PHYSICAL REVIEW A

VOLUME 25,NUMBER 6

JUNE 1982

Time-dependent aspects of the Autler-Townes effect in a four-level system

K. I. Osman and S. Swain
Department of Applied Mathematics and Theoretical Physics,
Queen’s University of Belfast, Belfast BT7 INN, Northern Ireland
(Received 13 April 1981)

Time-dependent optical Autler-Townes spectra are calculated for a four-level system in
which the ground state is a doublet with frequency separation much larger than any of
the Rabi frequencies. The finite linewidths of the lasers are taken into account in the
phase-diffusion model. Optical-pumping effects cause a transfer of population with a
resulting significant change in the spectra with time. Numerically evaluated spectra are
presented, and it is found that the nature of the asymmetry can change drastically with

time.

I. INTRODUCTION

The theory of the optical Autler-Townes effect
for a three-level system is reasonably tractable,’
and a symmetric, doubly peaked spectrum is
predicted when the saturating transition is exactly
resonant. The simplest situation is where the ex-
periments are performed on an atomic beam so
that Doppler and collision effects are negligible; the
predictions for this case have been recently con-
firmed in elegant experiments.? The case of
Doppler-broadened three-level systems has also
been considered.’ Again, reasonably good agree-
ment between theory and experiment is found.

In making the calculations, it is usually assumed
that the atoms interact with the laser field suffi-
ciently long for the system to reach a steady state.
However, it is clear that if the experiments are per-
formed with pulsed lasers of sufficiently short
duration or with atomic beams with sufficiently
small interaction volume, this condition may not
be met. For example, with a typical laser beam di-
ameter of 10~ m and atomic lifetime of 10~ s,
the atom is in the laser beam for about ten atomic
lifetimes. Moreover, experiments have been per-
formed with laser beams of one-tenth of this diame-
ter,* giving a transit time of the order of 1 excited-
state lifetime. It is therefore of some interest to
calculate the time-dependent spectra, and to esti-
mate the illumination time necessary for the
steady-state solution to be a good approximation.

One possibility is that asymmetry may be intro-
duced if the steady-state conditions are not met,
and in some of the experiments reported on three-
level systems,? there is some suggestion that the
spectra are not completely symmetric. However,
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recent calculations® relevant to sodium have shown
that although the asymmetry of the Autler-Townes
spectrum for a three-level system does vary with
the interaction time, the effect is small.

A similar situation occurs in the related phen-
omenon of strong-field resonance fluorescence. Ex-
periments performed on atomic beams of sodium
prepared as a two-level system under resonant exci-
tation (e.g., Ref. 6) indicate that under some cir-
cumstances slight asymmetries are observable. It
has been suggested (e.g., Ref. 7) that these may be
due to finite interaction times. Cohen-Tannoudji
and Reynaud® have emphasized that steady-state
conditions need not obtain in actual experiments.
A detailed discussion of the time-dependent reso-
nance fluorescence spectrum has been given by
Eberly et al.’ and they find that the asymmetry of
the spectrum varies markedly with time under
some circumstances.

All the preceding discussion refers to three-level
systems (or two-level systems, for resonance
fluorescence). However, experiments have been
performed on multilevel systems.!®!! Picqué and
Pinard,'° for example, made measurements of the
optical Autler-Townes spectrum of sodium without
it being prepared as a three-level system, and found
a doubly peaked asymmetric spectrum at exact res-
onance. The theory, taking into account the full
hyperfine structure of sodium, but neglecting the
laser linewidths and calculating the steady-state
spectrum, has been given,'? but it is found that the
predicted asymmetry is opposite to that observed.
Related experiments have been made by Hogan
et al.,'! who monitored the Autler-Townes splitting
in sodium by observing the multiphoton ionization.
The theory modeling sodium as a three- or four-
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level system, has been given by Georges and Lam-
bropoulos.’* The duration of the laser pulses used
in the experiments was about 700 nsec with a rise
time of about 75 nsec; thus it was necessary to take
into account the finite interaction time which was
done by numerically solving the differential equa-
tions. It is also essential to take into account the
finite laser linewidths; Georges and Lambropoulos
pointed out that the asymmetry of the spectrum is
reversed as the laser linewidth increases from zero
to a value greater than the natural linewidth. Zoll-
er, Dixit, and Lambropoulos'* emphasized the im-
portance of non-Lorentzian line shapes.

The theory of an N-level atomic system coupled
to monochromatic lasers which are near resonance
with the N —1 transitions has been discussed
analytically and numerically by Eberly, Shore,
Bialynicka-Birula, and Bialynicki-Birula."> These
authors also considered an anharmonic ladder of
states which is relevant to molecular interactions.

In this paper we consider the time dependence of
the optical Autler-Townes spectra in a four-level
atomic system illuminated with finite-bandwidth
lasers. The ground state is assumed to a doublet
with energy separation small compared with the
energy of the laser photons but large compared
with the Rabi frequencies of the principal transi-
tions. (This may be taken to be a crude model for
sodium, for example.) The situation is shown
schematically in Fig. 1. It is clear that we have a
very different situation here from the three-level
system because of optical pumping; if the atom is
prepared initially in one of its ground states, some
population will be transferred to the other ground
state by laser action and spontaneous emission, and
this implies that the Autler-Townes spectrum will
change drastically with time. Thus we would ex-
pect that finite transit times will be much more
significant in a four-level model than in a three-
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FIG. 1. Four-level model showing the “upward”
transition rates.

level system. It is clear, from the work of Georges
and Lambropoulos,13 that finite laser linewidths
must also be taken into account. Here we treat the
laser fields in the phase-diffusion model and take
the line shapes to be Lorentzian. It is assumed
that the only other relaxation mechanism is spon-
taneous decay (no collisions, etc.). The transient
response will depend upon the laser pulse shape in
time but for simplicity we consider here only the
case in which the pulse shape is a step function.

In Sec. II we describe the model and method of
solution, in Sec. III we introduce the probe-field
approximation, and in Sec. IV we present the nu-
merical results which show, for some choices of the
parameters at any rate, that the asymmetry of the
Autler-Townes spectra in a four-level system are
marked time dependent.

II. THEORY
A. The model

We consider a four-level atomic system as shown
in Fig. 1. The ground state is assumed to consist
of two nearly degenerate states, denoted |0) and
| 1), with corresponding energies E, and E,; the
other two states |2) and |3) are excited states
with energies E, < E;. (For simplicity we assume
a system of units in which #i=1, so that energy
and frequency have the same dimensions.) An in-
tense laser, A4, is tuned to near resonance with the
ground state | 1) and the excited state |2): Its
frequency is denoted w,. A weak laser, B (“the
probe laser”) of frequency w, is near resonant with
the |2)<«>|3) transition.

The interaction between the atom and the fields
is assumed to be of the usual dipole form
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A=a,bi,j=0

27Tl10)l
Q

(rijal-—rfja}t) , (1)

where ( is the volume of the system, a the fine-
structure constant, a; the annihilation operator for
the Ath laser, and r;; the dipole matrix element for
the atomic transition |i )< |j). For simplicity,
we assume there is no direct (one-photon) transi-
tion between the ground states and level |3), or
between the two components of the ground states,
i.e., we assume

ro3=ri3=rog=0. (2)

There is still the possibility of indirect (two-
photon) transitions between these states.
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If we assume the two laser fields are mono-
chromatic, with initially n, photons in the 4 laser
field and n, photons in the B laser field, then
within the rotating wave approximation only the
composite laser/atom states

|05n4,mp ), | 13n0,mp )| 23m0 — Liny )| 3ing — 1,np —1)
(3)

are connected by the interaction (1). (We have as-
sumed that laser A causes no transitions between
levels |2) and |3), and that laser B causes no
transitions between levels |0), | 1), and |2). The
principal physical effect neglected by this assump-
tion is the light shifts induced in the atomic levels
by the opposing lasers; these can be made negligi-
bly small by taking the resonant frequencies
w,~E,—E, and wy ~E;—E, to be sufficiently
different.) It is clear that these states are unambi-
guously defined if we specify only the atomic part.
Henceforth, for notational simplicity, we use |0),
[1), |2), |3) to denote the composite states
|O;ng,np), | 1;ng,np), |2;n,—1,np), and

| 3;n, —1,n, — 1), respectively. We can take into
account the finite linewidths of the lasers as indi-
cated in Ref. 5. This assumes that the broadening
mechanism is phase diffusion (e.g., Ref. 16), and
that the laser line shape is Lorentzian:

J A AA/ T
(0—wy)*+ Ai ’
where J, is the total energy flux of the Ath laser,
w,, its center frequency, and A, its half-width. (In
fact, the spectrum for a phase-diffusion-broadened

laser falls off more rapidly than a Lorentzian in the
wings.!®14)

Jilw)= =a,b 4)

B. General solution for N-level system

As our method of solution has already been
described in Refs. 5 and 17, we do not repeat the
details here. However, we take the opportunity of
presenting the general solution for an arbitrary N-
level system, and then discuss the solution for our
four-level model in this context.

The rate equations for the Laplace transforms
P;(z) of the time-dependent probabilities P;() of
being in the system state |i) are given, according
to Ref. 17, by

(z+W)P,— 3 W;P;=P,(0), i=0,1,...,N—1
i
(5)

where W; is the total rate of transitions out of level

|i):

JFE
and in Eqgs. (5) and (6) we have suppressed the z
dependence of the P; and the “generalized transi-
tion rates,” Wijs for brevity. Equation (5)
represents a balance between the total rate of tran-
sitions out of level |i) (second term on the left-
hand side) and the total rate of transitions into lev-
el |i) from other levels |j) (third term on left-
hand side). The term P;(0) on the right-hand side
of (5) is the initial occupation probability of level
| i), the initial off-diagonal elements of the density
matrix being taken to be zero. The set of equa-
tions (5) constitute a set of N linear equations for
the P; and the solution may be written down fol-
lowing the methods set out in Ref. 18. One ob-
tains

Py(2)=P,(0)F,;+ 3 *P(0)F,;W; 9]
J
+ 3P0V Wy G WG
Jk

0))

the general term of the series being obvious by in-
spection. The asterisk on the sums indicates that
all the subscripts in a given term must all be dif-
ferent from each other. Thus, in Eq. (7), 37,
stands for 3, ;. ¥ ., etc. The ¥;’s, which
may be considered to be propagators of a kind, are
defined by the relations

gl(k,j,...)=(gl(k,j,...))—l’ (8)

(Kjy-..) (Lk.j...)
DI =AW = 3 Wi G W
m

+ 2* Wlm y'('{,k,...)Wm" g"lm,l,k....)Wnl

m,n
SRR ©)

where the terms alternate in sign, and the asterisk
on the sums has the same meaning as before except
that, in addition, the variables summed over are
not allowed to take on the values of the super-
scripts appearing in the summand. Thus the $’s,
being defined iteratively by Egs. (8) and (9) have
the form of a sum of products of continued frac-
tions.

If we invert Eq. (7) we obtain



3190 K. I. OSMAN AND S. SWAIN 25

t t
P(0=POU(0+ 3* [ dr, [ " dt,P;(0)
J

XUj(tl)Wj,'(tz—tl)U,'(t—12)+ T, (10)

where U;(t) is the inverse Laplace transform of

Y :(z). This equation has a simple physical inter-
pretation. The first term is the product of the pro-
bability, P;(0), of the system being in the state |i)
at time ¢t =0 with the probability U;(¢) that the
system remains in the state |i) for the duration ¢.
The second term represents the probability that the
system is in state |j) at time t =0 [P;(0)], times
the probability that it remains in that state for an
interval t; [Uj;(t,)], times the probability that in
the interval (¢, —t,) it makes a transition from
state |j) to state |i) [Wj(t,—t,)], times the pro-
bability that it propagates in state i for the time in-
terval (t —t,) [U;(t —t,)], integrated over all
values of #; <t, and all ¢, <t, and summed over all
intermediate states |j). Higher-order terms have
a similar interpretation. Expression (7) is simpler
to work with than expression (10) because, instead
of convolutions, straightforward products appear in
the former. We emphasize that the solutions
(7)—(10) are exact.

We now consider the four-level model defined in
Sec. IIA. In this case the restrictions on the sums
cause the sums to terminate after only a few terms.
Assuming the initial conditions

P(0)=1, Py(0)=P,(0)=P4(0)=0 (11)
one obtains from Eq. (7) the solution (for i =3)
P,=pP{" +PY (12)
where
PV =9 (Wi + W,y Wygih?, (13)
PP= 9\ Wi0 9y Woy + W 95 'Woy) 901
+ G WG WS W P (14)

The terms in Eq. (13) represent the probability of a
transition from state | 1) to state |3) without the
direct intervention of state | 0); the terms in Eq.
(14) on the other hand, represent the probability of
a transition from state | 1) to state |3), which
proceeds through state |[0) as an intermediate
state. These processes are shown schematically in
Fig. 2.

III. PROBE-FIELD APPROXIMATION

Some simplification can be made if we impose
the probe-field approximation
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FIG. 2. Basic processes connection | 1) with |3), di-
vided into those which do (b) and do not (a) pass
through state |0).

[V | <<T1nT0 s (15)
and assume that laser A is of saturating intensity

| Vor | ~ | Viz| >> | Va3 |,Ty; (alli,j)  (16)
where

l“,~,~£%(7f,~+y,-)+A,-j (17)

and Ay =0, Apy=App=A4;, Ay=A13=4,+A,
Ay3=Ayp, Ajj=Aj;. These are realistic assumptions
for most of the experiments which have been car-
ried out. Under these approximations we obtain
reasonably simple expressions for the W;;(z) which
are given in the Appendix.

For example, the one-photon contribution to
W5(2), W(llz)(z) is given by [Eq. (A5)]

(1) [ Vi |?
W12 (z)=2Re N 2 N
24T p+id i+ | Vo | /(2 —iE, o)

(18)

We have introduced the principal detunings

8,=06,,1, 6,=063,, where

8=E,|—0w,, 8,=E;;—w,, E,,=E,—E, .
(19)

All the other detunings §;; can be expressed in
terms of §,, 8,, and E, ;. For example,
830=E;,+6,+8,. In obtaining Eq. (18) we have
made use of the inequalities

wg>>Eg>> | V|, (20)

which follow from the specification of our model in
the introduction. By writing the denominator of
Eq. (18) in the form
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' V02 l 2E'I,O

2, 2
z°+Ej

ZlVoz|2

2 2
z +E1’0

V4 +F12+l 81+

b

(21)

we see that it contains the complex light shift

S(z)=—i | Vo |*/(z—iE,,) . (22)

Expression (22) is z dependent but in the steady
state (z—0) it is purely real:

S1(0)= |V |%/E,, - (23)
Setting z =0 in Eq. (21), which becomes

Cp+i[8,+8,(0)], (24)

we see that S,(0) modifies the effective detuning in
the steady state to 8, +S,(0).

Note that if we had calculated W'} (z) to higher
order we would have obtained the light shift

Si(2)=—i | Voy |}{z—iE o+ | V12| */[2+T0—i (8, +E; 0)]} " . (25)

This shows that the energy levels appearing in the
denominator of the light shift are themselves light
shifted. This can significantly affect the value of
S$1(0)if | V5| >> | E | (assuming |8, |,Tp,

<< |E;o|). However, this is contrary to the con-
ditions (20) we have assumed here, and we take
WY to be given by Eq. (18).

IV. NUMERICAL RESULTS

Consider the situation where the saturating laser
is tuned to near resonance with the | 1)« |2)
transition, and where all the population at ¢t =0 is
the | 1) level. Population will be transferred from
|1) to |2) (and back) by resonant stimulated
processes, and thence from |2) to |0) by spon-
taneous and stimulated off-resonant processes.
There is only a small probability of repopulating
level |2) from level |0), as the laser is far from
resonance with this transition, and we have as-
sumed that the Rabi frequency is much smaller
than the energy-level separation E, ;. Thus, there
is a largely irreversible transfer of population from
[1) to |0) and a resulting change in the Autler-
Townes spectrum with time. For short times the
dominant contribution is the doublet arising essen-
tially from the | 1)<>|2)<>|3) subsystems, while
for larger times the dominant contribution is the
two-photon peak at §,= —E  arising from the
|0)<«>|2)<«>|3) subsystem. These features are
evident in Fig. 3, where we take E; ,=1.0x10°,
8:=0, | V| =| Ve | =2X10° V53=2X10,

Y21 =’}’20=3 X 106, ‘}’32=7 X 105, Aa =O,

A, =2X 108, all quantities being measured in Hz.
The unit of time is 7/2_1: 1.7x 1077 s, and the
vertical scale is logarithmic. These parameters
have been chosen to enable the relative time
development of the two-photon and doublet peaks
to be followed conveniently on the same graph. At

|

short times the doublet is the largest contribution,
whereas at y,t =100 (approximately the steady
state) the two-photon peak is dominant. There is
evidently a slight but definite change in the asym-
metry of the doublet with time.

Now we choose a set of parameters which
correspond roughly to the transitions (325 F =1
and F=2)—(3%P,,, F=2) «(52S,,, F=2) of
sodium. With all quantities being measured in
MHz, we take 7,3 =%,0=10%, 73,=6.6x10°, and
E,(=1.1Xx10". We also choose modest laser in-
tensities, | V3 | = | Vao | =3.1X 108,
| V35| =6.3%x10% In Fig. 4 we show the doublet
part of the spectra for exact resonance (8,=0)
with zero laser linewidths, at the three instants,

T =(5, 10, and 100) X3.9x 107" s. (The unit of
time is now | ¥y, | ') The two-photon peak is
well separated from the doublet for these values of
the parameters and has not been shown in the
remaining figures. The most obvious feature of
these spectra is that their asymmetry is markedly
time dependent. At |V, | T =5, the low-
frequency peak is much larger than the high-
frequency peak, whereas at | ¥, | T =100, the
spectrum is practically symmetric. (For these
values of the parameters the steady-state light shift
is small, 8.7 10%, and we have effectively resonant
excitation.) At the smaller times modulations of
the spectra are apparent. Thus at | VT | =5 the
high-frequency peak is split, and at | ¥V, | T =5,
10 there is a component at §,=0, which vanishes
for larger interaction times. We find that the
steady state is reached for | ¥, | T > 200, although
for all | V3, | T > 100, the spectra are qualitatively
similar, only the overall amplitude changing.

In Fig. 5, the parameters are the same as in Fig.
4 except that now A, =3.1X10” Hz, A, =6.3%10°
Hz. The spectra are quite similar to those of Fig.
4, but the overall dependence of the asymmetry on
the time is reduced. In both Figs. 5 and 4 there is
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FIG. 3. Optical Autler-Townes spectrum [P;(2)
against 8,/2 | V), | ] at resonance (8,=0) for the case

‘}’21=720=3X 106, ’}’32=7X 105, Aa -_—0, Ab =2X 108,
E1‘0=10m, ! Vl2, = | V02 ' =2X109, | V23| =2X105.
(All quantities measured in Hz.)

a slight variation of the position of the high-
frequency peak with time.

In Fig. 6 we have increased the value of the sa-
turating laser linewidth A, to A, =10® MHz, all
other parameters being the same as in Fig. 4. This

Pa(t)
(arb
units)

AJA\ /) "
0

YR

-10

FIG. 4. Optical Autler-Townes spectrum [P;(¢) plot-
ted against 8,/2| V), | ] at resonance (§,=0) for the
case ‘)/21=‘}’20=108, ¥32=6.3X 106, | VZOI = | Vo I
=3.1X10% E,;o=1.1X10", | V3, | =6.3X 105, A,
=A,=0. (All quantities measured in Hz.)

Bt

(arb
units)

82/ N¥ypl

FIG. 5. As in Fig. 4 but with A, =3.1x10’,
Ap=6.3X10° Hz.

single change produces a great change in the spec-
tra. First of all the spectra for all three times are
almost symmetric, and the asummetry does not
change significantly with time. Secondly, the
higher-frequency modulations are much more
clearly seen at smaller times than in the previous
two figures. Such high-frequency modulations
were seen in the three-level problem discussed pre-
viously.’

The value of the saturating laser linewidth,
A, = %72, corresponds to the value at which the

P3 (t)
(arb
units)

1 1 |
=10 0 10

81/2|V12l

FIG. 6. As in Fig. 4 but with A, =10° Hz.
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sign of the asymmetry changes in the steady state
for the three-level systems, as pointed out by

Georges and Lambropoulos.'> Thus it is not 5

surprising that the spectra are practically sym- h
metry in this case. (%:ltiltsl
In Fig. 7, the data is the same as in Fig. 4 ex- =10

cept that a modest detuning, 8,=10® Hz, has been
introduced. This is not sufficient to significantly
alter the nature of the asymmetry in the steady
state, but it radically alters the nature of the tran-
sient asymmetry. Thus for |V, | T =5,10, the
high-frequency peak is the larger, but for
| V21 | T =100, the low-frequency peak is (margin- 1=100
ally) the larger.
We have demonstrated that the asymmetry of k
the Autler-Townes spectra can vary markedly with R .
time, and that it is strongly influenced by the laser 0 10
linewidths. The nature of the asymmetry of the 82/ 20!
transient spectra can be qualitatively different from FIG. 7. As in Fig. 4 but with A,=A, =0, §,=10%
those of the steady state. Hz.

APPENDIX

For completeness, we present here explicit formulas for the rates, Wj;(z). First of all we note the relations

Wo=Wo —Wo—Wo , (A1)
Wi=Wy —Wy—W, (A2)
Wiy = W(213) —Wy—Wis, (A3)

where the W,-;” represent essentially one-photon contributions to the W;;. Making use of the approximations
(15), (16), and (20) we find

Wo =2 | Vo | *Relz + Top+i(81+Ey0)+ | Vip | 2/(z +iE1 0], (A4)
W =2V | *Re[z +Tpp+i81+ | Voo | /(2 —iE )] 7", (AS)
W =2| Vo3| *Re{ z + Ty +idy+ | Viy | 2/[2 +T13—i(8,+8,)]

+ | Vor |2/[z+T03—i(8;+8,+E )1} 72, (A6)

Wor=2|VoaVa | *Ref [z +To0+i (8, 4+E; 0)][(z +iE; )z —i8, +T,)
+ [Vl 1+ | Vi |z +Tp—idp) ", (A7)
Wos=2|VoVas | *Re( [z +Toy—i (8, +E o)+ | Viy | 2/(z —iE  p)]
X {(z+Ty3—i8)[z +To3—i (8;+8,4+E10)]+ | Voa | 2
+ | Via |z +To3—i(8;+8,+E  0)1/[z +T13—i(8,+8,)1}) ", (A8)

and finally
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Wi3=2|VioVas | *Re( [z +T—id i+ | Voo | /(2 +iE) p)]
X {(z4+Ty3—i8))[z+T3—i(8;+8)]+ | Vyp |2

+ | Voo |z 4+T13—i(8;48,)1/[z +To3—i (8;+8&+E  9)1}) 7" . (A9)
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