (16).

References

(1]
(2]
(3]
(4]
(3]
(6]

(71
(8]
[91
[10]

[11]

[12]
[13]

[14]
[15]

[16]
[17]
[18]
[19]
[20]

[21]

Caves C M 1981 Phys. Rev. D 23 1693

Xiang G Y and Guo G C 2013 Chin. Phys. B 22 110601

Ou Z 'Y 1996 Phys. Rev. Lett. 77 2352

Holland M J and Burnett K 1993 Phys. Rev. Lett. 71 1355

Gerry C C and Mimih J 2010 Contemp. Phys. 51 497

Campos R A, Gerry C C and Benmoussa A 2003 Phys. Rev. A 68
023810

Dowling J P 2008 Contemp. Phys. 49 125

Joo J, Munro W J and Spiller T P 2011 Phys. Rev. Lett. 107 083601
Pezzé L and Smerzi A 2008 Phys. Rev. Lett. 100 073601

Anisimov P M, Raterman G M, Chiruvelli A, Plick W N, Huver S D,
Lee H and Dowling J P 2010 Phys. Rev. Lett. 104 103602
Seshadreesan K P, Anisimov P M, Lee L and Dowling J P 2011 New J.
Phys. 13 083026

Zhang Y M, Li X W and Jin G R 2013 Chin. Phys. B 22 114206

Sun H X, Liu K, Zhang J X and Gao J R 2015 Acta Phys. Sin. 64
234210 (in Chinese)

Yu X D, Li W, Zhu S Y and Zhang J 2016 Chin. Phys. B 25 020304
Huang Z X, Motes K R, Anisimov P M, Dowling J P and Berry D W
2017 Phys. Rev. A 95 053837

Wang S, Wu S C and Sui Y X 2018 Journal of Liaocheng University
(Natural Science Eidtion) 31 77 (in Chinese)

Dell’ Anno F, De Siena S and Illuminati F 2006 Phys. Rep. 428 53
Kim M S 2008 J. Phys. B: At. Mol. Opt. Phys. 41 133001

Wang S, Hou L L, Chen X F and Xu X F 2015 Phys. Rev. A 91 063832
Liao Q, Guo Y, Huang D, Huang P and Zeng G H 2018 New. J. Phys.
20 023015

Guo Y, Ye W, Zhong H and Liao Q 2019 Phys. Rev. A 99 032327

[25]

[26]
[27]
[28]
[29]

[30]

(31]

[32]
[33]
[34]
[35]

[36]
[37]

(38]
[39]

[40]
[41]
[42]
[43]
[44]

[45]

094217-7

Gong QK,Hu X L, Li D, Yuan CH, OuZ Y and Zhang W 2017 Phys.
Rev. A 96 033809

Guo L L, Yu Y F and Zhang Z M 2018 Opt. Express 26 29099
Ouyang Y, Wang S and Zhang L 2016 J. Opt. Soc. Am. B 33 1373
Wang S, Xu X X, Xu Y J and Zhang L J 2019 Opt. Communn. 444 102
Ledn-Montiel R de J, Magana-Loaiza O S, Perez-Leija A, U’Ren A,
Busch K, Lita A E, Nam S W, Gerrits T and Mirin R R 2018 Frontiers
in Optics/Laser Science LM1B.6

Magaiia-Loaiza O S, Le6n-Montiel R de J, Perez-Leija A, U'Ren A B,
You C, Busch K, Lita A E, Nam S W, Mirin R R and Gerrits T 2019
axXiv: 1901.00122

Harder G, Bartley T J, Lita A E, Nam S W, Gerrits T and Silberhorn C
2016 Phys. Rev. Lett. 116 143601

HuLY, Xu X X and Fan HY 2010 J. Opt. Soc. Am. B 27 286
Agarwal G S and Tara K 1991 Phys. Rev. A 43 492

Zavatta A, Viciani S and Bellini M 2004 Science 306 660

Wenger J, Tualle-Brouri R and Grangier P 2004 Phys. Rev. Lett. 92
153601

Yurke B, McCall S L and Klauder J R 1986 Phys. Rev. A 33 4033
Helstrom C W 1976 Quantum Detection and Estimation Theory (New
York: Academic Press)

Ben-Aryeh Y 2012 J. Opt. Soc. Am. B 29 2754

Seshadreesan K P, Kim S, Dowling J P and Lee H 2013 Phys. Rev. A
87 043833

Cohen L, Istrati D, Dovrat L and Eisenber H S 2014 Opt. Express 22
11945

Fan H'Y and Ruan T N 1983 Commun. Theor. Phys. 2 1563

Hu LY and Fan H'Y 2008 J. Opt. Soc. Am. B 25 1955

Eberle T, Hiandchen V and Schnabel R 2013 Opt. Express 21 11546
Stephen M B, Gergely F, Claire R G and Fiona C S 2018 Phys. Rev. A
98 013809

Puri R R 2001 Mathematical Methods of Quantum Optics (Berlin:
Springer-Verlag, 2001), Appendix A


http://dx.doi.org/10.1103/PhysRevD.23.1693
http://dx.doi.org/10.1088/1674-1056/22/11/110601
http://dx.doi.org/10.1103/PhysRevLett.77.2352
http://dx.doi.org/10.1103/PhysRevLett.71.1355
http://dx.doi.org/10.1080/00107514.2010.509995
http://dx.doi.org/10.1103/PhysRevA.68.023810
http://dx.doi.org/10.1103/PhysRevA.68.023810
http://dx.doi.org/10.1080/00107510802091298
http://dx.doi.org/10.1103/PhysRevLett.107.083601
http://dx.doi.org/10.1103/PhysRevLett.100.073601
http://dx.doi.org/10.1103/PhysRevLett.104.103602
http://dx.doi.org/10.1088/1367-2630/13/8/083026
http://dx.doi.org/10.1088/1367-2630/13/8/083026
http://dx.doi.org/10.1088/1674-1056/22/11/114206
http://dx.doi.org/10.7498/aps.64.234210
http://dx.doi.org/10.7498/aps.64.234210
http://dx.doi.org/10.1088/1674-1056/25/2/020304
http://dx.doi.org/10.1103/PhysRevA.95.053837
http://dx.doi.org/10.1088/0953-4075/41/13/133001
http://dx.doi.org/10.1103/PhysRevA.91.063832
http://dx.doi.org/10.1088/1367-2630/aaa8c4
http://dx.doi.org/10.1088/1367-2630/aaa8c4
http://dx.doi.org/10.1103/PhysRevA.99.032327
http://dx.doi.org/10.1364/JOSAB.29.002581
http://dx.doi.org/10.1364/JOSAB.31.000586
http://dx.doi.org/10.1103/PhysRevA.89.053822
http://dx.doi.org/10.1103/PhysRevA.96.033809
http://dx.doi.org/10.1103/PhysRevA.96.033809
http://dx.doi.org/10.1364/OE.26.029099
http://dx.doi.org/10.1364/JOSAB.33.001373
http://dx.doi.org/10.1364/LS.2018.LM1B.6
http://dx.doi.org/10.1364/LS.2018.LM1B.6
http://dx.doi.org/10.1103/PhysRevLett.116.143601
http://dx.doi.org/10.1364/JOSAB.27.000286
http://dx.doi.org/10.1103/PhysRevA.43.492
http://dx.doi.org/10.1126/science.1103190
http://dx.doi.org/10.1103/PhysRevLett.92.153601
http://dx.doi.org/10.1103/PhysRevLett.92.153601
http://dx.doi.org/10.1103/PhysRevA.33.4033
http://dx.doi.org/10.1364/JOSAB.29.002754
http://dx.doi.org/10.1103/PhysRevA.87.043833
http://dx.doi.org/10.1103/PhysRevA.87.043833
http://dx.doi.org/10.1364/OE.22.011945
http://dx.doi.org/10.1364/OE.22.011945
http://dx.doi.org/10.1088/0253-6102/2/6/1563
http://dx.doi.org/10.1364/JOSAB.25.001955
http://dx.doi.org/10.1364/OE.21.011546
http://dx.doi.org/10.1103/PhysRevA.98.013809
http://dx.doi.org/10.1103/PhysRevA.98.013809

	1. Introduction
	2. Quantum Fisher information in an MZI
	3. Parity detection and phase sensitivity
	4. Conclusions
	References

