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Abstract: The investigation on quantum radar requires accurate
computation of the state vectors of the single-photon processes
of the two-level system in free space. However, the traditional
Weisskopf-Wigner (W-W) theory fails to deal with those processes
other than spontaneous emission. To solve this problem, we pro-
vide a new method based on the renormalization theory. We evalu-
ate the renormalized time-ordered Green functions associated with
the single-photon processes, and relate them to the corresponding
state vectors. It is found that the ultraviolet divergences generated
by the Lamb shift and higher-order interactions can be systemat-
ically subtracted in the state vectors. The discussions on sponta-
neous emission and single-photon absorption are then presented
to illustrate the proposed method. For spontaneous emission, we
obtain the same results of the W-W theory. For single-photon ab-
sorption where W-W theory fails, we find that the two-level electric
dipole first gets excited rapidly and then decays exponentially, and
that the efficiency of the single-photon absorption declines as the
bandwidth of the incident photon becomes narrow. The proposed
method can improve the investigation on quantum radar.
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1. Introduction

Single-photon processes exist in numerous phenomena,
such as Rabi flopping [1- 3], resonance fluorescence [4—
6], spontaneous emission [3], etc. In describing these pro-
cesses, the two-level system (2LS) that a two-level elec-
tric dipole couples to the electromagnetic field via rotating-
wave interaction is widely used. Even recently, the single-
photon processes of the 2LS in free space are introduced
in the study of quantum radar [7,8], where the target is
regarded as a two-level electric dipoles. The dynamics of
the single-photon processes of the 2LS are determined by
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the corresponding state vectors. Generally, if the 2LS is
confined in a cavity with a finite size, the state vector can
be obtained by solving the equation of motion (EOM) and
is found oscillating periodically, as we see in Rabi flop-
ping. However, things get subtle when the 2LS is in free
space. The single-photon processes taking place in free
space are usually irreversible, and therefore the state vector
should contain terms that are damping rather than oscillat-
ing. However, this cannot be easily achieved, because the
EOM in free space cannot be solved analytically, and the
perturbative or numerical solutions of the EOM can only
give oscillating results. To handle this problem, Weisskopf
and Wigner introduced Markov approximation in solving
the EOM for spontaneous emission and obtained the expo-
nential decay of the excited electric dipole [3], which has
been confirmed by experiments. All the ultraviolet diver-
gences in the Weisskopf-Wigner (W-W) theory are owed
to Lamb shift and are dropped explicitly. Nevertheless, the
direct use of the W-W theory on single-photon absorption
will lead to an unphysical result that the electric dipole
keeps unexcited throughout the process, in contrast with
which the electric dipole in reality will first get excited
by absorbing the incident photon and will then decay by
emitting another photon. Though there are other ways to
investigate the single-photon processes of the 2LS in the
one-dimensional system with infinite linear extension [9 —
20], the dynamics of the single-photon processes in free
space except for spontaneous emission remain uncovered.

In this article, we shall not solve the EOM, but use
renormalization theory [21 —23] to study the single-photon
processes of the 2LS in free space. In Section 2, we derive
the renormalized Lagrangian and the corresponding Feyn-
man rules in the mass-shell scheme by analyzing the bare
time-ordered Green functions (BTGFs). In Section 3, the
renormalized time-ordered Green functions (RTGFs) are
computed with the renormalized Lagrangian and the Feyn-
man rules, and the state vector is obtained as the super-
position of the RTGFs. We find that the ultraviolet diver-
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gences originate not only from the Lamb shift but also from
higher-order interactions, and that these divergences are
systematically subtracted in the state vector. In Section 4,
spontaneous emission and single-photon absorption are
discussed to illustrate the proposed method. For sponta-
neous emission, our results are the same as the W-W the-
ory. While for single-photon absorption, it is found that the
surviving amplitude of the excited electric dipole first in-
creases rapidly to its maximum and then gradually decays
to zero, and that the efficiency of single-photon absorption
declines as the bandwidth of the incident photon becomes
narrow, which has not been noticed by the previous studies.
As for quantum radar, we obtain a more accurate norma-
lized energy density of the scattered quantum electromag-
netic field (SQEF) than [7].

2. Renormalized Lagrangian and
Feynman rules

Suppose a two-level electric dipole possesses a ground
state |0)4 with the energy 0 and a bare excited state |e)
with the energy fuw 4, and denote |0), and |k, s) as the
vacuum state of the electromagnetic field and the single-
photon state with the momentum k and the helicity index
s, respectively. Then the dynamics of the 2LS are well de-
scribed by the following Hamiltonian in the Schrodinger
picture [3]:

H = hwaiata + Z hwkz;]:sgk,s‘F
k,s

in> X up (0)b G — 8y Ao (0)bg Gt (1)
k,s

k,s
where w, = c|k|, A is the bare moment of the electric
dipole, and
a=1[0)alel,  br,s =10)p(k; s| )

are the annihilation operators of |e¢) and |k, s), respectively.
Conlfine the 2LS in a cubic with the volume V" and impose
periodic boundary conditions, then ug, s reads

fio )
g o (1) = 1/2‘/;‘“0e(k,s)e"”, s=+1  (3)

with e(k, s) as the unit-polarization vector:

elk,1)-e(k,—-1)=e(k,—1)- k=0
e(k,1) x e(k,—1) = k/|k|
kakﬁ . (4)

> e(k,s)e?(k,s) = 57 — 2

S

where 6°° (a, 8 = 1,2, 3) is the Kronecker delta.

We will take V' — oo in the following to obtain a conti-
nuous spectrum of the electromagnetic field. By employing
Hamilton’s principle, one explicitly writes down the bare
Lagrangian corresponding to (1) as

L =ho%(t) {ig

5 WA:| Da(t)+

hkz o (1) {i% — wk} B o (t)—

i S A - up (0) 87, (1) Pa(t)+
k,s

ih) "X ug o (0) P s () 2L (1) (5)
k,s
where
BA(t) = eth/hae—th/h7 (6)
¢k73(t) — eth/h/b\k7se_th/h. (7)

Via functional derivation [21, 22], we achieve the cor-
responding Feynman rules as shown in Fig. 1. The straight
line and the fold line on the first row come from the first
and the second terms of (5), respectively. The solid ver-
tices in the second row represent the interaction between
the electric dipole and electromagnetic field. All the un-
fixed k, s should be summed up.

k,s
@ 0 NANAA-
i i
O-04+i0" - +i0°
k,s k,s
a)—»—.—/ \/— o —"\ /L.+
2 uj,(0) ()

Fig.1 Feynman rules for (5)

The BTGFs can be evaluated with the above Feynman
Jei“t<VAC|T{¢A(t) &1 (0)}|VAC)dt

where [VAC) = |0)4 ® |0),. The non-vanishing Feyn-
man diagrams are illustrated in Fig. 2.

rules. Consider
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where

Fig.2 Feynman diagram of J el“t (VAC| T{PA(t) 45;’; (0)}|IVAC) dt

It is straightforward to obtain
Jeiwt (VAC| T{®(t) 9% (0)} |[VAC) dt =
I
w—wy + 10t

> (y A melOF _
= - w—wk +10T w—wy +10T

i

|>"uk,8(0)|2 '
wmwa kzw—wk—l—iO*

®)

1 . 3k
Replace v ; with J. W’
the right hand side of (8) reads

3 e(k,s
D(w):w—wA—ZJ(dk A- ek, s) )

then the denominator of

2n)3 w — wg, + 10T 250

The zero point of Re D(w) is the physical frequency
w AR of the excited state:

3k IX\-e(k
WAR — WA — ZPJd A - e S)| hwk

=0 (10
3 WAR — Wk 2 ( )

with P J

Re D(w) around w = wag:

. as the principle-valued integral. Expand

Re D(w) = w — wa — Co(A?) — C1 (V) (w — war)—

Co(A)(w —war)? — C3(N?)(w — war)® + F(O\%,w)

(11)
where
ZPJ d3k IA-e(k,s))? hwi
WAR — WE 280
ZPJ’ d3k |)\ e(k, s)| hwp
(War —w 2 92,
AR k) 0 L (12)

ZPJ d3k |)\ e(k, s)|? Twy
3 (war —wk)?3 2¢e0

ZPJ d3k IA-e(k,s))? hwg
3 (war — wg)?* 2e9

2
FO.) = hA (11 s 3,

3 2
2cdeg \I3Y T g WAR T [gWWaRT

1 1 w
ﬂwiR— —w3ln—>. (13)

It is obvious that not only Cj, which is exactly the ul-
traviolet divergence owed to the Lamb shift, but also C1,
Cs and Cj diverge when k is integrated over |k| > wag.
In fact, the latter three terms come from higher-order in-
teractions between the electric dipole and the electromag-
netic field, and are ignored in the W-W theory. Though
these divergences may interfere with the validity of our
calculation, they can be subtracted by introducing the
renormalized Lagrangian, so that the RTGFs and thus the
state vector are well-defined. Specifically, the renorma-
lized Lagrangian, as suggested by the renormalization the-
ory, should contain four species of counter terms to elimi-
nate C,, forn = 0, 1, 2, 3, respectively.

.0
Lr= h@ZR(t) [l& - wAR:| gpAR(t)'i_

hkz o (1) {i% - wk} B o (1) —
IFLZAR uks ( VPar(t)+
) P, (1) DL R (1) +

ihZAR-ukﬁ(o
k,s

hZD Oh (1) [ia wAR] Par(t) (14

where the last line are the counter terms with
D, to be determined. Then the denominator of

e (VAC| T{®dar(t) ®}(0)} [VAC) dt, analogous to
(10), reads

Dgr(w) = . ! =
Je‘“t (VAC| T{ @4 p(t) &%,(0)} [VAC) dt

Bk |Ar - e(k,s)|” hw
w_wAR_;J (27)3 w — wg + 10T 2—50+

3
Z Dp(w—waRr)" =w —war + F(\g,w)+

n=0
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Im Dp(w Z

Next, we shall take the mass shell scheme that A\p
and ®4pr(t) are defined as the physical moment and
the physical operator of the electric dipole, respectively.
This demands Re Dr(w) = w — war + F(O\%,w),
and thus D, = C,(A\%). The Feynman rules for the
renormalized Lagrangian are therefore given in Fig. 3.
The shaded vertex in the third row originates from the
counter terms. Remark that, since Im D g(w) is finite with
the notion Im (w — wg + i07)7! = —ind(w — wg),

Jeiwt (VAC| T{ Pr(t) &%, (0)} [VAC) dt is indeed free

from ultraviolet divergences.

IN(w —war)™. (15

k,s
@ 0 NN
S _ i
-4 +H0" - op+i0"

k,s k,s
Py AT —
g ug(0) —Ar U (0)

® +@+

3
iy C (AR (@-onr)
n=0

Fig. 3 Feynman rules for (14)

3. RTGFs and state vector

The state vector |t)(t)) describing the arbitrary single-
photon process of the 2LS can be decomposed as the su-
perposition of |e) and |k, s).

[P(t) = Yk,s)  (16)

+chs

where C,(t) and Ck 4(t) are the surviving amplitudes of
le) and |k, s), respectively. Noting that, in the mass-shell
scheme,

1r(0)[VAC) = [e) (17)

@5, (0) [VAC) = |k, s) (18)

where [VAC) = [0),0),, is the vacuum state of the sys-

tem, and one has

Ce(t) = Ce(0) (VAC| T{ Par(t) 95 (0)} |[VAC) +
Z Crr o (

Ck,s(t) = C.(0) (VAC| T{ Pr,s(t) 2} 5 (0)} [VAC) +

0) (VAC|T{ @ar(t) &y, ,,(0)} [VAC), (19)

> Crr wr(0)

k’,s’

(VAC| T{ Py, s(t) By, ,+(0)} [VAC) . (20)

Therefore, the four RTGFs in the right hand side of (19)
and (20) are the key to evaluating |4 (¢)). Fig. 4 shows the
corresponding Feynman diagrams of these RTGFs, then
we get

J e (VAC| T{Par(t) ®},(0)} |VAC) dt =

i

21
w—wAR—FF(/\%,w)—!-iF(w)/T @h
Jeiwt (VAC|T{ P, s(t) DL 5 (0)} [VAC) dt =
i A
w—war + F(A4,w) +iI'(w)/2 "
s oy L
uk,s(o)w — W + 0+’ (22)
Jeiwt (VAC| T{@Ar(t) B}, ., (0)} [VAC) dt =
1
_w — Wk + 0+ )\R.
i
uk/,s/(O) (23)

w—warp +F(\%,w) +il'(w)/2’

Jeiwt (VAC|T{ &y, o(t) B, . (0)} [VAC) dt =
i

EE————

i

/S/ O . .
s ( )w—wAR—i—F()\%,w)—i—lF(w)ﬂ

i i

Ar-uy, (0
R o )w—wk+10++w—wk+10+

6k:k:/ 555’ (24)

where

hw
72”ZJ' 3|)‘ k,s)|” XSCS(W—L%):
h/\%w3
. 2
3megcd (25)

In the above computation, all the ultraviolet divergences
are subtracted by the counter terms in (14), and therefore
the RTGFs and [t (t)) are well-defined.

Once C.(0) and Cy, 5(0) are given, C,(t), C (t), and
hence |t (t)) can be obtained explicitly by substituting
(21)-(25) into (19) and (20).
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Fig. 4 Feynman diagrams of the considered RTGFs

4. Spontaneous emission and single-photon
absorption

It is straightforward but quite lengthy to evaluate C, (¢) and
C,s(t) numerically. However, in free space, Ag is small
enough for one to apply the well-known Breit-Wigner ap-
proximation [21, 22].

2,3
_ Mgwip

INw)y~T F(\%,w) =0 (26)

3315063 ’

where I" denotes the decay width of the excited state. Sub-
stituting (26) into (21)—(24) and performing the Fourier
transformations, we have

(VAC|T{®aR(t) &} (0)} [VAC) = eiwant=It/2,

27
(VAC| T{ 8o (1) 95 (0)} VAC) =
o—iwart—Tt/2 _ g—iwpt
N (0) e, 08)
(VAC| T{®ar(t) B}, ,,(0)} [VAC) =
i (0) T e )

WAR — wp, —1l'/2

(VAC| T{ &y, s(t) &, ,(0)} [VAC) =

e_iw’ctéss’ékk’ + AR CUR! s/ (O)AR

1 1 o
00 —lwpt
Ui wk—w;chR—w;c—iF/2e
1 1 —iwkt+
Wk — W, WAR — Wi — 117/2
1 1

e—lu.)ARt—Ft/Q ]

WAR —wk —1'/2war —wj, —iI'/2
(30)

Note that since there may exsit a virtual state rather than
a resonance [24 —28] for some |Ag|, which would violate
Breit-Wigner approximation, and we assume that |[Ag| is
sufficiently small to satisfy (26).

In the following, we shall discuss spontaneous emission
and single-photon absorption with the aid of (27)—(30).

(i) Spontaneous emission. For spontaneous emission,
the incident condition reads

Ce(0) =1, Cis(0) =0. 31)
Combining (19), (20), (27), (28) and (31), one has
C,o(t) = e7wart=It/2 (32)
o—iwart—It/2 _ q—iwkt
Cl,s(t) = iAR - uy 4(0) (33)

wAR—wk—iI'/2
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Indeed, (32) and (33) agree with the results achieved by
the W-W theory [3] exactly.

(i1) Single-photon absorption. For single-photon absorp-
tion where the W-W theory fails, the electric dipole is ini-
tially on the ground state, and the incident photon is pre-
pared in a wave packet.

Co(0) = 0, Croa(0) = % fks) (34

where f(k, s) is a smooth function with respect to k, sa-
tisfying

3
S | s e = 1. (35)

Analogous to spontaneous emission, we can obtain
Celt; f) = % kZ F(K,s)
(VAC|T{®ar(t)® . (0)} [VAC), (36)
Crs(t; f) = % kZ F(K,s)

(VAC| T{ Pr.,s(t) B, ,,(0)} [VAC).. 37)

Remark that, no matter what form f(k, s) takes, it is
governed by the Riemann-Lebesgue lemma that

lim C.(t; f) =0, Vf. (38)

Equation (38) indicates that the electric dipole first gets
excited by absorbing the incident photon and eventually
decays with the emission of another photon, which is con-
sistent with the physics of single-photon absorption.

In particular, consider that the incident photon is pre-
pared in a Gaussian packet with s = +1 helicity,

i a2
o) = () eort-E5 8 00 o9

The coordinate is chosen such that g is along the z-axis
and Ag is written as

A = A(sin 6, 0, cos 9) (40)
where 9§ is the intersecting angle between Ag and gy. By

combining (29), (36), (39) and (40), we get |C.(t; f)| for
different « and |go| and plot them in Fig. 5.
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Fig. 5

It is easy to see that

() |Ce(t; f)] arises rapidly to its maximum (< 1) and
then decays slowly.

(ii) The non-vanishing detuning A = war — |qo|c,
shown in Fig. 5(a) and Fig. 5(c), causes a dissipative oscil-
lation of |C.(t; f)|. This phenomenon, analogous to Rabi
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flopping, comes from reemission and reabsorption of a sin-
gle photon.

(iii) The efficiency of absorption of the incident photon
declines as @ — 0, i.e., as the bandwidth of the incident
photon becomes narrow. This phenomenon has not been
noticed by previous investigations, and is easy to be under-
stood: the density of the photon around the electric dipole
is reciprocal to the bandwidth of the photon, and is propor-
tional to the strength of the interaction between the photon
and the electric dipole, and therefore a smaller bandwidth
of the incident photon yields stronger absorption by the
electric dipole.

The investigation on quantum radar concerns the nor-
malized energy density of the SQEF. It is obvious that the
scattering of the incident photon by the target is just single-
photon absorption of the 2LS by regarding the target as
a two-level electric dipole, and therefore the normalized
energy density can be obtained from (37). Specifically,
note that the first and the second term and of the right hand
side of (29) come from the incident photon and the SQEF,
respectively, and thus the electromagnetic component of
the state vector can be divided into two parts:

[Ysc(t; f)) =

Z [C;w(t; - %f(k:7 s)e_i“”“t} |k,s), (41
k,s

(s 1)) = <= 3 flh e k). @
k,s

Then the normalized energy density reads

p(T‘7 t; f) =
o (Wso(t; I ET(r) - E(r) [¥sc(t; f))
(®1n(0; ) EF(0) - E(0) [¢1n(0; f))

4gr

(43)

where

E(r)=i» 4/ 2’?;"“/ ®(k, s)e® T B ((0)  (44)
k,s

is the electric field intensity operator. In contrast, the pre-
vious studies, e.g. [7], neglect the arising period of C.(¢; f)
and approximate the decaying period as spontaneous emis-
sion. As a consequence, the normalized energy density in
them is actually obtained from (28), and thus is free from
the incident photon. The p — § relation achieved by the
proposed approach and by [7] are shown in Fig. 6 where
r = (0,0, -1 000wy 1c), t = 1035wy b, |qo| = ware™,
I' = 0.0lwag, @ = 0.009w% pc~2. We see that, by con-
sidering the entire evolution of C.(¢; f), the normalized
energy density indeed depends on the wave packet of the

incident photon. Therefore, one has to adopt the proposed
method, instead of [7], to achieve an accurate normalized
energy density of the SQEF.
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Fig. 6 p — J relations obtained by the proposed approach and [7]

5. Conclusions

We present a new approach based on the renormalization
theory to the single-photon processes of the 2LS in free
space. The state vector of the 2LS is obtained as the su-
perposition of the RTGFs involved in the single-photon
processes, where all the ultraviolet divergences originat-
ing from the Lamb shift and higher-order interactions are
systematically subtracted. We include the discussions on
spontaneous emission and single-photon absorption with
the proposed method. For spontaneous emission, we obtain
the same result with the W-W theory. For single-photon ab-
sorption, we find that the electric dipole first gets excited
rapidly and then decays slowly, and that the efficiency of
single-photon absorption declines as the bandwidth of the
incident photon becomes narrow, which has not been no-
ticed before. The proposed method improves the computa-
tion of the normalized energy density of the SQEF.
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