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When a two-level system interacts resonantly with a saturating pump laser, the absorption profile
of a probe wave in the Rabi sidebands resembles two separate dispersion profiles. At sufficiently
high probe intensity this effect is accompanied by a dispersive profile in the pump-wave absorption,
considered as a function of the probe-wave frequency, and also by a dip in the population of the
upper state of the two-level system. The relative stabilization of the ground state is interpreted in
terms of two-laser-photon processes where absorption of a pump (probe) photon is followed by
stimulated emission of a probe (pump) photon. The dispersive absorption profile is attributed to the
competition between three- and four-photon scattering processes.

I. INTRODUCTION

A three-peaked resonance fluorescence spectrum has
been predicted by Mollow! when a two-level system in-
teracts resonantly (w;=w,,) with a saturating pump laser.
This behavior has been observed in both the collisionless?
and collisional® regimes. The behavior of a weak probe-
wave absorption profile in the presence of a pump wave
tuned directly to the resonance frequency has also been
studied theoretically by Mollow* and experimentally in an
atomic beam by Wu et al.’ Here again a three-peaked
spectrum is obtained reminiscent of the two-level system
resonance fluorescence spectrum. However, the two side-
band absorption peaks whose detuning |A;|=|wp,
—w, | from the resonance frequency w,, is slightly larger
than the pump Rabi frequency 2| V|| = |up. E, | /# are
part of the dispersionlike features whose negative absorp-
tion (gain) peaks appear on that side of the Rabi frequen-
cy which is closer to the resonance frequency (see Fig. 1).
Note that in the qualitative discussion of the physical ef-
fects, we assume, unless otherwise stated, that
2| Vi | >>(1/T,) so that the role of relaxation is limited
to attaining the steady-state regime.

No intuitive explanation for the appearance of the
dispersionlike features has been offered so far. In order to
gain some insight into this problem we have generalized
the approach of Mollow to the case where the pump and
probe lasers are of arbitrary strength. These calculations
are similar to those carried out by Toptygina and Frad-
kin® and by Agarwal and Nayak’ for different purposes.
Experimental results for pump and probe absorptions in
strong bichromatic fields are also available.® Interaction
with a strong probe will of course alter the response of the
system to pump radiation. We find in general that when-
ever the probe absorption increases, the pump absorption
decreases and vice versa. Thus the dispersive features of
the probe absorption line shape are also obtained in the
pump spectrum but with opposite tendencies (see Fig. 2).
This effect has not so far been demonstrated in the litera-
ture.

A theoretical analysis, presented in Sec. III, of the
probe-absorption spectrum in the limit of weak-probe in-
tensity and zero pump-laser detuning (A;=wp, —®;=0)
indicates that the dispersive line shape arises from the
competition of a three-photon scattering (TPS) process,
involving the absorption of one pump photon and one
probe photon, and a four-photon scattering (FPS) process,
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FIG. 1. Weak-probe absorption spectrum in the presence of
strong resonant pump absorption. When the pump laser fre-
quency o; equals the two-level resonance frequency wsg,, the
weak-probe-absorption profile calculated to lowest order in the
probe-laser field E, exhibits two dispersion profiles centered at
the Rabi sideband frequencies: w;—w;~+2|V, |, where o, is
the probe-laser frequency and 2 | ¥, | the pump Rabi frequency
|pnapEy | /#. To first order in the weak-probe field strength E,,
the pump-absorption profile represented by Imp,(w,) is in-
dependent of the weak-probe frequency. Note the broad region
of probe amplification in the probe-frequency region
—2| V| fo;—w < | 2Vy]. Parameters used are
| Vi|T,=4.6, | V,|T,=10"% T;=0.5T,, where T, is the
transverse relaxation time and Imp,,(w,) is multiplied by 10°.
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involving the absorption of two pump photons and the
stimulated emission of one probe photon. Both processes
also involve a scattered photon. Whereas the TPS process
(implying probe absorption) prevails over the higher-order
nonlinear FPS process when |A;| = |w;—o,| >2|V,],
the opposite is true when |A;| <2 |V, | since then FPS
(implying stimulated probe emission), in contrast to TPS
and one-photon absorption, becomes an almost resonant
process. Thus FPS may prevail over both TPS and one-
photon probe absorption thereby leading to probe amplifi-
cation. This amplification is obtained in the absence of
population inversion and results from the irreversible na-
ture of the FPS process.
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FIG. 2. Probe- and pump-absorption spectrum for strong-
pump and moderate-probe intensities. At moderate probe inten-
sities, the dispersive probe-absorption profiles are accompanied
by dispersive pump-absorption profiles with opposite tendencies.
As in Fig. 1, w1=wp, T1=0.5T,. In (a), |V,|T,=3.3,
| V2| T,=1.0, and in (b), | V,|T,=4.6, | V,|T,=2.0. The
dispersion profiles are distorted and ‘“Rabi subharmonic” peaks
or dips appear in the region —2 | V| <w,—w, < |2V |.
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When |A;|=~2|V; |, we expect that two-laser-photon
processes will occur where either a probe photon is ab-
sorbed and a pump photon is emitted or a pump photon is
absorbed and a probe photon emitted. The combined ef-
fect of both processes leads to no net absorption or emis-
sion of probe photons but, at moderate probe intensity, to
the stabilization of the ground state and therefore to a dip
in the population difference, as shown in Fig. 3. These
population dips have not been pointed out before for two-
level systems.

At moderate probe intensity, the decrease of resonant
pump absorption with decreasing probe detuning |A, |
when |A,| >2| V| results from an increase in (mostly
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FIG. 3. Plot of dy which gives the long-time averaged popu-
lation inversion at all points except w,=w, [see Egs. (17) and
(18)] as a function of probe frequency for moderate probe fields.
Population dips, indicative of relative ground-state stabilization,
appear at the Rabi sideband frequencies. The parameters in (a)
and (b) are the same as in Figs. 2(a) and 2(b), respectively.
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one-photon) probe absorption and hence increased satura-
tion of the two-level system. Another cause of the de-
crease in resonant pump absorption is that the probe laser
shifts the two-level system out of resonance with the
pump-laser frequency. When |A,| <2|V,|, the FPS
where two pump photons are absorbed becomes impor-
tant, leading to increased absorption of the pump laser.

It should be noted that intense probe fields broaden and
distort the wings of the dispersionlike absorption line
shapes and a number of peaks or dips appear in the wing
which is closer to the resonance frequency. As can be
seen by comparing Figs. 2(a) and 2(b), the number of
peaks or dips increases with the probe intensity. These
additional features are not characterized by a dispersive
line shape but consist of peaks or dips superimposed on
the distorted dispersionlike profile discussed above. These
features also have opposite behavior in the probe and
pump spectra: maxima in probe absorption correspond to
minima in pump absorption. They appear at detunings
from the resonance which are fractions of the Rabi fre-
quency and have been called Rabi subharmonics.” They
are due to processes involving more than one probe-laser
photon.”~® The three-photon processes responsible for
the two small peaks in the probe spectrum and the corre-
sponding two dips in the pump spectrum of Fig. 2(a) will
be described in Sec. III (see Fig. 11).

From a practical point of view, it may be worth noting
that the present study points to the possibility of obtain-
ing tunable amplification of probe radiation (and perhaps
chirping) by varying the pump Rabi frequency. On the
other hand, when the probe frequency is kept constant,
variation of the pump intensity will cause switching of the
probe radiation from absorption to stimulated emission
when the pump Rabi frequency is varied through the
probe frequency (Fig. 4).

002
001 ¢t
]
3
2
& 0.00 t
E
—-0.01+¢
-0.02
0.0 80 160 24.0

IV] [TZ

FIG. 4. Optical switching of probe absorption by varying
pump intensity. The response of a two-level system to a probe
detuned from resonance switches from probe absorption to
probe amplification when the pump Rabi frequency 2| V| is
swept through the probe detuning | A, | = | wp, —@;|. The pa-
rameters used in the figure are A|=wp, —w;=0, A,T,
=(wb., —wz)Tz = — 10, and [ Vz [ T2= 1.

II. BLOCH EQUATIONS

Consider the two-level system of Fig. 5 interacting with
the bichromatic field

E(t)= %’Fﬁ[El +E,exp(—idt)]exp(—iwt)+c.c. , (1)

where w; and w,=w;+8 are the frequencies of the bi-
chromatic field and E, , its field strengths. Denoting the
Rabi frequencies by

2Vi=panpE /f, 2Vy=pugE,/%, )

we may write the Bloch equations in the rotating-wave
approximation as

ipap = —(@pa +1/T2)Pas

V4V (s —pad) 3)
i(Bop —Paa) =2V} + Vie®™)e Vp,,
—ia)lt

—2(V 4+ Vye e “lp,,
— (/TN ppp —Paa) —i /T, . )

The steady-state solution for these equations can be
written in the form (see Refs. 6, 7, and 10 for similar
methods)

Par= S parnd—wpe "
n
= 2(1_,,6 —i(nﬁ—wl)tz zanei(nS-f—ml)t , (5)
n n
=S pra(nbone —inb+opt
n
= a:e—i(n8+w1)t , (6)
n
Pob—Paa= 3, (Pob —Paa)"0¢ ="
n
= Ed—ne —inbt . (7)
n

Inserting these expressions into the Bloch equations
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FIG. 5. Two-level system interacting with a bichromatic
field.
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leads to the following recursion formulas:

Pap(—nd—w)=a,=— (A —nd+i/T,)~!

X(Vid,+Vid,_1), (8)
(Pob —Paa) "0 =dy =P, [(—i /T )8,0+QuV1V3d,_,
+R,ViVyd, 1], 9)

where
P,=—nd+i/T,
—4nd—i/T){ | Vi | Al =(n&—i/T,)*]!
+ | V2|2 [A3—(n8—i/Ty)17 1Y,

(10)
0Q,=2[(2n —1)6—-2i/T,]
X[(Ay—n8+i /Ty Ay+n8—i/Ty)]"", (11)
R,=2[(2n +1)8—2i /T,]
X[(Ay+nd—i/T))(Ay—nd+i/Ty)]™ ", (12)
A=wp, — 01, Dy=wp,—w,y, S=w,—w; . (13)
Since pyp —paq, is real, we note that
d_,=dy, dy=d§ . (14)

The Fourier components pg,(nd—w)=a_,, pp,(nd
+o))=ph(—nd—ow))=ay, and (pp —pe)"°=d_, are
related to important physical properties.!! Thus, for ex-
ample,

Vido+V,d,

A—i/T, 13

Pra@)=pap(—w))=ag = —

determines the absorption and dispersion spectrum of the
pump laser,

V2d0+ Vldl
A—i /T,

*
1

(16)

Il

Pra(@y) =pap(—w3)=a

determines the same properties for the probe laser, and

(pbb —paa)oz(pbb _paa)dCEdO 17

gives the long-time average of the population inversion
{Pbb —Paaay if 5#0. When §=0,

{Pob —Paa?av= 2, dn (18)

and becomes equal to the population inversion for a single
field with field strength E; +E, [Eq. (1)].

The intensity of the four-wave-mixing signal of fre-
quency ws=2w|—w, is determined by the absolute value
of the square of

Vidi +V3id;

19
A\+8+i/T, 19

Papl@wr—20))=a_;=—

In Egs. (15)—(19) we have used Eqgs. (8) and (14).
Introducing the ratio

ZnEdn/dn—l ’ (20)

we write Eq. (9) in the form

Po=Q,V\ViZ '+ R, VIV2Zy sy, n#0, (21)
Podoz—i/T1+QoV1 V;Zrdo-f-RoV?VzZ]do . (22)

In the last equation we have inserted d_,=d] =Z1d,
and d;=Zd, by virtue of Eqgs. (14) and (20).
Eq. (21) can be written as
0. V\V3

Z,= ”
Pn _‘Rn Vl VZZn+1

, (23)

which shows that Z, can be expressed as a continued
fraction:

z - UnV]I:; - ":_Q_n_, Sn:—R_n—Un«{-l
I_S"'V‘i |V, | Py Py
—---
(24)
Equations (10) and (12) show that
Ro=—0% (25)
allowing us to rewrite Eq. (22) in the form
do=Pbb —Paa)so
=—(i/T)(Po+2i ImRoVIV,Z,)"'. (26)

III. RESULTS AND DISCUSSION

The pulse and probe absorption spectra are proportional
to Imp,, (w,) and Impy, (w,).!" From Egs. (15), (16), (20),
and (26), it follows that

Vi+V,Z, i/T,
PealV)="1 T Po+2i ImR,ViV,Z, ' @n
Vo+ViZ3 i/T,
PealO)="X T, Por i imRoVIVaZ, T
where [see Eq. (24)]
Z,= Ui vi . (29)

Sy ViAva|?
1—---

Equations (27) and (28) are valid for arbitrary pump
and probe intensities and all our numerical calculations
are based on these exact equations. Our results for a
strong pump and moderate probe (see Fig. 2) reveal oppo-
site tendencies for probe and pump absorption when they
are considered as a function of the probe frequency w,. A
qualitative discussion of these effects has been given in
the Introduction. This interpretation is based in part on
an analysis of the results in the limit of low probe intensi-
ty. For weak probes and w;=wy,, we find to order V,
and to all orders in | V| |? (V, is assumed to be real in
this calculation)

1—

Impy,(@y)=— AV, TL(1+B | Vi |’T5—C |V, | *T3),
(30)
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with
( _ aa)dc
A= LW Lo’ (31)
AT +1
B=[8T3(3+8*T3)—T,/T,ID~ ", (32)
C=4(1+8T3D"!, (33)

AD=(4 |V, | T34+ T,/T,—8T3)+8*(1+T,/T,)?.
(34)

The first term on the right-hand side of Eq. (30) gives a
contribution to the absorbed probe intensity of an optically
thin sample proportional to | ¥, |2 This term corre-
sponds to a one-probe-photon absorption process.!?> Apart
from the one-photon absorption process, the first term
necessarily also describes the spontaneous emission of a
photon since otherwise the system would not reach the
steady state. This spontaneous emission is contained in
the A factor [see Egs. (30) and (31)] and is therefore also
present in the two other terms of Eq. (30).

The pump laser does not affect the line shape of the
one-photon probe-absorption term but only its intensity
via the population inversion factor (py, —pa.)® [see Eq.
(31)]. Thus the four-level scheme of Fig. 6 (where relaxa-
tion effects are omitted), which results from the Rabi
splitting of the upper and lower levels of the two-level sys-
tem interacting with the pump laser, has no one-photon
probe resonance peaks at w;=wy, 2| ¥, |. This shows
that the scheme of dressed-atom levels is only meaningful
in the actual presence of resonant dressing pump photons
and therefore the probe-photon resonance frequencies at
wy=wp, +2| V| will only occur in processes involving at
least one resonant pump photon. We note, however, that

4
\

the resonant two-photon processes of Fig. 6 cannot lead to
either absorption or stimulated emission because of exact
compensation between the processes depicted in Figs. 6(a)
and 6(b). Nevertheless, the fact that both processes do
occur is clear from the ground-state stabilization pro-
duced by them (see Fig. 3).

The second term in Eq. (30), with B given by Eq. (32),
gives a contribution proportional to | ¥, || ¥V, |? to the
absorbed probe intensity and describes a two-laser-photon
process involving one probe and one pump photon.!? The
third term in Eq. (30) with C given by Eq. (33) gives a
contribution proportional to | ¥, |*| ¥V, |? to stimulated
probe emission and corresponds to a three-laser-photon
process involving one probe photon and two pump pho-
tons.”> The competition between the second and third
terms is responsible for the dispersive behavior in the case
of saturating pump intensity when

| Vi 2>>T57, (35)

since it follows from Egs. (30), (32), (33), and (35) that
when

|82 >2]| V| (36)
there is probe absorption and when

[y <2[ V] (37)

there is stimulated probe emission. As discussed above,
the presence of the factor 4 in Eq. (30) implies that the
two- and three-laser photon processes are both accom-
panied by the spontaneous emission of a scattered photon
and may therefore be assumed to correspond to a three-
photon (TPS) and a four-photon scattering (FPS) process,
respectively (see Figs. 7—10).!3

In the stimulated emission region, defined by Eq. (37),

Wz | Wy|wz Wi

4
AN

2V,

(a)

(b)

FIG. 6. Two-laser-photon process leading to relative ground-state stabilization. The two-level system interacts resonantly with the

strong pump laser: A;=wy, —w;=0. The probe laser is at one of the Rabi sideband frequencies:

[ A | = |wpa—w2 | =2| V]

There is no reason to prefer pump absorption followed by stimulated probe emission, as in (a), over the reverse process of (b). This ex-
plains the lack of net absorption or stimulated emission due to these two opposing two-photon processes at the center of the dispersive
absorption profile. However, the two processes produce relative ground-state stabilization, which explains the population dips of Fig.

3.
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the higher-order nonlinear term of Egs. (30) and (32),
which involves an additional pump photon, becomes more
important than the lower-order ones and may even prevail
over the linear term of Egs. (30) and (31), leading to
overall probe gain as depicted in Fig. 1. As discussed
below, we believe that the higher-order nonlinear process
prevails here over the lower-order ones because it acquires
an almost resonant character when | A;| <2|¥;| in con-
trast to the nonresonant character of the lower-order pro-
cesses. At A,=0, these processes also become resonant
and probe gain disappears. Probe gain also disappears
outside the power-broadening region where |A,]|
>2| V| because then the FPS process loses its almost
resonant character. The centers of the dispersive features
of the probe-absorption spectrum are situated at the
dressed-atom state resonances

determined by the resonance denominator D of Eq. (34).
The second and third terms of Eq. (30) give rise to a nar-
row homogeneous burning dip in the probe absorption
spectrum at resonance in a collisional environment:

1/T,>1/T, (39)
provided that
4|V, |*<1/T3. (40)

This effect has been discussed extensively by Boyd and
Mukamel.'*

In the presence of an intense pump laser one would ex-
pect that the absorption of the probe laser should decrease
due to saturation. The dispersive behavior, where at probe
frequencies given by Eq. (39) the probe absorption may be
larger than that obtained in the absence of pump absorp-
tion, is surprising. Equally surprising is the fact that am-
plification may occur at frequencies given by the inequali-
ty of Eq. (37). It follows from the discussion of Eq. (30)

that these effects arise from multiphoton processes (TPS
and FPS). For a qualitative understanding of the relative
influence of these processes on the dispersive line shape,
we again assume that

Vi>>(1/T)),(1/T,), (41)

so that the centers of the dispersive feature are determined
by Eq. (38).

Then, we note that the interaction of the two-level sys-
tem with the resonant pump laser produces the Stark-
split-level scheme of Figs. 6—11.!>!3 For probe frequen-
cies given by the ‘“resonance” frequency |A,|=2|V||
there is no reason to prefer probe emission following
pump absorption as shown in Fig. 6(a) over the reverse
process, shown in Fig. 6(b).!> However, when the probe
frequency is in the range |A,| <2| V| [see Eq. (371
and the pump laser is at resonance, the schemes illustrated
in Fig. 7 may be invoked. These schemes describe FPS
processes. The virtual states | @) and |B) are within the
power-broadening width of the pump laser which connects
them and therefore the FPS processes are almost resonant
in this case. For this reason, the schemes of Fig. 7 prevail
over the competing schemes of Fig. 8 which depict TPS in
a nonresonant process because the virtual state |a) (| B))
is not connected to the upper state | b) (lower state | a))
by the strong pump laser, as in Fig. 7. Thus although vir-
tual states |a) and |B) are again within the power-
broadening width of the pump laser, this process is not an
almost resonant process since the pump power-broadening
width is only meaningful for transitions caused by the
pump laser itself.

When the probe frequency is in the range
| Ay| <2| V|, the TPS process of Fig. 10 dominates the
FPS of Fig. 9. The reason for this is that now the virtual
states of |a) and |B) of Fig. 9 are no longer in the
power-broadening region of the pump laser so that the
FPS process is nonresonant and the lower-order nonlinear
TPS process which involves only one virtual state dom-

‘ T—r—Fr— 718>
Ib>
4 e B>
5P
Wpa Wy| Wz | Wy| Wg (O8] ws§ W,y| W,
——r L 1
la >
—— L — >
A
(a) (b)

FIG. 7. Irreversible three-laser-photon (or four-photon scattering) process leading to probe amplification, when w;=w;, and

Az <2| Vi ].

It dominates the two-laser-photon (or three-photon scattering) process of Fig. 8.



36 DISPERSION PROFILES OF THE ABSORPTIVE RESPONSE . . . 1339

|b>ﬁ

\

la>

(a)

\----t--La>

(b)

FIG. 8. Irreversible two-laser-photon (or three-photon scattering) process leading to probe absorption, that competes with and is
dominated by the process of Fig. 7 when w,=w, and | A;| <2 |V ].

inates the higher-order nonlinear FPS process which in-
volves two virtual states. It should be stressed that the
amplification obtained in the range |A,|=|w,—w;|
<2| V| does not result from a population difference ef-
fect but from the irreversible nature of the (four-photon)
scattering process.

As a final point in the discussion of the intuitive mean-
ing of the various terms of Eq. (30), it is worthwhile not-
ing that the detuning appearing in the factors B and C
may be considered in two different ways: first, as the de-
tuning of the probe frequency with respect to the Rabi-
split-level scheme induced by the pump laser, and second,
as the detuning of the pump frequency from the frequency
,, interpreted as the transition frequency of the dressed-
atom states introduced by the probe laser. In the second

lb>—

...|B>

la>

-

—— Y

(a)

case, the transition induced by the probe is power
broadened by the pump laser. This interpretation may
improve the understanding of the difference between Figs.
7 and 9. In Fig. 9, the detuning & of the second pump-
laser photon with respect to w, is larger than the power-
broadening width 2| V| |, whereas in Fig. 7, it is smaller,
thus giving nearly resonant character to the FPS process
in this case.

The interpretation of the dispersive probe-absorption
spectrum presented here readily leads to, and is corro-
borated by, the description of the corresponding dispersive
absorption spectrum of the pump laser as a function of
the probe frequency. This description has already been
presented in the Introduction and is not repeated here.

Finally, in Fig. 11 we show the three-photon processes

—-18>

—_————a—

a>

L >

(b)

FIG. 9. Irreversible four-photon scattering process for probe amplification when @, =ws, and | A,| >2 |V, |. Itis identical to the
process described in Fig. 7, but in this range of probe frequencies, it is dominated by the three-photon scattering process of Fig. 10.
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L

(a)

W2| Ws wh

(b)

FIG. 10. Irreversible three-photon scattering process leading to probe absorption that dominates the four-photon scattering process

of Fig. 9 when w1 =wj, and | A, | >2| V.

responsible for the two Rabi subharmonic peaks in the
distorted dispersion profile of the probe absorption spec-
trum for the case of a strong pump and a moderately
strong probe and the corresponding dips in the pump ab-
sorption spectrum [see Fig. 2(a)].

Figures 7—10 provide a qualitative understanding of
the quantitative results obtained in this paper. In these
figures abundant use is made of states dressed with pho-
tons of two frequencies whereas the quantitative theoreti-
cal results were derived using bare-atom states. It would
therefore seem appropriate to reformulate the problem in

Y, .

Ib>

\— ¥ T T T 1T

Wp | Wy | Wp

-
\

-1

(a)

terms of states dressed with photons of two frequencies.
However, due to the complexity of the interaction of a re-
laxing two-level system with two intense fields, the
theoretical effort may well be prohibitive.

Furthermore, it would be interesting to obtain experi-
mental confirmation of the theory showing that, at
moderate probe intensity, part of the scattered photon
spectrum is closely connected to the probe absorption
spectrum since there is a one-to-one correspondence be-
tween the absorbed (emitted) probe photons in TPS (FPS)
and the scattered photons.

/.

N

Wz | Wy w2

(1.

FIG. 11. Three-photon processes producing Rabi subharmonic peaks in the probe-absorption spectrum and corresponding dips in
the pump-absorption spectrum. Clearly, these peaks lie at the probe frequencies w,=w,+ | ¥, |, which corresponds to a probe detun-
ing, w, —w;, which is one-half that of the Rabi sideband frequencies. The peaks in the probe absorption arise because in the three-
photon process, two probe-laser photons are absorbed and the corresponding dips in the pump absorption spectra are due to the emis-

sion of a pump photon in the three-photon process.
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