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In this paper, we propose a class of the generalized photon-added coherent states (GPACSs) obtained by repeatedly

operating the combination of Bosonic creation and annihilation operatoes on the coherent state. The normalization

factor of GPACS is related to Hermite polynomial. We also derive the explicit expressions of its statistical properties

such as photocount distribution, Wigner function and tomogram and investigate their behaviour as the photon-added

number varies graphically. It is found that GPACS is a kind of nonclassical state since Wigner function exhibits the

negativity by increasing the photon-added number.
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1. Introduction

Nonclassical states play a crucial role in un-
derstanding the fundamentals of quantum physics
and have many applications in quantum information
processing.!!) The nonclassical behaviour of quantum
states can be well described in terms of sub-Poissonian

2] Another manifestation

statistics of photon numbers.
of nonclassicality occurs when the noise of one quadra-
ture component of a radiation field is below that of the
vacuum.® Besides, the negativity of Wigner function
is indeed a good indicator of the nonclassical charac-
ter of the state.l! A simple analysis of the Wigner
distribution of the quantum state can provide the in-
formation about the nonclassicality itself.

On the other hand, there has been increasing
interest in the study of various nonclassical states
because many schemes have been proposed to gen-
erate some nonclassical states. For example, the
photon-added coherent state (PACS), introduced first
by Agarwal and Tara,l® is an interesting interme-
diate state between the Fock state and the coher-
ent state, which is obtained by repeatedly operat-
ing the photon creation operator on a coherent state.
Such a state was considered as a nonlinear coherent
statel® and some extensions were also shown.!7—11]

PACS exhibits some nonclassical effects like ampli-

tude squeezing, sub-Poissonian character, nonclas-
sical quasi-probability distribution and higher-order
properties.[>6:12] Tts statistical properties were dis-
cussed in detail in dissipative channel™® and thermal
environment!! separately. Recently, by using para-
metric down-conversion, the Zavatta’s group[m pre-
pared experimentally the single PACS, and its non-
classical behaviour was detected through homodyne
tomography technology.['6l Another scheme was pro-
posed by Kalamidas et al.l'”! to generate the two
PACSs. In addition, a simple scheme was proposed
to generate an arbitrary photon-added coherent state
of a travelling optical field by combining an array of
degenerate parametric amplifiers and corresponding
single-photon detectors.!*8]

In the present paper, enlightened by the above
studies, we will propose another photon-added coher-

ent state, i.e.,
‘a7m> :Nm,a0m|a>7 (1)

where 2 = a' + a with [a,aw = 1, m is an integer,
|ar) is the coherent state, and N,, o is the normaliza-
tion factor. Note that the operator (2 is Hermitian
§2 = 2F. For convenience, |a,m) is called the gen-
eralized photon-added coherent state (GPACS). We
shall derive the normalization factor IV,, o of GPACS
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and study the behaviour of quantum statistical prop-
erties of GPACSs as the value of m varies graphically.
Conclusions and discussions are involved in the last
section.

2. Normalization of GPACS

Based on the definition of GPACS (see Eq. (1)),
we now calculate the normalization constant N, .,
which is the key to the analysis of the quantum statis-
tical properties of GPACS. For this purpose, we first
derive the normal ordering form of 2. Recall the

generating function of Hermite polynomial H,y, (z)1*!

& tm

ﬁHm (z) = o2tz —t? ’
m=0
am 2
Hm — 2tx—t 2
@) =Gm e @)
where
m/2]

[ i
=0

and the Baker-Hausdorff formulal2!

A+B A oB [A,B]/2

e = €

_ eB eAe—[B,A]/Z' (4)

For the operator 2 = af + a with [a,aT] = 1, using
Egs. (2) and (4) we easily obtain
A2 A(atal) . A2+N 2.
()
o0 - = .Q
Z\@':Hm(l):, (5)
m! V2

denotes the normally ordered prod-

m=0
where

uct of Bose operators. Comparing the terms with

the same powers of A in the expansion of e ? =

Yoo _o(A™/m!) 2™, on both sides of Eq. (5), we have
the neat formula

()

which is just the normal ordering expansion of 2™.
Thus, the GPACS is expressed as
i (aT + a)

o) =N (75) |22

which indicates that the GPACS is equivalent to a
Hermite-excited coherent state, where in the last step

), (7)

we have used the eigenequation a |a) = a|a) .
Using Eq. (6), we see the normalization condition

L = (Nina)® (a] 22" |a)

= O (=3) 1o [H22]

So the compact form of N, o is found to be

which is related to a Hermite polynomial.

From Eq. (6), we also give the quantity

1) = () i [ME 2] (5101 10

which is very wuseful for the following -calcula-

tions, where |3) is a coherent state and (8| ) =

exp (=181 /2= |af /2 + ")

3. Photocount distribution of

GPACS

The quantum mechanical photon counting for-
mula was derived first by Kelley and Kleiner.2! As
shown in Ref. [22], for the case of a single radiation
mode the probability distribution P(n) of registering

n photoelectrons in the time interval T is given by

P(n)="Tr

p: (&ifb) et ] G

where £ o« T is called the quantum efficiency (a mea-
sure) of the detector, p is a single-mode density oper-
ator of the light field concerned. When £ = 1, P(n)
becomes the photon number distribution for a given
state. In Ref. [23], by virtue of the technique of inte-
gration within an ordered product (IWOP) of opera-

tors, equation (11) is reformed as

where Q(3) = (8| p|5) is the @Q-function, and L,,(x) is
the Laguerre polynomials. Once the Q-function of p is
known, it is easy to calculate photocount distribution
from Eq. (12).

Next, we study the photocount distribution of
GPACS optical field. From Egs. (1) and (10), we can
obtain directly the @-function of GPACS,
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Q(B) = (B p8)
(Nima)? (8] 2™ |o) (o] 2 |B)

ot (3] ) ()

IN™ e (8 +a)\|?
= (N, o) = 16—l Hm(> , 13
(ol (5) e 7 (13)
where, in the last step, we have used
H,.(—z) = (=1)" H,, (), (14)

which is directly derived from Eq. (3). Then substituting Eq. (13) into Eq. (12) and using Eq. (2) and the
two-variable Hermite polynomials expression of Laguerre polynomials!*!

—)" g
nl oot

exp (—tt' +tz +t'2%) |i=y—0, (15)
we obtain the final result (see Appendix)

BQZ-‘rj-l-kA*n_jAn_ka_l_j (f) Hip1k <C)

e 2
Dm”lzjkzo G (n— ) (m—1— ) (n—k)(m—1—k)! (16)
where
A=.4/1
B =iy2—2¢,
C=iv2[a+(1-¢§a’],
_ 1 n! (m') §" (Nim.a) ~Elaf?
P =(-3)" o 1o

Especially, when m = 0, equation (17) reduces to

P = < (elaf)",

n!

which is just a Poissonion distribution of the coherent state in agreement with the results of Ref. [22]. As
a result of Eq. (16), photocount distributions of GPACS are plotted for o = 0.5 4 0.5 and several values of
parameters £ and m in Fig. 1. By increasing parameter m, we are able to move the peak from zero photons
to nonzero photons (see Figs. 1(a)-1(c)). It is seen from Figs. 1(b) and 1(d) that for a given m the larger the

parameter £ is, the wider the tail of photon number distribution becomes.

(a) £=0.2, m=0 (b) £=02, m=4

n+1 n+1
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Fig. 1. Photocount distributions of GPACS as a function of n+1 for & = 0.5+10.5 and several different values of parameters
& and m.

4. Wigner function of GPACS

The Wigner function is a powerful tool to investigate the nonclassicality of optical fields. Its partial nega-
tivity implies the highly nonclassical properties of quantum states and is often used to describe the decoherence
of quantum states.['31424 In this section, we derive the analytical expression of Wigner function for GPACS.

For a single-mode system, Wigner function in the coherent state |3) representation is given by

1 2 . _ g
W) = e [(=lpl9) e a2, (18)
where z = (¢ + ip) /v2. When p = (Np.0)? 2™ @) (a] 2™, according to the integral identity
d?z 2 1 n
halliod L _&1 1
/ - exp((|z\ +§z+nz) Cexp{ C], Re(¢) <0, (19)

by using Egs. (2) and (10), the Wigner function of GPACS is given by

W(g,p) = W(2)
Nina § € d? m m —2(Bz"—pB%z
_ (o) o7 / T8 (51 @ o) (a @7 |) 205 5"
™ s
_ (Nio)? el r gy gem . s
= - 5 g exp (1\/§ta 2 +ivV2ra 7')

x ? exp [_ 18 + (a* 2t 4 iﬁf) 8+ (2z . n/it) 5*} ‘

t=7=0

(Nm a)2 e 2z—al” ™9 2 2
= m, 5) o oxp [2t7 + 2Bt — 2B* 7 — 12— 7] |
™ 2 atmorm P [267 + 4 ™) t=7=0
(Nma _2‘2 of? 1 " > 2ltl7'l * 2 2
= : = 2Et —2E*T —t° —
2 8tm67'm o o [ ! ] A
(Nm o —Q\z al? 1\"™ oo 1)l+m 621 .
= : = H,,(E)H,,(E
2 ; 21! QFE'QE (E)Hm(E7)
(Nma e—2lz—al® ( 1)’" m 1)l+m 2l (m ) )
- : P |Hm l(E)| ) (20)
2 ; (m =)
\
where ferential relations of H,,(z)
i(2z*+a—a*) Lo
FE=—— - (21) iH — _2ml H 22
and in the last step we have used the well-known dif-  Equation (20) seems to be a new result, related to
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single-variable Hermite polynomials. In particular,

when m = 0, equation (20) reduces to

—2|z—al?
)

1
Wm:O(q7p) = p € (23)

which is just the Wigner function of coherent state, a
Gaussian in phase space.

Next we shall see how the variation of the pa-
rameter m affects the Wigner function W(q, p). Using
Eq. (20) we plot in Fig. 2 W(q, p) of GPACS in phase
space as a function of ¢ and p with @ = 0.5+ 10.5 for

several different values of m. It is interesting to note
that Wigner function distribution of GPACS is sensi-
tive to parameter m. There exists an upward peak,
and the number of downward minor peaks is equal
to the value of m. From Fig. 2, as m > 1, Wigner
function presents a partial negative region. In other
words, the GPACS may become more nonclassical by
increasing m. This is a useful way to conditionally

manipulate a nonclassical state.

W(q,p)

e
e l:.'
SRR TSI AT
SRR S
- =

W(q,p)

Fig. 2. Wigner functions of GPACS in phase space as a function of ¢ and p with @ = 0.5+ 10.5 and several different values

of m.

5. Tomogram of GPACS

In recent years, the use of tomograms in quan-
tum mechanics and quantum optics makes it possible
to describe a quantum state with a positive probabil-

(251 A direct description of quantum

ity distribution.
states by means of quantum tomogram is interesting
from both the theoretical and the experimental points

of view. In this section, we derive the tomogram of
GPACS, which is defined as

T(x,f,9) = /dq’dp’5 (= fd —gp")W(d',p'). (24)

However, it will be very difficult to evaluate the inte-
gration if we directly substitute Eq. (20) into Eq. (24).

\
Fortunately, in Refs. [26]-[28], one can prove that the

Radon transform of Wigner operator A (¢',p’) is just
a pure density operator

|x>fygf,g x|

= /dq’dp’5(w —fd —gp)A(d,p), (25)

where
V2zat  G*al?
|$>f,g = Mexp —a  a2a |0) (26)
with
2
_ 2, 2\~ 1/4 _ x
M =[x (f*+¢%)] exp{ 2(f2+92)}(27)
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is named the intermediate coordinate-momentum rep- _ / dq dp's (z — fq' — gp') (a,m| A(d, ') |ov, m)
resentation, which obeys the eigen-equation )
= |p.g (x| a;m)[”, (29)
(fQ+gP)|x);, =xl2);, (28)

with Q = (a+aT) /2, P = (afaT)/(i\/ﬁ), and f
and g are real. Thus, the tomogram of GPACS is

which is an alternative approach to the derivation
of the tomogram of quantum states. Using Eqgs. (2)
and (7) and the completeness relation of the coherent

T(z, f,g) state, we have the tomogram amplitude of |, m), i.e.

1.9 <f£| O‘vm>

= M (0] exp (

ﬂqa Ga?
G ag )™

—i\™ 2,5 O™ d?z V2xz G22
= N,, M —la?/2 9 V3 (o 2 /7 e B .
’ < 2> ¢ o o0 (V2 (" 4 0) = #7) [ S e (ol 4+ T - 5 4 2 .
_ —i\" lal*) o™ V2 . G . 2 9
= NpoM (\/§> exp (—2> o exp {G* (a + 1t\/§) YT (a + 1t\/§) +iv2at —t .
—i\" a? G 5, V2za
= Nm,on (\/§> exp( T 2G*O[ + G
om 2iz  iv2aG . G\ .,
XWEXP{<G*_ o +1\/§a>t—<l—G*)t} , (30)
t=0
where we have used the following integral formula:
d?z 2 2 2 1 {—C§77+§29+772f}
—ex 2|+ €24 nt + f2 g2 = ex 31
- p{CII Ez+m" + f27+g } N /g (31)
with Re(¢ + f +g) < 0 and Re((¢* —4f9)/({ + f £ g)) < 0. Further, using Eq. (2) again leads to
B /1 a\" la|? G o, V2ra
#.g (@] a,m) = Ny o M (—1 3 2G*) exp (—2 — 2G’*a + o H,,(K), (32)
where
i(vV2z — aG+ aG*
Kzl(\[x aG + « ) (33)

2G
G [(2- =
(%)

Finally, inserting Eq. (32) into Eq. (29), we derive the analytical expression of the tomogram of GPACS as

m 2
T({E,f,g) = ‘Nm,aM <_1 1_ G > exXp <_k“| - G OZ2 + ﬁxa) Hm(K)

2

2 2G* G* (34)

The influence of m on tomograms T'(xz, ) of GPACS is shown in Fig. 3 with o = 0.5 4 10.5, f = cosf and
g = sinf. There are four plots for T'(x, ) versus z and 6 for m = 0,1,4,7, corresponding to Figs. 3(a)-3(d)
respectively. Tomograms are real and positive distribution functions. When m = 0 (Fig. 3(a)), it is just the
tomogram of well-known coherent state. One can see from Fig. 1 that the tomogram T'(z, ) of GPACS presents

m-periodic variations with coordinate and depends on parameter m.
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Fig. 3. Tomograms of GPACS each as a function of  and 6 with a = 0.5 + i0.5 and several different values of m.

6. Conclusions and discussion

We presented a class of the generalized photon-
added coherent states (GPACSs), which are obtained
by repeatedly operating the combination of at + a on
the coherent state |a). First, we derived the normal-
ization factor of GPACS, which is related to a Hermite
polynomial, and found that the GPACS is actually
regarded as a Hermite-excited coherent state. Then,
we deduced the explicit expressions of its statistical
properties such as photocount distribution, Wigner
function and tomogram, and we also investigated their
behaviours as photon-added number m varies graph-
ically. It is found that these properties are affected
by the value of m more significatly and Wigner func-
tion presents a partial negative region by increasing
m, which implies that the GPACS is a kind of non-
classical state.

In addition, it is worth while mentioning that the
GPACS may be generated via using cavity quantum
electrodynamics (QED) and quantum measurement.
The idea of the method is to prepare the electromag-
netic field in coherent state |a) and then to subject
this state to the interaction with a two-level atom in
a resonator. Suppose that the two-level excited atom
passes through the cavity, analogous to that proposed

in Ref. [5]. The atom makes a transition from the

excited state |e) to the ground state |g) by emitting
a photon. Under the nonrotating wave approxima-
tion, the interaction Hamiltonian has the following
form (h=1):

H=g(a+a")(o_ +04), (35)
where ¢ is the coupling constant, o, and o_ are the
Pauli operators corresponding to the two-level atom,
a and a' are the Bosonic creation and annihilation
Then the initial state

of the atom-field system is |a) |e). If the interaction

operators of the field mode.

time is sufficiently small, such that gt < 1, then we
expand the exponential to the first order and we can
obtain the system state vector with the Hamiltonian
in Eq. (35)

() = exp (—iHt)|a) [e) = |a) |e)

—igt (a+a')|a)|g). (36)

Thus if the atom is detected in the ground state |g)
after it has passed through the cavity, then the state
of the field is reduced to the (a + a') |a) with m = 1.
If the cavity state is initially at (a + a')|a), by re-
peating the above process, we obtain in principle the

unnormalized state, (a + a’)™ |a).
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Finally, we point out the main differences between  single-variable Hermite polynomial, the latter corre-
GPACS and PACS as follows: i) the normalization fac-  sponds to a Laguerre polynomial; iii) from the point
tor of GPACS is Hermite polynomial, while PACS’sis  of view of generating via using cavity QED, the for-
Laguerre polynomial; ii) from their explicit expres- mer does not need the rotating wave approximation,

sions of Wigner function, the former is related to a  the latter is under rotating wave approximation.

Appendix: Derivation of Eq. (16)

Substituting Eq. (13) into Eq. (12) and using Egs. (2) and (15), we have
d?z

P(n) = (gfnl)n 7675\2\211” (|Z|2) Q (\/ﬁ«a

m oen 2 —lal? n m
— _1 5 (Nm,a) € lod 0? 9? e\/ﬁiaT-&-a* it —tt' — 72 —7'2
2 nl(1-&"  otrotm ormar™

dQZ 2 / * / *
< [ e [—|z\ +(t+Br + A2+ (' + Br+A)z H

t:t’:‘r:T’:O7

where

AE\/ia and Bzim. (A2)
Using Eq. (19) yields
by = (L)€ G el 02 o2
n) = _ =
2 n! (]_ — g)n otnot'm ormorm
X exp [\/iiOéT-FOZ* 2iT/—tt/—T2 —7-’2+(t+BT/+A*)(t/+BT+A):| ‘
_(-H (Nipyo)® gretlol” g2 g2m QB3 T+ Bt T+ Bir
2 nl(1-8" oot armor™
X exp [At + A -2+ O — 77 — C*T/] lt=t/ =7 =r'=0, (A3)

t=t'=7=71'=0

where we have set
C=iV2[a+(1—-¢&a’]. (A4)

Then expanding the term eB°77+Bt'7'+BtT intg the form of the series and using Eq. (2) again, we finally obtain

1\"™ (Nm a)2 €ne—§|a‘2 H2n 92m > p2+j+k
= (_2> nl(1-8" oot ormar™ £ Ik

20

ok g 1 gk
X exp [At + A -2+ Cr— 1 = C*T’] [P——

1 m (Nm a)2 €n e—§|oz\2 aQn a2m 0 B2l+j+k
(‘2) nl(1—&" oot drmor'™ e Ik

205

itk R+i+k

* 4/ 2 12 *, !
* GATIAR o (—cmy I gtk TF [At + ATt — 72+ C7 = 7% = C"7'] 1= =r=r1=0

C : —C*
2 o . . I+k ~ I+
- (—1>m (Npm.o)? € e ¢l Btk gigen gk gn ¥ Hn< 2) d Hm( 2 >
? nl(1=8)" 7 WjIRI2HR2T 9A% QAR 0 <C)l+k 0 (C*>l+j

92 2

2 2
W (n— ) (m— 1= ) (n— k) (m—1— k)

(A5)

n
1=0 j,k=0

where D, is just given in Eq. (17) and we have used the differential relations of H,,(z) of Eq. (22). Thus we
complete the derivation of Eq. (16) in detail.
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