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Atomic coherence effects in four-level systems: Doppler-free absorption
within an electromagnetically-induced-transparency window

S. N. Sandhya* and K. K. Sharma†

Department of Physics and Center for Laser Technology, Indian Institute of Technology, Kanpur 208016, India
~Received 9 August 1996!

We report here an effect in a four-level ladderlike system, which is in contrast to the usual quantum
interference effects such as electromagnetically induced transperency~EIT! or coherent population trapping:
we predict the occurrence of a narrow absorption peak within the EIT window when an EIT atomic system
interacts with an additional driving rf field. The Doppler-free-central absorption appears when the three-photon
resonance condition is satisfied. In the limit of the rf field strengthV r f→0, the usual EIT profile is recovered.

PACS number~s!: 42.50.Hz, 32.80.Wr, 33.80.Wz
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Most quantum interference and atomic coherence eff
have been observed either as dark bands in reson
flourescence@1,2# or as reduction in absorption@3,4#, com-
monly referred to as electromagnetically induced transp
ancy ~EIT!. Modification of the spontaneous emission lin
shapes due to such interference effects has also been
dicted @5#. Effects such as coherent population trappi
~CPT! @6#, EIT @3,4#, lasing without inversion~LWI ! @7,8#,
and large refractive index at zero absorption@9# have been
studied extensively both at steady state@2,6# and under
pulsed conditions@10#. Almost all the studies on EIT and
CPT have been confined to three-level systems with a
theoretical generalizations, in the context of CPT,
n-level systems interacting withn21 driving fields@11–13#.
In such situations also, the CPT effects persist. A numbe
theories have been proposed@14# to explain the physica
mechanisms behind these phenomena; the occurrence o
dark band or the dip in the absorption spectrum is gener
associated with the destructive interference between the
absorption amplitudes@2,14#. One may also understand the
phenomena in terms of the coherence between the ato
levels induced by the combined interaction of the two dr
ing fields with the atomic system@4#.

In this paper we report theoretical results in a four-le
system that are contrary to the usual CPT and EIT effects
weak optical probe interacting with such a system in
presence of a strong~optical! pump and an rf field shows
narrow absorption in an otherwise transparent~EIT! back-
ground. This absorption occurs when the three-photon re
nance condition is satisfied. In the limit of the strength of t
rf field (V r f ) approaching zero, we recover the standard E
profile. In analogy with the three level system, the appe
ance of the central absorption line can be attributed to
coherence induced among the atomic levels by the inte
tion of the probe (Vp), the pump (Vc), and the rf field
(V r f ) with the atomic system. The central absorption pe
reported here shows a linewidth which is of the order of
natural linewidth of the 1-2 transition. This scheme, the
fore, provides another convenient technique for hig
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resolution Doppler-free spectroscopy. Such high-resolut
effects have been reported earlier in the context of thr
level systems, where the EIT windows showed subnatu
linewidths @15#. In the present case, however, the EIT wi
dow provides a flat background against which the sharp
sorption peak, predicted here, can be recorded. This ca
achieved by using a strong pump field, with low atomic de
sity, to get a broad EIT window.

The system we consider is a four-level, ladderlike syst
schematically shown in Fig. 1. We assume that the only
lowed dipole transitions are 1-2, 2-3, and 3-4. It is furth
assumed that the levels 3 and 4 are closely spaced. The p
beam of angular frequencyvp connects the levels 1 and 2
the strong pumping fieldvc couples the levels 2 and 3, an
the third fieldv r f connects the levels 3 and 4. In the absen

FIG. 1. Schematic energy-level diagram of the four-level atom
system.vc , vp , andv r f are, respectively, the frequencies of th
pump, the tunable probe, and the rf field in the laboratory fram
2155 © 1997 The American Physical Society
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2156 55S. N. SANDHYA AND K. K. SHARMA
of level 4 the system is exactly like the Rb three-level syst
of Ref. @4#. In fact, all the relaxation parameters of levels
2, and 3 and their energy separations used in the pre
calculations correspond to those of the rubidium system.
3-4 transition could, in principle, be between any of the h

FIG. 2. ~a! Imr21(v) versus the detuningD1 of the probe field
for the four-level ladder system. The parameters used areD250,
D350, g2153 MHz, g315V4150.5 MHz, g325g4253.5 MHz,
Vp510 MHz, andVc5100 MHz. Note the usual EIT feature fo
V r f50. ~b! Doppler-free absorption peak within the EIT windo
for V r f510 MHz atD150. All the parameters are the same as
~a!. ~c! Details of the absorption peak in~b!. All the parameters are
the same as in~a!.
,
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e
-

perfine components of level 3. The pump and the pro
beams are taken to be counterpropagating and the transi
1-2 and 2-3 are assumed to be of almost the same ene
The 3-4 transition being in the rf region does not suffer fro
any significant Doppler shift. We extend the set of Eq.~1! in
Ref. @4# to our four level system by including the addition
dipole transition between 3 and 4 and get

ṙ2152~g212 iD1!r211 iVp~r222r11!2 iVcr31, ~1!

ṙ3252~g322 iD2!r321 iVc~r332r22!1 iVpr312 iV r fr42,
~2!

ṙ3152@g312 i ~D11D2!#r312 iVcr211 iVpr322 iV r fr41,
~3!

ṙ4152@g412 i ~D11D21D3!#r412 iV r fr311 iVpr42,
~4!

ṙ4252@g422 i ~D31D2!#r422 iV r fr321 iVcr431 iVpr41,
~5!

ṙ4352~g432 iD3!r432 iV r f ~r332r44!1 iVcr42, ~6!

where we have assumed the Rabi frequencies of the p
(Vc), the probe (Vp), and the rf transition (V r f ) to be real;
D1 , D2, andD3 represent the detunings of the probe, t
pump, and the rf fields from their respective atomic tran
tions. The dephasing rateg i j in the absence of collisions i
given by (G i1G j )/2, G i being the decay rate of thei th level.
We have obtained analytical solutions for the set of eq
tions ~1!–~6! in the steady state usingMATHEMATICA . In the
weak field limit of the probe, its absorption coefficient
calculated up to the first order in the probe field stren
Vp . A similar analysis has been done earlier by Hansch
Toschek@16# for three-level systems. The probe absorptio
which is proportional to the imaginary part ofr21(1), is
given by

Im@r21
~1!~v !#5ReF ~L121V r f

2 /L123!Vp

~Vc
21L1L121V r f

2 L1 /L123!
G ,

L15~g212 iD1!, L125@g312 i ~D21D1!#,

L1235@g412 i ~D11D21D3!#, ~7!

where we have further assumedr1151 andr i i50 for i 5 2,
3, and 4. ForV r f→0 we get the usual expression for the E

FIG. 3. Growth of Imr21(v) with V r f and varying probe detun
ing D1. All the other parameters are the same as in Fig. 2.
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55 2157ATOMIC COHERENCE EFFECTS IN FOUR-LEVEL . . .
profile for the three-level ladder system@4#. Variation of Im
@r21

(1)(v)# as a function of probe detuning forV r f50 and 10
MHz is shown in Fig. 2. We note the appearance of a sh
absorption peak in the middle of the EIT window fo
V r f510 MHz @Fig. 2~b!#. This narrow peak has a full width
at half maximum~FWHM! '1.5 MHz and is shown in Fig
2~c!. Figure 3 is a three-dimensional plot showing the grow
of this narrow absorption within the EIT window, with in
creasingV r f and varying detuningD1. In Fig. 4 we plot the
probe absorption as a function of the detunings,D1 and
D3, while D2 is kept fixed at zero. The narrow absorptio
peak appears only when the conditionD11D350 is satis-
fied, in addition toD2 being zero, which clearly indicate
that it is a three-photon resonance effect. The contributio
the probe absorption from all velocity groups is obtained
integrating Eq. ~7! over the
Maxwellian velocity distribution given by N(v)
5(N0 /uAp)exp[2v2/u2]; N0 is the atomic density andu/A2 is
the rms atomic velocity, so that

Im@r21#5
N0

uAp
E Im@r21~v !#exp~2v2/u2!dv. ~8!

The Doppler width for the 1-2 transition is taken to be 5
MHz. The Doppler shifts in the pump and the counterpro
gating probe frequencies are assumed to cancel exactly
the Doppler shift in the rf field~in the atomic rest frame! is
neglected. We have performed this integration numeric
and present the results in Fig. 5. The width~FWHM! of the

FIG. 4. Imr21(v) as a function of the detuningsD1 andD3 with
D250. V r f510 MHz and all the rest of the parameters are
same as in Fig. 2. The Doppler-free absorption occurs when
three photon resonance conditionD11D21D350 is satisfied.
-

tt.

A
,

rp

h

to
y

-
nd

ly

velocity integrated central absorption is of the order of t
natural linewidth of the 1-2 transition. On the other han
when the 3-4 transition is in the optical region we find th
the Doppler averaging masks the central absorption alm
completely, for either direction of propagation of the add
tional optical beam. Thus, only on the application of an
field between the hyperfine levels of level 3 does one ge
Doppler-free absorption of the probe.

It is interesting to see if the central absorption peak sho
any homogeneous broadening, such as power broade
when the power of the probe beam is increased. In this lim
however, the set of equations~1!–~6! would become insuffi-
cient to describe the population dynamics. We would inste
need to solve the full set of equations involving both t
diagonal and the off-diagonal matrix elements of the den
matrix. This is being carried out numerically. It would als
be interesting to see if in theL-like four-level systems there
is a release of trapped states due to the presence of an
tional field in an otherwise trapped system. These proble
are being studied at present.

We thank Professor S. P. Tewari for useful discussio
and Dr. K. P. Rajeev for providing computational facilitie
S.N.S. wishes to thank the Department of Science and Te
nology, India for financial assistance.
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FIG. 5. Doppler averaged Imr21 as a function of the probe de
tuning D1. D25D350. ~All other parameters are the same.! The
FWHM of the central peak'6 MHz.
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