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Excitation of a three-level atom irradiated by a sequence of two fluctuating pulses is discussed.
The pulses have bandwidth 71, relative delay time t12, and can be correlated with one another.
It is shown that, for strong excitation pulses, the level populations and atomic coherence as
functions of ¢12 can vary on a time scale much smaller than 7.. This effect may lead to a means
for obtaining high temporal and spatial resolution.

I. INTRODUCTION

It is well known in relaxation studies that optical
coherent transients induced by time-delayed, correlated
fluctuating pulses may result in high time resolution.!~ 1!
For a gas of two-level atoms, it has been shown that this
time resolution is given by the cross-correlation time 7. of
the applied fields rather than by the pulse duration t,, as
in the case of Fourier-transform-limited pulses. In exper-
iments, the condition 7, < t, is usually satisfied, and
subpicosecond relaxation times can be measured with
nanosecond or longer pulses. Although most experiments
are performed under weak-field conditions, observations
are also carried out when at least one of two excitation
pulses is strong,'2~ 1% that is, when

(1.1)

where a1z = (|f1,2|%)7.. The Rabi frequencies, f; and
f2, associated with the first and the second excitation
pulses, respectively, are averaged over all possible real-
izations of the fluctuating fields. It has been demon-
strated experimentally!3:1% and shown theoretically6—18
that optical transient signals, as a function of relative
delay time t;2, may vary on a time scale of order of 7.
Moreover, it has been found!” that, for two correlated
saturating pulses, this time scale can be even smaller
than 7. If the inequality

max(al, az)tp >1,

min(ay, ag)t, > 1 (1.2)

is satisfied, the strongest signals exhibit a peak of width
of order 7., and this peak can have a very narrow dip
near its maximum of order

1
Ot ~ L L 7o, (1.3)

where

- (."laztp_)l/z (1.4)
o) + az ’ ’

and, according to Eq.(1.2), » > 1. This result im-
plies that a time resolution much better than 7. may be
achieved under appropriate conditions. Unfortunately,
for two-level atoms the narrow dip is also shallow, hav-
ing a relative depth of order of 7! < 1, and this would
make its experimental observation rather difficult.

The results discussed above are obtained for “two-
level” atoms. It is well known, however, that many inter-
esting phenomena that cannot exist for two-level atoms
may occur in quantum systems having a number of levels
n > 3. Among such effects are population trapping,!9~2°
pressure-induced resonances,3° atomic cooling below the
Doppler limit,3!:32 lasers without inversion.33

In this paper I consider an ensemble of three-level
atoms of A or V configuration (see Fig. 1). An atom
interacts with two laser pulses having wave vectors k;
and kg, respectively. The pulses are of duration ¢, and
are time-delayed relative to each other by t12 (t12 < tp).
These pulses may be derived from a single laser and, thus,
can be correlated. These classical incident fields have am-
plitudes &;(t) and &;(t — t12) and central frequencies w;
and ws,, respectively. The first field drives the |0) = |1)
transition having frequency wig, while the second field
drives the |0) = |2) transition having frequency wyo. It
is assumed that |wmo—wm| € wm, where m = 1,2, is sat-
isfied. The model can describe transitions between levels
having quantum numbers J=0 and 1 which are linked by
laser fields with orthogonal polarization.

The effect under consideration is related to the well-
known phenomenon of population trapping. As popula-
tion trapping, it is directly linked to the existence of a
coherent superposition of stationary states in three-level
systems of A and V types which, under some specific con-
ditions, is decoupled from the excitation fields. However,
in contrast to population trapping, spontaneous decay
does not play an important role in the effect discussed in
this paper.

Let us assume that w;g = wyg, and that the excita-
tion pulses are fully correlated, have equal central fre-
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quencies, and propagate in the same direction; that is
&1(t)/E2(t)=const, w1 = ws, and k; = ky. Following
a method which was exploited in studies of population
trapping in A system,?? one can introduce two superpo-
sitions of levels |1) and |2) given by

[6Y = cos Bo|1) + sin Bo]2),
le} = sin Bo|1) — cos Bo|2),

where

(1.5)
(1.6)

_ |po2&a(t)]
T por&1(0)]

and pom (m = 1,2) is the dipole moment matrix element
associated with a |0) = |m) transition. In the absence of
spontaneous decay and for zero delay time, t;3 = 0, the
superposition state |¢) (a one-level subsystem) is com-
pletely decoupled from the two-level subsystem consist-
ing of the states |0) and |[b). Consequently, the population
in each of the subsystems is conserved during the exci-
tation pulses. For instance, if level |0) is the only one
initially populated, and the first pulse is much stronger
than the second one [f; (t) > fa(t); Bo < 1], according to

tan B = const,

(1.7)

10)

10>

(b)

FIG. 1. Three-level configurations considered in this pa-
per, (a) A system, (b) V system.
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Eq. (1.6) the population of level |2) is very small for any
duration, intensity, and time variation of the excitation
fields.

However, for nonzero delay time, t;2 # 0, if
&1,2(t) #const, the two subsystems are no longer decou-
pled from each other. Moreover, if the excitation fields
are stochastic, the evolution of the three-level system
changes dramatically compared to the case of zero de-
lay time. For time ¢ ~ 400 all level populations become
equal, that is, tend to %, and this equilibrium distribution
does not depend on initial conditions (see more detailed
discussion in Sec. V). Thus, in the example considered
above, the population of level |2) as a function of de-
lay time may undergo significant variation from a value
close to zero for t12 = 0 to a value close to % which can
be reached for 13 # 0. It is shown below that the time
scale of this variation decreases with increasing pulse en-
ergy. For two strong pulses satisfying Eq. (1.2) the time
scale is given by 6t12 = 7./ < 7. and coincides with
that for a two-level atom given by Eq. (1.3). However, in
contrast to the two-level case, for three-level atoms this
variation of the populations is a dominant effect. The
significant variation of the level populations on a time
scale 6t12 &2 7./n < 7, is the main result of this paper.

In Sec. II I derive equations for averaged level popula-
tions and atomic coherence of a three-level atom. Weak-
field and strong-field regimes are discussed in Secs. III
and IV, respectively. In Sec. V, a physical interpreta-
tion of the phenomenon is given. The implication of the
results for obtaining high spatial resolution is also dis-
cussed.

II. AVERAGED EQUATIONS
FOR A THREE-LEVEL ATOM

From this point, the general case of nonequal level de-
tunings from resonance, arbitrary degree of mutual corre-
lation of the fields, and arbitrary propagation directions
of the laser beams is considered. For ki # kg, the ef-
fective delay time of the pulses depends on the position
r of a particular atom relative to the center of an active
region in the atomic sample. For an atom characterized
by a velocity v and a position r this delay time, ¢;2(r),
is given by

no — 1N -
tm(r):tlﬁ%,

(2.1)
where nj 2 = ki 2/]k1,2|, and ¢ is the speed of light. In
this paper we assume the effective delay time (2.1) to
be constant for a particular atom during the excitation
process. Since the atom moves during the excitation, and
r(¢) = r(0) + vt, this assumption imposes a restriction
(to be discussed in Sec. V) on the atomic velocity in the
direction ny — n; across the laser beams. Further, if it is
not otherwise stated, t12(r) is referred to simply as ¢;2.
The role of spontaneous decay will be considered else-
where. In this paper, we assume that the atomic relax-
ation produced by sources other than the incident fields
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are negligible on the time scale of an experiment. In this
limit one can use population amplitudes rather than a
density matrix to describe the atom-field interaction. In
the case of the A configuration [Fig. 1(a)], we represent

the amplitudes in the form
ao(t), ayp(t)ei@rathinam), (22)

Then, in the rotating-wave approximation, one obtains
the following set of equations:

.0

1% =3fi(t)ay + 3 f2(t — t12)as,

.0 .

zé%:6m1+%ﬁumm (2.3)
.0 .

i—;t—z = 6a2 + 1 5 (t — t12)ao,

with fm(t) = pomEm(t)h™ (m = 1,2) being the Rabi
frequency associated with a |0) = |m) transition, and

(2.4)

bm = Wy — wWmo — k- V.

In the case of the V configuration [Fig. 1(b)] the coeffi-
cients in Egs. (2.3) are obtained by substitution

b120=> =612, fi2= fio (2.5)

The A scheme is discussed below, and the V scheme is
considered in the Appendix.

The Rabi frequencies f; and f; are treated as fully
correlated complex stationary stochastic processes with
zero mean values and correlation functions defined by

(forn @) fm(t = 7)) = Amgmm(7), m =1,2,
(2.6)
(fm@®)fa(t—71))=0, m,n=1,2,

and

(ffO)f2(t = 7)) = (Ren )/ 2g15(7),

where ¢,,,(7) is the normalized correlation function, i.e.,

(2.7)

(o]
I (0) = 7™, / Inm(T)dT =1, (2.8)
0
and the parameter ® is a measure of the relative coher-
ence of the pulses, which satisfies

0<®<1. (2.9)

For fully correlated pulses ® = 1, while for noncorrelated
pulses & = 0.

In this paper, I consider the averaged atomic density
matrix

Pmn(t) = (a:n(t)a"(t))

assuming that the correlation and delay times are suffi-
ciently small to satisfy

(2.10)

T te K tp, a7, ApY, w2 —wore|™h,  (2.11)

where Ap is a Doppler width of the atomic ensemble,
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and according to Egs. (2.6) and (2.7)
am = (|f1,21?) ™.

No restriction is imposed on a ratio 77*" /t;2.

Using Eqgs. (2.3) one can easily derive equations for
the density matrix elements p,,,(t). Owing to condition
(2.11), one can apply a decorrelation approximation3* to
these equations to arrive at differential equations for the
averaged level populations and the atomic coherence ps;.
For pulses of arbitrary shape, one finds

01 = —@1m01 — 3aano2 + 5V Paraz(3 — G)(pa1 + p51),
(2.13)

(2.12)

oz = —aanoz — $o1n01 + 5V P az(3 + G)(pa1 + p51),

(2.14)
po1 = — [3(a1 + az) + iA]pa
+ ‘—11\/ <I>a1a2[(1 + G)Tlol + (1 - G)ngz], (215)
where
Nom = P00 — Pmm, M= 1,2, (2.16)
poo + p11 + p22 =1, (2.17)
A =6y — 6. (2.18)

In Egs. (2.13)-(2.15), the only dependence on the time
delay of the pulses is contained in the parameter

G(t12) = /th g12(7)dr, G(%oo) = 1. (2.19)

The atom is assumed to be in its ground state(s) before
the excitation pulses are applied at ¢ = 0. For the A
configuration the initial condition is

n01(0) = —p11(0), 102(0) = —p22(0) = p11(0) — 1,
(2.20)

p21(0) =0,

where the initial populations p;1(0) and p22(0) are not
necessarily equal.

If the excitation pulses are derived from two different
lasers, they are mutually noncorrelated, and & = 0 in
Egs. (2.13)-(2.15). As a result, all the ¢;2-dependent pa-
rameters in Egs. (2.13)—(2.15) vanish, and the averaged
density matrix elements do not depend on delay time.
For the atomic coherence, one has ps;(t) = 0 for any type
of three-level configuration. The behavior of a three-level
system driven by noncorrelated pulses was discussed in
detail in Ref. 26. In this paper we are interested mostly in
analyzing the dependence of the averaged density matrix
elements on delay time. I will show below how this de-
pendence emerges for correlated pulses characterized by
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® # 0. In the next sections the laser pulses are assumed
to have rectangular envelopes

ajo(t) =const £#0 for 0<¢< ¢, (2.21)

Then the coefficients in Egs. (2.13)—(2.15) do not vary
with time, and analytical solution can be obtained in
some important limiting cases.

|

poo(tp) = §le1p11(0) + a2p23(0)tp,

pmm(tp) = (1 — %amtp)/’mm(o)v m=1,2,

iV @aazlexp(—iAty) — 1][1 + (p11(0) — p22(0))G(t12)]
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III. WEAK-FIELD REGIME
This regime is defined by
oy, K t;l.

(3.1)

For the A system taking into account initial conditions
(2.20) and solving Eqs. (2.13)-(2.15) one gets the level
populations and coherence in the form

(3.2)

(3.3)

pa(tp) = AA

As one can see from Egs. (3.2) and (3.3), in a weak-field
regime the excited state is populated only slightly, and
each of the pulses affects only the corresponding transi-
tion. The populations do not depend on the delay time
t12. However, if the initial populations of levels 1 and 2
are not equal, one can see from Eq. (3.4) that there is
an asymmetric dependence of the atomic coherence pa;
on the delay time. The variation of py; occurs on a time
scale of order 72, is given by

p21(tp;tiz > 71%) — par(tps tiz K —7.2)
p21(tp;tia = 0)

= 2[p11(0) — p22(0)], (3.5)

and can be significant for |p11(0) — p22(0)| ~ 1.

|

. (3.4)

IV. STRONG-FIELD REGIME

In this section, I consider a strong-field regime which
is defined by

(C!l + az)tp > 1. (41)

To analyze this case, and for the remainder of the paper,
it is assumed that

(4.2)

The results for az > a; can be obtained from that for
@1 > as by substituting

(64] Z Q2.

a1 <& a2, P11 <& P22,
(4.3)
p21 < p12, G(tiz) — —G(t12).
The solutions for ng1(t), noz2(t), and p21(t) are given
by a sum of four exponentials exp(—Ant), m =1,...,4,
where A, are the roots of the equation

At — %(0’1 + ag)As + {1—96((11 + 02)2 + %alag[QGz + 3(1 - ‘P)] + ZXZ}/\2

—L (a1 + az)[(1 + a2)? + @12 ®G? + 16AYN + Zaras[(a1 + a2)* (PG + 1 — @) + 16A%] = 0.

If the condition

sin?(28)(®G% +1 — & + A2) > 4(1 + A2),  (4.5)
is satisfied, where

B = arctan \Jaz /a1, 0 < B < w/4,

(4.6)
Ag= —28
ay + az

for all four roots JA,, it follows that

Amt, > 1, m=1,2,3,4. (4.7)

Consequently, no2(tp) = no1(tp) = p21(tp) = 0, and at

(4.4)

[

time ¢, all three atomic levels are equally populated, that
is

pmm(tp) = %, m=1,2,3. (4.8)
However, if
sin?(28)(®G? +1— & + A2) < 4(1+ A3), (4.9)

one of the roots of Eq. (4.4) can satisfy the condition
At, < 1, and some nontrivial final distribution of the
population over the levels may become possible. For
pulses with very different intensities, that is for a; > oy
(8 < 1), condition (4.9) is satisfied for any mutual cor-
relation of the pulses ® (0 < ® < 1), and any 12 and
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A, provided the inequality (2.11) is also satisfied. For
pulses with nearly equal intensities [a; ~ a2 (8 ~ 1)],
restrictions

(-

must be imposed to satisfy Eq. (4.9), implying that the
pulses have to be strongly correlated, only slightly de-
layed, and the difference in the detunings of levels |1)

) {12 1A

L = 1 4.10
’rclz’a1+ag < ( )

J

. 3sin?(268)(®G? + 1 — & + A2
1 =

)
1
A1+ AD) <b

_ 3sin’(28)[®G? + 9(1 — @) + AZ]
2= 16(9 + A2)

<1

€54 = 2Ly (“2 D 4 el 436 —sin?(28)[®G? + 3(1 — ®)] — Ag) .

2 4

The root Ay is much smaller than the real parts of the
other three. Consequently, in a strong-field regime (4.1)
only the term having index A; can provide a contribu-
tion to the solutions of Egs. (2.13)—(2.15) which is not
exponentially small. The solution in this limit is of the
form

Poo(tp) = 31 + C1exp(—Aity)), (4.17)
1 C -2 exp(—A;t

Pll(tp) _ _3_ (1 + 1(ay 0:2-2 azp( 1 p)) , (4.18)
1 C -2 -t

pulty) = 5 (1+ Qo222 MENG)) g )

(t ) _ 201\/@&1(1’2[(1 + G)sz + (1 -— G)al]

p2aite) = (a1 + ag + 4iA)(a; + a3)

x exp(—A1tp), (4.20)

with C) given by

poolty) = 210 22 ) () 4

and |2) cannot be very large.
Under condition (4.9) the roots of Eq. (4.4) are given
by

A1 = 3(a1 + a9)ey, (4.11)
Ay = (a1 + az)(l - €2), (4.12)
A3,4 = ;li(al + az)(l + €3y4), (413)
where
(4.14)
(4.15)
i (4.16)
[
Cy = (2(12 — al)nm(O) + (2(11 — az)noz(O) ’ (421)

2(a; + @)

For the A system, taking into account Egs. (2.20) one has
1 3(ay —

Ci=-7 (1 +p_(0)_(‘_'1_"_2)) ’

4.22
o (4.22)

where p_(0) = p22(0)—p11(0). Below I present the results
for the most important cases.

A. One strong and one weak pulse

According to conditions (4.1) and (4.2) this case is
characterized by

a1 >t > as. (4.23)

For the A configuration, taking into account Egs. (4.23),
substituting C} in the form (4.22) into Eqs. (4.17)—(4.20),
and expanding these equations to first order of ast,, one
has

gty (PG2+ 1 — @ + A2)[1 + 3p_(0)]

2 2(11

putty) =280 + 2201455 (0))+

pas(ty) = pas(0) — f;‘f;[l +7p-(0)] —

p21(tp) = /®ag /ey L +2(pl—i02£f)_ 2.

611 A2) , (4.24)
sty (RG® +1— @ + AF)[1 + 3p-(0)]
16(1 + Agg : (4.25)
gty (G2 +1— & + A2)[1 + 3p_(0
to( + 8(1++Ag))[ +3p-( )], (4.26)
(4.27)
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One can see from Egs. (4.24)—(4.26) that level popula-
tions in a A system may significantly depend on delay
time if an atom is prepared initially in one of the lower
sublevels, [1) or |2).

For p;1(0)=1, the level populations are shown in Figs.
2(a)-2(c), (curve 1). Levels |0) and |1) linked by a strong
field constitute a two-level system. Asshown in Figs. 2(a)
and 2(b), their populations are equal at time ¢, and are
close to 0.5. Level |2) is linked to the excited level, |0),
by a weak pulse. Although the population of level |2)
is small, in contrast to a weak-field regime, this popula-
tion, as a function of delay time, consists of a background
signal having value ast,/4 and a dip of width

§tig ~ 112, (4.28)

and relative depth ®/(1 + A2) centered at zero delay
time t12=0 [see Fig. 2(c), curve 1]. The dip vanishes
for noncorrelated pulses (®=0) or for a large difference
in the detuning of excited states (A > a;). Averaged
atomic coherence is given by Eq. (4.27). As shown in
Fig. 2(d) (curve 1), it is strongly asymmetrical function
of delay time. Owing to the condition p_(0) = —1, this
asymmetry is negative, and is characterized by a time
scale 712

If an atom is initially pumped into level |2), that is,
if p22(0) = p_(0) = 1, the populations of the states |0)
and |1) strongly depend on t12 representing similar dips
of width 722 and relative depth ®/(1 + A2), as shown
in Figs. 3(a) and 3(b) (curve 1). The atomic coherence
given by Eq. (4.27) is an asymmetric function of delay
time. As one can see from Fig. 3(d) (curve 1), in con-
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trast to the case considered above [p11(0) = 1], the sign
of the atomic coherence is changed. This change occurs
when p23(0) = % and can be already seen in Fig. 4, where
an intermediate case corresponding to equal initial pop-
ulations of lower levels is shown.

B. Both pulses are strong

It is shown below that the most dramatic dependence
of the averaged density matrix elements on delay time
occurs in a regime described by the condition

a1 > ap >ty (4.29)

One can see from Egs. (4.11) and (4.14) that the parame-
ter A\1¢, can now be large enough to satisfy exp(—A1t,) <
1. Specifically, if condition (4.5)

3a1a2tp[<I>G2(t12) +1- d + Ag]
4(0,‘1 -+ Clz)(]. + Ag)
is satisfied, the atomic coherence py; vanishes, and all

three atomic levels are equally populated [see Eq. (4.8)],
that is,

> 1 (4.30)

p21(tp) =0, pmm(tp) = %, m=1,2,3. (4.31)

For noncorrelated pulses (& = 0) this result holds for
any delay time. However, even for fully correlated pulses
(®=1) this situation occurs for a delay time

[t12] > 72277, (4.32)

T ! T ] T I T 03 [ T ] T l T I T j
0.5 — ]
C =
© 73 | 4 @ |
.§ 1 2 3
2 0
" 5
Qx = —
03 = | | | | 1 | L]
-4 -2 0 2 4
ti2/ 7
T T T
0.5 0.5 — —
E/A\——
— N
5V 5
< (a) & (b)
O I | | I | ] L O I | I | 1 ] 1

-4 -2

0
tiz/Te

FIG. 2.

-2 0
tye/Te

The averaged populations and atomic coherence of a A system as functions of delay time t12 for p11(0) = 1. The

populations poo(tp), p11(tp), and p22(2p) are shown in (a), (b), and (c), respectively. The atomic coherence pz; is presented in
(d). The first of two fully correlated pulses (& = 1) is strong (a1, = 10°), while an intensity of the second pulse varies: aztp=
0.5 (curve 1), 2 (curve 2), 10 (curve 3), 10> (curve 4), 10° (curve 5). The calculations are carried out for Atp,=10.
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-4 -2 0 2 4 -4 -2 0 2 4
tie/ 7. tiz/Te
FIG. 3. The same as Fig. 3, but p22(0)=1.
where 7 is given by Eq. (1.4), and for strong pulses (4.29) 1-9),A2<9 2« 1. (4.33)

n > 1. Thus, background values of density matrix ele-
ments which are reached for relatively large delay times
correspond to equal populations and vanishing atomic
coherence.

If the pulses are strongly correlated, and the difference
of the detunings of levels |1) and |2) is relatively small,
that is, if

the condition A1t, < 1 can be satisfied, provided the
pulses are delayed only slightly
G(t1) <n ik 1. (4.34)

Consequently, in the limit (4.33) significant dependence
of populations and atomic coherence on delay time may

T T T T —_ T T T T
e I I T 1=t [ I [ ]
(<) 3
—= 0 —
° 1 2 30
——/ N — | 5 |
i 5/"5\ 0.3 |— -
& )
0 | ! L J 1 | 1 C L L | ‘ 1 | 1 B
—4 —2 0 2 4 —4 —2 0 2 4
tiZ/Tc tya/Te
T L L [ [ 7
0.5 — — 0.5 — —
5 IS
&= ) :
< (@) < (b)
O L | | | Il l 1 0 1 l 1 | 1 L I
-4 -2 0 2 4 -4 -2 0 2 4
t,z/'rc t'12/‘rc
FIG. 4. The same as Fig. 3, but p11(0) = p22(0) = 1.
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occur. According to Eq. (4.34) the time scale of this
dependence is given by

St1a = T2 n < 112, (4.35)
implying that level populations and atomic coherence of
a three-level atom as functions of delay time may vary on
a time scale which is much smaller than cross-correlation
time of the excitation pulses. The effect resembles that
for a two-level atom!? [see Eq. (1.3)]. However, for a
three-level atom the effect can be much more significant.

The case of a A configuration is illustrated in Figs.
2-4, curves 3-5. The population of excited level, pgo, as
a function of ¢, exhibits a peak [see Fig. 2(a)] if

a; > 2ay (436)

and

a) + ag

P11(0) — p22(0) > o1 —az)’

(4.37)
The width of this peak decreases with increasing intensity
of the second pulse and is given by Eq. (4.35). As one
can see from Fig. 2(a) (curve 5), and Figs. 3(a) and 4(a),
if any of conditions (4.36) and (4.37) is not satisfied, the
peak inverts into a dip having width (4.35). The relative
depth of this dip is given by

pooltp; tiz > 722071 — poo(tp;t12 = 0)
poo(tp;tiz > 712n~1)
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where
& = exp[-3n%(1 — ® + A2)/4]. (4.39)
The depth (4.38) reaches its maximum value ¢ for
p22(0) =1 and a; > as, (4.40)

and can be close to unity for fully correlated pulses [see
Fig. 3(a)).

Behavior of the level population ps2(tp), as a function
of delay time, is just the opposite of pog(tp). As shown in
Figs. 2-4(c), if poo(tp) exhibits a peak, p22(tp) exhibits a
dip, and vice versa.

Population of level |1), as a function of £13, exhibits a
dip only if condition (4.36) is satisfied, while (4.37) is vi-
olated [Figs. 2-4(b)]. As one can see from Fig. 3(b), the
dip acquires its maximum relative depth £ under condi-
tions (4.40).

Averaged atomic coherence given by Egs. (4.20) and
(4.22), as a function of delay time, exhibits a narrow peak
with a zero background [see Figs. 2-4(d)]. If conditions
(4.36) and (4.37) are violated, the peak changes its sign
[for Re(pa;) it changes from positive to negative]. The
peak acquires its maximum amplitude

_ 0.566 /@
1+iA,

for p2(0) = 1 and for the pulse intensities ay = 0.228¢;.

The most important feature of the results presented
above is a very rapid variation of the averaged density
matrix elements with delay time. The temporal width

Po(tp) = (4.41)

_1 3[p22(0) = p11(0)](c1 — cx2) of peaks and dips is of order of 7}2~! which is much
=={1+ & (4.38) oole,
4 o) + az smaller than the cross-correlation time of the pulses. It
T I T l T I T T I T | T l T
0.5
N
0.5
&
0 1 J 1 | | | | 0 1 ] I I 1 | I
-4 -2 0 2 —-4 -2 0 2 4
tie/Te tie/Te
FIG. 5. The averaged populations and atomic coherence of a V system as functions of delay time t12 for poo(0) = 1. The

populations poo(tp), p11(tp), and p22(%p) are shown in (a), (b), and (c), respectively. The atomic coherence p2; is presented in

(d). The parameters of the pulse are the same as in Fig. 2.
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is also important that for fully correlated pulses with
very different intensities, the relative depth of dips can
be close to unity, and the peak for atomic coherence has
zero background.

The case of the V system is illustrated in Fig. 5 and
is discussed in detail in the Appendix. Comparing Figs.
5 and 2, one can see that, for the V configuration, the
dependence of the density matrix elements on delay time
is very similar to that of density matrix elements of A
system initially pumped into level |1). A significant dif-
ference emerges only for 2ay > «;. In this case, for
populations, peaks obtained for the A system correspond
to dips for the V system, and vice versa, and the peaks
for atomic coherence are of opposite signs.

V. DISCUSSION

To give a qualitative explanation of the strong-field
results, one can define the set of states (1.5) and (1.6)
introduced in Sec. I in a more general way as

|b) = cos B|1) + sin 3|2},
(5.1)

[e) = sin B|1) — cos B]2),
where (3 is given by Eq. (4.6). The probability ampli-

tudes of levels |1) and |2) can be expressed in terms of
probability amplitudes of states |[b) and |c) as

a; =apcos B+ a.sin 3,
(5.2)

as = apsin B — a. cos f.
The qualitative consideration for the A and V systems is
similar. In this section, for the sake of simplicity, I con-
sider the V configuration [the initial condition for this
scheme is always given by a¢(0) = 1]. Using representa-
tion (5.2) and taking into account Egs. (2.5) one obtains

the following equations for the population amplitudes of
the “new” states (5.1):

iag = % [ff (@) cos B+ f5(t — ti2)sin Blap
+[f1(t)sin B — f3(t — t12) cos Bla.}, (5.3)
iay = —(8; cos® B + 82 sin? B)ay + sin B cos B(6; — 62)a.
+%[f1(t) cos B+ fa(t — t12) sin flay, (5.4)
iae = — (61 sin? B + & cos? Ba. + sin B cos B(61 — b2)ay
+%[f1(t) sin B — fa(t — t12) cos Slao. (5.5)

One can see from Eq. (5.5) that state |¢) is completely

decoupled from other states of the system if

and

fi(®)sin B = fa(t — t12) cos B,
or (56.7)

fit)Vaz = fo(t — t12)/ar.
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Condition (5.6) holds for equal detunings of levels |1)
and |2). The second condition, (5.7), is satisfied for any
monochromatic fields fi(¢)=const and fs(t)=const and
does not depend on delay time. Specifically, the effect of
decoupling leads to population trapping in A systems for
A=0.

If the excitation fields vary with time, Eq. (5.7) can be
satisfied only for fi(t)/f2(t)=const, that is, if one field
is an exact replica of another. For stochastic fields this
means that they have to be fully correlated (®=1) with
zero delay time, t12 = 0. In this particular case the ex-
istence of population trapping was shown by Dalton and
Knight.?” Under conditions (5.6) and (5.7) in the absence
of relaxation, the probability amplitudes of states |1) and
|2) are linked to each other by a relation

[a1(t) — a1(0)]sin B = [az(t) — a2(0)] cos B3, (5.8)

that is, amplitude a,(¢) is proportional to ax(t) with an
additional constant shift, although for fluctuating pulses
both amplitudes are now stochastic functions of time.
For instance, let us consider the case when the first
pulse is much stronger than the second one, that is,
f1(t) > fa(t), and level |0) is initially populated. Then,
the parameter 3 is small (8 < 1), and from Eq. (5.8) one
has as(t)/a1(t) = B < 1, that is, level |2) is populated
much less than level |1) for any given time.

As soon as condition (5.6) or (5.7) do not hold,3® state
|e) is coupled to the rest of the system, and the tempo-
ral evolution of a three-level atom driven by stochastic
fields, changes dramatically. For large time ¢ ~ +oo
all the atomic coherences (a},(t)an(t)), (n # m and
n,m=0,1,2 or n,m = 0,b,c) tend to zero, while all the
populations (a},(t)am(t)) tend to 3. This steady-state
distribution does not depend on initial conditions and is
a manifestation of a more general result concerned with
dynamics of a many-level quantum system under the in-
fluence of a stochastic field characterized by a spectrum
with power wings. One can prove®® that if spontaneous
decay is neglected, the density matrix of a system with NV
nondegenerate levels tends to (a},(t)an(t)) = N1,
for ¢ ~ +4o0o. The physical origin of this result can
be traced to the white-noise type of the spectrum of a
stochastic laser field or one of its time derivatives. In this
case the laser field can be considered as a reservoir char-
acterized by an infinite temperature. A quantum system
eventually comes to thermal equilibrium with this reser-
voir, which results in equal populations of all the non-
degenerate levels. However, for a given time ¢, under
different conditions the system can be at different stages
of a transient process leading to this equilibrium distri-
bution. For instance, for fully correlated pulses (® = 1)
and equal detunings §; = é2, one can estimate the rate
of this process in a V system [ag(0) = 1] by examin-
ing the population of state |¢). For t;2 = 0, one has
lac(t)|? = 0. To calculate (|ac(tp)|?) for t12 # 0, one can
consider the case, when an excitation process has two
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stages characterized by different rates. First, the popu-
lation is quickly redistributed between states |0) and |b).
Then, slow “leakage” to state |c) comes into play and
leads to equal distribution of population among all three

a.(t) = —%/0 exp[i61(t — t)][f1(t') sin B — fo(t' — t12) cos,B]/O f

To calculate the population of state |c), one takes into
account Egs. (2.6)-(2.8) and condition (2.11). Using Eq.
(5.9), and averaging the resulting equation for |a.(t)|?
over field fluctuations, one arrives at

(lac@®)|?) = eﬁz%&z_)_

t
x/ / (a3 (¢)as(t"))e = Dat'de”,
0
(5.10)

where G(t12) is given by Eq. (2.19). The correlation
function of the probability amplitude as(t) in Eq. (5.10)
can be estimated in the framework of a two-level sys-
tem [0) < [b).3” Using Egs. (5.3) and (5.4), applying
a decorrelation approximation, and taking into account
that, for a two-level system driven by a strong field, for

t> (a1 + a3) 7! the relation (|ay(#')|?) = 3 is valid, one

arrives at

(a5 (t)as(t")) = § exp{—[i61(t'—t")+{(ar+az)|t'—t"|]},
(5.11)

where t/,t"” > (a; + a3)™!. Substituting Eq. (5.11) into
Eq. (5.10) and taking the integral one arrives at

(lae(t,)?) = az?sz(tlz)tp = Mip
oy + 012) 3
Equation (5.12) gives a quantitatively correct excitation
rate Ay [see Egs. (4.11) and (4.14)] of a slow process that
eventually leads to equal populations of all the states,
and strongly depends on delay time.

The temporal resolution that one can obtain using the
dependence of populations on delay time in a strong-
field regime is given by Eq. (4.35). Under conditions
considered in this paper, the theoretical limit for this
resolution can be found by assuming that a7 = a3 =
712, and t, = T1, where T} is the lifetime of the excited
level(s). Then, one has

(2R
(6t12)1im = 2 (—3—,111— .

(5.12)

(5.13)

The time resolution given by Eq. (5.13) may be extremely
high. For 712=1 ps, and 73 = 2.1 x 105 s (515,-53P;
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levels. To estimate the rate of this slow process one can
consider times for which state |c) is still populated only
slightly, that is a.(t) < 1. Then from Egs. (5.3)-(5.5)
one has

1!

T(t")ycos B+ f3 (1" —t12)sin Blay(t")dt' dt".

(5.9)

[

transition in Sr) one arrives at (6t12)1im = 3.6 x 10716 s
For currently obtainable laser pulses, the achievable time
resolution is not quite so good. For pulses with equal
energies of 2 mJ, t,=10 ns, 7}2=100 fs, and a laser beam
diameter of 1 mm, one obtains a; = @y = 1.7 x 101 s~ 1,
and 6t12 = 4 x 10715 s for the 43P,-535; transition in
Ca (A configuration). Thus, a time resolution equal to a
few optical periods might be achieved.

Recently, considerable attention has been given to dif-
ferent techniques leading to high spatial resolution of
atomic particles.38~ 43 In particular, methods using opti-
cal Raman transitions in a highly inhomogeneous mag-
netic field or optical standing wave were suggested?*?
to obtain submicrometer accuracy in position measure-
ments.

The results obtained in this paper imply that using
time-delayed, correlated, fluctuating laser pulses one may
achieve high spatial resolution in the absence of any ex-
ternal potentials characterized by large gradients. Ac-
cording to Eq. (2.1), the delay time actually depends on
location of an atom through

(nz —n;) xr

tia(r) =t12 + -

Hence, a temporal resolution given by Eq. (4.35) leads to
a spatial resolution

cbtyo c‘l‘c12

= 2sin(8/2) = 2nsin(8/2)’ (5-11)

where z is a coordinate in a direction (n; — nj), and
0 < § < 7 is an angle between the wave vectors k; and
k,. Atoms located in the vicinity éz around the point in
the atomic sample where t;5(r) = 0 end up with very dif-
ferent distribution of populations compared to those lo-
cated outside that region. Using an estimate made above
for 6t12 one can see that a spatial resolution of order of
1 pm can be achieved for counterpropagating pulses.

In this paper, all the results are obtained under the as-
sumption that, for a given atom, the delay time, tlz(l‘)
does not vary during the pulses. Since atoms move in
the z direction, however, only the atom which does not
leave the region 6z during the excitation, is driven by
the pulses with a delay time smaller than ét,5, and, con-
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sequently, acquires highly nonequal level populations at
time t,. The velocity v; of this atom satisfies condition

i 2)v,t
M‘% < btqo . (5.15)

For all other atoms the results obtained for [t12] > 812
can be applied, and all the level populations are equal to
%. This velocity dependence of the populations leads to

a velocity resolution év, given by
cbtia cr)?

= 2,sin(0/2)  2nt,sin(6/2)

bvy (5.16)
An interesting feature of this velocity resolution is that it
can be obtained simultaneously with a spatial resolution
bz.

In this paper an atomic motion has been considered
classically. This assumption means that the condition

mévzbz > 2mh, (5.17)

where m is atomic mass, must be satisfied. Substitut-
ing Eqs. (5.14) and (5.16) into Eq. (5.17) one obtains a
restriction on time resolution ét;2 in the form

2sin(6/2) (27rhtp ) 12
c

m

St12 >

/2
= 1.3 x 107'%sin(8/2) (zt"—é%)l s, (5.18)

where A is atomic mass in atomic mass units. For real-
istic laser parameters condition (5.18) is satisfied. How-
ever, for hypothetically stronger and longer pulses, the
theoretical limit for 6t;2 given by Eq. (5.13) would violate
the restriction (5.18), and the fully quantum treatment
of the phenomenon might be necessary.

Conventional detection methods such as photoioniza-
tion, absorption, transient, and propagation effects can
be used to probe the final distribution of atomic level
populations. One can consider observational schemes us-
ing cells as well as atomic beams. In the latter case even
cw-laser radiation sources can be used to observe the ef-
fect. Since for zero delay time the resulting level popula-
tions do not depend on fluctuations, the effect under con-
sideration can be observed on a shot to shot basis which
does not require statistical averaging, in sharp contrast
to most phenomena induced by fluctuating light. Atomic
systems of particular interest include such atoms as Ca
and Sr which have an excited state J=1 characterized by
relatively long lifetime.
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APPENDIX: THE V CONFIGURATION

To consider the case of the V system, one can use Egs.
(2.13)—(2.15) with initial condition
n01(0) = Tlog(O) = poo(O) = 1, p21(0) = 0. (Al)
In the weak-field regime (3.1), taking into account ini-
tial conditions (A1) and solving Egs. (2.13)-(2.15) one
gets the level populations and coherence in the form
poo(tp) = 1= (a1 + az)ty,
Pmm(tp) = %amtp, m=1,2,

i/ Payaslexp(—iAt,) — 1]
2A ’

(A2)

p21(tp) =

As one can see from Eqgs. (A2), in a weak-field regime the
excited states are populated only slightly, and the matrix
elements do not depend on the delay time t;5.

In the strong-field regime (4.1), the solutions (4.17)-
(4.20) are still applicable, with C; given by

Cl-—‘—-

N

(A3)

In the case (4.23) of one strong and one weak pulse,
populations and atomic coherence are given by

poo(ty) = pr1(ty) = 3, (A4)
_ @z | oty [8G7 +1 -0 4 AF]
1-G
p21(tp) = \/<I>a2/a1m. (A6)

Levels |0) and |1) are linked by a strong field and con-
stitute a two-level system. At time t,, their populations
are close to % The population of level |2) is small. As a

function of delay time, it consists of a background signal
of value ast,/4 and of a dip having width 7}2. For large
delay time |¢t;2| > 712 the population of level |2) is twice
as small as that given by Eq. (A2) in a weak-field regime.
This result is quite understandable, since the population
of the ground state is now equal to 12‘ Averaged atomic
coherence is given by Eq. (A6) and, as a function of delay
time, exhibits a significant dependence on delay time in
the form of strong negative asymmetry.

If both pulses are strong [see Eq. (4.29)], the ground-
state population poo, as a function of delay time, exhibits
a peak centered at ¢12 = 0 [see Fig. 5(a), curves 3 and 4].
The temporal width of this peak is given by Eq. (4.35),
and its relative height is equal to 0.5¢, where £ is given
by Eq. (4.39). The population of level |2), as a function
of ¢4, consists of a background signal (4.31) having a dip
of width (4.35) and relative depth

paz(tp;tia > Tcmﬂ“l) — pa2(tp;t12 = 0) _ 201 — g ¢
p22(tp; t1z > 712n~1) 2(a1 + ag)”’
(A7)
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which for fully correlated pulses with very different in-
tensities can be close to unity [see Fig. 5(c), curves 3 and
4]. Population of level |1}, as a function of delay time,
for a3 > 25 exhibits a peak which inverts into a dip for
a1 < 2wy [see Fig. 5(b), curves 3-5, respectively]. The
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averaged atomic coherence given by Egs. (4.20) and (A3)
exhibits a narrow peak with no background [see Fig. 5(d),
curves 3-5]. The peak acquires its maximum amplitude
given by Eq. (4.41) for the pulses with equal intensities,
] = 3.
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