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Electromagnetically induced transparency in atoms with hyperfine structure
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We describe a method for obtaining population trapping and electromagnetically induced transparency in
atoms with hyperfine structure and where, therefore, more than three states are coupled by two applied fields.
@S1050-2947~97!50411-2#

PACS number~s!: 42.50.Gy, 42.65.An, 32.80.Qk, 33.15.Pw
g
s
si
b
in

wo
pl
po
th
-

y

to
w
-
f

a
re
st
ex
es
r

tiv
d

No
ro
er

rk
gi
W
t

o
to
m

at
p-

and

ce

are
e

t

g

e
a,
e-

e

Electromagnetically induced transparency~EIT! is a tech-
nique for improving the transmission of laser beams throu
otherwise absorbing and refracting media. Most often, thi
done in an atom that has three states that, at the den
length product that is to be made transparent, are resolva
One applies two laser fields and uses either optical pump
~cw lasers! or adiabatic evolution~pulsed lasers! to produce a
coherent superposition of the probability amplitudes of t
states of the same parity, with a near-zero probability am
tude of a third state of opposite parity. Once in this super
sition state, the atom does not interact with either of
applied fields@1–3#. Figure 1~a! shows an example of a pro
totype three-state system. Because the nuclear spin of208Pb
is zero with linearly polarized light, theJ50 andJ52 fine-
structure states of the 6p2 configuration, together with the
J51 state of the 6p7s configuration, form the necessar
superposition state@4#.

Figure 1~b! shows an energy schematic of207Pb. Here,
the nuclear spin ofI 51/2 causes the fine-structure states
split into their hyperfine components, with splittings of a fe
tenths of a cm21. Although at low atom density-length prod
ucts ~optically thin!, the individual hyperfine components o
the u1&→u4& and u1&→u5& transitions are resolvable, in
dense medium, they are not. Even though a particular th
state subsystem may be made transparent, other subsy
will produce a prohibitively large change in the compl
refractive index, and the medium will be opaque. The qu
tion then arises: How should the lasers be tuned to rende
optically thick, hyperfine-split system such as207Pb both
transparent and nonrefracting?

In this paper we show that transparency and a refrac
index near unity are attained when the two lasers are tune
the respective center of gravity of the two transitions.
specific hyperfine state is in Raman resonance and the ze
the real part of the dipole moment results from the interf
ence of the manifold of cooperatingm states. At practical
Rabi frequencies, the detuning from the individual Sta
shiftedm states is sufficiently large that the nonzero ima
nary part of the dipole moment is not of consequence.
also find, as is the case for the pure three-state system,
self-focusing and defocusing may be eliminated@5#.

In related previous work, Linget al. @6# and Milneret al.
@7# have shown how degeneratem states may cooperate t
form a population-trapped state. This work is similar
theirs in that we use a multistate interference. It differs fro
theirs in that themf states that we use are not degener
@Fig. 1~b!#. General conditions for obtaining population tra
561050-2947/97/56~5!/3362~4!/$10.00
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ping in multistate systems have also been given by Hioe
Carrol @8#.

We begin the analysis with two assumptions that redu
the 18318 Hamiltonian for 207Pb to dimension 535. The
first assumption is that the probe and coupling fields
linearly polarized in theāz direction. The second is that ther
are no external magnetic fields so that them561/2 spin
states evolve similarly. For convenience, we assume, at
50, that all of the ground-state atoms are in them521/2
state. The five interactingm states are labeled in ascendin
numerical order@Fig. 1~b!#.

It is the interrelation of the hyperfine splittings, and th
matrix elements of207Pb, both determined by Racah algebr
which lead to the result of this work. We reference the fr
quencies of the hyperfine levels to the~nonsplit! fine-
structure levels@Fig. 1~b!# of 208Pb, or equivalently, to the
center of gravity of the hyperfine levels of207Pb:

dv i5
AJ

2
@F~F11!2J~J11!2I ~ I 11!#. ~1!

The quantityAJ is the ~J dependent! hyperfine interaction
strength @9#. For 207Pb, A050, A250.06 cm21, and
A150.2 cm21 @10#.

FIG. 1. Energy schematic for~a! 208Pb and ~b! 207Pb. The
nuclear spin of208Pb is zero and there is no hyperfine splitting. Th
center of gravity of the hyperfine split levels of207Pb coincides with
the level frequencies of208Pb. As shown, the states of207Pb are
numbered in ascending order.
R3362 © 1997 The American Physical Society
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FIG. 2. Linear susceptibilities for a probe fre
quency vp in 208Pb and 207Pb. In 208Pb the
imaginary part of the susceptibility is zero at lin
center; in 207Pb, because of the hyperfine spli
ting, it is small but finite. The real part of the
susceptibilities, especially near line center, a
very similar.
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The Rabi frequencies of the probe and coupling laser
208Pb are denoted byVp and Vc , and we define the Rab
frequencies for207Pb in terms of these quantities. This
done so that, at large Rabi frequencies, the susceptibil
for 207Pb will reduce explicitly to those of208Pb. Equiva-
lently, only two independent matrix elements enter the pr
lem. For 208Pb these are defined asmp and mc . Using the
appropriate line factors and 32 j symbols, the matrix ele-
ments for 207Pb, with all atoms in themF521/2 state, are

m145
1

)
mp , m155A2/3mp , m245A5/6mc ,

~2!

m255
1

2A15
mc , m3450, m355

3

A10
mc.

All other matrix elements are zero.
The detuningsDvp and Dvc of the probe and coupling
in

es

-

lasers are also referenced to the center of gravity of the le
of 207Pb. With the definitions ofdv i of Eq. ~1!, these detun-
ings are

Dvp5~v52dv5!2vp ,
~3!

Dvc5~v32dv3!2~vp2vc!.

The quantity (v52dv5)5(v42dv4) is the frequency of
the center of gravity of the 6p7s 3P1 level. Similarly, (v3
2dv3)5(v22dv2) is the center of gravity of the 6p2 3P2
level. We allow for the same EinsteinA decay rateG of the
hyperfine statesu4& and u5& and also for a common decay o
broadening rateg from statesu2& andu3&, and define complex
detunings asDṽp5Dvp2 j G/2 andDṽc5Dvc2 j g/2.

The Hamiltonian is divided into a portionH0 , which is
treated exactly, and a perturbationHpert. With the previous
definitions and working in the interaction picture,H0 and
Hpert are
H052
1

2 3
0 0 0

1

)
Vp A2

3
Vp

0 0 0 A5

6
Vc

1

2A15
Vc

0 0 0 0
3

A10
Vc

1

)
Vp A5

6
Vc 0 0 0

A2

3
Vp

1

2A15
Vc

3

A10
Vc 0 0

4 , ~4a!
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Hpert5F 0 0 0 0 0

0 Dṽc2
3A2

2
0 0 0

0 0 Dṽc1A2 0 0
0 0 0 Dṽp2A1 0

0 0 0 0 Dṽp1
A1

2

G . ~4b!

In this same basis, the dipole moment operator is

P53
0 0 0

1

)
e2 j vptmp A2

3
e2 j vptmp

0 0 0 A5

6
e2 j vctmc

1

2A15
e2 j vctmc

0 0 0 0
3

A10
e2 j vctmc

1

)
ej vptmp A5

6
ej vctmc 0 0 0

A2

3
ej vptmp

1

2A15
ej vctmc

3

A10
ej vctmc 0 0

4 . ~5!
he
t

te

ee

er

e

c
o
fo

is

o
-

m
n

-

zero

so

pole
-

all

is

ing

s
of

ing
The procedure of the following paragraphs is to find t
eigenvector of the total Hamiltonian, which is analogous
the population-trapped eigenvector of the three-state sys
and then to use the dipole moment operator of Eq.~5! to
obtain the susceptibility at the probe frequency. We proc
first by perturbation and then numerically.

The eigenvalues and eigenvectors ofH0 are readily found
algebraically. The population trapped eigenvector with z
eigenvalue is

uu0
~0!&5

1

Vs
FVc ,2A2

5
Vp ,2A3

5
Vp,0,0G , ~6!

where Vs5(Vp
21Vc

2)1/2. In the same sense as in a thre
state system the components of statesu1&, u2&, and u3& coop-
erate to cause a zero probability amplitude of statesu4& and
u5&. Also, as in the three-state system, whenVp is zero, this
eigenvector coincides with the (mF521/2) ground state of
the atom and may evolve adiabatically from this state. Sin
here, the hyperfine structure is not yet included, the dip
moment that is obtained from this eigenvector is, as
208Pb, zero.

IncludingHpert, to first order, the perturbed eigenvalue

l0
~1!5

Vp
2

Vs
2 Dṽc . ~7!

When the Raman detuning is set to the center of gravity
the metastable transition, i.e.,Dvc50, and with no dephas
ing of this transition, the quantityDṽc and the population-
trapped eigenvalue are zero. Because of the balance of
trix elements and detunings, the hyperfine structure does
in first order, cause a nonzero eigenvalue.
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With Dṽc50, the first-order correction to the population
trapped eigenvector is

uu0
~1!&5

4A2Vp

)VcVs
F0,0,0,21,

1

&
G . ~8!

Unlike the three-state case, this eigenvector has non
probability amplitude in statesu4& and u5&. But, because of
the symmetry, these probability amplitudes are phased
that the dipole moment at bothvp and vc is zero. This is
also the case in second order and, to obtain a nonzero di
moment withDṽc50, we go to the third order of perturba
tion. With the dipole moment given bŷu0uPuu0&, we obtain
the normalized~third-order! small probe susceptibility for
207Pb. With the detunings and decay rates taken to be sm
as compared to the hyperfine constantsA1 andA2 , the real
and imaginary parts of the susceptibility are

Re@x#52
4Dvc

Vc
2 1

16A1A2
2

Vc
4 2

32A2

Vc
4 ~DvpA21DvcA1!,

~9!

Im@x#52
2g

Vc
22

16A2

Vc
4 ~GA21gA1!.

With N equal to the atom density, the actual susceptibility
obtained by multiplying these quantities by (umpu2N/e0\);
the complex propagation constant is obtained by multiply
the susceptibility by (2p/lp). In the limit of no hyperfine
structure, i.e.,A15A250, the susceptibility of207Pb reduces
to that of 208Pb @11#. It is because of a cancellation that wa
introduced by tuning to the center of gravity that the effect
hyperfine splitting reduces as the fourth power ofVc ; con-
versely, the effect of the noncompensated linear detun
Dvc reduces only quadratically.
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In Fig. 2 we compare the susceptibility of207Pb with
208Pb. In either isotope, the total EinsteinA decay rate of
eachmF state of the 6s7p 3P1 level is 1.883108 s21. We
assume no decay or dephasing of the metastable trans
and take the Rabi frequency of the coupling laser asVc
55 cm21. The coupling laser frequency is fixed, and pro
frequency is tuned, with zero detuning at the center of gr

FIG. 3. Transmission in optically thick207Pb. ~a! With the Rabi
frequency of the coupling laser set to zero, the hyperfine com
nents are masked and the power transmission at line cent
exp(2105). ~b! At Vc55 cm21, transmission is restored. The p
rameters used here are an atom density of 231015 cm23 and a cell
length of 25 cm.
v.
.

s,
ion

-

ity of the 6p2 3P0→6p7s 3P1 transition. In 208Pb, we note
the Autler-Townes doublet with a spacing equal to the R
frequency of the coupling laser. In207Pb, the hyperfine
structure results in four, instead of two, peaks. The ima
nary part of the susceptibility~absorption! is zero in 208Pb
and small, but finite, in207Pb. The real part of the suscept
bility ~refractive index! versus frequency, in the vicinity o
line center, is almost identical in both isotopes.

Figure 3 shows transmission versus probe frequency
207Pb with the same parameters as Fig. 2, but, here, wi
atom density-length product that is comparable to that u
in earlier experiments. The pressure broadening coefficie
used here are 0.018 cm21 at 1017 atoms/cm3 for the
resonantly self-broadened 6p2 3P0→6p7s 3P1 transition
@12# and 0.004 cm21 at 1017 atoms/cm3 for the
6p2 3P0→6p2 3P2 metastable transition@5#. For these pa-
rameters, withVc50, the power transmission on the stro
gest of the hyperfine transitions is exp(2105). As expected
from Eq. ~9!, the Rabi frequency ofVc55 cm21 results in
near perfect transmission at line center.

In summary, we have shown that hyperfine structure n
not be an impediment for obtaining EIT. The principal id
is to use two lasers whose frequencies are equal to the ce
of gravity of the respective transitions and that are theref
not in Raman resonance with any particular hyperfine s
state. The interplay of matrix elements and hyperfine sp
tings causes a cancellation such that, at sufficient coup
laser intensity, the transparency of the hyperfine split isot
will be approximately the same as that of the nonsplit is
tope. This result is important for applications of EIT such
nonlinear optics@5#, where, for example, the cost of a suffi
cient amount~20 g! of 208Pb to load a 1-cm-diam, 20-cm
long heatpipe is about $60 000.

This idea will also apply to other types of splittings, b
will require larger Rabi frequencies. In light atoms wi
small L-S coupling, fine-structure splitting may be ove
come. It is likely that rotational splitting in molecules ma
also be overridden with this technique.
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