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Detuning-induced stimulated Raman adiabatic passage in atoms with hyperfine structure
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We theoretically study the generation of coherence in generalized two-level atoms with hyperfine structure
by utilizing the detuning-induced stimulated Raman adiabatic passage (D-STIRAP). As expected, the degree
of attainable coherence between the ground and excited states cannot be as large as that for the ideal two-level
atoms without hyperfine structure. However, we find that the substantial degree of coherence can still be produced
with small modulations, and the modulation period is essentially determined by the hyperfine splittings in the
ground and excited states. The D-STIRAP scheme in generalized two-level atoms is sufficiently robust against
the various parameters such as intensities of lasers, initial detuning, time delay between the laser pulses, and
Doppler broadening. As a specific example, we show realistic results for the D, transition of Na.
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I. INTRODUCTION

Studies on atomic coherence have drawn a lot of attention
for decades. Atomic coherence can be utilized in many
interesting and important phenomena such as electromag-
netically induced transparency (EIT) [1], lasing without
inversion (LWI) [2], and stimulated Raman adiabatic passage
(STIRAP) [3]. It also plays an essential role in the currently
popular area of quantum information [4].

Atomic coherence can also be utilized to enhance the
conversion efficiency of various nonlinear optical processes
such as four-wave mixing (FWM). For instance, maximum
coherence prepared between the two ground states in A or
double-A systems results in high conversion efficiency of the
FWM field within one coherence length, which means that
the phase matching condition is not required for the efficient
FWM processes [5-7]. Similarly, large coherence prepared
between the ground and highly excited states can lead to the
enhancement of FWM processes in the vacuum ultraviolet
(VUV) or extreme ultraviolet (XUV) regions [8—15], which is
known to be a very difficult task [16—19].

Due to the broad applications such as those mentioned
above, many different schemes have been proposed to optically
control the generation of atomic coherence. For instance, there
are a variety of choices [20-24] to prepare large coherence
between two ground states. Nevertheless, there is no concrete
scheme known to produce large coherence between the ground
and highly excited states, which is a key to efficiently generate
the VUV-XUYV light through FWM. The resonant two-photon
excitation scheme, which is the simplest for this purpose,
suffers from the strict requirements on the pulse intensity and
frequency. This means that the Doppler broadening can easily
spoil the conversion efficiency of FWM processes.

Recently a much more robust scheme has been proposed to
generate coherence between the ground and excited states [25],
which has also been studied earlier in Ref. [26] in a slightly
different context. It is a variant of the ordinary STIRAP
scheme, and we call it D-STIRAP (detuning-induced STI-
RAP). The D-STIRAP scheme is shown in Fig. 1. The essence
of the D-STIRAP scheme is that the Bloch equations for a
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two-level system, which consists of the three variables, is
mathematically similar to the Schrodinger equations for a
three-level A system. In the standard STIRAP scheme (with
a three-level A system), a complete population transfer will
occur from the initially occupied ground state to the initially
unoccupied third state if the pump and Stokes pulses interact
with atoms in the counterintuitive pulse sequence, while in
the D-STIRAP scheme, stable and maximum coherence will
be produced between the initially occupied lower and initially
unoccupied upper states if the detuning pulse is turned on
earlier than the pump pulse (see Fig. 1). For this process to
occur, the adiabatic condition ffooo VA + Q%dr > /2 must
be satisfied, in which A is the detuning and €2 is the Rabi
frequency of the pump pulse. The process can be realized by
using a linearly chirped pump pulse [27] or transform-limited
pump pulse together with an off-resonant Stark pulse [12]
to induce dynamic detuning during the pump pulse. Related
studies with the D-STIRAP scheme show that this scheme is
not sensitive to pump pulse intensity, detuning, or the time
delay between the two (Stark and pump) pulses [12,28], and
consequently the Doppler broadening of the target atomic gas
does not spoil the generation of high coherence [12].

In practice, however, it is not always easy to realize a two-
level system. This is particularly true for the case in which
pulsed lasers are employed: With a pulsed laser excitation a
hyperfine structure cannot be easily resolved, as a result of
which each lower and upper state consists of a few unresolved
hyperfine sublevels. That is why there are many works which
deal with the influence of the presence of hyperfine structure
on various coherent control schemes [29-32] such as EIT and
coherent population trapping (CPT).

The purpose of this paper is, with a similar spirit, to
theoretically study the influence of hyperfine structure on
the generation of coherence in generalized two-level atoms
through the D-STIRAP scheme. To be most specific we con-
sider the 32, 2 and 3P /2 states of 2Na (nuclear spin=13/2,
natural abundance = 100%), each of which consists of hy-
perfine sublevels and associated magnetic sublevels. Starting
from the formal derivation of time-dependent equations for the
system of interest we recast them into the generalized Bloch
equations. The generalized Bloch equations turn out to be very
useful to make some analysis under the simplified conditions.
After the simple analysis we present numerical results with
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FIG. 1. (Color online) Prototype of the D-STIRAP scheme in a
two-level system. With a counterintuitive time sequence of the detun-
ing and pump pulse, stable and maximum coherence is generated.

some typical parameters and then with the precise parameters
of Na.

Finally we note that our study on the D-STIRAP with
single-photon excitation may be easily extended to the D-
STIRAP with two-photon excitation. This implies that the
present work is relevant to efficiently generate VUV-XUV
light through the FWM processes [12] in which the hyperfine
structure of the involved states are not spectrally resolved by
the employed laser pulses.

II. FOUR-LEVEL SYSTEM AND GENERALIZED
BLOCH EQUATIONS

The level schemes we consider are shown in Fig. 2. They
consist of the 32S1/2 and 32P1/2 states of 2Na. Due to the
presence of nuclear spin 3/2, each state has a hyperfine
structure. By taking into account the selection rule of dipole
transitions, we arrive at the schemes shown in Figs. 2(a)
and 2(b) for the cases of linearly and left-circularly polarized
pump pulses, respectively. The use of the right-circularly
polarized pump pulse leads to the scheme similar to that of
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FIG. 2. (Color online) Level schemes considered in this work.
The 325, and 3% Py, states of *Na are coupled by the near-resonant
pump pulse with (a) linear or (b) left-circular polarization. Scheme
(a) consists of the two-level and double-A subsystems, while scheme
(b) consists of the V, A, and double-A subsystems. The numbers
written in each scheme represent the relevant angular coefficients for
the corresponding dipole moments.
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FIG. 3. (Color online) Four-level system. By properly setting the
coupling coefficients, 71;;, to 0 or 1, the four-level system can be
reduced to the two-level, V, A, and double-A subsystems which
appear in Fig. 2.

using the left-circularly polarized pump pulse, and we do not
discuss it here. A closer look at the schemes reveals that the
entire system consists of several independent subsystems such
as two-level, V, A, and double-A subsystems. The numbers
written in Fig. 2 are the relevant angular coefficients for the
corresponding dipole moments.

Since both 328;,, and 3%P;, states split into the two
hyperfine sublevels, any one of the four subsystems mentioned
above is a special case of the most general four-level system,
which consists of the two hyperfine sublevels of 325, 2 and
those of 32 P, 2. Therefore we now focus on the four-level
system as shown in Fig. 3. In this four-level system, all
possible dipole couplings and the corresponding detunings
are taken into account. n;; in Fig. 3 represents the coupling
coefficient for the dipole transition between the lower state
i and upper state j. By properly setting n;; to 0 or 1 we
can reduce the four-level system to the two-level, V, A, or
double-A subsystems.

The equation of motion of the four-level system shown in
Fig. 3 can be described by the Liouville equation,

ihp = [H,p], (D

in which H is the total Hamiltonian and p is a density operator.
More explicitly H can be written, after the rotating-wave
approximation, as

0 0 7318231 1418241
He—t 0 )] 1328232 N4 o
1318231 M32232 Aws 0
N41821  N42Q242 0 Awy

where Q;; = ;; E(t)/2his the Rabi frequency between states
li) and |j) with w;; and E(t) being the corresponding dipole
moment and the envelope of the electric field of the pump
pulse, respectively. Without a loss of generality we assume
that 2; is a real number. w,; represents the hyperfine splitting
of the lower state, and Awj; is the detuning of the pump
pulse with respect to the transition frequency, wj;, for the
dipole transition between |i) and |j). Note that we do not
take into account any decay from the upper states due to the
spontaneous decay and ionization loss, so that we can obtain
simple expressions which are of great help to understand the
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dynamics. Using Eqgs. (1) and (2), we obtain the set of density
matrix equations, which reads
P11 = —in31231(p31 — p13) — iNa1241(pa1 — P14),
P22 = —innQ3n(p32 — p23) — iN2Qap(ps2 — P2a),
P33 = —in31231(013 — p31) — iN32R232(023 — P32),
a4 = —in41241(014 — pa1) — iN42Qa2(024 — pa2),
P12 = i1 012 + in328232013 + N2 Q42014
— 0318231032 — 141241 P42,
P13 = i Aw31p13 — in318231(p33 — p11) + 0328232012
— 11418241 P43,
P14 = L Awg1 014 — iN41241(0a4 — p11) + iN42R240012
— 7318231034,
P23 = i Awzpaz — in328232(p33 — P22) + 1318231 021
— iNS242043,
024 = I Awg 024 — iN42240(0a4 — 022) + 141241 021
— in328232034,
P34 = iw43034 + iN41S241 031 — iN31231 014
+ Qa3 — iN32232004, (3)

where w43 represents the hyperfine splitting of the upper state,
and Aa)32 = Aa)31 — w71 and Aa)42 = Aa)41 — wy1.

We note that the four kinds of coherence exist in the
four-level system, i.e., p31, P32, P41, and pygp, and obviously
they evolve differently in time. Our interest, however, is how
much coherence can be generated in total between hyperfine
manifolds of states 32, 2 and 32p 2. Therefore we now recast
the set of density matrix equations, Eq. (3), into the generalized
Bloch equations by introducing some convenient parameters.
For this purpose we first consider the expression of atomic
polarization. The atomic polarization of the four-level system
under consideration is written as

PZZ’?jiMjipji~ 4
Joi
If we regard the four-level system as a generalized two-level

system in which the lower and upper states have hyperfine
structures, it is natural to define the atomic polarization by

P = |/'Leff|peff» @)

where e and pesr, respectively, are the effective dipole
moment and the effective coherence term between the lower
and upper state manifolds. If we define e as |ierr| =

/> jimjin ji)?, then we notice that pe should be written,

from the comparison of the right-hand sides of Egs. (4)
and (5), as

Peft = Z njiAjipji, (6)
Ji

in which Aj; = 4} /|tefr|. Note that || simply serves as a
normalization factor for u;;. We point out that the effective
coherence term, p.f, may have an opposite sign from those
of p31, P32, P41, and p4;, because we have assumed that the

PHYSICAL REVIEW A 89, 023406 (2014)

effective dipole moment, |uef|, iS always positive, although
it may not necessarily be so. The sign of the coherence term,
Peit, however, does not influence the observable quantity, since
it is simply a matter of the choice of the phase factor.

By recalling that the Bloch equations consist of the three
variables, namely, the population inversion term and the real
and imaginary coherence terms, we can recast Eq. (3) for
the four-level system into the generalized Bloch equations
for the effective two-level system with the aid of Eq. (6),
which describes the effective complex (real plus imaginary)
coherence term. They read

Wetr = —i Qetr(ply — Left)s
. .1 (N
Dot = L AW32 005 — QlQeffWeff + fi+ fa

in which Wegr(= p;; — i) and Qegr(= |tee| E(2)/h) represent
the effective population inversion and effective Rabi frequency
of the effective two-level system. pj; is a complex conjugate of
Pett- Note that €2 ;; in Eq. (3) and 2. are connected through the
relation of Qj; = A; Qefr/2. By comparing with the ordinary
Bloch equations, we notice that the two additional terms, fi
and f,, appear in Eq. (7). They read

f1 = i1 (n31A31013 + N41A41014)
+ iw43(Ma1A41 014 + Na2As2024) (®)

and

fo=—3iQe f3, )
where
= —(n41A§1 + 7742A42;2),033 — (7731A§1 + 7732A§2),044
+ (7732A§2 + 7742A42;2),011 + (7’/31A§1 + 7’/41A42;1),022
— (131m32431 432 + na1na2Aq1Aga)(p12 + p21)
+ (31141431441 + Na2na2AnAs) (034 + pa3). (10)

It is very important to note that the time derivative of f3
reads

f3 = —iwn(ninnAsi Ax + nineAs An)(pi2 — p21)
—ioi3(N31M41 A31 A1 + 132042 A3 A2) (P34 — P43)
+ i Qefr (N32n41142A32 Agy Ay — 7731774214311432)
X(p31 — p13)
+ i Qfr (132141 A3 Ag1 — M31M32042A31 A32 Asa)
X (P14 — p41)
+ i et (131041142 A31 st Aga — n32na1 A AZ))
X(p32 — p23)
+ i Qesr (131132041 A31 A2 Ay — 7)31774214%11442)
X (042 — 024)s 11

which will be frequently used in the following analysis.

III. DISCUSSION

In this section we discuss the behavior of the four-level
system shown in Fig. 3 through the simple analysis as well as
the numerical calculations to solve the set of density matrix
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equations given by Eq. (3). In order to obtain the simple
expressions and clear physical picture thereby, we perform the
analysis for the case in which all the hyperfine splittings are
zero, i.e., degenerate hyperfine structure. Such an assumption
is lifted later in this section when we resort to the numerical
calculations to solve Eq. (3). As expected, the simple analysis
turns out to be very helpful to understand the numerical results.

A. Analysis of the four-level system with degenerate
hyperfine structure

Although Egs. (3) and (7) are mathematically equivalent,
it is more convenient to use the generalized Bloch equations
given by Eq. (7) to carry out the analysis of the four-level
system. To simplify the expressions for maximum clarity, we
assume, for a moment, that all the hyperfine splittings are zero,
i.e., w2 = w43 = 0. This means that Eq. (8) is reduced to

fi=0. (12)

In the following, we consider the special case of the four-
level system by appropriately setting various n’s to 0 or 1
to reduce the system to the two-level, V, A, and double-A
subsystems, which appear in the schemes shown in Fig. 2.

1. Two-level subsystem

The prototype of the D-STIRAP scheme has been studied in
the two-level system, and its behavior is well understood [25].
Nevertheless, we start our analysis with a two-level subsystem
to demonstrate the validity of the generalized Bloch equations
and our analysis.

If we set one of the four 5’s in Fig. 3 to 1 while all others
are set to 0, the four-level system is reduced to the two-level
subsystem. As a first case, we now set 74, = 1, while n3; =
32 = n41 = 0 so that the two-level subsystem is realized by
states |2) and |4). Then, from Eq. (11), we find that f3 =0,
and hence f3 is a constant at all time. By referring to Eq. (9)
we notice that the value of f, also remains the same with that
at ¢t = 0. If the initial condition is py; = 1, then, from Egs. (9)
and (10) we obtain

f2=0. 13)

By substituting Egs. (12) and (13) into Eq. (7), we find
that the generalized Bloch equations are now reduced to the
standard Bloch equations for the two-level system. Obviously,
if the pulse sequence of the D-STIRAP is applied to the two-
level subsystem, we know that | psr| = 0.5.

2. V subsystem

As a second case, we now set n3; =14 = 1 and n3; =
n41 = 0 to form the V subsystem by states |2), |3), and [4).
From Eq. (11), we again find that f3 = 0. If the initial condition
is again py = 1, then, from Egs. (9) and (10) we obtain

f=0. (14)

This indicates that the generalized Bloch equations for
the V subsystem still look the same as the standard Bloch
equations for the two-level system. This implies that, if the
pulse sequence of the D-STIRAP is applied to the V subsystem,
the maximum effective coherence will be | petr| = 0.5.
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3. A subsystem

As a third case, we set 941 = 42 = 1 and n3; = 13, =0,
which reduces the four-level system into the A subsystem
formed by states |1), |2), and |4). As in the case of the V
subsystem, we find that f3 = 0 from Eq. (11). However, the
natural initial condition for this case is p1; = py» = 0.5, and

hence f, # 0 as we see from Eqgs. (9) and (10). Namely,
= —%iQeff(Aiz,On + Ail,ozz)
= —%iQeff. (15)
Now the generalized Bloch equations read

We,ff = _iQeff(p:ff — Peff),
| (16)
Poie = i Awn gy — 5182t Wi,

where W/, = Wegr + % Note that these equations are identical
to the standard Bloch equations for the two-level system.
This means that if the pulse sequence of the D-STIRAP is
applied to this subsystem, the initial value of the population
inversion term, W/g, is completely transferred to the real
part of the coherence term, Re(per), i.e., Wiy — 2Re(perr).
Since the initial value of W is —1 for this case, W/ = —%,
and Re(pesr) = —i. Consequently, the degree of effective
coherence is |perr] = 0.25, which is only half of the values
for the two-level and V subsystems.

4. Double-A subsystem

We can continue the similar analysis for the double-A
subsystem by setting 1n3; = 141 = 132 = nap = 1. If we look
into Eq. (11) carefully, we notice that the common term of
B = A3 Ay — AspAyg appears frequently. Depending on the
specific values of A3y, As, Az, and A4, B may be zero or
nonzero, and we consider those two cases separately.

The first case of B = 0 is very similar to the case of A
subsystem, and f3 = 0 from Eq. (11). If we assume the most
natural initial condition of p;; = p2y = 0.5, then, f, is found,
from Egs. (9) and (10), as

fr = =i Qe a7)

Following the argument we have made for the A subsystem,
we can conclude that | pegr| = 0.25.

The second case of B # 0 is different, because f3 # 0. As
aresult, f, cannot be expressed in a simple form, which means
that we cannot obtain a simple analytical result for | pegf|.

B. Numerical calculations

Having clarified the attainable degree of coherence in the
four kinds of subsystems, we now numerically solve the set
of density matrix equations described in Eq. (3) and estimate
the degree of effective coherence defined by Eq. (6). In order
to connect the previous analysis for the case of degenerate
hyperfine structure and the numerical results to be presented
here, we perform numerical calculations for the cases of both
degenerate and nondegenerate hyperfine structures.

The coupling coefficients such as n;;€2;; we need to solve
Eq. (3) for Fig. 3 are taken from those given in Fig. 2 for
the Na atom. Accordingly, the states |1) and |2) (|3) and |4))
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in Fig. 3 should be read as the F =1 and F = 2 states of
32812 (3%P12). Note that the different magnetic sublevels
of the hyperfine states have to be appropriately chosen for
the different subsystems. For all calculations presented in
this paper we introduce two pulses, i.e., the off-resonant and
resonant pulses. The former serves as the detuning pulse
through ac Stark shifts which result in the time-dependent
detuning of A (#), and the latter serves as the pump pulse
with the effective Rabi frequency of Q(¢). If we assume
that both pulses have Gaussian temporal shapes, they can be

written as
1 \2
Aeff(l) = Aoexp|:—1n4(a) :| =+ 60 (18)
and
0 |: 1 (f - tdelay)z]
Qetr(t) = Qegexp| —=1Ind . (19)
2 7Q

In these equations, Ay and ngf represent the peak ampli-
tudes of the detuning pulse and the effective Rabi frequency,
respectively. felay is the time delay between the two pulses,
and §, stands for the initial detuning of the pump pulse with
respect to the transition frequency ws, between |2) and |3).
7A and g, respectively, are the durations of the detuning and
pump pulses defined for the intensity. Note that the additional
factor of 1/2 in front of In4 appears only in Eq. (19), since
the Rabi frequency is defined for the field amplitude. In our
case we have set them to be tp = \/E'CQ = 1. In the following
calculations, all the parameters are chosen with respect to
Ta. The time delay #glay is defined in the unit of T, while
other parameters such as Ay, ngf, 8o, and also the hyperfine
splittings w1, w43, are defined in units of 1/74.

1. Degenerate hyperfine structure

We first assume that all the hyperfine splittings are zero,
i.e., wp; = wa3 = 0. Then, all the detunings in Eq. (3) are
solely induced by the detuning pulse, i.e., Awj; = Aegr(?).
Under such an assumption we find that the numerical solutions
agree well with the previous analysis, which again confirms
the correctness of our treatment using the generalized Bloch
equations.

In Fig. 4 we show the color-coded plot of the variation
of the degree of effective coherence for the two-level and V
subsystems under the D-STIRAP pulse sequence. The former
subsystem is realized by choosing |3251/2 F=2mp=-2)
and |32P1/2 F =2mp = -2) as |2) and |4), respectively,
for which A4 = 1. The latter subsystem is realized by
ChOOSng |32S1/2 F = 2,mp = 2), |32P1/2 F = l,mF = 1),
and |32P1/2 F =2,mp = 1) as |2), |3), and |4), respectively,
for which Az = JT§ and Ay = —%. Figures 4(a) and 4(b)
clearly show, respectively, that the results are identical for
both subsystems. Under the parameter range which satisfies the
adiabaticity of D-STIRAP, the degree of effective coherence
reaches 0.5, and it is reasonably robust against the changes
of ngf and A [Fig. 4(a)]. A similar relation is true for the
changes of #4elay and 8o [Fig. 4(b)].

We make similar plots for the A and double-A sub-
systems. The results are shown in Fig. 5. The former
subsystem is realized by choosing |32S1/2 F=1mp=-1),
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FIG. 4. (Color online) Color-coded plot of the variation of the
degree of effective coherence, |pes|, in two-level and V subsystems
as functions of (a) effective Rabi frequency, Q¥ and detuning,
Ay, with 4y = 1.575 and 8y = 0, and (b) time delay, Zgclqy, and
initial detuning, 8, with Q¥; = 15/75 and Ay = 20/7,. Note that
the results in graphs (a) and (b) are respectively identical for both
subsystems.

|32S1/2 F = 2,mF = —1), and |32P1/2 F = 2,mF = —2) as
1), |2), and |4), for which Ay = —¥2 and Ay = —1. The
latter subsystem is realized by choosing |32S1 pF=1mp=
0), |3251/2 F=2mr=0), |32P1/2 F=1mp = —1), and
|32P1/2 F=2mpr=—1) as 1), |2), |3), and |4), for which

Az = ‘/Ti,Agz = ‘/TE,AM = —‘/Tg,andA@ = —@,andthese
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FIG. 5. (Color online) Similar to Fig. 4 but for the A and double-
A subsystems with B = 0. Note that the results in graphs (a) and (b)
are respectively identical for both subsystems.
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FIG. 6. (Color online) Similar to Fig. 5 but for the double-A

i —_1
subsystem with B = —3.

values of A’s resultin B = 0. Again, Figs. 5(a) and 5(b) show,
respectively, that the results are identical for both subsystems.
Note that the pattern of Figs. 4 and 5 are almost the same
except for the coloring. Namely, the difference between them
arises from the difference of peak values of | pest|: | pete| = 0.25
in Fig. 5, while |pegr| = 0.5 in Fig. 4.

As we have found in Sec. III A, the dynamics of the
double-A subsystem can be different, depending on the values
of B, which have been defined as B = A31A42 — A32A41. In
the above example used for Fig. 5, B = 0. We now consider
the case of B # 0 for the double-A subsystem. It can be
realized, for instance, by choosing 13%S, pF=1mp=-1),
13281, F=2mp=—1), [3°P1p F=1mp=-1), and
132Piy F =2,mp = —1) as |1), |2), |3), and |4), for which

Az = —‘/Ti, Ap = _JTE, Ay = —“/TE, and A = % and
consequently B = —%. The corresponding results are shown

in Fig. 6. It turns out that, apart from the coloring, the pattern
of the graphs in Fig. 6 is somehow similar to that in Figs. 4
and 5. Moreover, the degree of the effective coherence in
Fig. 6 is |perr] = 0.35, which is between the values in Fig. 4
(Jpettl = 0.5) and Fig. 5 (| pere| = 0.25). Although we expect
to see more difference due to the fact that f3 # 0 if B # 0,
it does not seem to be the case, as far as we can notice by
comparing Figs. 5 and 6.

2. Nondegenerate hyperfine structure

Now we turn to the more realistic situation where the
hyperfine splittings are nonzero. For this case, we do not have
to consider the case of the two-level subsystem because of
the absence of degeneracy or nondegeneracy and focus on the
cases of nondegenerate V, A, and double-A subsystems.

Representative results are shown in Fig. 7 for Ag = 20/74,
Q% = 15/7a, and tgery = 1.5t with the hyperfine splittings
chosen to be wy; = 0.5/tA and w43 = 0.05/7A. Figure 7(a)
shows the maximum values of the degree of effective coher-
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FIG. 7. (Color online) (a) Maximum values of the generated
effective coherence, |pj*|, as a function of initial detuning, &. (b)
Time evolution of effective coherence, |peft|, with the best choice of
initial detunings for the nondegenerate V, A, and double-A subsys-
tems. The employed parameters are Ay = 20/75, Q% = 15/74, and
tdelay = 1.5'L'A.

ence, | poi*|, as a function of initial detuning, &y, for the V, A,

and double-A subsystems. In particular the results with B = 0
and B # 0 are both shown for the double-A subsystem.

What we can learn from Fig. 7(a) is that the value of §; has
to be carefully chosen to maximize the value of | o3|, and
the best choice of §y is always at the slightly negative side of
8o = 0 for all subsystems; i.e., the pump laser frequency must
be between the two transition frequencies of the subsystems.
We also notice that the best value of §; for the case of the
V subsystem is closer to 0 compared with those of A and
double-A, simply because the hyperfine structure that matters
for the former is that of the upper state and hence the hyperfine
splitting is much smaller than that of the lower state, while it
is that of the lower states for the latter.

In Fig. 7(b), we plot the time evolution of the degree
of effective coherence for different subsystems at the best
choice of initial detuning. The degree of effective coherence
modulates with the frequencies which are essentially deter-
mined by the hyperfine splittings of the lower and upper
state manifolds. This is simply because the time evolution of
effective coherence is a collective result of the four coherence
terms, p31, P32, P41, and pyp, as we see in Eq. (6). Figure 7(b)
also shows that, apart from the modulations due to the presence
of nonzero hyperfine splittings, the maximum values of | pgf|
do not exceed the values predicted in Sec. III A, which have
been obtained by assuming the zero hyperfine splittings.

We repeat the similar calculations for the time evolution of
the degree of effective coherence with different values of the
amplitudes of the detuning pulse, Ay, Rabi frequency, ngf,
and time delay, fge1ay. The results (not shown here) imply that
the time evolution of the degree of effective coherence is not
very sensitive to the variations of these parameters, which is
similar to the cases of Figs. 4-6.
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C. Application to the D, transition of Na

Finally we perform calculations for the entire D; transition
of the Na atom shown in Fig. 2. This means that we now deal
the entire system, which contains several different subsystems
discussed before. To quantify the degree of effective coherence
in the Na system (Fig. 2), we introduce a new variable, pf,};‘,
which is defined by

|pNa _ Dk Pk|'0§ff|
eff Zk Pk ’

where Py is the population in the lower (F = 1 and 2 hyperfine)
states and | pé‘ff| is the generated effective coherence in the
subsystem denoted as k.

In the calculations we assume a linearly polarized pulse
at the wavelength of 1064 nm to induce the time-dependent
Stark shift, which serves as the detuning pulse. As for the pump
pulse, we assume a transform-limited pulse with linear or left-
circular polarization at the wavelength of 589 nm to be resonant
with the D, transition. As in Sec. III B, we assume that both
detuning and pump pulses have Gaussian temporal shapes, and
their durations are set to be 10 ps (for the full width at half max-
imum of their pulse intensities). The bandwidth of the 10 ps
pump pulse is sufficiently broad to be resonant with all hyper-
fine transitions associated with the D, transition, while the D,
transition, 325, 52— 32p, /2, 1s still far away from resonance.

We note that the amount of the Stark shifts induced by the
same detuning pulse are generally different for different hyper-
fine sublevels within the same hyperfine manifold. However,
for the hyperfine manifold with total angular momentum of
J = %, the amount of Stark shifts is exactly the same for all
hyperfine sublevels [33,34]. By making use of the equations
and values reported in Refs. [33,34], we can write the effective
detuning induced by the detuning pulse as

(20)

Actr(rad/s) ~ 20114e(W /cm?), 1)

for all hyperfine sublevels in the ground state, where Ig is
the detuning pulse intensity. In order to satisfy the adiabatic
condition, it is chosen as Igq = 10 GW/cm?. The hyperfine
splittings of states 3251/2 and 32P1/2 are 1.8 GHzand 189 MHz,
respectively, and they are much smaller compared with the
magnitudes of the effective detunings induced by the detuning
pulse. This means that Aw;; 2 A in Eq. (3) when the pump
pulse is on. The effective transition dipole moment between
states 328, and 3% Py )5 is per & 3 x 107 C m taken on
Ref. [34], and accordingly we can write the effective Rabi
frequency as

Qegr(rad/s) = 8.2 x 108/ Iyump(W /cm?),

in which Ipymp is the pump pulse intensity and we set it at
Tpump = 3.3 MW/ cm?. We adjust the time delay between the
detuning pulse and the pump pulse to be fgery = 10 ps. For
completeness, we also include the spontaneous lifetime of the
excited 3p state, which is about 16 ns.

In Fig. 8 we show the time evolution of the degree of
coherence, | pgfﬁ, in the Na atom for the linearly and left-
circularly polarized pump pulse. Just after the pump pulse the
degree of coherence takes the largest value, which is more than
0.4 for the linearly polarized pump pulse, since the dephasing

(22)
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FIG. 8. (Color online) Time evolution of the degree of coherence,
| o221, for the linearly (black) and left-circularly (red) polarized pump
pulse.

originating from the hyperfine splittings is negligible at this
time scale. As the time passes, however, the dephasing and
rephasing of coherence takes place. The slow modulation we
see in Fig. 8 is due to the hyperfine splittings of the upper
states. We also note that the lifetime of the upper states hardly
plays a role in the time scale presented in Fig. 8. Although we
cannot obtain stable coherence in this realistic case due to the
presence of nonzero hyperfine splittings, as we have already
learned in Sec. IIT A, we can still say that the average value of
the degree of coherence is about 0.3 for the linearly polarized
pump pulse. The result for the left-circularly polarized pump
pulse is worse and it cannot be better than 0.15. The reason
for this difference is clear if we look at Fig. 2 once more:
For the linearly polarized pump pulse [Fig. 2(a)], four of
the subsystems are two-level ones in which the degree of
coherence reaches the possible maximum value of 0.5, and
two of the subsystems are double-A ones with B = —% and
hence the degree of coherence can be 0.35. For the left-circular
pump pulse [Fig. 2(b)], none of the subsystems are two-level
ones, and there is only one V subsystem, one A subsystem,
and two double- A subsystems with B = 0. It is clear that the
performance of the latter case is not as good as that of the
former case. As we have already seen in Figs. 4-6, none of
the subsystems are sensitive to the pump pulse intensity,
detuning pulse intensity, initial detuning, and time delay
between the pump and detuning pulses. Accordingly the entire
system (which is a sum of the subsystems) is not sensitive to
those parameters either. As for the sensitivity of the degree of
generated coherence to the Doppler broadening, we can see
from Fig. 7(a) that it is essentially determined by the laser
pulse duration irrespective of the kind of employed atoms. For
the 10-ps pulses we have assumed here, the Doppler shift as
large as 10 GHz will not influence the result. Since the Doppler
broadening of the Na atomic vapor at room temperature is only
~1 GHz, we may safely neglect it.

IV. CONCLUSIONS

In conclusion we have theoretically studied the generation
of coherence in generalized two-level atoms with hyperfine
structure by using the D-STIRAP pulse sequence. We have
found that the degree of attainable coherence between the
ground- and excited-state manifold cannot be as large as that in
ideal two-level atoms, which is somehow expected without any
calculations. However, we have also found that the substantial
degree of coherence can still be produced in real atoms
(such as Na) with small modulations, where the modulation
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periods are essentially determined by the hyperfine splittings
of the ground and excited states. We have also demonstrated
the robustness of the D-STIRAP scheme in atoms with
hyperfine structure against the various parameters such as the
pump pulse intensity, detuning pulse intensity, initial detuning,
time delay between the two pulses, and Doppler broadening.
To be most specific we have also presented the results for the
D, transition of Na with hyperfine structure. Similar results
should be obtained with other atoms. Our finding would be

PHYSICAL REVIEW A 89, 023406 (2014)

a useful benchmark to generate high atomic coherence in
real atoms with hyperfine structure toward applications in
nonlinear optics.
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