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Coherent perfect absorption (CPA) was introduced as a classical optics phenomenon of a standing-wave
absorption by a subwavelength film. In this paper, we develop a theory of CPA of quantized standing waves
taking account of a subwavelength thickness of the absorber. This approach allows us to merge all known
quantum effects of CPA under a single theory and introduce other regimes of CPA including CPA of NOON
states with arbitrary number of entangled photons, orthogonally squeezed vacuum states, continuous variable
entangled states, and Schrodinger cat states. Detailed analysis of the quantum regime of CPA sheds light
on fundamental aspects of quantum light dissipation and its practical implementation in quantum optics and

quantum information.
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I. INTRODUCTION

Coherent perfect absorption (CPA) is a time-reversed pro-
cess of a lasing where full absorption of classical light
is achieved by coherent illumination of an absorber [1-3].
Importantly, an absorber of a subwavelength thickness can
operate between the regimes of total absorption and total
transmission [4]. Explanation of this phenomenon is given in
a standing-wave picture: if absorber is placed at antinode of
the standing wave, enhanced dissipation of light takes place,
and if absorber is placed at node of the standing wave, no
interaction happens since total electric field is equal to zero.
Light-by-light control [4], all-optical switching [5], signal
modulation [6,7], dark-pulse generation [8], and coherent am-
plifier [9] are clearly explained in this picture.

In contrast, the quantum regime of CPA, where thin ab-
sorber is coherently illuminated by quantum light, lacks this
clarity of explanation. The outcome of CPA process strongly
depends on the quantum state of light. For instance, “classi-
cal” modulation between the regimes of total absorption and
total transmission takes place for a single-photon state [10,11]
while probabilistic zero- or two-photon absorption may take
place for two-photon states [12—14]. Developed theoretical
models of CPA of quantum light [15—-17] describe the prob-
lem in terms of quantized traveling waves [Fig. 1(a)], where
subwavelength thickness of the absorber is not taken into ac-
count. Moreover, either bosonic [15] or fermionic [13] second
quantization formalism is required depending on the quantum
states under consideration. Despite the lack of a clear picture
of the underlying processes, the quantum regime of CPA is of
great interest for applications in quantum optics and quantum
information. CPA provides a robust approach for quantum
states control including quantum states filtering [16—18],
manipulation of quantum light correlations [12-15,19], and
implementation of the anti-Hong-Ou-Mandel effect [20]. Re-
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cently, the mechanism of distributed CPA of quantum light
was proposed for deterministic generation of entanglement
in multinodal quantum networks [21]. From a fundamental
point of view, the quantum regime of CPA provides insights
on the process of quantum light absorption including local
[10,11,22] and nonlocal [23] photon absorption control, prob-
abilistic two-photon and deterministic one-photon absorption
of two-photon states [12,14,20]. Further development of this
research field requires clear explanation of quantum effects of
CPA.

In this paper, we develop a theory describing CPA of
quantum light in a unified and simple manner. We con-
sider the problem in a proper basis of quantized standing
waves [Figs. 1(b) and 1(c)], taking account of a subwave-
length thickness of the absorber. Our approach allows us
to merge all known quantum effects of CPA under a single
theory and introduce other regimes of CPA including CPA of
NOON states with arbitrary number of entangled photons, or-
thogonally squeezed vacuum, continuous variable entangled,
Schrodinger cat states. The theory developed here reveals a
common nature between classical and quantum regimes of
CPA. To emphasize similarities of these two regimes of CPA,
we describe both effects in a parallel way. First, we describe
the classical regime of CPA in the form where two traveling
waves are considered as a superposition of two standing waves
(Sec. II). Next, we build a general description of CPA of
quantum light (Sec. III). Finally, we apply our approach to
CPA of discrete (Sec. IV) and continuous variable (Sec. V)
quantum states.

II. CLASSICAL REGIME OF CPA

We consider a thin absorber as a symmetric four-port de-
vice characterized by amplitude transmission ¢ and reflection
r coefficients with [4]

t=—r=1/2. 2.1)

©2021 American Physical Society
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FIG. 1. CPA in standing-waves picture. Input traveling waves
[thick red and thin blue lines in (a)] are decomposed into superpo-
sition of two standing waves [thick green and thin purple lines in
(b)]. One of the standing waves [dashed purple line in (c)] is fully
absorbed and the second one [solid green line in (c)] is not affected.
The survived standing wave feeds up two output traveling waves [thin
blue and thick red lines in (d)]. This process is shown in the form of a
diagram in (e): two input modes k and —k are transformed into modes
C and S by the first BS transformation; mode C is fully absorbed
by a beam block (black rectangular); the second BS transformation
results in output modes k and —k. Colors and line styles of modes in
(e) agree with corresponding colors and line styles of optical modes
in (a)—(d). This picture is valid for both classical (amplitudes without
hats) and quantum (operators in parentheses) fields evolution.

The intensity absorption coefficient under single-side il-
lumination is 1 — |¢|*> — |r|> = 1/2. Two counterpropagating
along z-axis classical waves [Fig. 1(a)], of the same polariza-
tion and frequency w,

EM = giMe ke 4 e, (2.2)

E" = giWemitkaton) 4 ¢ ¢, (2.3)

illuminate the absorber. Here k = 27 /A is a wave number, A
is a wavelength, 7 is a time variable, and E,fm) and 582) are
complex amplitudes. Amplitudes £ and £ of the output
traveling waves [Fig. 1(d)],

E,EO‘“) = E;{O"l)ei(kz"‘”) +c.c.,
Ei‘:“) = ngt)e‘i(k”“”) +c.c.,

are expressed through CPA transformation,

E]EOUI) g(in)
g(olzn) HCPA 5(1n)

where the nonunitary matrix HZ'Y, describes the traveling
waves scattering at the absorber (2.1),

g _ L1 -l
AT o\1 1)

Dissipation is explicitly contained in the scattering matrix
of the absorber and there are no restrictions on the energy
conservation. For the input waves with amplitudes of equal
moduli &,

M = Epe™, 2.4)
EM = get+, 2.5)
The regime of total absorption,
&M =9 =0, (2.6)
holds if phase difference A =6, —0_, =2nn (n=
0,1, 2,...), while the regime of total transmission,

gl 2.7

_ colin) (out)
=&", &5

_ o(in)
=g,
holds if A6 = (2n + 1)m. To explain these phenomena, we
consider the total input field,

i) — E}Ein) + EEZ)’ (2.8)

as a superposition of two — cosine and sine — standing waves
[Fig. 1(b)],

EM™ — \/E[Agn) coskz + iAg") sin kz]e”"‘” +cc. (29

Equation (2.9) is derived by substituting (2.2) and (2.3)
into (2.8) and using Euler’s formula. It follows from (2.8)
and (2.9) that the traveling- and standing-wave amplitudes
are linked through the beam-splitter-like transformation (BS

transformation),
A(Cin) 5(m) .
Agn) HBS g(m) ( . O)
with the unitary matrix
Hps = L1 L (2.11)
BS = NAVEESTA .

From (2.4), (2.5), (2.10), and (2.11), the standing-wave
amplitudes are expressed as

A(ln) \/_5 el(9k+9 ©)/2 cos Aze
Agin) — i\/zgoei(ﬁk-‘r@fk)/z sin %’

and one may redistribute the energy between the standing
waves by changing the relative phase of the input waves Af.
Since the cosine wave is formed by the in-phase combination
of the input traveling waves,

coskz ~ % 4 7k, (2.12)
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it is fully absorbed [compare with (2.4)]. The sine standing
wave, in contrast, is formed by the out-of-phase component of
the input traveling waves,

kz e—ikz

sinkz ~ ¢’ , (2.13)

and it is not affected by the absorber [compare with (2.7)].
Similar to (2.8) and (2.9), the total output field can be written
as

(out) __ r-(out) (out)
E© = EO 4 E©
= «/E[Ag’m) coskz + iAgf’“t) sin kz]e_"‘“r +c.c.,

where the standing-to-traveling waves transformation is ex-

pressed as
(out) (out)
(gliout)) = HBS (A(C;Jut)) ‘
% Ag
According to (2.12) and (2.13), CPA transformation of the
standing waves [Fig. 1(c)] is read as

(out) (in)
(out) ] — P, (in)
AS AS

with the nonunitary matrix

0 0

Finally, the classical regime of CPA is described as a result
of the following consecutive transformations:

(i) two counterpropagating traveling waves [Fig. 1(a)]
form two standing waves [Fig. 1(b)];

(ii) the cosine standing wave is fully absorbed, while the
sine wave is not affected [Fig. 1(c)];

(iii) the survived sine wave is split into two output travel-
ing waves [Fig. 1(d)].

This sequence of transformations can be written in a matrix

form as
5(out>> glim)
k ST k
= HpsHeppHps| _;
(out) CPA (in) J°
(6_k &

where HpsHSY, Hps = HZR, . 1t is convenient to depict this
process in a diagram form [Fig. 1(e)]. Here two input modes,
k (upper red line) and —k (bottom blue line), are mixed on the
first “virtual” beam-splitter (BS). The upper output mode C of
the BS (purple line) is fully absorbed, while the bottom mode
S (green line) feeds up one of the input ports of the second
virtual BS resulting in output modes k (upper red line) and
—k (bottom blue line).

The standing-wave picture leads us to important conclusion
that the absorber (2.1) can be implemented in a subwavelength
design only. We refer to the fact that the absorber can operate
in the regime of total transmission (2.7). Obviously, it can be
achieved iff the absorber is placed at the node of the standing
wave which requires a subwavelength thickness. This conclu-
sion is also valid for the absorber witht = r = 1/2 [15,16,24]
which has the opposite functionality: it is opaque for the sine
standing wave and transparent for the cosine standing wave.

(2.14)

2.15)

III. QUANTUM REGIME OF CPA

The theory of the quantum regime of CPA can be built
similar to classical description. Electric field of the input and
output traveling light modes are expressed now through the
corresponding operators [25,26]:

EW = jg@gmitki—on) Ly ¢
£ = i e,
E}goul) _ ig(q)&]((om)ei(kz—“”) +H.c.,
EOW = jg@glow miteton Ly ¢

where £@ = /fiw /2¢e0V, his areduced Planck constant, & is
a vacuum permittivity, V is a quantization volume, and mode
amplitudes satisfy standard commutation relations:

"] = 49, 247] = [32, 4]
— [&(0:0 &(Ozt)'l'] -1
[&]((in)’ &QT;()T] — [&](cout)’ a(:):t)T] —0, 3.1)

and so on. Transformation of the traveling waves on the
absorber is nonunitary and, according to the fluctuation-
dissipation theorem, noise operators, fr and f_y, are appended
in order to validate (3.1),

A (out) A (in) P

) = () + (1)

~ t Al 7 ?

a%y a™ fi
where commutation relations of noise operators, [ fk, f?] =
[f_k, fik] =1—t]> —|r|?, are absorption dependent. Next,

we express total input £ and output £©" fields in the basis
of quantized standing waves:

E — Eliin) + E(_lz)

= EP[ALY coskz + iA{™ sinkz]e ™" + H.c.,
FOw — fow 4 plow

= EPIASY coskz + iAY™ sinkz]e ™" + H.c.,

where £ = i\/26@ and

A (in) ~(in)
B 2 s (% (3.2)
Agn) BS &ilrllc) ’ .
a}((out) A(Cf)ul)
(E)-mlf) s
—k s

with the matrix (2.11). Standard commutation relations stay
valid for amplitudes of the standing waves:

[, A®) = [A, AP

= [, A
~[Ag AP =1
— [A!

A (in) A (in)f out) A (out)f —
[Ac”. Ag™] ¢ AT =0,
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and so on. By using (3.2) and (3.3), we may trace evolution of
the quantized standing waves:

h+fa 4

ALW = 5 = Fe, (3.4)
A (in) A (in)
A (ou a,’ —a_ A G
AP = £ £ = A", (3.5)

s NG
where only the noise operators contribute to the output ampli-
tude of the cosine wave (it ends up in a vacuum state), while
the sine wave experiences no changes. Full absorption of the
cosine wave imposes standard bosonic commutation relation
on the noise operator Fe: [Fe, FCT ] = 1. Boson-like behavior of
the noise operator enables full exchange of the quantum states
between the cosine wave and the absorber allowing quantum
light manipulation as it will be discussed in the following
sections. Transformations (3.4) and (3.5) can be written in a
matrix form with the matrix (2.14),

A(C()m) — gST A(Cm) FC
Aéout) — 7ICPA Agn) + 0 .

Thus, to describe quantum regime of CPA we use the
following procedure:

(i) Switch the traveling waves basis [Fig. 1(a)] to the
standing-waves basis [Fig. 1(b)];

(i) The cosine standing wave is fully absorbed while the
sine wave is not affected [Fig. 1(c)];

(iii) Mixture of the cosine wave in a vacuum state and the
sine wave in its initial state forms two output traveling waves
[Fig. 1(d)].

Due to the presence of the noise operator column in
(3.6), CPA transformation of quantum light cannot be written
in the form of matrix multiplication as (2.15) for classi-
cal light. Nevertheless, the sequence of transformations is
the same: beam-splitter-like transformation (3.2) followed by
CPA transformation (3.6), and finally, by beam-splitter-like
transformation (3.3). Accordingly, the diagram in Fig. 1(e) is
a valid representation of the quantum regime of CPA, where
the upper input port of the second beam-splitter is fed up with
a vacuum state now.

The theory of coherent perfect absorption developed here
is based on representation of monochromatic waves as a
combination of standing waves. In practice, the absorber is
illuminated by the wave packets rather than monochromatic
waves. Generalization of the theory for light modes of finite
duration can be done in the following way. A pair of con-
tinuum amplitude operators &,(:/n)(a)’) and fl(_”,‘(),(a)’) should be
defined for each spectral component @’ with the wave num-
bers of opposite sign, |—k'| = k' = c¢/w’. Each pair of waves
with amplitudes &,(:,“)(w/) and &(f,?(w/) excites the correspond-
ing pair of standing waves where the cosine wave is dissipated
while the sine wave is not affected. Dispersion (dependence
of optical response on frequency) of the absorber should be
considered [15]. If dispersion is negligible, single-mode the-
ory developed here holds. Dispersion of the typical coherent
perfect absorbers used in experiments is indeed negligible and
starts playing a noticeable role for very short (<10—20-fs)
pulses [27].

Deviation of the absorber optical response from (2.1)
does not change transformation of the sine wave amplitude,

(3.6)

AL ~ (1—r)A{™, since for any subwavelength absorber re-
lation r = 1 + r is valid [10,28] (absence of interaction at
the standing-wave node). In contrast, transformation of the
cosine wave amplitude, Ag)”l) ~ (t + r)AIY, changes, and its
output state will be a mixture of input and vacuum states with
corresponding weights.

As it will be shown in the following sections, quantum
regimes of CPA may lead to generation of entanglement
between light and absorber. To observe and exploit these
phenomena, a system (atoms, plasmons, etc.) able to store
quantum states, rather than just dissipate the energy, should
be used as the absorber [21].

IV. CPA OF DISCRETE VARIABLE QUANTUM STATES

Depending on variables used, quantum optics and quantum
information appear in two forms: discrete and continuous
[29,30]. Discrete variable (DV) consideration is valid if opera-
tors of interest have discrete spectrum of eigenvalues—energy
of quantized oscillator and polarization of light are vivid ex-
amples. Dense coding [31,32], quantum teleportation [33,34],
quantum key distribution [35,36], quantum information pro-
cessing [37-39], quantum memory [40-45], and quantum
metrology [46] were proposed and demonstrated by exploiting
DV states, as well as an ability to realize quantum information
protocols in integrated design [47-49]. CPA of DV quan-
tum states may provide novel approaches for quantum light
control [10,11,22], manipulation of quantum states of light
[12,13,18], and light-matter interaction [21]. In this section,
we apply the developed theory of CPA to the case when DV
quantum states of light are used.

A. CPA of single-photon states

First, we consider CPA of a single photon with input trav-
eling waves carrying the path-entangled state:

€
/2

Here, the term |1)|0)_; describes a single photon pre-
sented in mode k and a vacuum state in mode —k, and so
on, and A6 is a phase difference between the wave-function
components. Since the standing waves appear as a result of
the BS transformation (3.2) of the traveling waves, we use the
following decomposition:

W)k & = —=(I1)0) & + 27100 ] 1) ). (4.1)

1

[1)«]0) 4 — ﬁ(|1)c|0>s +10)cl1)s), 4.2)
1

[0)k 1) g — E(|1)c|0>s —[0)c1)s). (4.3)

By substituting them into (4.1), we find the wave function
of the standing waves (with accuracy to a common phase):

A6 A
|®)c,s = cos 7|1)C|O>S —isin 7|0)C|1)S.

When the input traveling waves are in a symmetric super-
position state (A8 = 2mn), the photon is coupled to the cosine
standing wave only. The regime of deterministic photon ab-
sorption takes place [Fig. 2(a)]. Opposite, an antisymmetric
superposition state (A8 = (2n + 1)) of the traveling waves
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FIG. 2. CPA of single-photon states. (a) Symmetric state of
the input modes k and —k (input traveling waves) is coupled to
the mode C (the cosine standing wave) which is fully absorbed.
(b) Antisymmetric state of the input modes k and —k is coupled to
the mode S (the sine standing wave) which escapes dissipation and is
coupled back to antisymmetric state of the output modes k and —k.

excites the sine standing wave only, which experiences no
losses and it is transformed back into the output modes k and
—k [Fig. 2(b)],

1
10)cl)s = —=(11)k|0)—k — [0)i|1) k). (4.4)

V2

In the general case, the photon is coherently distributed
between the cosine and sine waves with the probability of
cos?(A#/2) to be absorbed. Since the only way to pass
through the absorber is by coupling to the sine standing wave,
the output photon can leave the absorber in the state (4.4) only.
In this sense, a coherent perfect absorber works as a quantum
state filter, transmitting only an antisymmetric part of the wave
function. An absorber with t = r = 1/2 transmits symmetric
and absorbs antisymmetric components of the wave function.

B. CPA of two-photon states

Two different second quantization formalisms — either
bosonic [15] or fermionic [13] — have been used to describe
CPA of two-photon states. Here, we consider CPA of two-
photon states under a single theory of CPA of quantized
standing waves.

All possible states of two photons, photon A and photon B,
occupying two traveling wave modes (mode k& and mode —k)
can be expressed through Bell states [50]:

1

[k = EquBLk +B)lA) 1), (4.5)
1

N, = —(|AV|B)_x — |B):|A) 4.6

1 ﬁu YIB)—x — IB)lA) 1),  (4.6)
1

lo™ ek = ﬁ(m)kw)k +1A) 4IB) ),  (47)
1

o)k = ﬁ(m)mk —|A)4IB)_p).  (4.8)

Here, the combination |A);|B)_; reads as “photon A is
presented in mode k and photon B is presented in mode —k,”
and so on. States (4.5) and (4.6) describe scenarios when
one photon is coming from each side of the absorber, and

zero or

+) =)
(@) ¥ 4 two photons

-

w@ w@ w@ q

one photon

(b) 1l,(—) l/,(—

zero or

(+)
(€) ot ¢ two photons

(d) (p(,) 1,[,(+) one photon

FIG. 3. CPA of two-photon Bell states. The result of CPA is
explained by Bell states transformation. If the output of the first
BS transformation is the NOON state, probabilistic two-photon ab-
sorption follows [(a) and (c)]. In contrast, if one photon is always
presented in output ports of the first BS, deterministic one-photon
absorption takes place [(b) and (d)].

their form reflects symmetrisation postulate of quantum me-
chanics. States (4.7) and (4.8) are NOON states with N=2.
States [ P)), |@™*)), and |¢7)) possess a bosonic symmetry,
while state |1(7)) has a fermionic symmetry and should be
accompanied by an antisymmetric polarization (or other de-
gree of freedom) part of the wave function so that the latter
has a bosonic symmetry, as it should be for the photons. BS
transformation of the states (4.5)—(4.8) can be found similar
to (4.2) and (4.3), where

1
|A) ke = —=(A)c £ |A)s),

4.9
7 4.9)
1
|B) £k — E(IB)C + [B)s). (4.10)

By substituting (4.9) and (4.10) into (4.5)—(4.8), we find
the corresponding states of the standing waves:

1Nk = 19 T)es,

v = [ e,

(+)>

o = lo)es,

0k = ¥ P)es,

where, for instance, |¢7)c.s = 1/v/2(|A)c|B)c — |A)s|B)s)
and so on.

Similar to boson bunching in Hong-Ou-Mandel effect [51],
the two-photon state |y*)) of the traveling waves is trans-
formed into the NOON(—) state |¢™)) of the standing waves
[Fig. 3(a)]. Since the cosine wave is fully absorbed, proba-
bilistic zero- or two-photon absorption follows. If two photons

013716-5



ANTON N. VETLUGIN

PHYSICAL REVIEW A 104, 013716 (2021)

survive (both photon are “passing through” the sine wave), the
output modes state can be found straightforwardly:

|A)s|B)s = S(IA)IB)k + |A)_k|B)—x — |A)k|B)—«
— |A)—x1B)), 4.11)

where with 50% probability both photons are found in the
same mode and with 50% probability — in different modes.

The fermionic state (7)) of the traveling waves is an
eigenstate of any BS transformation (in agreement with Pauli
exclusion principle), and it excites the fermionic state of the
standing waves [Fig. 3(b)]. One photon is always presented
in the cosine wave and it is absorbed. The second photon is
coupled to the sine wave which, in turn, excites the single-
photon antisymmetric state of the output modes, similar to
(4.4). The same conclusion is valid for the input state |¢™)
which is transformed into the |y(*)) state of the standing
waves [Fig. 3(d)]. Again, one photon is always presented in
the cosine wave and the second one is presented in the sine
wave.

The NOON(+) state |¢™)) is an eigenstate of the ma-
trix (2.11) and it is preserved during the BS transformation
[Fig. 3(c)]. The NOON(+) state of the standing waves exhibits
similar to the NOON(—) state behavior with 50% probability
of two-photon absorption and 50% probability to find both
photons in the output modes k and —k in the state (4.11).

For all two-photon Bell states we get 50% of the average
light absorption. At the same time, statistics of the individual
events differs from probabilistic zero- or two-photon absorp-
tion to deterministic one-photon absorption depending on the
input state. These phenomena were demonstrated experimen-
tally in Refs. [12,14,20].

C. CPA of NOON states with arbitrary N

In this section, we introduce the regime of CPA of NOON
state

1 )

INOON)i & = —=(IN)£|0)—x + €**|0)¢IN) ),
V2

with arbitrary number of entangled photons N. Here the term

|N)#|0)_ stands for N photons in the mode k, and zero pho-

tons in the mode —k, and so on, and A# is a phase difference

between two terms. By rewriting the NOON state as

INOON )i,k

L (@Y 4 {10}, 10y,

and using the reverse BS transformation (3.2), we get the input
state of the standing waves [52]:

1 N N 172
INOON ) _; — WZ(’")

=0

X COS {%(nm + A@)}|N — m)c|m)s.

Here (Am]) = W+W is a binomial coefficient and the term

|N—m)c|m)s describes the state with N—m photons in the
cosine standing wave and m photons in the sine standing wave.

This representation allows us to analyze the outcome of the
CPA process. For instance, the three-photon NOON state of
the counterpropagating waves is transformed into

1 AB
5{ cos ——(13)cl0)s — V3[1)cl2)s)

AO
+ sin 7(|O)C|3)5 — «/§|2)c|1)s)}

state of the standing waves. Thus, if A0 = 27 n, three-photon
absorption takes place with the probability of 25%, while one
photon is absorbed with the probability of 75%. If A6 =
(2n + 1)m, either zero or two photons are absorbed, where
two-photon absorption takes place with the probability of
75% — higher than for NOON(+) state with N=2 [14]. For
the four-photon NOON state of the counterpropagating input
waves, the standing-waves state is

1 AG
Zﬁ{wwywmwn+mkms—AMnmw
A8
+%m3%Mdm—Hkm9}

Probabilistic two- or four-photon absorption takes place
if A =2mn (with probabilities of 12.5 and 75%, accord-
ingly) and probabilistic one- or three-photon absorption takes
place if A6 = (2n + 1) (with equal 50% probabilities). It is
straightforward to get the state of the output light modes k and
—k by applying the second BS transformation to the state of
the sine standing wave.

In a similar manner, CPA of NOON states with higher N
and other DV quantum states, such as multiphoton Fock [53],
Greenberger-Horne-Zeilinger [54], mixed, etc. states can be
described, which we leave out of the scope of this paper.

V. CPA OF CONTINUOUS VARIABLE QUANTUM STATES

A parallel branch of quantum information deals with con-
tinuous variables (CV) states [29,30] where operators of
interest have continuous spectra of eigenvalues. Quadrature
amplitudes of quantum light and collective spin of atomic
ensemble are among widely used examples [55]. Protocols
of quantum teleportation [56-59], quantum information pro-
cessing [60,61], quantum communication [62], and quantum
memory [63-69] were proposed and demonstrated with CV
states, as well as an ability to implement them in integrated
platforms [70-72]. Similar to CPA of DV quantum states, CPA
of CV states may be used to control and manipulate quantum
states of light [17,19] and to enable advanced protocols of
light-matter interaction [21]. In this section, we analyze CPA
of the most exploitable states in CV quantum information —
squeezed and entangled states, and shortly outline CPA of
other CV states. Since CPA of CV quantum states has not
been analyzed from the states evolution point of view, we
first recall major properties of CV quantum states and their
representation in a phase space, and it can be found in more
detail elsewhere [26,29,30,73,74].
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A. CV quantum states

Each optical mode with amplitude & = (X; + iX,)/2 is as-
sociated with a quantized oscillator, where optical quadrature
amplitudes, X, and X,, have a meaning of oscillator posi-
tion and momentum with commutation relation [X;, X,] = 2i.
Variance of position and momentum (AX;)? and (AX;)?,

(AX)? = (X)) — (X)), i=1,2,

are linked through Heisenberg uncertainty relation
(AX))>(AX5)* > 1, and can be measured by homodyne
detection [26,75]. CV quantum state is reflected in a
phase space by a ‘“coherent” arrow with coordinate
(X)), %) accompanied by the uncertainty region.
For instance, a coherent state |o) (where o = |ale? is
a complex number) is represented by a coherent arrow
with coordinate (2|o|cosf,2|a|sinf) and uncertainty,
or noise region shaped into a circle with radius 1
(AX; =V (AX)? =1, AX, = /(AX,)> = 1). The sum of
a coherent arrow with a random arrow within an uncertainty
region defines particular realization of the state in a single trial
[76]. Uncertainty region of the squeezed states is represented
by the ellipse with one of the radii smaller than 1 where
for ideal squeezing (AX; Y(AX>)> =1 and for nonideal
squeezing (AX))*(AX,)* > 1[26].

We express amplitudes of the input counterpropagating and
standing waves through their quadrature components:

¢ (in) > (in) ¢ (in) > (in)
A X1 TiXes Ain) X HiX55
k 2 ’ —k 2 ’
¢ (in) > (in) ¢ (in) > (in)
Xcy +iXe, Ain) Xy +iXg,
2 TS 2 ’
where the BS transformation (3.2) is expressed now as
O (in) O (in) ¢ (in) ¢ (in)
)"((in) _ Xk,i +X—k,i )"((in _ Xk,i -X i
ci —— 5 si = T &
V2 V2

where i = 1, 2. As it was discussed in Sec. I1I, the sine stand-
ing wave is not affected by the absorber, and

Alin) _
Ap’ =

$r(out) _ <(in)
XS,i - XS,i ’

while the cosine wave amplitude is replaced by the noise
operator (3.4), and
KW = %,

Here FC = (Xp’l + i)A(pyz)/Z and a vacuum state is associ-
ated with this amplitude. Finally, the output traveling wave
amplitudes are expressed as

¢ (out) . (out) ¢ (out) . (out)
A(out) X1 TiX 5 A(out) X1 TiX55
ak = —2 5 Kk = 2 )
and, according to the second BS transformation (3.3),
O ¢ (out) & ¢ (out)
X +XS,i o (out) XFr.i _XS,i

N NG

To quantify the amount of entanglement between any two
modes, operators of relative position and total momentum are
introduced (operators of total position and relative momentum
can be used instead). For instance, relative position QAk,_k and

X = (5.1)

total momentum P _; of the input counterpropagating waves
are defined as

g in) _ p(in)
Xkl - X k,1

Ok = —F7—>— 7 —, (5.2)
A K +Y£in)
Py = % (5.3)

As a measure of entanglement between two modes, we use
the inseparability parameter Sy ¢ [77]:

St—k = (AQk —1)* + (AP ).

If two optical modes are in a coherent state, they are
characterized by the quantum shot noise with S _x = 2. For
separable states, the inseparability parameter is equal or ex-
ceeds the shot noise,

Sk—k = 2,

while for inseparable, or entangled states strong correlations
“dump” the noise,

Sk,—k < 2.

In this section, we will distinguish between intensity and
coherence absorption [17]. Intensity of the absorbed light
for any input state is defined by intensity of the cosine wave,

L = (A7) = 24 Refa™ a7

Here transformation (3.2) was used, and [, = I,Ein) + 192)

is intf:ngity of the input light (I,fin) = (&,({i“ﬁ&,(:")) and IEZ) =
(?1(_“,? ' &(_“,?) are intensities of each input mode). Thus, intensity
absorption coefficient
A(in)t A (in)
Labs 1 Reyla; ’'a”
AI — ﬂ = — 4+ {< k k)} (54)

L2 I
is defined by the correlations between the input modes,
(&,((m)'&(_”}()). It can be simplified for separable, nonentangled
input states as

1 Reffg™) @)}
sep — 2 Ii

where averaging of amplitude operators is done separately.
Absorption coefficient of coherence (in Glauber’s sense) is
defined as

A , (5.5)

Acz%zl M'

5.6
G 2 G (56)

Here C;, = C,Ei“) + C(jz) is the total input coherence with
the corresponding coherence of each mode C,Eln) = |(&,(€'"))|2
and CSZ) = |(€1(_",?)|2, and the absorbed coherence Cys =

Cec = |(AA2“))|2 is defined by the coherence of the cosine
standing wave. Opposite to intensity absorption, A€ does not
depend on correlations between the input modes. Coherence
can be thought of as a measure of “classical interference
ability” of light: if two light modes are mixed on a beam-
splitter the coherent components will interfere in a classical
sense as a phase-dependent redistribution of average light
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Input state

Output state

©u
LXk?Zu

.
NESS

(out)
;X—k,Z

.

FIG. 4. CPA of identically squeezed states. From left to right: Identically squeezed states (top red and bottom blue, coherent state
uncertainty is shown for reference by dashed circles) of the input modes k& and —k are transformed into squeezed states (top purple and
bottom green ellipses) of the standing waves by the first BS transformation. The cosine standing wave is absorbed and its state is replaced
by a vacuum state (top purple circle) while the sine wave is not affected. The state of the output modes k and —k (top red and bottom blue
ellipses) is defined by the second BS transformation. Each state is represented by its coherent component (thick arrow) and uncertainty region.
Randomly chosen thin arrow within uncertainty region corresponds to a particular realization of the state. States evolution symbolically shown

by transformation of arrows and uncertainty regions.

intensity. In contrast, the noise component of light, which does
not contribute to coherence, will be split equally between the
output ports of the beam-splitter. Coherence defines a length
of the corresponding coherent arrow in a phase space, where
the result of mixture of two arrows depends on their length
and mutual orientation. We note that intensity absorption co-
efficient in its general form (5.4) depends on both coherent
and noise components of light.

B. CPA of squeezed states

In this section, the input counterpropagating waves are
assumed to be in coherent squeezed states, |, {x)x and
|l C—k) =k, Where oy = |agle™, a_p = |a_ile®*, & =
£e'®, and ¢_; = &_pe'®+ are complex numbers, and £, and
&_; are squeezing parameters (real numbers). To depict the
state |oy, {x)x in a phase space, one may start with a coherent
arrow (2| | cos Oy, 2|o | sin 6;) and a unit radius uncertainty
circle which are then squeezed in rotated by ¢ /2 phase-space
coordinate frame [26,73]. To find coefficients of intensity and
coherence absorption, (5.5) and (5.6) should be solved with
the input (separable) states |oy, {x)r and |o—g, {—g)—k. De-
tailed analysis of these coefficients as a function of the input
state parameters was done in Ref. [17], and we do not replicate
the calculations here. Instead, we consider the problem from
the state evolution point of view which allows us to explain
the results of squeezed light interference on coherent perfect
absorber. We start our consideration with an important case of
two identical input squeezed states:

g=a=a=lale’ and G =(=¢=E (5.7)

As it was shown in Ref. [17], in this case, the state of
the output light is completely separable from the state of the
absorber though the reasons of this effect were not explained.

The states of the input modes k and —k are depicted by
coherent arrows in a phase space with coordinates

(£V) = (R9) = 2lal(cos 0 cosh & — cos () — ¢) sinh £),
(X35) = (X)) = 2le|(sin 0 cosh & + sin (8 — ) sinh &),
and variance
(AX)? = (AX®))? = cosh 2 — cos ¢ sinh 28, (5.8)

(AXID)? = (AX,)* = cosh2¢ + cos ¢ sinh 2. (5.9)

For instance, for 6 = ¢ = 0, each state is represented by
the horizontal coherent arrow with the uncertainty ellipse of
radii e~ and ¢€°, as it is schematically shown in “Input state”
box in Fig. 4 (top red and bottom blue states). Variance of the
relative position (5.2) and total momentum (5.3) of the input
modes k and —k,

(AQ) _,)* = cosh 2& — cos ¢ sinh 2¢, (5.10)
(AP} _,)? = cosh2& + cos ¢ sinh 2¢, (5.11)

indicate lack of entanglement,
Si_ =+ =2, (5.12)

as it should be for the input separable state (index “|”
stands for parallel orientation of the squeezing ellipses of two
identical input states). The first BS transformation results in
squeezed states of the standing waves,

: 2
(AXc1)? = (AXs)? = (AXD),

in 2
(AXc2) = (AXs2) = (AX Y,
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/ (out)

X—k,l
J

FIG. 5. CPA of orthogonally squeezed states. From left to right: Orthogonally squeezed vacuum states (top red and bottom blue ellipses) of
the input modes k and —k are transformed into entangled states (top purple and bottom green circles of large radius) of the standing waves by
the first BS transformation. The cosine standing wave is fully absorbed and its state is replaced by vacuum while the sine wave is not affected.
State of the output modes k and —k (top red and bottom blue circles) is defined by the second BS transformation. Also see caption to Fig. 4.

where the in-phase coherent components are transferred to the
cosine wave leaving the sine wave in a squeezed vacuum state
(purple and green states in “Input state” box in Fig. 4):

K =V2ART) (&) =v2%T). 613)
() = (%52') = 0. (5.14)
Thus, correlations between the relative position

Ocs =X —XM™)/y/2 and total momentum Prg=

(XY + X{)/+/2 of the standing waves repeat those of the
input traveling waves, and

Sts = SIE,—k =¥ te® 22,

where Sg ¢ is the inseparability parameter of the standing
waves. Since the cosine wave is imprinted to the absorber, the
output light-absorber state will be separable as well. More-
over, this result stays valid for o # a—; in Eq. (5.7) since
(5.8)—(5.12) are independent from these values. Thus, sep-
arability of the light-absorber state arises from the fact that
two identically squeezed states do not produce entanglement
through a BS transformation. Next, according to (5.13) and
(5.14) the regime of total coherence absorption takes place
for the state parameters (5.7). At the same time, intensity is
not fully absorbed, since the noise components of the input
traveling waves are equally distributed between the standing
waves. For the same reason, in general, the regimes of total
absorption and total transmission of intensity are not possible
for any squeezed (as well as for entangled) states. Finally,
the state of the output modes k and —k can be restored as a
result of the BS transformation (5.1) of squeezed and coherent
vacuum states (“Output state” box in Fig. 4) with

(%) = (&5 =o,

and

1 h2& — inh 2
(Ax(5)’ = (axgn)’ = CEERE SRR,

2
out) 2 oun2 (1 4 cosh2& + cos ¢ sinh 2£)
(A% = (AX )’ = . ,

that is, as a nonideal squeezed vacuum state with

(AXP(AX G2 = (AX P AX G > 1.

The opposite outcome — maximally entangled absorber-
light state — would be of great interest for the protocols of
light-matter interaction [21,78]. To achieve this, we use the
fact that a BS transformation generates entanglement given
two input modes are in orthogonally squeezed states. Let us
consider two input traveling modes in the states |0, —&); and
|0, &) _x withreal £ > 0O (that is, ¢y = m and ¢_; = 0). These
states are shown in “Input state” box in Fig. 5. Compared to
(5.8) and (5.9), quadratures of two input modes are squeezed
along different directions:

(X)) = (AX)" = o,
(Ax)" = (ax))" = e,

As it is expected for the input separable state, no correla-
tions are presented between the modes:

Sklﬁk =X e ®>2

(index “_L” stands for orthogonal orientation of the squeezing
ellipses of two input states). After the first BS transformation,
we get the standing waves with “noisy” quadratures (purple
and green states in “Input state” box in Fig. 5),

2

(AXI) = (X)) = (ax{7)” = (AXIDY’

¥ e %

2 9
but their relative position and total momentum [defined simi-
lar to (5.2) and (5.3)] exhibit strong correlations:

Sgg=2e% <2. (5.15)

Entangled state of the standing waves is then transferred to
the light-absorber system. This result holds valid if the input
states are built from nonzero coherent components oy and .
The second BS transformation is adverse for entanglement
(due to amplitude splitting and addition of the vacuum noise)
but can be reversed by sending the output modes k and —k
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FIG. 6. Inseparability parameter of the standing-waves state for
CPA of squeezed states. Inseparability parameter S;7 as a function
of squeezing angles ¢ and ¢_; of the input traveling waves for
equal squeezing parameters & = £_; = 1. Black-to-blue region cor-
responds to inseparable, or entangled state of the standing waves,
while the rest of the area corresponds to separable state. Since the
cosine wave is imprinted to the absorber, the same graph represents
inseparability parameter for the output light-absorber state.

through a “real” 50:50 beam-splitter. One of the outputs of
the real beam-splitter recovers the sine wave amplitude,

1
E(&l(couo _ &(:)]l{n)),
since two BS-transformations are equivalent to identity ma-
trix.
For general input states |oy, {¢)x and |o—g, ) with
arbitrary parameters, inseparability is a function of ellipses
orientation and squeezing parameters:

Sgls = cosh 28, + cosh 2£_ + cos ¢ sinh 2£;
— cos ¢y sinh 2&_;.

For equal squeezing parameters, & = &_; = &, insepara-
bility reaches minimum at ¢, =7 and ¢_, =0, as it is
expected for orthogonally squeezed states (5.15) (Fig. 6).
The state of the standing waves is still inseparable within
the black-to-blue area in Fig. 6, the radius of which depends
on the squeezing parameter £. Outside of this region, the
states are separable. The latter regime is a generalization of
the condition (5.7). For fixed angles ¢y =7 and ¢_, =0
but &, # &,, inseparability parameter for the standing waves
decreases with an increase of the squeezing parameters:

ng’s =e Hp e <0,

As we have shown, the standing-wave approach allows not
only determining absorption of light intensity and coherence,
but also following quantum states evolution, providing a clear
picture of the underlying processes.

C. CPA of CV entangled (EPR) states

In this section, we consider CV entangled, or EPR
(Einstein-Podolsky-Rosen) state for input counterpropagating

waves, 21,(;“) and &(l‘;{). As it was discussed in the previous

section, entangled state arises from interference of orthogo-
nally squeezed states on a 50:50 beam-splitter [57,79]. (Other
ways to generate entangled states include parametric down-
conversion process in nonlinear crystals [80-82] and atomic
ensembles [83-85].) Thus, it is beneficial, without loss of
generality, to introduce two virtual “preceding” modes g and
h with corresponding amplitudes

2 2 ’
which are prepared in orthogonally squeezed states oy, —&),
and |ay, &) . Here ap = |agle™® and o), = |oyy e are complex
numbers, and squeezing parameter £ > 0 is a real number.
Average values of g and h [26],

2= , h=

(2) = " Re(y) + ie “Im(a) = o, (5.16)

(hy = e *Re(ay) + ie* Tm(ay) = «}, (5.17)

define coordinates of coherent arrows in a phase space with
variance

(AXg 1) = (AXp0)* = €%,
(AX,2)* = (AXp1)* = e .

The input traveling waves of interest, &,({i“) and &g’c), are

considered as a result of BS transformation of the preceding

modes:
am ) =7\

with matrix (2.11). The state of modes k and —k are reflected
in a phase space by using their average values,

(7)< () = ()

(AX; 1) = (AXpn)® = (AX 1)

(5.18)

and variance

¥ e %
2
Large uncertainty regions of the individual modes accom-

panied by strong correlations in the relative position and total
momentum is characteristic of entangled states, and, indeed,

= (AX ;1) =

(AQk 1) = (AP 1) = ™%,
Sprte =2e7% < 2.

The greater preceding squeezing, the more entangled states
one gets. Entangled state of the input traveling waves is
shown by red and blue circles in “Input state” box in Fig. 7
for ap = a_; = 0. Transformation of the counterpropagating
waves into the standing waves results in a simple outcome—the
standing waves repeat the preceding modes:

Agn) al(cin) 3
A(in) = HBS A(il‘l) = I ~ 1
Ag a’y h
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FIG. 7. CPA of CV entangled (EPR) states. From left to right: Entangled state (top red and bottom blue circles of large radius) of the input
modes k and —k is transformed into orthogonally squeezed states (top purple and bottom green ellipses) of the standing waves by the first BS
transformation. The cosine standing wave is fully absorbed and its state is replaced by vacuum while the sine standing wave is not affected.
State of the output modes k and —k (top red and bottom blue) is defined by the second BS transformation. Also see caption to Fig. 4.

where I is an identity matrix. The cosine wave is excited into
the squeezed state |ag, —&)¢ with the well-defined momentum

i 2
(AX(D)" =7,
and the sine wave is excited into the squeezed state |a;, &)g
with the well-defined position
i 2
(AX) = e,
Since the standing-waves state is separable,
SE“S‘ =X +e % > 2,
the state of the absorber-output light system will be separable
as well. Intensity, presented initially in the mode g,

(8'8) = lotg|* cosh 2€ + |a,|* cos 26, sinh 2& + sinh’é,
(5.19)
is absorbed, while intensity of the mode 4,

(h'h)y = |ay)? cosh 26 — || cos 26, sinh 2£ + sinh’,
(5.20)

is split between the output light modes. Intensity absorption
coefficient can be found as
PUPN
=88 __ (5.21)
(§°8) + (h'h)

that is, as a function of parameters of the preceding modes
g and h. By reversing the transformation (5.18) and using
(5.16) and (5.17), we may express AL as a function of the
parameters of the input modes k and —k. For instance, for
log| = || and |a_i] = |a]e®*, we get

O +6_
6, = atan |:e25 tan %}

)

O +6_
Oy = atan|:—e_2§ cot %}

Af Ok +6_
lotg| = V2e | cos —_ cos %/cos 0,

AD O + 6_
loey| = —«/Eeslal sin > sin %/cos@h,

where A8 = 6, — 6_. These relations should be substituted
into (5.19) and (5.20) and, finally, into (5.21). Intensity ab-
sorption coefficient as a function of 6; and |x| (6_x = 0)
for different values of & is shown in Figs. 8(a)-8(c). For
small & [Fig. 8(a)], the input modes state is close to coherent
(classical) state with S,ff‘t_k ~ 2. In this case, close to classical
regime behavior is observed with corresponding oscillation
between the regimes of total absorption and total transmission
independent of coherent amplitude of input light ||. With
increase of & [Figs. 8(b) and 8(c)], the inseparability param-
eter decreases and nonclassical behavior takes place, where
absorption depends on both the phase relation between the
input modes and the ratio between |«| and £. When intensity
of coherent component of input light, |a|?, is greater than
intensity of incoherent component (intensity of fluctuations,
sinh?&), classical behavior dominates. In the opposite case of
large incoherent component, light is split equally between the
cosine and sine standing waves with following ~50% phase-
independent absorption. This transition from the classical to
quantum regimes with the increase of squeezing parameter &
is clearly seen in Fig. 8(d) where coherent amplitude is fixed,
|| = 1. In the case of vacuum entangled state, « = 0, only
random fluctuation component is presented, and AL, = 1/2
for any degree of entanglement.

Similar, coherence of the preceding mode g, |(8)|> = |a;,|2,
is absorbed, while coherence of the mode A, |(h)|* = |a,|?, is
transmitted to the output light modes. Coherence absorption
coefficient (5.6),

is expressed through parameters of the input modes k and —k
by using transformation (5.18):

lag)® + la—i]? + 2] ||a—| cos AG

.AC
2(le|* + lo—g )

ent —
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FIG. 8. Intensity absorption of CV entangled (EPR) states. (a)—(c) Intensity absorption coefficient A
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1

- as a function of the phase 6; and

amplitude |«| of the input mode k. Squeezing parameter & of preceding modes equals to 0.1 (a), 0.5 (b), and 1.5 (c). The input traveling waves

I

are assumed to have equal coherent amplitudes |o| = |a—«| = || and angle 6_; is set to zero. (d) A, as a function of the phase 6; and
squeezing parameter £ with fixed coherent components, |o;| = |o—i| = 1.

For |ax| = |e—|, coherence absorption coefficient
1 4+ cos A6
AS = — (5.22)

is a function of the phase difference A6 between coherent
components of the corresponding amplitudes (or the angle
between coherent arrows in a phase space). As we discussed
previously, coherence defines component of light which in-
terferes in a classical sense, and Eq. (5.22) reflects the law
of the classical regime of CPA. If all coherence of the input
light is transferred to the cosine standing wave (A6 = 2mn),
the regime of total absorption of coherence follows. Oppo-
site, if all coherence is transferred to the sine standing wave

(A6 = (2n + 1)), the regime of total transmission of coher-
ence takes place. To compare absorption of coherence with
absorption of intensity, we plot A, [Fig. 9(a)] for the same
set of parameters as it is done for A’ in Figs. 8(a)-8(c). For
small squeezing parameters, absorption of intensity [Fig. 8(a)]
is almost equivalent to absorption of coherence. In this case,
the state of input light is close to coherent (classical) state, and
coherence and intensity is, basically, the same variable. For
instance, for input mode k one gets I; ~ |(£z,(€“’))|2 = C;. By
increasing the parameter £ (equivalent to increasing the degree
of entanglement of the input counterpropagating modes), one

increases the amount of energy presented in random fluctu-

5 1 5 1
(a) Agne (b) Agnt
4 0.8 45 - 108
0
= 3 | 0.6 N 3 0.6
2 ‘ 0.4 E 2 0.4
S
1 0.2 =] 0.2
0 0 0
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FIG. 9. Coherence absorption of CV entangled (EPR) states. (a) Coherence absorption coefficient A

2 4
0y (rad)

C

ot as a function of the phase 6, and

amplitude |«| of the input mode k. The input traveling waves are assumed to have equal coherent amplitudes || = |o—| = || and the phase

; c
0_y is set to zero. (b) A,

as a function of the phase 6, and ratio |o;|/|o—¢|. In both cases 6_; = 0.
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TABLE I. Coherent perfect absorption of quantum states of light.

Average
intensity
State type Input state (Travelling waves) Standing waves state absorption Notes
o g . 1 Controllable absorption:
w2 S t —(|11),10)_, A6 A6 A6 : .
.%03 upesrg(t)? on ﬁ(l el0)- cos—|1)¢]0)s — i sin—[0)¢|1)g cos? — from total absorption to
@ e +e29(0),11)_,) 2 2 2 total transmission
. W), , = o), = .
Triplet Bell 1 4 1 S 50% 2-photon absorption (50%)
state (bosonic) — (|A)|B)_i + |B)lA)_) —(l4)¢|B)¢ — |A)g|B)s) 0-photon absorption (50%)
V2 V2
. ) — ) =
2 SmizieBell 1 W2 1 W 50% 1-photon absorption
3 | sute 2 _ 2 _ 100%)
g f (1A)|B) - = 1B)i|A) i) (14)c|B)s — 1B)clA)s) (
z (fermionic) V2 V2
=1
=
a. ) = ) =
,‘2 g Triplet Bell 1 le )"v‘k 1 lo >Cr5 50 2-photon absorption (50%)
8 o .
z = state (NOON+) 7= (A)IB +14)_]B)_,0) —UA)c|B)c + 14)s|B)s) O-photon absorption (50%)
z vz V2
<
=
2 0, = ), =
2 Triplet Bell 1 bk 1 ¢S5 50% 1-photon absorption
5 state (NOON-) (1A% |B), — |4)_.|B —(14).|B)« + |B).|A ° (100%)
2 ﬁ(l el Bl = 1A)—k|B)-1) ﬁ(l )elB)s + [B)clA)s)
Af = 2mn:
1 A6 3-photon absorption (25%).
1 - av _ P! Tpi s
NOON state N (13),10)_ 2 {cos 2 (13)cl0)s = V3I1)c12)s) 50% 1-photon absorption (75%);
with N=3 . . A0 A6 = (2n+ Dm:
+e910),13)_,) + 5in == (10)cl3) = V3I2)c1)9) 2-photon sbeoprion G5%)
8 0-photon absorption (25%)
g AG = 2mn:
Z 4-photon absorption
I 1 76
3 1A (12.5%),
4)c10)s +10)c14
z 1 Zﬁ{cos 2 (141005 +10)cls o 2-photon absorption (75%),
NOON state (14),10)_ 50% N
with Ned V2 —V6l2)c12)5) 0-photon absorption
+e9]0),]4)_,) Y (12.5%);
+2sin—-(I3)cl1s — [1)c[3))} A6 = 2n+ Dm:
3-photon absorption (50%),
1-photon absorption (50%)
100% for
Identical §=0 Separable output light-
P squeezed states lo el )i IV2,£)c10,6)s 50% for & — absorber state
,“..(; e}
@
=
5 0,—€), 10,6)
§ Orthogonally s ulcc’zinafnlo;gu;kona] Individual quadratures are uncertain .
3 squeezed q e & Inseparable (entangled) state: 50% Inseparable output light-
q quadratures absorber state
vacuum states Sés <2
Separable state: Si_, > 2 ’
2 50% for
s o~ 2 Inseparable (entangled) state: . cEnt ideally Separable output light-
& 58 Entangled state P <2 Separable squeezed states: SF§° > 2 entangled absorber state
2 states
8
=
<
2 ;,30 - Identical cat All light absorbed (50%)
2 22 states All light transmitted (50%)
E 27 (1SC(a)) ~ ISC(@))ISC(@)) ISC(V2a))cl0)s + 10)cISC (V2))s 50% Inseparable output light-
5 £ 8 la) + |—a)) absorber state
o %]
All light absorbed (50%)
4 All light transmitted (50%)
& 1
g fﬁ::zrzgtsgfgs [ael0,0) -k 75 (IN)cl0)s + 10%clW)) 50% Inseparable output light-
-] q 2 absorber state
£
2
5 All light absorbed (50%)
] Coherent and All light transmitted (50%)
S Schrodinger cat @) ISC(@) s IV2a)c|0)s +10)clV2a)s 50% Inseparable output light-
<

states

absorber state

ations and intensity absorption coefficient tends to 1/2. At
the same time, coherence absorption coefficient, independent
of &, still oscillates between 0 and 1. Thus, absorption of
coherence can either be greater or less than absorption of
intensity. For |ox| # |a—i|, coherence absorption coefficient
tends to 1/2 with increase of |ay|/|o—x| ratio [Fig. 9(b)].

D. CPA of other CV states

In a similar manner, interference of other CV quantum
states may be considered. As a first example, we shortly
outline CPA of Schrodinger cat states (SCs). In this case,
the input counterpropagating modes k and —k are set in a
superposition of coherent states of opposite phases [86,87]
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(normalization factor is omitted):
ISCla))k ~ )k + | — o),
ISCa))—k ~ la)— + | — &) .

The first BS transformation results in a superposition of
Schrodinger cat states of the standing waves of the form
[88-90]

ISC(v2a))c|0)s + 10)c|SC(V2a))s.

Thus, all input light is absorbed with probability of 50%.
With the same probability of 50%, all light is transmitted and
the state of the output light modes can be found as

ISC(v2a))s — lahi] — &) g + | — &) eler) .

As a second example, we consider the regime of “asym-
metric” illumination of the absorber by coherent |«); and
squeezed |0, ¢)_y states. The first BS transformation gener-
ates NOON state of the standing waves [91,92]:

%(IN)clms + 10)cIN)s),
where the number of excitations is defined by the ratio |a|?/£.
Again, light is absorbed or transmitted with 50% probability.

In a third example, we consider asymmetric illumination
of the absorber by coherent |«); and Schrodinger cat |o) _; +
| — o) states [93]. The first BS transformation results in the
entangled state of the standing waves:

~ |V2a)c|0)s + 10)c|v2a)s,

where the input light can be found either in the cosine or
the sine standing waves. For all three cases considered here
(&,((m))*(&(_“;()> = 0 and intensity and coherence absorption co-
efficients are equal to 1/2.

In a similar manner, analysis of CPA of other CV quantum
states can be done, which we leave out of the scope of this

paper.

VI. SUMMARY AND CONCLUSIONS

We shortly summarize the above discussed quantum
regimes of CPA in Table I. Single-photon state absorption
follows the classical regime of CPA where the light ab-
sorption may be manipulated in the full range between the
total absorption and total transmission. Quantum fluctuations
presented in other discrete variable states do not allow ma-
nipulating the average light absorption, which is always 50%

since light is distributed equally between the standing waves.
Meanwhile, the number of photons dissipated in a single act
of absorption differs drastically depending on the particular
input state of light. This allows implementing absorption of
a given Fock state with a high probability while dumping,
for a certain extent, absorption of other Fock states. Similar
situation is observed for continuous variable quantum states
where quantum fluctuations are evenly spread between the
standing waves preventing manipulation of the average light
absorption probability. At the same time, when the state of
light approaches classical coherent state (for instance, by
setting £ — O for squeezed and entangled states) the absorp-
tion becomes phase sensitive and follows classical patterns.
Again, individual events of absorption differ significantly
from equally transmitted and dissipated light intensities to
probabilistic total absorption or total transmission of input
light intensity depending on the input state of light. Sepa-
rability of the output light-absorber state is defined by the
separability of the standing-waves state.

In conclusion, we presented unified theory of the quantum
regime of CPA by considering the problem in the quan-
tized standing-waves basis taking account of a subwavelength
thickness of the absorber. Our description allowed us to build
a detailed picture of the underlying processes of CPA tracing
evolution of quantum states of light as well as to bring strong
parallels between classical and quantum regimes of CPA.
Under a single theory, known quantum effects of CPA were
explained and other regimes were introduced both for discrete
and continuous variable quantum states. Deep understanding
of fundamental properties of quantum light dissipation will
allow practical implementation of this phenomenon in quan-
tum optics and quantum information including manipulation
and measurement of quantum states of light and excitation of
nonclassical states of light and matter.

The data that support the findings of this study are openly
available in NTU research data repository DR-NTU (Data) at
[94].
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