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Information, fidelity, and reversibility in photodetection processes
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Four types of photon counters are discussed in terms of information, fidelity, and physical reversibility:
conventional photon counter, quantum counter, and their quantum nondemolition (QND) versions. It is shown
that when a photon field to be measured is in an arbitrary superposition of vacuum and one-photon states, the
quantum counter is the most reversible, the QND version of conventional photon counter provides the most
information, and the QND version of the quantum counter causes the smallest state change. Our results suggest
that the physical reversibility of a counter tends to decrease the amount of information obtained by the counter.
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I. INTRODUCTION

When a quantum measurement provides information about
a physical system, it inevitably changes the state of the system
into another state via nonunitary state reduction. This property
is of great interest, not only in the foundations of quantum
mechanics but also in quantum information processing and
communication [l], e.g., in quantum cryptography [2-5].
However, such a state change by measurement is not nec-
essarily irreversible [6,7], despite being widely believed to
be intrinsically irreversible [8]. A quantum measurement is
said to be physically reversible [7,9] if the premeasurement
state can be recovered from the postmeasurement state with
a nonzero probability of success by means of a second
measurement, referred to as reversing measurement. Recently,
physically reversible measurements have been proposed with
various systems [10-16] and discussed in the context of
quantum computation [17,18], and have been experimentally
demonstrated using a superconducting phase qubit [19] and a
photonic qubit [20]. Therefore, it would be worth discussing
the state change by a measurement together with its physical
reversibility.

The necessary and sufficient condition for physical re-
versibility is that the operator M describing the state change
by the measurement has a bounded left inverse mM! [7,9]. In
fact, to recover the premeasurement state, the reversing mea-
surement is constructed so that it applies M~ to the measured
system to cancel the effect of M when a preferred outcome is
obtained. Interestingly, the reversing measurement completely
erases the information provided by the first measurement when
it successfully recovers the premeasurement state (see Erratum
of Ref. [11]), although a physically reversible measurement ac-
tually provides some information about the measured system,
in contrast to the unitarily reversible measurements [21,22].
Therefore, a reversing operation based on M, instead of M ! s
has been proposed [23] which can approximately recover the
premeasurement state, especially with increasing, rather than
decreasing, information gain for a weak measurement. Further
discussions of information gain by a physically reversible
measurement can be seen in other studies [24,25].

In this article we investigate four types of photon counters
to compare them in terms of information gain, state change,
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is a quantum counter [26,27] that operates by stimulated
emission of photons. The third and fourth counters are the
quantum nondemolition (QND) [28] versions of the first
and second counters, that is, the QND photon and QND
quantum counters, which perform measurements of photon
number without perturbing photon-number states. Among the
four counters, the quantum counter and its QND version are
physically reversible. For each counter we evaluate the amount
of information gain using a decrease in Shannon entropy
[23,25], the degree of state change using fidelity [29], and the
degree of physical reversibility using the maximal successful
probability of reversing measurement [17], assuming that a
photon field to be measured is in an arbitrary superposition of
vacuum and one-photon states.

This article is organized as follows: Section II reviews a
mathematical formulation of quantum measurement and the
physical reversibility in quantum measurement. Sections III,
IV, V, and VI discuss the conventional photon counter,
quantum counter, QND photon counter, and QND quantum
counter, respectively, calculating the information gain, fidelity,
and physical reversibility in a two-state model. Section VII
summarizes our results, compares the four counters, and
discusses an implementation of a QND quantum counter
proposed in this article.

II. QUANTUM MEASUREMENT

Here, we briefly review a mathematical formulation of
quantum measurement together with its physical reversibility.
Let |) be an unknown premeasurement state of a system to be
measured. To obtain information about the state, we perform
an indirect measurement using a probe as follows. We first
prepare the probe in a state |i), and then turn on an interaction
between the probe and the system via an interaction Hamil-
tonian Hipy during a time interval Af. After the interaction,
the state of the whole system becomes Uinel )i )p» Where
Uit = exp(—i HieAt /). Finally, we perform a projective
measurement on the probe with respect to an orthonormal basis
{lm)p}. From the outcome m, we can indirectly obtain some
information about the state. Below we show what and how
much information we can obtain in the case of photodetection

d physical bility of the photodetecti processes.
anc paysical reversibiity ol the photocelection processes. The measurement yields an outcome m with probability
The first counter is a conventional photon counter that
operates by absorption of photons, and the second counter P = (V] MrTn M |Yr), (1)
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where M,, = p(m|l71m|i )p, and simultaneously changes the
state of the system from [i/) into

[Vm) =

1 .
M 1Y), 2
P
depending on the outcome m. In other words, a quantum
measurement is mathematically described by a set of linear
operators {M,,} [1,30], called measurement operators, that
satisfy the completeness condition

ZMTM = 3)

where [ is the identity operator. The probability and post-
measurement state are then given for each outcome m
by Egs. (1) and (2), respectively. Conversely, for a given
set of linear operators {M,,} satisfying the completeness
condition (3), an indirect measurement described by {M,,}
can always be constructed by choosing the initial state |i),, the
interaction Uy, and the orthonormal basis {lm)p} of the probe.

Although the measurement changes the state of the system
as in Eq. (2), this state change is physically reversible if
and only if M,, has a bounded left inverse [7,9]. In fact, to
undo the state change, consider performing another measure-
ment, called reversing measurement, on the postmeasurement
state (2). The reversing measurement is described by a set of
measurement operators {ﬁf)’")} that satisfy

D ORMIRM =1 “4)
v
and for a particular vy,

R(’") N M) )

with a complex constant 7,,,. The index v denotes the outcome
of the reversing measurement. Therefore, if the reversing
measurement yields the particular outcome vy, it restores the
premeasurement state |y), except for an overall phase factor
from Eq. (2) as

[Ymvy) = R(m) [¥m) o [}, (6)

mvgy

where

Py = <¢ |R(m)TR(m)|I// ) |77m|

@)
m

is the probability for the second outcome vy given the first

outcome m, and thus is the successful probability of the

reversing measurement. Since the completeness condition (4)

requires (1///|I§f,’;’ﬁ1§$”|1ﬂ’) < 1 for any state |1/'), the upper

bound for |,,|? becomes [17]

Innl* < inf (9|11, 0, |9) = b, ®)
which does not depend on the premeasurement state |1). The
upper bound b,, is called the background of M,,, implying
that the measurement {M,,} yields the outcome m with a
probability not less than b,, for any state. Combining Egs. (7)
and (8), we find that if the premeasurement state is |y) and
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the first outcome is m, the maximal successful probability of
the reversing measurement is given by

b
R(m,|¥)) = max py, = —. )
T -
That is, we can, in principle, recover the unknown premea-
surement state |y) from the postmeasurement state |v,,)
with the probability (9), even though it would be difficult to
experimentally implement the reversing measurement {R"™}
with |,,|> = by, as an indirect measurement.

III. Photon Counter

A photon counter usually detects photons one by one from
a photon field. This means that the photon counter detects at
most one photon during a short time interval. When detecting
one photon (a “one-count” process), the counter annihilates
the detected photon from the photon field. Even in the case
when no photon is detected (a “no-count” process), the counter
changes the state of the photon field due to the obtained
information that no photon was detected during the time
interval. A physical model of the photon counter is described
in accordance with the indirect measurement in Sec. II. In this
case, the probe is a two-level atom having a ground state |g),
and an excited state |e),, with a raising operator 6. = |e),p(g]
and a lowering operator 6_ = |g),p(e|. The initial state of the
atom is the ground state |g),, and the interaction Hamiltonian
between the atom and the photon field is the Jaynes-Cummings
Hamiltonian

Hy =hg (a4 +a'6_), (10)

where g is a coupling constant, and a' and a are the creation
and annihilation operators of the photon. The projective mea-
surement on the atom is with respect to the basis {|g)p.le)p).
As a result of the measurement, if the atom is found to be in
the excited state |e),,, we recognize that the one-count process
has occurred with the absorption of a photon. On the other
hand, if the atom is found to be still in the ground state
|g)p» we recognize that the no-count process has occurred with
detecting no photon.

In terms of the measurement operator in Sec. II, the one-
and no-count processes are described by [7,31,32]

2
M o=ya,  Mo~1T-— %&Ta, (11)
respectively, where y = gAt is a constant that is assumed to
be so small that we can ignore the fourth and higher order
terms in y. In fact, the annihilation operator in M 1 annihilates
a photon from the photon field through the state reduction (2)
in the one-count process. Moreover, combined with M 1, the
measurement operator Mo for the no-count process satisfies
the completeness condition (3), i.e.,

Z M, =T (12)

m=0,1

up to the order of y3. This means that we can regard the
one-count and no-count processes as a mutually exclusive and
exhaustive set of events in the measurement.
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A. General model

To evaluate the amount of information provided by the
photon counter, we assume that the premeasurement state of
the photon field is known to be one of the predefined pure
states {|y(a))} with equal probability, p(a) = 1/N, where
a =1, ...,N,although the premeasurement state is unknown.
Because in quantum measurement the premeasurement state
is usually an arbitrary unknown state, the set {|¥(a))} is
essentially an infinite set (N — o0) to cover the Hilbert
space of the photon field. Each state can be expanded by the
eigenstates {|n)} of the photon-number operator a'a as

W(@) =) cal@)In) (13)

with n =0,1,2, ..., and the coefficients {c,(a)} that obey
the normalization condition ), |c,l(a)|2 = 1. Our lack of
information about the photon field can be quantified by the

Shannon entropy associated with the probability distribution
{p(a)} as

—Y_ p(a)log, p(a) = log, N. (14)

Next, we perform a measurement by the photon counter (11) to
obtain a piece of information about the photon field. According
to Eq. (1), if the premeasurement state is |y (a)), the one-count
process occurs with probability

PPC(lla) = (W@ M M|y (@) = yPni@),  (15)

where

nl(a) =

Zn len(a)|? . (16)

n

Since the probability for |{(a)) is p(a) = 1/N, the total
probability for the one-count process is given by

1
P = Z Prla) pla) = - Z y’nia) = y*nr,
(17)
where the overline denotes the average over a,
f= Z f(@). (18)

On the contrary, given that the photon counter detects one
photon, we can find the probability for the premeasurement
state | (a)) as

p*(lla) pla) _ ni(a)

PC
1= _
ptall) PPl N

19)

from Bayes’ rule. Using this probability distribution, our lack
of information after the one-count process is evaluated by the
Shannon entropy as follows:

H™(1) = =Y p*all)log, p™(all)

nylog, ny — ny log, ny

=log, N —

(20)
ny
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The information gain by the one-count process is then defined
by the decrease in Shannon entropy as

nylog, ny —nylog, ny
— b

ni

I°¢(1) = Hy — H™(1) =

2y

which does not depend on y (i.e., on the coupling constant
g between the photon counter and the photon field). That
is, this information gain is a measure of how much our
knowledge about the premeasurement state increases when
we revise the probability distribution from p(a) =1/N to
pPC(a|1) according to the outcome. Note that it results from a
single measurement outcome [23,25] without averaging all the
outcomes, and that it indicates the state of the premeasurement
rather than a value of some observable. Similar to the one-count
process, we obtain the total probability for the no-count process
which is given as pP¢(0) >~ 1 — y%a7; this information gain
by the no-count process is 77¢(0) ~ 0 up to the order of y3.
Therefore, averaging over the outcomes m = 0,1, we find that
the mean information gain by the measurement is given by

C_ prc(m) I%(m) ~ y? (n1 log, ny — n_llogzn_l),

m

(22)

which is identical to the mutual information [1] of the random
variables {a} and {m}:
c _ PC PCm | "C(alm) )
=" palm) p™m) log, T2 o @
Unfortunately, the measurement changes the state of the
photon field. The state change can be evaluated by the fidelity
[1,29] between the premeasurement and postmeasurement
states. According to Eq. (2), when the premeasurement state is
[ (a)), the postmeasurement state after the one-count process
is

[y (1,a))"C MY (a))

1
VPl
1
- Vm@) Z

whose fidelity to [ (a)) is

vn+leppi(a)in),  (24)

F*(1,a) = |<1//(a>|w<1,a>>"c|

ZW +1le@e(@)]. (25)

n (a
Since the index a is unknown, we average over a with the

probability (19) to obtain the fidelity after the one-count
process as

F'() =) p*all) F*(1,a)

n+1ckcpqnl|. (26)
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On the other hand, the fidelity after the no-count process is
FPC€(0) ~ 1 up to the order of y3. The mean fidelity after the
measurement is thus given by

FPC =% pPom) F*m) ~ 1 — y*ny

m

+yiym : @7

Z\/n +1cken
n

We can, however, undo this state change of the photon
field if the measurement is physically reversible as described
in Sec. II. The physical reversibility can be evaluated by
the maximal successful probability (9) of the reversing
measurement. If the premeasurement state is | (a)) and the
outcome is the one-count process, it becomes

PC
R(ay= 2 D _ mi (28)
pre(lla)  ni(a)
where hPC(1) is the background of M, defined in Eq. (8),
namely,

b*(1) = inf p*°(1|a’) = y*inf ni (@) = ynyi. (29)

Averaging over a with the probability (19), we find the
reversibility of the one-count process as

li

PC 1y _ PC PC _ i
R (1)—2(1:1? (all) R™(1,a) = - (30)

Similarly, using the background of M,

b*C(0) = igprC(ma/) ~1—yZsupni(a@)=1—y2ny,

(3D

the reversibility of the no-count process is found to be

bPC 0 1— 2 s
RP(0,a) = —c © . . (32)
p*Qla) 1 —y*ni(a)
if the premeasurement state is |{(a)), and is
1— 2
RP0) = Y pPal0) RC(0,a) ~ — 2 (33)
P 1 —y2m

if averaged over a. The mean reversibility of the measurement
thus becomes

RFC — Z pPCm) RF(m) ~ 1 — y? (nis —nyp) . (34)

It is easy to check from Egs. (19), (28), and (30) that

RPC = Zinf pC(m|a). (35)

That is, the quantity (34) is identical to the degree of physical
reversibility of measurement discussed by Koashi and Ueda
[17].

B. Two-state model

As an example, we consider a situation where the photon
field is in an arbitrary superposition of the states |0) and |1).
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That is, the set of predefined states {|ir(a))} consists of all
possible states of the form

0 0
|¥(a)) = cos 2 |0Y + ¢ sin 2 1), (36)

where 0 < 6 < 7 and 0 < ¢ < 27. The index a now repre-
sents the two continuous angles (6,¢). Therefore, the probabil-
ity p(a) = 1/N is replaced with a probability density p(a) =
1/47 using the volume element sin 0d6d¢ and the summation
over a is replaced with an integral over (6,¢), namely,

1 1 2 m
— — d do sin6. 37
N Xa: — i ), ¢>/0 sin (37)

If the premeasurement state is |y (a)), the probability (15)
for the one-count process is

0
p*c(l]a) = y*sin’ X (38)

since for the state | (a)) in Eq. (36) we have

m@= Y nle@r = le@? =sin’ 2. (39

n=0,1

The total probability (17) for the one-count process then
becomes

P = %yz, (40)
because of
1 1 (7 o o0
ny = Nza:nl(a)z E/o d¢ /0 df sinf x sin >
_ ! (1)
2

On the contrary, given the one-count process, the probability
density (19) for the premeasurement state |y (a)) is

1 0
PC -2
1) = -, 42
p (all) o sin > (42)
while the corresponding probability density for the no-count

process is

PC NL .2 ~2€_1
p (a|0)_4n |:l y (sm 5 2>i| 43)

These probability densities are the content of information
provided by the photon counter (11). Figure 1 shows these den-
sities as functions of 6 when y = 0.3. Although all the states
were equally probable before the measurement, as shown by
the dotted line, the one-count process increases the possibility
of |1) and completely excludes the possibility of |0), as shown
by the line p?(a|1). On the contrary, the no-count process de-
creases the possibility of | 1) and increases the possibility of |0},
as shown by the line p¥C(a|0), but so slightly that /7¢(0) ~ 0.
Calculating

- 1
nilog,n; = N an(a)logznl(a)

_ L 2nd¢ /ndQSinOSinzglo sin2§
= a7 ), A 7 o8,
__ ! (44)
4In2
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0.2 :
0.15
PC
01t p (al0)
0.05 PC
p (all)
0 .
0 /2 b
|0) 0 1)

FIG. 1. Probability density for the premeasurement state [y (a))
conditioned by the one-count process pFC(a|1) and that conditioned
by the no-count process p(a|0) as functions of & when y = 0.3.
The dotted line indicates the initial probability density p(a) = 1/4x.

with log, x = Inx/In2, we obtain the information gain (21)
by the one-count process as

1
I"“(H)=1- 75 = 0.279 (45)

and the mean information gain (22) by the measurement as

1 1
I7C ~ (5 — 41n2> y? ~0.139y2. (46)

Furthermore, the fidelity (26) after the one-count process
becomes

= | c5@) ci(a)

_ 1 Z Vni(a)

1 [ " 6 6 8
= — d¢/ d6 sinf 2sin® = cos — = —
47'[ 0 0 2 2 15
47)
and the mean fidelity (27) after the measurement becomes
7
FPC~ 1 — —»2 48
307 (48)

Since ny; =inf, ni(a’) =0 with | (a’)) = |0) and ns =
sup, ni(a’) = 1 with [¢(a’)) = |1), the reversibilities (30) and
(33) of the one-count and no-count processes are given by

RPC(1) =0, (49)
RPC(0) ~ 1 — %yz, (50)

respectively. The mean reversibility (34) of the measurement
is thus

RPC ~ 1 — 2. (51)

From Eq. (49), we can see that the one-count process of the
photon counter (11) is not physically reversible. This means
that we can never recover the premeasurement state from the
postmeasurement state unless we know the premeasurement
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state. The irreversibility originates from the fact that the photon
counter does not respond to the vacuum state [6], namely,
pFC(1la) = 0 for |y(a)) = |0).

IV. Quantum Counter

A quantum counter is a photon counter that operates by
stimulated emission, rather than by absorption, of photons. It
was proposed to detect infrared photons [26] or to measure
antinormally ordered correlation functions [27,33] and was
discussed to show reversibility in quantum measurement [6].
A physical model of the quantum counter is the indirect mea-
surement with the two-level atom and the Jaynes-Cummings
Hamiltonian (10) as in the photon counter in Sec. I1I. However,
in this case, the atom is first prepared in the excited state |e)p.
After the interaction and the projective measurement, if the
atom is found to be in the ground state |g),, we recognize
that the one-count process has occurred with the emission of
a photon. On the other hand, if the atom is found to be still in
the excited state |e),, we recognize that the no-count process
has occurred with detecting no photon.

The action of the quantum counter is described by the
measurement operators for one-count and no-count processes
[6,7]

o= vat SO Apee

| = ya', LO_I—jaa. (52)
As seen from L, the quantum counter creates a new photon in
the photon field by stimulated or spontaneous emission in the
one-count process through the state reduction (2) as opposed
to the conventional photon counter (11). Similar to M, and
My, the measurement operators L, and L, also satisfy the
completeness condition (3) as

> LhLn~1, (53)

m=0,1

up to the order of y3.

A. General model

The amount of information provided by the quantum
counter (52) can be evaluated using the predefined states
{|¥(a))} as in Sec. III. If the premeasurement state is | (a)),
the probability for the one-count process is

pC(a) = (W@IL L 1y@) =y @+ 11 (54)

from Eq. (1). Note that the one-count process occurs even when
the photon field is in the vacuum state, [/(a)) = |0), owing to
spontaneous emission, unlike the conventional photon counter
[see Eq. (15)]. In this sense, the quantum counter is sensitive
not only to photons but also to the vacuum state. The total
probability for the one-count process is then

P =) pXdla) p@ =y’ @r+1D. (55

On the contrary, given the one-count process, the probability
for the premeasurement state |y (a)) is

pPla) p@)  nia)+1

QC _
PRl ="y T N@+

(56)
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Calculating the Shannon entropy HC(1) associated with this
probability distribution, we find the information gain by the
one-count process as

1°¢(1) = Hy — H(1)
_ (m + Dlogy(ny + 1) — (m1 + Dlog,(my + 1)
B i+ 1 '

(57)

This quantifies the increase in our knowledge about the pre-
measurement state when we revise the probability distribution
from p(a) = 1/N to p®©(a|l) according to the outcome.
Similarly, the total probability for the no-count process is
pR0) ~ 1 — y2 (1, + 1), and the information gain by the
no-count process is 72°(0) ~ 0 up to the order of y>. The
mean information gain by the measurement then becomes

19 =" p%m) 1%(m)

~ y? [ + Dlogy(my + 1) — (@1 + Dlogy(i7 + D ] .
(58)
On the other hand, the state change due to the measurement
can be evaluated by fidelity. When the premeasurement state is

| (a)), the postmeasurement state after the one-count process
is, from Eq. (2),

[ (1,a))¢ = Lily ()

1
VPE(la)

l Z
Jni(a)+1 -
whose fidelity to | (a)) is

Vne,i(@n),  (59)

F¥(La) = [(¥(@)|y(1,a))%|

1
= W Z \/EC:(CZ) cn—1(a)

Averaging over a with the probability (56), we find that the
fidelity after the one-count process is

. (60)

FO) =" p®al) F¥(L,a)

o \/l’ll—}—l

. 61
ny+1 D)

D o Vncg e
n

Since the fidelity after the no-count process is F2¢(0) ~ 1 up
to the order of y?3, the mean fidelity after the measurement is
given by

FOC =% | p¥am) Fm)

~1—yiar 4+ D+ y>/n +1

. (62)

D _oVncen
n

Moreover, the reversibility of the measurement can be
evaluated by the maximal successful probability (9) of its
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reversing measurement. If the premeasurement state is |y (a)),
the reversibilities of the one-count and no-count processes are

bRC(1) nyj+1

Qc _ _

R¥(l,a) = )~ m@ 1 (63)
bC(0) 1—y2(nis+ 1

R(0,a) =

~ , 64
pROla) 1 —y?[ni(a) + 1] 9
respectively, from the background »%C(m) = inf, p(m|a’)
in Eq. (8). Averaging over a with the probability (56), we
obtain

QC _ QC QC _ ny + 1
R¥(1) = Ea pe(all) R*=(1,a) = 11 (65)
1=y (s + 1)
QCry QC QC ~ -
R™(0) = Ea p<(al0) R~~(0,a) ~ =20t D) (66)

The mean reversibility of the measurement is thus given by

R = Zch(m) RE(m) ~ 1 —y*(nis —nu). (67)

B. Two-state model

As an example, we consider the situation discussed in
Sec. II1. If the premeasurement state is |y (a)), the probability
(54) for the one-count process is

pL(1a) = > <sin2 g + 1) (68)

from Eq. (39). The total probability (55) for the one-count
process is then

3
P = zyz (69)

due to Eq. (41). On the contrary, given the one-count process,
the probability density (56) for the premeasurement state

[V (a)) is

1 0

pLall) = — (sin> = +1). (70)
6 2

Similarly, given the no-count process, the probability density

for |y (a)) is
1 0 1
QC ~ 2 n2 2 _ —
p~(al0) ~ i [1 y <sm 2 2)] (71)

Figure 2 shows these probability densities as functions of 6
when y = 0.3. The one-count process of the quantum counter
(52) deforms the probability density to a smoother slope
than that done by the conventional photon counter (11), not
excluding the possibility of |0) due to the sensitivity to the
vacuum state.

Using
(n1 4+ Dlogy,(ny +1)=2— i, (72)
4In2
we find the information gain (57) by the one-count process as
1°°(1) = T log, 3 >~ 0.0270 (73)
3 2In2
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0.2
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0.1

0.05
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0 1
0 /2 T

|0) 0 1)

FIG. 2. Probability density for the premeasurement state |y (a))
conditioned by the one-count process p?©(a|1) and that conditioned
by the no-count process p?C(a|0) as functions of & when y = 0.3.
The dotted line indicates the initial probability density p(a) = 1/4x.

and the mean information gain (58) by the measurement as
7 3 3
19C ~ <- — —— — Zlog, 3) y? ~0.0405y2.  (74)

Moreover, the fidelity (61) after the one-count process is

~/ 1 1 33
FQC(I): ot |CTCO|= B(

yur o -B(2,2)~0320 (75
w1 3°\472

and the mean fidelity (62) after the measurement is

3 1 33
s [1 - §B<Z,§>} 2 a1-1022  (76)

where B(p,q) is the beta function. The reversibilities (65) and
(66) of the one-count and no-count processes are then

R¥(1) = % (77)

1
REWO) ~1— Eyz, (78)

respectively. Equation (77) shows that the one-count process
of the quantum counter (52) is physically reversible. That
is, we can, in principle, recover the premeasurement state
from the postmeasurement state with probability 2/3 on
average, even though it would be difficult to experimentally
implement the reversing measurement of the quantum counter.
The reversibility is because of the sensitivity to the vacuum
state, namely, pQC(1|a) > 0 even for |[y(a)) = |0). The mean
reversibility (67) of the measurement is then given by

R ~ 1 —y2% (79)
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V. QND PHOTON COUNTER

Next, we consider a QND version of the conventional
photon counter. Its measurement operators for one-count and
no-count processes are given by [7,34]

2
N o=yata, No~1i-— %(&Ta)z, (80)

respectively. This counter neither absorbs nor emits a photon
in both the one-count and no-count processes through the state
reduction (2), thereby not perturbing the photon-number states
{|n)} to perform a QND measurement of photon number.
The measurement operators N; and Ny also satisfy the
completeness condition (3), namely,

> NiN, ~ 1, (81)

m=0,1

up to the order of y3.

A physical model of the QND photon counter is an indirect
measurement described in Sec. II. In this case, the probe is
an atom having two degenerate states |a), and |b), with a
transition operator & = |b),p(a|. The initial state of the atom
is the state |a)p, and the interaction Hamiltonian between the
atom and the photon field is

Hu = hgata + 61). (82)

Performing the projective measurement with respect to the
basis {|a)p,|b),}, we recognize that the one-count process has
occurred if the atom is found to be in the state |b),, or that the
no-count process has occurred if the atom is found to be still
in the state |a)p.

A. General model

To evaluate the amount of information provided by the QND
photon counter (80), we consider the set of predefined states
{|¥(a))} described in Sec. III. If the premeasurement state is
| (a)), the probability for the one-count process is

P¥C(a) = (W@IN N |y(@) = y2naa)  (83)
due to Eq. (1), where

@)=Y n*lea(@)l. (84)

Then, the total probability for the one-count process is given
by

P =) p¥la) pla) = y¥m. (85)

On the contrary, given the one-count process, the probability
for the premeasurement state [y (a)) is

p¥Cla) p(a)  na(a)

peE(D) Ny
Therefore, we obtain the information gain by the one-count
process as

p¥all) =

(86)

nylog, ny — nylog, ny

j— 9

1¥€(1) = Hy — H¥C(1) =

(87)
n;

032111-7



HIROAKI TERASHIMA

where HC(1) is the Shannon entropy associated with the
probability distribution (86). This means that our knowledge
about the premeasurement state increases by 72°€(1) when
we revise the probability distribution from p(a) = 1/N to
pPCall) according to the outcome. On the other hand, the
total probability for the no-count process is pF¢(0) ~ 1 —
y*i;, and the information gain by the no-count process is
T1C(0) ~ 0 up to the order of y3. The mean information gain
by the measurement thus becomes

JQPC _ Z ) 19 (1)

o~ yz(nz log, ny —n;log, n7).
(88)

Then, we evaluate the state change due to the measurement
using fidelity. When the premeasurement state is |{(a)), the
postmeasurement state after the one-count process is, from
Eq. (2),

1 N
|y (1,2)) ¢ = N N |¥(a)
1
= T(a) Zn cp(a)|n), (89)
with the fidelity to | (a)) being
QPC _ qpc| _ Ni(a@)
F¥(1,a0) = [(Y(@)|y(1,0))¥¢| = N (90)

Averaging over a with the probability (86), we obtain the
fidelity after the one-count process as

FEC) =) p¥Uall) F¥(1La) = Vi gy
a n2

Since the fidelity after the no-count process is FFC(0) ~ 1,
the mean fidelity after the measurement becomes

FQPC _ ZpQPc(m) FC(m)

m

~ 11—y +y2nman,. (92)

Furthermore, we evaluate the reversibility of the mea-
surement using the maximal successful probability (9) of
its reversing measurement. From the background in Eq. (8),
b®C(m) = inf, pXC@m|a’), with ny; = infy ny(a’) and nys =
sup,, na(a’), the reversibilities of the one-count and no-count
processes are

bE(1) ny;

QPC _ _

FO= 500 ~ ey &2
QPC 2

Ry = 2O Ty (94)

p¥EOla) 1 —yna(a)’

respectively, if the premeasurement state is |/ (a)). Therefore,
they become

R¥C(1) = p¥Ca|l) R¥(La) = 2, (95)
a nz
RQPC(O) — Z pQPC(a|O) RQPC(O,a) ~ LZHZS’ (96)
- 1 —y%ny
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respectively, if averaged over a with probability (86). The
mean reversibility of the measurement is then given by

RFC — Z PLECm) R¥C(m) ~ 1 — y? (nas — ny) . (97)

B. Two-state model

We again consider the situation discussed in Sec. III as an
example. If the premeasurement state is | (a)), the probability
(83) for the one-count process is

%
pLC(|a) = y?sin® 2 (98)
since using Eq. (36) we have
., 0
ny(a) = —XO:I n? |ep(a)]? = sin® > (99)

Note that n,(a) = n; () in this two-state model, since n?> = n

for n = 0,1. Therefore, from Eq. (41) we obtain

_ 1

n; = 3 (100)
The total probability (85) for the one-count process is thus
given by

1
P = Zy% (101

On the contrary, given the one-count process, the probability
density (86) for | (a)) is

1 )
p¥Call) = > sin® —, (102)

2
and the corresponding probability density for the no-count
process is

1 0 1
p¥C(a|0) ~ yo [1 —y? <sin2 7~ 5)] )

These probability densities are shown in Fig. 3, which is the
same form as Fig. 1 because ny(a) = ni(a) in this two-state
model.

Since we have

(103)

1
41n2

as in Eq. (44), the information gain (87) by the one-count
process becomes

nalogy ny = — (104)

1
1P =1- 75 = 0.279

and the mean information gain (88) by the measurement

becomes
JQPC ~ l . 1
“\2 4In2

(105)

) y? ~0.139y°. (106)

On the other hand, the fidelity (91) after the one-count process
is

4
FC(]) = % =< (107)
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0.2 .

0.15 | 1

PC
o1 b P -

0.05 QPC T

0 /2 B
10) 0 1)

FIG. 3. Probability density for the premeasurement state |y (a))
conditioned by the one-count process p®*(a|1) and that conditioned
by the no-count process p®€(a|0) as functions of 6 when y = 0.3.
The dotted line indicates the initial probability density p(a) = 1/4x.

and the mean fidelity (92) after the measurement is

FOC~1— Ly (108)

In addition, since we have n, = inf, no(a’) =0 with
|¥(a)) = |0) and nys = sup, na(a’) = 1 with [Y(a’)) = |1),
the reversibilities (95) and (96) of the one-count and no-count
processes are given by

R¥C(1) =0,
RYC0) >~ 1—1y7,

(109)
(110)

respectively. As shown in Eq. (109), the one-count process
of the QND photon counter (80) is not physically reversible.
We cannot recover the premeasurement state from the post-
measurement state as in the case of the conventional photon
counter (11). Note that the QND photon counter is not sensitive
to the vacuum state because pC(1]a) = 0 for |y (a)) = |0).
The mean reversibility (97) of the measurement is thus

R¥C ~ 1 -2 (111)

VI. QND QUANTUM COUNTER

In this section we propose a type of photon counter, that is,
a QND version of the quantum counter, whose measurement
operators for one-count and no-count processes are written as

2
01 =vad'.  Qo~I-T@aly. a1
respectively. This counter performs a reversible QND mea-
surement of photon number because it is sensitive not only
to photons but also to the vacuum state without perturbing
the photon-number states {|n)}. Of course, the measurement
operators Q and Q, satisfy the completeness condition (3),

S 0,00~ 1,

m=0,1

(113)
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up to the order of y3. A physical model of the QND
quantum counter is similar to that of the QND photon counter
described in Sec. V. The only difference is that the interaction
Hamiltonian between the atom and the photon field is now

Hi = hgaa'(6 + 61,
instead of Eq. (82).

(114)

A. General model

The amount of information provided by the QND quantum
counter (112) is evaluated using the set of predefined states
{|¥(a))} as in Sec. III. If the premeasurement state is | (a)),
the probability for the one-count process is

pO(la) = (Y@I0]011¥(@) = y’ms(@),  (115)
according to Eq. (1), where
n3@) = (n+ 1) [ea(@)*. (116)
The total probability for the one-count process is thus
(117)

P =" p%€(ila) pla) = y*n3.

On the contrary, given the one-count process, the probability
for the premeasurement state [y (a)) is

PC(la) pla) _ ni(a)

Q1) = - .
ST T

(118)

Calculating the Shannon entropy H2QC(1) associated with the
probability distribution (118), we find the information gain by
the one-count process as

nszlog, n3 — n3log, n3
— 9

nj3

19°°(1) = Hy — HRC(1) = (119)
which quantifies the increase in our knowledge about the pre-
measurement state when the probability distribution p(a) =
1/N is revised to pQ€(a|1) according to the outcome. In a
similar way, we obtain the total probability for the no-count
process as pRRE(0) ~ 1 — y?n3 and the information gain by
the no-count process as 722C€(0) ~ 0 up to the order of y>. The
mean information gain by the measurement is thus

JQC Z € (m) 19°¢ (m)

~ y?(n3log, n3 — i3 log, 13 ). (120)

Furthermore, the state change due to the measurement
is evaluated by fidelity. According to Eq. (2), when the

premeasurement state is |{(a)), the postmeasurement state
after the one-count process is

1
Vv pR€ed|a)
1

= m Z(n 4+ Decp(a)|n). (121)
3 n

Therefore, the fidelity to |y (a)) becomes

¥ (1,a) 9% = 011 ()

ni(a)+1

QQC = Q| =
FO(La) = [l (1.a) | = =

(122)
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after the one-count process. Averaging over a with the
probability (118), we obtain the fidelity after the one-count
process as

FC(1) = ZPQQC(aH)FQQC(La) _ M
a nj

(123)

Since the fidelity after the no-count process is FQRC(0) ~ 1,
the mean fidelity after the measurement is given by

FQQC _ Z pL(m) FC(m)

~1—yis+y2yns (n +1).

Finally, the reversibility of the measurement is evaluated
by the maximal successful probability (9) of its reversing
measurement. If the premeasurement state is |y(a)), the
reversibilities of the one-count and no-count processes are
respectively given by

(124)

pQQC(1) 3
RAC(1,a) = =, 125
(0= "200C10) = m@ (12
pRC(0 1 — y?n3
ROQC(0, q) = ©® . Vs 0 (126)
pRLWOla) 1 —y?nsz(a)
where we have used the background H5%%C(m) =

inf, pQC@m|a’) defined in Eq. (8), and n3; = inf, n3(a’)
and n3; = sup,, n3(a’). Averaged over a with the probability
(118), they become

ROC(1) = 37 p(al1) RO (L) = 22, (127)
a n3

1_ 2
ROC(0) = 3™ p9(al0) RAC(0,a) =~ — L2 (128)
- 1 —yn;

Thus, the mean reversibility of the measurement is

RNC = ZpQQC(m) ROUC(m) >~ 1 — y* (n3s — n3)) .

(129)

B. Two-state model

We consider the situation discussed in Sec. III as an
example. If the premeasurement state is | (a)), the probability
(115) for the one-count process is

p%(1a) = y? (3 sin’ g + 1) , (130)
since
ns(a) = n;l(n + 1% |ep(@)]? = 3 sin’ g +1 (131
from Eq. (36). Using
5
n3 = 2 (132)

we find the total probability (117) for the one-count process as

5
pC() = Eyz_ (133)

PHYSICAL REVIEW A 83, 032111 (2011)
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0.1

0.05
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FIG. 4. Probability density for the premeasurement state |y (a))
conditioned by the one-count process p@2(a|1) and that conditioned
by the no-count process p?2(a|0) as functions of # when y = 0.3.
The dotted line indicates the initial probability density p(a) = 1/4x.

On the contrary, given the one-count process, the probability
density (118) for the premeasurement state |y (a)) is

1 0
pQQC(aII) = — (3 sin® = + 1> ,

134
107 2 (134)

while the corresponding probability density for the no-count
process is

1 6 1
P (a)0) ~ o [1 —3y? (sin2 7~ 5)} . (135)

These probability densities are shown in Fig. 4. Note that the
possibility of |0) is not excluded by the one-count process, but
it is less than that in the case of the quantum counter.

Since

16 5

1 =— - —, 136
n310g, n3 3 2In2 (136)
the information gain (119) by the one-count process is
47 1
19°(1) = — — —— —log, 5~0.0901  (137)

15 2In2

and the mean information gain (120) by the measurement is
47 5 5
1€ ~ [ = — —— — Zlog,5 ) y? ~0.225y%. (138
(6 42 2 82)Y vi. (138

Moreover, the fidelity (123) after the one-count process
becomes

FL(1) = Vit 1) 652 (139)
n3 675
and the mean fidelity (124) after the measurement becomes
23
FU ~ 1 — =2 140
707 (140)

On the other hand, since we have ns3; = inf, n3(a’) = 1 with
|¥r(a’)) = |0) and n3s = sup, n3(a’) = 4 with [{(a")) = [1),

032111-10
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the reversibilities (127) and (128) of the one-count and no-
count processes are given by

RAC(1) = % (141)

RC(O) ~ 1~ %y%
respectively. Asin Eq. (141), the one-count process of the QND
quantum counter (112) is physically reversible because of the
sensitivity to the vacuum state, namely, pQL(1|a) > 0 even
for |Y¥(a)) = |0). Thus, we can recover the premeasurement
state from the postmeasurement state as in the case of the
quantum counter (52). However, in the QND quantum counter,
the successful recovery occurs with probability 2/5 on average,
which is less than that in the quantum counter, Eq. (77). The
mean reversibility (129) of the measurement is then

(142)

ROQC ~ 1 — 352, (143)

VII. SUMMARY AND DISCUSSION

We investigated four types of photon counters: conventional
photon counter, quantum counter, QND photon counter, and
QND quantum counter. For each counter, we calculated
information gain, fidelity, and physical reversibility, assum-
ing that a photon field to be measured is in an arbitrary
superposition of the vacuum state |0) and the one-photon
state |1). Figure 5 displays the information gain by the
one-count process of each counter, namely, Eqs. (45), (73),
(105), and (137). The conventional photon counter and the
QND photon counter provide the same amount of information
in the two-state model. However, if the photon field is in an
arbitrary superposition of the three states |0), |1), and |2), a
numerical calculation shows that the QND photon counter
provides more information than the conventional photon
counter. Therefore, the QND photon counter has an advantage

0.4

035 r 1

031 1

025 r .

02t .

0.15 1

0.05 r 1
0

PC QC

QPC QQC

FIG. 5. Information gain by the one-count process in the two-state
model. PC, QC, QPC, and QQC denote the conventional photon
counter, quantum counter, QND photon counter, and QND quantum
counter, respectively.
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04 r 1

02 r 1

PC QC QPC QQC

FIG. 6. Fidelity after the one-count process in the two-state
model. PC, QC, QPC, and QQC denote the conventional photon
counter, quantum counter, QND photon counter, and QND quantum
counter, respectively.

in terms of information gain. In contrast, the quantum counter
provides about 10 times less information than the QND photon
counter. On the other hand, Fig. 6 displays the fidelity after the
one-count process for each counter, namely, Eqgs. (47), (75),
(107), and (139). The QND versions change the state of the
photon field less than that changed by their original versions.
In particular, the QND quantum counter almost retains the
state of the photon field, compared with the quantum counter.
To emphasize this property, we define an efficiency of counter
by the ratio of information gain to fidelity loss,e.g., for the
conventional photon counter

PC
EP(D = s (144)

and so on. Then the QND quantum counter has approx-
imately twice the efficiency of the QND photon counter,
as shown in Fig. 7. Figure 8 displays the physical re-
versibility of the one-count process of each counter, namely,
Egs. (49), (77), (109), and (141). We can see that the
quantum counter is the most reversible counter, while the
conventional photon counter and the QND photon counter are
irreversible.

Our results suggest that the reversibility of a counter tends
to decrease the amount of information obtained by the counter.
A similar result was shown [24] using reversible spin—%
measurement [11]. However, the reversibility of a counter
does not necessarily decrease the state change caused by
the counter. In fact, the quantum counter has the highest
reversibility and provides the smallest amount of information
but changes the state of the photon field most. This is because
of a unitary part of the measurement operator [23,35]. Note
that the measurement operator L in Eq. (52) could be written
by polar decomposition as

L, =y Uvaat,

where U is a unitary operator and v/aat is a non-negative
operator, as long as the Hilbert space of the photon field is

(145)
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251 1

151 1

051 1

0

PC QC QPC  QQC

FIG. 7. Efficiency of the one-count process in the two-state
model. PC, QC, QPC, and QQC denote the conventional photon
counter, quantum counter, QND photon counter, and QND quantum
counter, respectively.

truncated to finite dimensions [36], as in the two-state model.
The unitary part U causes an additional state change after
the raw measurement ~/aa, leaving the information gain
and physical reversibility invariant. Therefore, the highest
reversibility with the least information does not imply high
fidelity in the quantum counter. Among the other counters,
the conventional photon counter (11) also has such a uni-
tary part, while the remaining two counters do not have
a unitary part. A general theory on the relations among
information, fidelity, and reversibility could be developed
elsewhere.

We could implement the QND quantum counter proposed
in Sec. VI using a joint measurement. Consider performing
the first measurement by the quantum counter and the second
measurement by the conventional photon counter. If both
the counters detect photons, the total process of the joint
measurement is equivalent to the one-count process of the
QND quantum counter because of

M1L1 X Q1 (146)

PHYSICAL REVIEW A 83, 032111 (2011)

0.6 1

02t 1

PC QC QpPC QQC

FIG. 8. Physical reversibility of the one-count process in the two-
state model. PC, QC, QPC, and QQC denote the conventional photon
counter, quantum counter, QND photon counter, and QND quantum
counter, respectively.

from Eqgs. (11), (52), and (112). The joint measurement
is thus an implementation of the QND quantum counter,
even though there are four possible outcomes. Note that this
implementation is an example of the Hermitian conjugate
measurement scheme [23], since the second measurement
by the conventional photon counter is a Hermitian conju-
gate measurement of the first measurement by the quantum
counter because M 1 X i{. Therefore, the second measurement
cancels the unitary part U of the measurement operator
Ly, thereby increasing the fidelity and information gain to
the extent of a single measurement by the QND quantum
counter.
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