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Sub-Doppler and subnatural narrowing of an absorption line induced by interacting dark
resonances in a tripod system
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A method is presented for obtaining sub-Doppler and subnatural narrowing and increased absorption of a
spectral line. The ultranarrow spectral line is confined between two closely spaced electromagnetically induced
transparency windows in a nearly degenerate tripod atomic system formedHyy-an- F.=0 transition, split
by a magnetic field. The system is driven by-golarized pump and probed by a tunahkigolarized laser. It
can be used to measure small magnetic fields and also as a magneto-optic switch.
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In recent years, it has been shown for a variety of four-small change in the EIT spectrum for copropagating fields
level systems driven by two pumps that the probe absorptiofi3]. Suprisingly, however, a sharp peak with sub-Dopplar
spectrum is characterized by a double dark resonance, conet subnaturallinewidth has been observed for counter-
sisting of two electromagnetically induced transparencypropagating pumpgs].

(EIT) windows, separated by a sharp absorption [fdai]. Here, we investigate a tripod system consisting of three
In this paper, we show that in contrast to other four-levellower levelsg;_; and an excited levesd, interacting with two
systems, the linewidth of the sharp absorption peak that agpump lasers of frequency, 3 with equal Rabi frequencies
pears in the probe absorption spectrum of a nearly degene®V;=2V;=2V, and a weak probe laser of frequensy with

ate tripod system can be masienultaneouslgubnatural and Rabi frequency ¥,, where 2/,= =pegEi/fi, i=1-3. The de-
sub-Doppler for copropagating lasers, provided the absolutginings of these lasers from their respective transitions are
value of the pump detunings from resonance is smaller thap,; .= Weg ;= W1 sand, in the absence of the fields, the popu-
the natural linewidth. The tripod configuration can be real-jation is equally distributed amongst the Zeeman ground sub-
ized by interacting a tunable-polarized probe with affrg levels.

=1—F.=0 atomic transition, driven by symmetrically “de- We now write the equations of motion for the interaction
tuneda- and o -polarized pumps with equal Rabi frequen- of the probe with the pumped tripod. We express the off-

cies[see Fig. 1a)]. Alternatively, an analogous situation can diagonal density-matrix elementsg, and pgq in terms of
be achieved by lifting the degeneracy of thg=1 state with e

a weak magnetic field and driving the system with a single @
o-polarized pump at the resonance frequency of the degen-
erateFy=1— F.=0 transition[see Fig. 1b)]. The nearly de-
generate tripod system is thus uniquely suitable for high-
resolution spectroscopy. In addition, the setup of Fid) 1
can be used to measure small magnetic fields and also as a
magneto-optic switch. F =1
The generic four-level system discussed by Lukinal. ¢
[2] is based on a three-levaAl EIT system consisting of two
low-lying states and an excited state, interacting with a
strong pump on one transition and a weak probe on the other (b) m_=0
transition. The lower state of the pumped transition is
coupled by an additional pump to another low-lying state.
The absorption spectrum is similar to that of the tripod sys-
tem when both pumps are reson§2i6]. However, in con-
trast to the tripod system, Doppler broadening eliminates the
central peak in the generic four-level syst¢h®]. Only by
choosing a special wave-vector configuration, which strongly
limits the interaction region, can Doppler broadening be suc-
cessfully overcome in experiments involving the generic sys-
tem([4,7]. When the additional pump couples the lower state  F|G. 1. (a) Degeneraté,=1— F.=0 transition interacting with
of the pumped transition to a higher rather than a lower-lyingsymmetrically detunedm and o_-polarized pumps and a
state[3,8], the Doppler-free spectrum again resembles that ofr-polarized probe(b) Fy=1—F,=0 transition whose degeneracy
the tripod system and, as before, Doppler broadening elimiis lifted by applying a magnetic field, interacting with a single
nates the central peak, leading to the observation of only a-polarized pump and a-polarized probe.
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their Fourier amplitudes apeg,=peg,(wz)expl-iwyt), pg g, proportional to the refraction and absorption of the pumps at

:pglgz(wz_wl)exd_i(wz_wl)t]v and  pg 92:p9392(w2 frequenciesw; and ws, are calculated to all orders in th_e

— wy)exp—i(w,— w3)t] and obtain the following set of linear PUMP apd to zero order in the probe. The complete equations

equations for the Fourier amplitudes: for the mteractlon of the symmetr!gally detungd punips
=-Az) with the Fg=1—F¢=0 transition, assuming that

i)egz(wz) == [1A2+ Yeglpeg,(@2) +i[Vpy,g,(w2 = @) =Yg (I=1-3 and Yo,0,= Ya:0,= Yog Where y; is the trans-
0 0 verse decay rate from staitéo j, are given in Ref[11] (see,
* Vig,g,(w2 = @3) + Valpg,g, ~ Ped ], (1) also,[12]). Analytical solutions forpggl(wl) and pgga(wa) are
given in terms of the pump-induced populations in R&8].
Pagy (@2 = 1) = = [((Ax = Ap) + ¥4, Jpg.g (@2~ @) We note thaiog, (w)=—plg (wg) for symmetrically detuned
) 0 pumps. As we are only interested in the steady-state results
* 'VPer(“’Z) B 'VZPgle(_ @), 2 in this paper, we set the time derivatives of the Fourier am-

plitudes to zero in Eqg1)—<3).
The probe susceptibility(w,) is given by [14] x(w,)
= (Nl pteg|*/ iV2) peg,(w,), whereN is the atomic number den-
+1Vpeg,(wp) = ivng o~ w3), (3)  sity, and the probe refraction and absorption are proportional
to the real and imaginary parts gfw,). By inserting Egs.
Whefepg % andPee« the population of the stateg ande, and  (2) and(3) into Eq.(1) we obtain an analytical expression for
pegl(wl) and pegs(wg) whose real and imaginary parts are pegz(wz) to all orders inV and to first order inV,:

Pgy(@2 = 03) = = [1(Az = Ag) + ¥g,q,Ipg.g,(w2 ~ @3)

0 0
Pg o= ) Py o= 3)
Va(pg 4. — p2d + VV. : .
_ 2(pgzg2 pee) 2 Al - AZ + | ’ygg Ag - AZ + | 'ygg
pegz(wz) = V2 V2

Ay —iveg + +
2 ‘yeg) Al_A2+i’ygg A3_A2+i’ygg

(4)

When the second term in the numerator can be neglected, viemaximum in the absorption, and increases with increasing
see from the denominator that whAn=-A;=A, the probe V as A, moves away from zero, leading to pump-induced
absorption has minima at,=+A (EIT windowy and narrowing of the central peak. If we describe the tripod sys-
maxima at A,=0 (central peak and A2—+(2V2+A2)1’2 tem as the sum of twad systems sharing a common transi-
(Autler-Townes peaks If, in addition, pg o =1, Eqg.(4) re- tion, these results are consistent with those of Veratial.
duces to the expression obtained by Paspalakls and Knight5] for a A system interacting with a detuned pump.
[1]. We have seen from Fig.(& that the width of the central
We first consider a case wheyeis of the same order of peak decreases with increasiigr decreasings. The ques-
magnitude asyeg the natural linewidth, and/yeq,<1.In  tion now arises as to how far this process can be continued
Fig. 2a), we use Eq(4) to plot the probe absorption spec- before(a) complete optical pumping to the,=0 state, as
trum as a function of the probe detunidg/y., for two  assumed in Ref.1], ceases to occufb) the second term in
values ofV/ 1y, In Fig. Aa), we see that the pump-induced the numerator, ignored in Reffl], becomes important, and
broadening of the EIT windows results imarrowing of the  and (c) the central peak disappears and only a single EIT
central absorption line of the tripod. Since the position of thewindow remains as shown in Fig(l9. In order to answer
EIT windows is constant for a particular value Aaf the these questions, we analyze Ed) numerically for the case
half-width of the central peak must always be smaller than of very small detuningh =5y,q with yy4/ veq= 10°5. We ob-
which can be chosen such that y.,<1, leading to a sub- tain a well-resolved spectrum, similar to Figap provided
natural width[see Fig. 2a)]. It should be pointed out that in V lies in the range 58— 15Q\. In this range, the population
Fig. Za), the absorption spectrum is 3 times more intense irin the my=0 state varies between 0.6 and 0(#th a maxi-
the presence of the pumps than in their absence. This is dueum of 0.75 at 120), due to insufficent pumping at low
to pumping of all the population into the,=0 state which and coherent population trappitgPT) in the my=+1 states
also leads to the second term in the numerator of By. at highV, so that the overall absorption is reduced. In addi-
being negligible. For these parameteyg, can safely be ne- tion, the second term in the numerator is significant, due to
glected. The pump-induced narrowing of the central peaknsufficient pumping out of then,=+1 states, and has the
can then be explained by considering the second term in theffect of deepening the EIT dips and decreasing the central
denominator of E@4) which contains the sum of the two- peak. WhenV increases beyond this range, the absorption
photon coherences. This term is zero wherx 0, leading to  peak decreases and is replaced by a very small and narrow

063802-2



SUB-DOPPLER AND SUBNATURAL NARROWING OF AN. PHYSICAL REVIEW A 69, 063802(2004)

a)

FIG. 2. (a), (b) Plot of
IM peg,(@2)/ (V2! yeg), Which is
0 ! L ! L ! ) proportional to the probe absorp-
tion, versus the probe detuning
0.5r Azlyeg2 for V/y,4=0.5 (black
b) and V/vyes=1 (grey). In (8
Alyeg=0.3 and in(b) A/yeq=0.
Note that the two EIT windows
separated by an absorption peak at
Ayl ¥e4=0 in (a) are replaced by a
3 ) _1 0 1 2 3 single EIT window with a mini-
mum atA,/ yeg=0 in (b). () Plot
of Repeg(wp)/ (V2 veg which is
proportional to the probe refrac-
tion versusA,/ ygq for the same
parameters as ia). In all plots
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stimulated emission peak whevi=10°A. This emission EIT windows and becomes less steep with increasinin
peak derives from the second term in the numerator. Foline with the increase in width of the EIT window.

even higher pump Rabi frequencied/V becomes very For the system of Fig.(b) which involves a single pump
small and the two EIT windows fuse into a single one, as inaser, the degeneracy is lifted by applying a magnetic field
Fig. 2b). such thatA=-A;=A;=gugB. Measuring the distance be-

The probe refraction is shown in Fig(@. The dispersion tween the two minima in the absorptiom 2gives a straight-
is negative atA,=0 and becomes steeper as the absorptiofiorward optical method for determining the magnetic field
peak becomes narrower. This effect is similar to the steeptrength. When the magnetic field is switched off, the absorp-
negative dispersion observed in systems that exhibit ElAion is given by Eq.(4) with A=0 which leads to EIT as
[12,16. As expected17,18, the dispersion is positive in the shown in Fig. 2b). Maximum transparency now occurs at

N N\ )
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FIG. 3. (@, (b) Doppler-
broadened version of probe ab-
sorption spectrum of Fig.(&) for
Alveg=0.3. In (@), V/veg=0.5,
D/yeg=1 (grey) and D/yg4=10
(black). In (b), D/ yeg=10, V/ yeq
=0.5(black andV/y.4=1 (grey).

1 (c) Doppler-broadened version of
probe refraction of Fig. (t) for
same parameters as (a). In all
plots ygq/ Yeg=107>.
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A,=0 instead of the maximum absorption shown in Fi@2 observed in the probe absorption spectrumFgf-F.=F
Thus, optimal magnetic switching from absorption to trans-+1, Fy>0, degenerate two-level systerfi2,16. Both are
mission is obtained whem;=w,=ws;, showing that an effi-  amplified and narrow with respect to the unpumped system,
cient magneto-optic switching device can be achieved in &re accompanied by steep negative disperf®, and oc-
degenerate tripod system using a single laser, together wilky, \yhen the probe is at resonance with the transition. How-

appropriate polarizers. : T
We now consider the effect of Doppler broadening on theEVer the tripod central line is narrowed because of the

probe absorption and refraction. The probe absorption Spegjosely spaced EIT windows whereas the EIA s created and
trum is shown in Fig. @) for two values of the Doppler narrowed by transfer of coherenf23]. Finally, the absorp-

width D. The first point to notice is that, as is the case for afion peak in the tripod is narrowed with increasing pump
A system[15,17-21, the positions of the EIT windows do intensity and broadened with increasing Doppler width,
not change with Doppler broadening but their widths becomavhereas the EIA peak is broadened with increasing power
narrower, leading to an increase in width of the central abintensity and narrowed with increasing Doppler width
sorption peak. However, by choosing the pump detuning10,23.
A/7yeg, <1, the subnatural and sub-Doppler width of the cen-  In conclusion, we have demonstrated that in a simple
tral peak will be preserved for all values Df. In Fig. 3b),  nearly degenerate tripod system interacting with a
we plot the probe absorption spectrum for two values ofg-polarized pump and a-polarized probe in the presence of
V/yeqand the same value @. We see that the phenomenon a small magnetic field, a strong and narrow absorption fea-
of pump-induced line narrowing persists even in the prestyre appears exactly at line center, flanked by two EIT win-
ence of Doppler broadening, although with a larger width. dows. The absorption feature becomes narrower with in-
The Doppler broadened refraction is shown in Figt)3  creasing pump power and can be made subnatural even in
for the same parameters as in Figea)3We see that, as for the presence of Doppler broadening. Since the distance be-
the A system, Doppler broadening does not change the digyeen the EIT minima is determined by the applied magnetic
persion in the EIT windowg17,18, but does shorten the fie|d, the system can be used as a magnetometer. In the ab-
range of probe detuning over which the dispersion is Consence of the magnetic field, the narrow absorption peak dis-
stant, in line with the narrowing of the EIT windows. The gppears and the system becomes transparent at line center. It

negative dispersion at line center becomes less steep as thgn thus be used as a magneto-optic switch.
Doppler broadening increases.

In certain respects, the central peak in the tripod system is This research was supported, in part, by the Israel Science
similar to the electromagnetically induced absorption peak-oundation.
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