PHYSICAL REVIEW A 85, 013832 (2012)

Effect of the third level on time evolution of the spontaneous upper level decay
due to counter-rotating terms
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The third level has great influence on the time evolution of the spontaneous decay from the excited state,
when the counter-rotating terms are taken into account. The influence in the cascade-type and V-type three-level
systems is investigated for two initial states, excited from the ground states of the whole system (atom plus vacuum
modes) and from the bare atom. The third level results in the additional virtual photon processes, emitting a
photon from one level and reabsorbing the same photon to another level and vice versa. The main influence of
the third level is to accelerate the decay, which leads to or enhances the anti-Zeno effect, especially for the initial
state excited from the ground state of the whole system. Therefore, the third level cannot be neglected, if the

counter-rotating terms are taken into account.
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I. INTRODUCTION

The time evolution of an atomic spontaneous decay in a
vacuum reservoir has attracted a lot of attention in recent years,
where the Zeno and anti-Zeno effects can be realized [1-19].
For the time evolution, the rotating wave approximation
(RWA) cannot be applied, because the counter-rotating terms
(CRTs) have great influence. It was found that the initial time
evolution is quite different for different initial states [20].
It was also found that in the very short time period, the
effective decay rate of the initial state is much slower than the
exponential decay of the long time limit, which is the so-called
quantum Zeno effect (QZE) [1-9]. Further study finds that the
effective decay can be larger than the exponential decay after
the QZE period, which is the so-called quantum anti-Zeno
effect (QAZE) [10-16]. The QAZE was first discussed in a
two-level system under the RWA. It was found that there is no
QAZE if the CRTs are included for the initial state [15—17]
excited from the ground state of the whole system (the atom
plus vacuum reservoir) [15,20], while there is QAZE in a
two-level atom if the initial state is the excited state of the bare
atom (atom alone) [21]. These studies tell us that the QZE and
QAZE heavily depend on the initial states and the CRTs. It is
well known that the two-level atom is not a good model for
the spontaneous decay when the CRTs are included, because
the difference of the energy between other levels and the upper
level and the energy of a photon, w;; — wi (wi1 = w; — wy),
could be larger than sum of the transition energy and the energy
of a photon, wy + wy. It is nature to ask what influence of
additional levels on the time evolution of the spontaneous
decay from upper level to the lower level is, and how the
influence depends on the initial states.

In this paper, we investigate the influence of the third
level on the time evolution of the spontaneous decay from
the upper level in a cascade-type and a V-type three-level
atom for two different initial states without the RWA. The two
initial states are the excited states from the ground state of
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the bare atom and from the ground state of the whole system,
respectively. The state excited from the whole system ground
state is more realistic, as the atom is always in the reservoir.
Our study shows that both the initial states and the additional
third level have great influence on the time evolution of the
atom in the initial period. The third level usually results in the
acceleration of the decay, that is to say, the enhancement of the
QAZE.

This paper is prepared as follows: In Sec. II, we give
the unitary transformation of the Hamiltonian of the system
composed of a multilevel atom and vacuum reservoir. We
obtain the effective Hamiltonian with considering the counter-
rotating terms. In Sec. III, we introduce two kinds of ground
and initial excited states in two pictures. In Sec. IV, we discuss
the survival probabilities and decay rates in a cascade-type and
a V-type three-level atom for the two initial states without the
RWA, and Sec. V is a summary. The general formulas of the
dynamic evolution can be found in the Appendix.

II. EFFECTIVE HAMILTONIAN WITHOUT RWA

The interaction between a multilevel atom and the vac-
uum reservoir can be described by the Hamiltonian setting
(n=1)[22],

H=Ho+Hi= > oli)il + Y oubpbi
i k

+ > gk (bl + bl . (1)
i,j#ik

where w; is the energy of the |i) state, bl(bk) is the creation
(annihilation) operator of the kth mode vacuum field with
frequency wy, and gy ;; is the coupling constant between the
atomic transition (|i) <> |j)) and the kth mode vacuum field.
The interaction, H;, contains the rotating and the counter-
rotating terms. Using the unitary transform [15,16] ¢S with
S =21 stk i (Ok — bli){j], and neglecting the terms
higher than the second order of gy ;; (this approximation is used
throughout the paper), we obtain the transformed Hamiltonian
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HS = Ho + H} + HS with

HE = 3 Vbl Gl + bl )i, @)
i,j>ik
i#q.9#]
Z 8k.ig8k.qj
i,q,j.k
2wgi| — wgj + 2wig| — wgi + 20 ., .
q] q] q q |l)(‘]|, (3)

2(wiq| + wr)(wgj]| + wi)

where Vg ;i = Z80i%i Note that H2 in Eq. (3) includes the

wjitwg
nondiagonal terms with (i # j), which represents the indirect
transition (virtual photon processes), emitting a photon from
|i) (or |j)) and reabsorbing the photon to |j) (or |i)) and
were neglected in [15,16]. The self-energy of the free electron
[22,23] is due to its exchange of virtual photons with the
vacuum, and has the following form [18-23]:

E 1 2¢? /w 2

T T A en A m2e3 )

= T areg 3amic J, P
1 262 We 5
4ﬂ80 371’m2c3/(; ;O'p |]>|l><J| w
qFi,qF#]

=— YRR, @)

i.q,j.k

with w, being the cutoff frequency. The self-energy should be
subtracted from the Hamiltonian, as it cannot be observed.
With subtracting the self-energy, the Hamiltonian can be
written as

i<j

Zw liV(i] + Zwkzﬂbk + > Visi(blli){
i,k
i#]
+ bl ) AD + Y nli)il, ©)
ij
where o, = w; + AEff; with AE;’;; =D i gik i—:—‘?g;ﬁ;ﬁ;‘;
denoting  the  nondynamic  shift [15-19] inde-

pendent of the atomic decay process and 7=
8kiq8kqj 2|Wiq@q) |+ O+ @gi % |2\ 4 3

Ltk o T rontiogiten 1] s a  parameter

arising from the virtual photon processes |i) <> |g) <> |j).

III. GROUND AND INITIAL EXCITED STATES

When we make the unitary transform, not only the operators
(e.g., the Hamiltonian 7{) but also the states (e.g., the initial
state) are transformed. In the two pictures (before and after
the unitary transformation), which are called H picture and
S picture, respectively, they are related:

lp)* = eSlpN™, e)" = e Slp)S,  (6)
AS — eiSAHe—iS’ AH — e—lSASelS’ (7)

where the superscript H represents the picture before the
transformation, and the superscript S represents the picture
after the transformation. Here, we use the direct product of
the atomic eigenstates (]i)) and the modes of the reservoir
(|{nx})) as the basis of the whole system. Let us consider the
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expressions of the ground states and the excited states in the
two pictures.

A. The ground state of the free Hamiltonian (7<)
The ground state of the free Hamiltonian () in H picture
is
18") = 18.{0x)). ®)
By the unitary transformation, the expression of the above state
in the S picture, |g5), is
lg%) = ”lg") = ¢"1g,{0x))
1 gl% ig i|
~|1= —— |1&:{0})
|: 2 i;k (wig + wi)?
8k, i
+ Yy ; i, k). ©)
i#g.k Wig

Note that the energy of this state is much higher than that of
the ground state of the whole system.

B. The ground state of the whole system (7).

The ground state of the whole system () in the S picture,
|G®), is [15]

1G5) = |g,{0k})- (10)

By the inverse unitary transformation, one can obtain the
expression of the above state in the H picture [20], |G):

e 1. {0k})

gklg
[ (a) s )}Ig {Ok})

t;égk

IG") = e"S|GS>

8k.i .
- D i), (11)
iZgk Wig T Wi

C. Excited states from the ground states of H, and H

Two excited states are used for the initial states in our
calculations, which are generated by the Hermitian operator
(Ig) (el + le){g] + Z#e’g [j){Jjl) acting on the ground states
of Hy and H, respectively. We use |e’) and |e%) (note lower
case letter) as the initial state excited from the ground state of
‘Ho in H picture (superscript H) and S picture (superscript S),
respectively. We use |E) and |E 5Y (note capital letter) as the
initial state excited from the ground state of H in H picture
and S picture, respectively. Please note in the whole paper, we
use lower case (e) for the state excited from the ground state of
the bare atom (H,) and capital letter (E) for that of the whole
system (H), while the superscripts, H and S, are for H and
S pictures.

In the H picture, the excited state (using lower case e) from
the ground state of H is

lef) = (|g><e| +ledgl+ Y |j><j|>|g”>

Jj#e.8
= (g){el + le)(gDIg.{0k}) = [e,{Ok}),  (12)
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and the excited state (using capital letter £) from that of H is

[EM) = (Ig)el +le) (gl + Y 1iMiDIG")

j#e.8
1 S 1 8k,
~[1mg Y R ¢}|e,{ok}>
s X iy
8k, eg 8k, jg .
- ———1g,1k) — ——=—1J,1k).
¥weg+wk jg’kwjg—i—a)k
(13)

In the § picture, the corresponding states of Egs. (12) and
(13) are

le®) = eiS|€H>=eiS|e,{0k})=[1 + iS+%(iS)2+'~]|e,{0k})

1 g 1 Skej
~ 1__ _oxes - —,e’j}le’{()k}>
[ 2 ; (Weg+wi)? 2 j%,k (|wej|+wr)?
gk,eg gk,ej .
+ )Y 2% g 1) + ———1J, 1),
Xk: Weg + Wi jg;,k |wej| + r
(14)
and
|ES> — eiS|EH>
1 8k.ej 8k, jg )2:|
<! o _ 8k e, {0))
|: 2 qug:,k ( lwej| + i wjg +
8k, ej 8k, jg .
N ( _ )u,m. (15)
jg’k lwej| + i wjg + wk

Because the atom is always in the vacuum, the initial state
excited from the ground state of the whole system, |E™-5) is
easy to obtain. The initial state excited from the ground state
of the bare atom, |ef*5) is difficult to be generated, because
we do not know how to have the ground state of the bare atom
when it is always in the cavity or we need a difficult method
of injecting the excited atoms into the cavity. Note the energy
of |e"*5) is much higher than the energy of |Ef5).

IV. TIME EVOLUTION OF SURVIVAL PROBABILITY AND
TIME-DEPENDENT DECAY RATE

Next we investigate the dynamic evolution of the multilevel
atom. We consider the survival probabilities PE(¢) and
P©(t), and the corresponding time-dependent effective decay
rates yE)(t) and y©(¢) for the two initial states. Here the
superscripts (E) and (e) indicate the initial states |ES) and
leS) in the S picture, respectively. Note the probabilities and
effective decay rates are the same in S and H pictures for the
same initial state. The wave function at time ¢ is determined
by the Schrodinger equation, which is

lp(1))* = a(t)e™ " |e,{0k}) + B(t)Ig.{0k})
+ Y Ci0e | {0k))

j#e.8
+ 3 aw(e @t e, 1)
k
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+ > Be ™™ g, 1)

k
+ Y C@e @t i1, (16)
j#e 8.k

The detailed derivation is shown in the Appendix.
The survival probability of the initial state |[E) (|ES)) is

PE@) = (™ (0) o™ (1)) I = [{5(0) l°@)) |?
1
= exp[—y P ()] ~ Z{la(0)|2|a(t)|2

+ Y 2Re[a(0)(1)CE (0)Ck(D)e @,
j#e.8k
)

where A is the normalization factor (note the superscript £
for the whole system). Note the second term in the last line of
Eq. (17) originates from the correlation between |e,{0k}) and
|j,1k) and the superscript e for the bare atom. The survival
probability of the initial state |e)(|e5)) is

1
P(t) = exp[—y ()] ~ X{|a<0>|2|a(r)|2

+ 3 2Re[@(0)a*()C0)C k(D)e ]
Jj#e. 8.k

+ 3 2Refa(0) (B OBl ). (18)
k

In above, the j summation is over all levels except e and g.
In the following, we consider the influence of the additional
levels, for simplicity, with two configurations.

A. Cascade-type configuration (E, < E, < E;)

In this case, the two electric-dipole-allowed transitions are
e <> g and e <> j, while the transition between j and g is
forbidden (g j; = 0); see Fig. 1.

1. The evolution and effective decay rate for
the excited state |ES) (|E™))

In the cascade type, the initial state can be written, from
Eq. (15), as

12
S— —_ =
|E>_[1 2~ (wje +

2
gk,je

wm} le.{0k})

8k, je .
—— |7, 1x). 19
+ Ek o + o [J, 1) (19)

—— 17

[e)

——g)

FIG. 1. Cascade configuration.

013832-3



Y. B. DONG, Z. H. LL, Y. LI, AND SHI-YAO ZHU

The coefficients of the state evolution in Eq. (16) can be
obtained as

a(t) = a0 exp [-yS0)e/2 — i AESO ()], (20)

dyn

and C;x(t) = C;x(0) with the initial values
a0)=1— EZL (21a)
2 4= (@je + p)?’
8Kk, je
Cik(0) = ———. 21b
.k(0) o + o8 (21b)

In Eq. (20) y5(r) and AES}(t) are the time-dependent
decay rate from the state |e) to the state |g) and the time-
dependent shift of the state |e) without the third level [19,20],
respectively,

2 22 [ Weg — Wk
eggkeg 2 sin ( = t)

(t) =2 Z (a)eg + wp)? T(weg — )t 22

4 w28, 1 Sin[(wee — wy)f]
AESO () = g kg { - - }
(22b)

The detailed derivation of Eqgs. (20)—(22) can be found in the
Appendix; see Eqgs. (A9)—(A12). Substituting Egs. (20)-(22)
into Eq. (17), for a very short time we have exp[—y(¥)t] =~
1 — y(#)t, and the survival probability of the initial state,

PENr)

1
= exp[—y B )] ~ X'“(O)'4

x exp 1—y ()t + Z 2C;xOFF cos[(wx + @, )1t

la(0)[?
(23)
_ 4 2IC )P
where A = |(0)[* exp[)_, O ]. Accordingly, the effec-

tive decay rate of the initial state |E”) (|E®)) in the cascade
configuration is

2/C; k()] 1 = cosl(y + ;)]
By = 5z J j

y ) ye<)+§kj O :
2 sin? (e )

T(wje + wp)’t

yes(t) + 27 Z gl%,je
k
o0
~ 2 / G/eg(a))F(a) — Weg,)dw
0

+ 2 f G @F(w+ wje,t)dw. 24)
0

Here the approximation of )}, ;,) & eg(je) (always in the
paper) has been used as the difference between them is
proportional to the square of the coupling constant, and

2 sin? 2
Flo,1) = —S“;;‘Z/ ), 25)
Gie(@) = gp ;8w — ), (26)
k

2

4w
Gl () = Z W—e“;ygk So—w). Q27
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Normalized decay rates

FIG. 2. (Color online) The normalized decay rates vs time 7 =
weet for different initial states in the cascade configuration with
Vie=8 X 1077w, Yoy =6.4 X 107 w4y, yj, =0, w;. =0.3w,,. Here
o is the long time decay rate in the free vacuum for a two-level atom.
Note w,, =1.55 x 10' rads/s and y,=6.26 x 10® rads/s for the
2 p-1s transition of the hydrogen atom.

In Fig. 2, we plot y‘)(¢) in the red dashed curve, where we
see both the QZE and QAZE. The first term in Eq. (24), yes 0,
is just the effective decay rate without the third level, which
results in only the QZE [20]. Therefore, the QAZE comes
from the second term in Eq. (24) due to the third level, which
is dependent on the initial condition |C j,k(O)|2 /|(0)|? and the
frequencies wy and wj,.. In order to identify the effect of level
| /), we plot the decay rates for different coupling strengths of
vje in Fig. 3 (see the solid curves), which shows that the larger
Vje 1s stronger as the influence of level |j) is stronger. It is
clear that level | j) leads to quite different dynamic evolution.
The great influence of the third level cannot be neglected for
the dynamic evolution of the atom in the short time region.

T

FIG. 3. (Color online) The normalized decay rates y‘©)(z)/yy vs
time T with y,, =6.4 x 107w, in the cascade type (solid lines)
with w;, =0.3w,, for different coupling strength y;, =8 x (10-1o—
107w, and in the V type (dashed curves) with w;, =0.7w,,,
w,; =0.3w,, for different coupling strength y;, =8 x (1071°-1077)
Weg.
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2. The initial state |e®) (|e™)) (excited from the ground
state of the bare atom)

In this case, the initial state, Eq. (14), becomes

lefy = | 1— lz—gﬁ’eg - lz—gﬁ’je le, {0k })
24— (weg +ap)? 2 (). + wp)?
8k, je

8k.eg , .
+ Y e )+ Y ). (28
_ e " lg, 1k) - e " [j, i) (28)

The survival probability of this initial state is determined by
Eq. (18). Although «(¢) in Eq. (18) has the same form as

in Eq. (20), a(t) = a(0) exp[—yS(1)t/2 — i AES: ()] [see
Eq. (A12)], its initial value «(0) is different:

1 g]% 1 gl% j
(@) =1-— = S5l S YL — 29
© Z (Weg + i) 2 ? (Wje + wp)? 29

and y5(¢) and AE‘fy(ﬁ)(t) are

i ~amy 208 2807 (*2571)
¢ — Weg + Wy T (Weg — W)t

4’
HOEDD
k

eggk eg 1
(weg + wk)2 Weg — Wi

(41— Weg — Wi\ Sin[(weg — wy)t]
2Weg (@, — w)?t |

(30b)

(30a)

which are different from that in Eqgs. (22a) and (22b) because of
the different initial state | ES) in Eq. (19). The i (¢) in Eq. (18)
is [see Eq. (A13)]

1 — _i(wrg_wk)t
But) ~ Bi0) — (O Vig oy ————, (31
(wpe — i)

with the initial value B (0) = Sk

Weg Tk

. The survival probability

of the initial state e} (Je5)) is

4
PO = expl—y 0] ~ L

2IC; k(02
X o

{ —ySt

sl(wx + wje)t]

k
20801 B0 [ B
LA )
2 Yaop 2 a*(0>[a<0>
Vk.eg
- ,—}{1 — cosl(@eq — wk)t]}}, (32)
a)gg — Wk

PHYSICAL REVIEW A 85, 013832 (2012)

. 2
where A = la(O)* explY, 2 + Yy 5. The cor-

responding time-dependent decay rate is

s 2|C;x(0)* 1 — cos[(wx + wje)t]
yo (1) + Z () p

Z :3]((0) IBk(O) _ Vk,eg
a*(0) | «(0) W, — wg

€8

Y =

1 — cos[(weg — wi)t]
1
2sin? (2 1)
~ 2 - N2
T ng eg T (Weg — )t

2 sin? (w’—wt)
+27Tng]en(a) +620k)2t

o0
=2r / Geg(W)F (@ — weg,t)dw
0

oo
+2n/ Gi(w)F(w+ wje,t)dw, (33)
0

where F(w,t) and G j.(w) are defined by Eq. (25) and Eq. (26),
and
Geg(w) =

D 8k o0 — ). (34)
k

In Fig. 2, y©(t) is plotted in the black solid curve. The
first term in the last equality of Eq. (33) is the decay rate of
a two-level atom with RWA [20,23-25], which results in the
QAZE. The second term in Eq. (33) is the same as the second
term in Eq. (24), which enhances the QAZE as shown in the
black curve. We would like to mention that for the lambda
configuration (] j) below |e)), its dynamic evolution is similar
to the cascade one discussed above.

B. V-type configuration (E, < E;,E,)

In this case, the two allowed electric-dipole transitions
are e <> g and j <> g, and the transition between e and j
is forbidden (gk.; = 0); see Fig. 4.

1. The initial state |ES) (|[E®)) (excited from the ground
state of the whole system)

In this V type, the initial state van be written from Eq. (15)
glijg

as
S _ _l —
|E5) = [1 5 j(wjg +wk)2} le.{0k})

—Z g'”g 11w (35)

Wjg +

)

g)

FIG. 4. V configuration.
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The survival probability of the initial state is determined by
Eq. (17), where «(¢) has the same form as Eq. (20), a(t) =

a(0)exp[—yS (1)t /2 — i AE}(1)t] with v (1) and AE: (1)
determined by Egs. (22a) and (22b), and «(0)
1 8k
a0)=1—=) —=8 (36)
2 Xk: (wjg + wi)?
and C;j k(1) = Cjk(0) = — S, -. See Egs. (A21)~(A28) in

the Appendix for details. The survival probability of the initial
state |[Ef)(|ES)) is

4
PE) = exp[—y P ()] ~ @ exp { — ot

2|C;x(0)?
+ Z —|0l](0)|2 cos

k

[(wej — wyp)t] }, 37

_ 4 2|C; k(0 .
where A = |a(0)|* exp[)_, O ]. Accordingly, the effec-

tive time-dependent decay rate of the initial state |E")(|ES))
is

— wp)t]

04y 2/Ck(O) 1 — cosl(,;

E)g) = S
ro= O t

2 52 i 22 [ Weg—Wi
4w 8 og 25N ( 5 )

(weg + wk)z n(weg - wk)2t

%2712

(wej — 2 2sin? (“5%1)
+ 27 Z 28k, jg _ 24
(wjg + wk) 7 (wej — wy)*t

oo
~ 2 / G/eg(a))F(a) — Weg,Ndw
0
o0
+ 27 / G/jg(a))F(a) — wej,t)dw, (38)
0

where F(w,t) and G;g(a)) are the same as Eqgs. (25) and
Eq. (27), and

/ (we' - wk)2
Gjpl0) = Zk: m k]ga(w ). (39)

In Fig. 5, y(E)(t) is plotted in the red dashed curve, where
we have QAZE. The first term in Eq. (38), yes (1), results in
the QZE. Therefore, the QAZE arises from the second term in
Eq. (38), that is to say from level | j).

2. The initial state |e%) (|e™)) excited from the bare atom

ground state

In this case, the initial state, Eq. (14), becomes

Sy |11 _ Skes le,{Ok})
le%) = 2Z(we+wk)2 e.{0u}

Z B 1o 1), (40)

weg
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The survival probability of the initial state is determined by
Eq. (18), with y5(r) and AE}y)(¢) determined by Egs. (30a)
and (30b), Bk(t) is the same as Eq. (31) [see Eq. (A31)],

2
gk eg

1
a0)=1- — 4D
Z (a)eg + wk)2
and C; k(1) = C;x(0) = 0. Therefore, the survival probability
of the initial state |e)(|e%)) is
| (0)[*
A

s B(O)?
X exp ( v, (Dt + ;2 2(0)]2

Y A0 [ﬂk(O)_ Viceg }
- a*(0) | «(0) o4

PO(1) = exp[—y“(1)r] ~

eg — Wk

x {1 - cos[(w,, — a)k)t]}>, (42)

where A = |a(0)[* exp[) i 2 1A "((Oo))ll, ]. The corresponding time-
dependent decay rate is

@ _ 8 B | B0)  Vie
y (r)-ye(r>+2kaa*(0) 20

es

1 — cos[(wy,
t
2 sin? (Mt)
~ 21 N2
ng T (Weg — wip)?t

— wp)t]
X

o
=2r / Geg(w)F (@ — weq,t)dw, (43)
0
where F(w,t) and G, (w) are defined by Egs. (25) and (34).

In Fig. 5, y©)(¢) is plotted in the black curve. It is seen from
Eq. (43) that y“)(¢) is independent of |j) and is the same as

40-

W
o
1

—_
o
|

Normalized decay rates
N
o
1

0.0 0.1 0.2 0.3

FIG. 5. (Color online) The normalized decay rates vs time 7 for
different initial states in V configuration with y,, = 6.4 x 1077 @,
Vie =8 X 107 w,q, w,j =030, g =0.Twgq.
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that in a two-level system under the RWA, which is known to
lead to the QAZE. [20,23-25]. The influence of the third level
on the dynamic evolution is plotted in Fig. 3 with the dashed
curves. It is clear that influence of the third level is great in
the initial short period. For a long time period all the curves in
Fig. 3 will approach 1.

V. CONCLUSION

We have studied the important influence of the third level on
the time evolution of the spontaneous decay in the cascade-type
or V-type atom with two different initial states, when the
counter-rotating terms and the self-energy are taken into
account in the Hamiltonian. The third level results in the
acceleration of the effective decay in the short time regime,
which leads to or enhances the anti-Zeno effect, because of the
reabsorption of the photon by one level emitted from another
level (virtual photon processes). This influence is sensitive to
the third level, but not sensitive to the initial states discussed.
The third level could not be neglected, if the counter-rotating
terms are taken into account.
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APPENDIX: DYNAMIC EVOLUTION
AND THE SOLUTIONS

In the interaction picture, the interaction Hamiltonian in
Eq. (5) reads as

i<j
= 3 Vi@ by ) |
i,j,k
i<j i#]
+ Y Viie bl G+ Y netit i) I,
i,j.k i,J

(AL)
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_ 8k,iq8k.qj 2|Wiq@yj|+@qjwr+wgiwp |\ ¢
where 17 =3, ik =0 " San rana, Tren 11 (1. The

time evolution of the wave function
lp())] = a(t)le,{0k}) + B(1)|g.{0k}) + Z C;(01j, {0}
j#e.8

+ Y ow®le i) + Y Ail®)lg. 1)
k k
+ D Gkl ) (A2)

J#e 8.k

is governed by the Hamiltonian ﬁf . Note that the relation
between the Schrodinger picture and the interaction picture is
lp())* = exp(—iHynDlp(D))].

1. Cascade configuration (E, < E, < E})

The equations of motion are

G(t) = —i Y Bult) Viege ™, (A3)
k
Bty =—i Y Citme ", (A4)
j>e
Ci0) = =i Y a()Vicjee =" = ipome ', (AS)
k
an(t) = —i ) Ci(0) Vi jee e, (A6)
j>e
Bit) = —ia(t) Vi gge™" @™, (A7)
Cix() =0. (A8)
From Eq. (A8) we can get
C;x(t) = C;x(0). (A9)

Integrating Eq. (A7),

t
Pi(t) = P(0) — i / a(t)Viege =t (A10)
0
and then inserting into Eq. (A3), we get

G() = =i ) Pu(O)Vigege' ™

k
t
-y f dt'a(t') V2 e @m0 (AL)
k YO

For a sufficiently short time ¢, we can replace a(¢') by a(0)
[11,21] and

t t t
a(t) ~ a(0) — 0[(0)/ dt// dt” Z Vlg,egei(w:,gfwk)(t’ft”) _ / dt' Z ‘Bk(O)Vk’egei(w;gfwk)p
0 0 . 0 .

t t
= a(0) — «(0) f di'(t = 1) YV gy = — i / d’ )" Bi(0) Vi g ="
0 k 0 k

- (1 , B0 e"<‘”2g—wk)’—1_ it
”“(O)e"p[ t( th:V'“g{[l a(0) e @es wk)} (W — )? Wl —

eg
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B,y 2sin? (“51)
— a(0)exp {—r [; Ve e [1 — V(@) — wk>} o

«(0) (@) — @)t
; 2 r Ax(0) sin[(w,, — wp)1]
+i (; Vid e { PR [1 O oo (@l wk>] e, Sat
= a(0)exp {—t[y’(1)/2 + i AEL; (1]} (A12)
The solutions of Bk(¢) is obtained by replacing «(¢') with «(0) in Eq. (A10) [21]:
1— 7i(w;g7wk)t
Bi() ~ B(0) — a(0) Vig g —————. (A13)
(), — i)

Integrating Eqs. (A4) and (A6), we have

B(t) = —z/ dr'y " Ci(tme ", (Al4)
j>e
o(t) = — f dr' Zc (t') Vi joe ™ @i (A15)
j>e

where B(0) &~ 0, ax(0) &~ 0 have been used. By substituting Eqgs. (A14) and (A15) into Eq. (AS), one can easily prove with
neglecting the higher-order terms

Bt) = ax(t) = C;(t) = 0. (A16)

2.V configuration (E, < E;,E,)

a(t)——zZﬂk(t)Vk el Cum ) — i N Ci(tyme ! (A17)
j#e.8
Ci(t)=—i Y Bul®)Vi jge ™" —ia(tyne'”se’, (A18)
Bu(t) = —ia(t)Vigege ™ @™ — i Y~ Ci(0) Vi e @i, (A19)
Jj#e.8
B(t) =0, a(t) =0, and C;x(t) = 0. (A20)
From Eq. (A20), we can get
B(t) = ax(t) =0, and C;k(t) = C;k(0)= =L
Wjg + W
(A21)
Integrating Eq. (A20),
t o ’ .
Bi(t) = Bi(0) — i / dt'a(t') Vi ege ™ @™ — Z / dt'Cj(t" Vi jge @) (A22)
0 Jj#e.8
then substituting into Eqgs. (A17) and (A18), one has
t
a(t) = —i Zﬂk(o)vk,ege“wérw - Z / d'a(t') V2 e @)
0
- > / dt'Ci(t') Viceg Vi jo€' " €= — i N Ci(nyme’ e, (A23)
j#e.g .k j#e.8
C (t) =—i Zﬁk(O)Vk ]ge “” ot Z/ dt C((t )Vk eng Jge lw‘,/tet(a) —o)(t—t)
- Z / dt'Ci(t)V2 ;&™) —ja(tyne ™" (A24)
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Replacing a(t'), C; k(t') by «(0), C; k(0) [11,21], we have

t
a(t) X =i Y B0 Vicege @™ —a(0) / dt' V2, o/ @t =1)
0
k k

t
_ Z C,(O)/ dt/vkyggVk,jgelweltel(w/g o=t _ Z C, (t)ne it
0

(A25)
j#e.g.k Jj#e.g
t
Ci() ™ =iy PO Vicjpe i —a(0) ) / i Vicog Vi jge ™' /(70070
Kk k Y0
t
—GO / di'V e — da(tyne™ (A26)
 Jo
Integrating Eq. (26) and substituting into Eq. (25) and replacing «(¢') by «(0) [11,21], we have
t /Z ) 1 — ei(w;g—wk)ﬂ t Z @ "
a(t) = a(0) — ia(O)/ dt Viee —————— —i/ dt’ Br(0) Vi oo Ces™*
0 8 (W), — an) 0 m ¢
eiw(’,jl’ t(w —awp)t’ t L
/ dt’ Z Ci(0)Vicog Vi jg —i / dt’ Z C;(0)ne'!
j#e,g.k (0) N C!)k) 0 j#e.g
5 1— ei(a);gfwk)t it 1— ei(a);gfwk)t
=a(0){1 — Vic. + + Bk Vg eg——————
Xk: s | (@l — (@ — @) Xk: VRS (g — o)
Viceo Vi i 1 _eiw;/t 1 _ei(w;gfwk)t eiw;jt
+ ) G0 [ — +Y ¢ o (A27)
jste gk Wig — Wk @, (g — @i) e @
Because C;(0) ~ 0, Eq. (A27) becomes
0~ a0 (1= w2 1 - BQy Lo i
~ — — a) -
* « - k.eg a(0) Vices k (@), — wp)? W), — Wk
B (0) ] — ¢/@e—)t it
~ a(0 -y v 1— v
a )exp< ; s H 20 Vees@eg = 00) R A —
Bk(0) 2 sin® (w“T_w*z)
= a0 —t v2 o[1— V, _=
Ol( )CXP{ [; k,eg|: (X(O) keg( k) (a)ég — (,!)k)zt
, 1 B (0) sin[(@), — w)t]
V2 —_— |1 ==V _
i (Z k.eg {a);g — |: a(0) keg(weg wk):| (), — )t
= a(0)exp {—t[yS(1)/2 + zAE(‘fy(?(t)]}. (A28)

Integrating Eq. (A25) and substituting into Eq. (A26) and replacing C; k(") by C; x(0), we have

t l_ei(w;gfa)k)t’ t o ,
Ci(t)~ C:(0)—iC;(0) | dr Vz-——'/dt/ 0) Vi i e @ig=w!
() ~ C;(0) — i Cj( )/0 Z e ijﬂk( )WV jge'

e 10t _ i@ —wnr’ 1 o
—lOl(O)/ dr’ Z Vieg Vic jg (@l — wp) - ia(O)U/(; dt' e "

1—¢ i(@,—wp)t it 1— ei(a)’m—a)k)t
= C;(0) E W + +3 BOViejg—————
J k,jg o — wk)2 (w/lg — wk) - k k,jg (

Vieo Vi, l—e iwéff 1 — /@ | — oot
—a(O)Z 8 Tl [ + — 2Oy —————.

g W)
(A29)
— W, — w,; (0, — @)

ej
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With C;(0) ~ 0, we obtain

_ i), —awp)t _ —iwlit

1 —e"%ie 1 — e 1%%;

C;(t)~ E BOW jo———— — (O ——7—
- Wy — wy) Wy

and from Eq. (A22) and replacing «(t") by a(0), we have [21]

B(1) ~ Pi(0) — () Vi e

PHYSICAL REVIEW A 85, 013832 (2012)

VieeVicio | 1— —iw)t 1 — o' (@jg—@r
—a(0) ) s T ‘ h ,(A30)
W — Wk o (a)jg — wg)
o e*i(wggfwk)t
(A31)

(W, — i)
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