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Studies of Electromagnetically Induced Transparency in Thallium Vapor and Possible Utility
for Measuring Atomic Parity Nonconservation

A. D. Cronin,* R. B. Warrington, S. K. Lamoreaux,† and E. N. Fortson
Department of Physics, P.O. Box 351560, University of Washington, Seattle, Washington 98195

(Received 4 November 1997)

Motivated by the potential use of electromagnetically induced transparency (EIT) to measure atomic
parity nonconservation (PNC), we have studied EIT and associated optical rotation for a three-level
system in thallium vapor. EIT allows sub-Doppler resolution of the6P1y2 ! 6P3y2 mixed magnetic
dipole, electric quadrupole transition at1.28 mm when0.535-mm radiation acts on the6P3y2 ! 7S1y2

transition. Our measurements include rotation due to electromagnetically induced birefringence and
Faraday rotation perturbed by EIT. We also identify a new method for determining the amplitude
ratio E 2yM1 for the 1.28-mm transition. The possible advantages of an EIT technique for measuring
atomic PNC are discussed in the context of our results. [S0031-9007(98)05976-6]

PACS numbers: 32.80.Ys, 11.30.Er, 33.55.–b, 42.50.Gy
er-
th
re
to
d

rk
ross
”

ion
er

or
nce
m

y-

-

he
After twenty years of development, studies of parit
nonconserving (PNC) effects in heavy atoms [1] hav
reached 1% precision or better [2,3]. At this level, me
surements significantly constrain theories of the fundame
tal electroweak interaction when combined with resul
obtained at high energies [4]. One such atomic me
surement is the 1% determination of PNC optical rot
tion in thallium (Tl) vapor, on the6P1y2 ! 6P3y2 mixed
magnetic dipole, electric quadrupolesM1, E2d absorption
line at 1.28mm [2]. In principle, the phenomenon of
electromagnetically induced transparency (EIT) [5] shou
allow continued improvement in precision through bot
sub-Doppler resolution of optical rotation and improve
subtraction of background rotations. To this end, we r
port here a detailed study of EIT and associated optical
tation on the6P1y2 ! 6P3y2 transition when transparency
is induced by a 0.535-mm laser beam connecting the6P3y2

and7S1y2 states.
We have studied sub-Doppler absorption and optic

rotation features on the 1.28-mm line and the changes
in these features caused by an external magnetic fie
Doppler-blended hyperfine and Zeeman components c
become well resolved in induced transparency, permitti
a preliminary measurement of theE 2yM1 amplitude
ratio and a detailed study of the effect of Zeeman splittin
on EIT. Our results are used below to give an assessm
of EIT for a measurement of PNC optical rotation in T
or other heavy atom vapors, including the importance o
transverse magnetic field to suppress potential system
birefringent effects.

In previous studies, a three-level system in atom
cesium has been used to achieve sub-Doppler resolu
on anE1-forbidden optical transition, also with potentia
application to a PNC measurement [6]. We believe o
work is the first use of EIT in this context. EIT refers
to the suppression of absorption on an optical transiti
when a second electromagnetic field is applied on a link
transition. Transparency is induced by the second fie
primarily (in our case) because the common state is sp
0031-9007y98y80(17)y3719(4)$15.00
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by the ac Stark effect into two dressed states (an Autl
Townes doublet), reducing absorption on line center. Bo
the real and imaginary parts of the atomic susceptibility a
perturbed so that EIT is accompanied by perturbations
the refractive index, including electromagnetically induce
birefringence (EIB) [7,8] and other effects [9,10].

Figure 1 shows the three-level system for the wo
described here. One laser, the “probe,” is scanned ac
the 1.28-mm absorption, while a second, the “pump,
is tuned to the6P3y2 ! 7S1y2 transition at 0.535mm.
The pump light generates sharp absorption and rotat
features on the probe transition that are much narrow
than the Doppler width, because EIT occurs only f
atoms in resonance with both laser beams and he
only for a narrow range of velocities along the bea
propagation direction.

FIG. 1. (a) The three-level system studied in Tl. The h
perfine splitting is 21 GHz for6P1y2, 0.5 GHz for 6P3y2, and
12 GHz for 7S1y2, with small differences between the two iso
topes 205Tl (70.5% abundance,I  1y2) and 203Tl (29.5%,
I  1y2). The isotope shift is20.1 GHz for the 1.28-mm
transition and 1.8 GHz at 0.535mm. (b) Transitions among
mF substates (along an arbitrary quantization axis) for t
F  0 ! 1 ! 0 EIT channel.
© 1998 The American Physical Society 3719
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The apparatus is shown in Fig. 2. An external cavi
controlled InGaAsP diode laser produces 0.1 mW
continuous wave (cw) 1.28-mm light collimated into a
beam of diameter 1 mm in the vapor. An argon io
pumped ring dye laser using Pyrromethene 556 d
produces 50 mW of cw 0.535-mm light collimated into
a 2 mm diameter beam that overlaps the probe be
throughout the 0.3-m length of Tl vapor. The vapo
is kept at 800±C in a 1 Torr He buffer gas, producing
about 10% peak absorption on the Doppler-broaden
F  0 ! 1 hyperfine component of the 1.28-mm line
and larger absorption (not directly involved in EIT) a
0.535mm due to thermal population of the6P3y2 state.

Figure 3 shows the effect of EIT on the transmissio
profile T snd of the probe beam tuned for absorption b
atoms in theF  0 level of the ground state. With the
pump off, 3(a), the Doppler-broadened absorption has
FWHM of 370 MHz and includes four unresolved com
ponents,F  0 ! 1, 2 for both isotopes. With the pump
on, 3(b), and tuned to resonance with theF  1 ! 0
transition of205Tl atoms at rest in the lab frame,T snd ex-
hibits a well-resolved 50-MHz wide electromagneticall
induced transparency. As expected, EIT occurs when
optical magneticfield of the probe beam is parallel to the
opticalelectricfield of the pump beam (perpendicular po
larizations), to enable the purelyM1 1.28-mm and E1
0.535-mm transitions in theF  0 ! 1 ! 0 EIT channel
to contact a commonmF level in the intermediate state
(see Fig. 1).

Chopping the pump beam at 20 kHz allows the di
ference spectrumDTsnd to be measured with much less
noise than by subtraction of fullT snd scans. Figure 3(c)

FIG. 2. Experimental apparatus. Counterpropagating bea
from lasers L1 and L2 are linearly polarized by calcit
polarizers P1 and P2. An electro-optic modulator (EOM) ca
be used to vary the polarization of the 0.535-mm beam. A
dichroic beamsplitter (BS) separates out the 1.28-mm beam,
and a photodiode measures the vapor transmissionT snd. For
polarimetry, another polarizer P3 crossed with P1 is added a
the Tl oven, and a Faraday modulator (FM) (a glass rod in
field coil) is used to modulate the linear polarization; phas
sensitive detection gives the optical rotationfsnd [2]. Finally,
an acousto-optic modulator (AOM) is used to chop the 0.53
mm beam, and detection at the chop frequency gives the E
signal DT snd. Magnetic field coils are not shown. The effec
of BS on the polarization of both beams has been studied
detail and is negligible for data presented here.
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showsDTsnd obtained by this method under similar con
ditions as 3(b) but with four times less pump intensity to
reduce power broadening. Figure 3(d) is the same scan as
3(c), but in a 32 G longitudinal magnetic field that split
the F  1 intermediate state. Just two Zeeman comp
nents appear; theDm  0 component is missing becaus
only the s6 light is present along the longitudinal field
axis. The splitting between the Zeeman components
EIT is reduced from the actual splitting in the intermed
ate state by a factor of 0.42, the ratio of Doppler shifts f
the 1.28-mm and 0.535-mm beams.

Transmission profiles computed from a model of EI
are seen to agree well with the data. The model is ba
on the Schrödinger equation for a three-state atom,
suming weak coupling by the 1.28-mm M1, E2 transi-
tion and arbitrarily strong coupling by the 0.535-mm E1
transition. The analytical solution is taken from Ref. [11
for a single velocity class and Doppler convolved nume
cally. Theoretical curves are fitted to the data with fo
free parameters, the decay ratesGs6P3y2d and Gs7S1y2d,
and the intensity and frequency offset of 0.535-mm light.
The Doppler width determined from the measured te
perature is used in the convolution and also to calibra
the frequency axis; frequencies calibrated from observ
intervals separating Zeeman components or multiple E
features are consistent. Best-fit decay rates obtained
Fig. 3(b) are 1.82 3 108 s21 for Gs6P3y2d, a reasonable
value for collisional broadening of this metastable sta
and 3.23 3 108 s21 for Gs7S1y2d, a sum of collisional
broadening and the known radiative decay rate of th
state,1.3 3 108 s21. Neither decay rate was allowed to
float in the subsequent fits 3(a), 3(c), and 3(d). The best-
fit Rabi frequency for 3(b) is 0.91 3 108 s21; this value

FIG. 3. Transmission line shapes for 1.28-mm transitions
from the6P1y2 F  0 state on a common frequency axis. Th
abscissa shows transmission calibrated for curve (a); subsequent
curves are offset. Curves (c) and (d) are shown to a different
common vertical scale. Fitted model profiles are shown (line
for curves (a)–(d); lines on curve (e) simply connect data
points for clarity.
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was halved (to match the reduced pump intensity) and n
allowed to float when fitting 3(c) and 3(d). The 1.28-mm
frequency offset was floated in all of the fits to allow fo
drift in the laser. To incorporate Zeeman splitting, th
model is adapted to include the threemF sublevels of the
F  1 intermediate state, with the complex couplings fo
s6 andp light indicated in Fig. 1. The only free param-
eters in fit 3(d) were the external magnetic field strengt
and 1.28-mm frequency offset.

By appropriately tuning the pump frequency to conta
the Doppler wings of several 0.535-mm components, it
is possible to observe multiple resolved EIT channe
Figure 3(e) shows features due to (from left to right)F 
0 ! 1 ! 1 for 203Tl and 205Tl and F  0 ! 2 ! 1 for
205Tl. The first two are pureM1 transitions at 1.28mm
while the third is pureE2. The three EIT peaks are nearly
equal in size because the pump frequency and polarizat
were chosen to enhance the smaller features.

Although it is possible to use the data in Fig. 3(e)
to measure the amplitude ratiox ; E2yM1, it would
require accurate modeling of the EIT dependence
pump intensity and detuning in different channels.
much more precise value may be obtained by measur
the ratio of DTsnd amplitudes for theF  1 ! 1 ! 0
and F  0 ! 1 ! 0 channels at several polarizations
so that the coupling of the 0.535-mm light to the 6P3y2
F  1 state is identical for both channels and cance
in the ratio of the EIT peak heights. This ratio is
s1y4d js3xy

p
5 d 2 1j2 cot2 a, with a the angle between

the two laser polarizations. In a test of this method
we obtained a preliminary valuex  0.22, where no
assessment of systematic uncertainty has been made.
result can be compared to values in the range 0.24
0.25 obtained from fitting Doppler broadenedT snd and
Faradayfsnd [2,12,13], and to the latest theoretical valu
0.24 [14]. Knowledge ofx is important both for analysis
of Tl PNC data [2,15] and to confirm atomic theory
needed to interpret these measurements; 1% precis
seems possible in a dedicated measurement using E
The sub-Doppler resolution of the technique eliminate
line-shape issues which make precise values difficult
obtain from Doppler-broadened profiles.

For atomic PNC, we are interested primarily in the e
fects of EIT on optical rotation of the 1.28-mm light, for
which the key parameter isnsnd, the real part of the re-
fractive index. Using the model of EIT above,nsnd can
be obtained from the Kramers-Kronig transform of th
1.28-mm absorptivity, leading to the familiar antisymmet
ric dispersion curve for a symmetric absorption featur
Whens1 light ands2 light have different indicesn1snd
andn2snd, the different phase velocities cause a rotatio
angle fsnd  2pfn1snd 2 n2sndgLyl for linearly po-
larized light in a vapor lengthL. Differences between
n1snd and n2snd at 1.28mm in Tl can be created by
a longitudinal magnetic field, by circular polarization in
the 0.535-mm light beam, and by parity nonconservatio
within the atoms.
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Figure 4 shows sub-Doppler 1.28-mm optical rotation
features due to theF  0 ! 1 ! 0 EIT channel. Fig-
ure 4(a) shows EIT-Faraday rotation with a 32 G long
tudinal magnetic field and linearly polarized pump ligh
Dfsnd has the shape of a Kramers-Kronig transform
the Zeeman absorption pattern in Fig. 3(d), but with op-
posite signs of rotation for the two Zeeman componen
and is symmetric overall about the EIT line center.
4(b), when the pump beam iss2 polarized, EIT only
occurs for thes1 component of the probe light (as ex
pected from the selection rules of Fig. 1), and the EI
Faraday rotation appears as an antisymmetric feature
single EIT-Zeeman peak. The rotation occurs with opp
site sign at the other Zeeman peak when the pump be
is s1 polarized. The antisymmetric rotation features d
to circularly polarized pump light persist in zero magne
field, as shown in 4(c). This dependence ofDTsnd and
Dnsnd on probe polarization caused by polarization of t
pump beam has been named electromagnetically indu
birefringence, and observation of EIB optical rotation h
been reported previously [7,8]. The rotation at zero fie
takes on a different line shape with reduced amplitude
a transversemagnetic field: 4(d) shows EIB rotation in
a transverse field of approximately 32 G, with a mod
curve for a field of 64 G. We have also observed pseu
rotations, due to differential absorption of componen
of the 1.28-mm polarization along either the 0.535-mm
linear polarization or an external transverse magne
field; these can be distinguished from PNC rotation
their line shape and their dependence on the angle of
1.28-mm polarization.

The model rotation profiles shown in Fig. 4 agree qua
tatively with the data shown (here the model paramet

FIG. 4. Observed and modeled rotation line shapes for 1.
mm transitions from the6P1y2 F  0 state on a common
frequency axis. The quantity plotted isDfsnd, the change
in 1.28-mm rotation when the 0.535-mm beam is turned on.
Vertical dashed lines mark the frequencies where Zeeman-s
DT snd maxima occur. The pump polarization and magne
field for each curve are discussed in the text.
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have not been optimized by least-squares fitting). Res
uals in 4(b) may be attributed to ellipticity in the pump
light. The model can be improved by adding the mix
ing of hyperfine states due to the magnetic field and oth
refinements.

We are now in a position to discuss how EIT coul
be used to make improved measurements of PNC opti
rotation, and also to identify problems that might limi
the utility of EIT in such measurements with Tl o
other elements. For definiteness, we shall refer to t
previous PNC experiment made in this laboratory [2
Optical rotation arising from the intrinsic atomic chirality
of order 0.1mrad per absorption length at the peaks o
the nsnd dispersion curve, was measured on the 1.2
mm absorption line with full Doppler broadening a
in Fig. 3(a). Frequency-dependent background rotatio
of the same scale from apparatus imperfections we
reduced by comparing rotation profiles recorded bo
with and without Tl vapor in the optical path of the
polarimeter. To improve the precision, two dominan
systematic uncertainties must be addressed: drift in
background rotation recorded without Tl vapor over th
course of the experiment (10–15 min), and line-sha
uncertainties affecting least-squares fitting. The latt
include uncertainty inx and arise because the hyperfin
and isotopic components are not individually resolved.

All of these problems can be mitigated by EIT. Th
EIT rotation feature due to atomic PNC should appe
with the exact dispersive shape of Fig. 4(c) when the
pump beam is linearly polarized, i.e., in the absence
any circular polarization of the 0.535-mm light. This two-
laser technique has three principal advantages over
1.28-mm transition alone. First, sub-Doppler resolutio
makes background trends less significant. Second,
background spectrum can be obtained by turning off t
pump light; chopping this beam and using phase-sensit
detection allows improved sensitivity in the subtractio
of background rotations and greatly reduces susceptibi
to background drift, since the chopping takes much le
time than removing the Tl vapor from the polarimete
beam path. Third, the isotopic and hyperfine compone
participating in EIT can be examined one at a time b
varying the pump frequency, which eliminates the line
shape uncertainties due to overlapping components.

A further advantage of EIT is that measurements o
tained for individual components can now be compare
Isotopic components are especially important, since the
can be combined to avoid the uncertainty in the atom
theory needed to interpret the experimental results [1];
PNC measurements comparing individual isotopes ha
yet been made.

With these advantages of EIT also come some pote
tial limitations to a PNC measurement. Absorption o
0.535-mm light by the thermal population in6P3y2 lim-
its the useful Tl vapor density to 0.1 absorption length
3722
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at 1.28mm, and thus limits the observable PNC rota
tion. Nevertheless, the method remains quite sensitiv
assuming 5 mW of detected 1.28-mm light, the shot noise
limited uncertainty would be 0.5% of the peak PNC ro
tation in a 2 h measurement. A serious systematic pro
lem might be the EIB rotation resulting from even very
small residual circular polarization of the 0.535-mm light,
which at zero magnetic field has the same shape asDfsnd
due to PNC. One solution to this problem is shown b
our studies of EIB rotation in a transverse magnetic field
With the pump beam linearly polarized parallel to an ex
ternal magnetic field, a large unshifted component of th
PNC rotation remains whileDfsnd due to EIB takes on a
different line shape with a reduced amplitude, as seen
Fig. 4(d). The EIB rotation becomes nearly zero at fre
quencies whereDfsnd due to PNC is nearly maximum,
thus sharply reducing the size of PNC-like features du
to any residual circular polarization of the pump light. In
addition, the Zeeman-shifted peaks in the EIB profile pro
vide a sensitive detector of birefringence to minimize th
residual pump circular polarization.
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