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Enhanced Isotope Discrimination Using Electromagnetically Induced Transparency
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(Received 14 March 1996)

Electromagnetically induced transparency is applied to isotope discrimination. By adjusting the
intensity of a coupling laser, one isotope is made resonantly opaque while another is rendere
transparent to a probe. Experimental results are shown in isotopically enriched atomic lead, wher
0.03% 207Pb is clearly seen against a background of208Pb. [S0031-9007(96)00813-7]

PACS numbers: 42.50.Gy, 31.30.Gs, 32.80.–t, 42.50.Hz
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In this Letter, a new laser-based technique to discri
nate between two isotopes of the same element is
gested and experimentally demonstrated. Briefly, one
the isotopes is rendered highly opaque while the ot
is simultaneously rendered highly transparent, allowin
trace amount of one isotope to be detected against
background of a far more prevalent isotope. The te
nique is demonstrated in isotopically enriched atomic le
comprised of 99.97%208Pb and 0.03%207Pb, showing a
clear signal from207Pb against the large background
208Pb. While the technique is demonstrated with photo
sorption, it can alternatively be combined with other is
tope discrimination methods such as laser photoioniza
spectroscopy and resonance ionization spectroscopy [

This work follows from recent work studying electro
magnetically induced transparency (EIT) in atomic me
where a single species is rendered maximally transpa
[2] and highly dispersive [3–6]. Certain analogies ex
as well to recent work in nonlinear optics [7] and lase
without inversion [8].

The prototypical atomic system under consideration
three states [Fig. 1(a)]: a ground statej1l, an upper state
j3l (forming a dipole allowed transition with the groun
state), and an auxiliary statej2l. The homogeneous
FWHM linewidth of the j1l ! j2l transition is2g2 and
that of the j1l ! j3l transition is2g3. Two fields are
applied: a monochromatic “coupling” field given byEc ­
expsivctd and a “probe” field given byEp ­ expsivptd.
The coupling field is tuned near thej2l ! j3l transition
and has detuningDvc ­ v32 2 vc and the probe field is
tuned near thej1l ! j3l transition with detuningDvp ­
v31 2 vp (Fig. 2). The expression for the susceptibili
seen by the probe is

xsvpd ­
jm13j

2N
e0"

µ
Dṽ2

Dṽ2Dṽ3 2 jVcj2y4

∂
, (1)

wherem13 is the relevant matrix element of thej1l ! j3l
transition,Vc ­ m23Ecy" is the Rabi frequency of the
coupling laser on thej2l ! j3l transition (andm23 is the
relevant matrix element),N is the atom density,Dṽ2 ­
sDvp 2 Dvcd 1 ig2, andDṽ3 ­ Dvp 1 ig3.

The new technique can be understood by consid
ing two isotopes,A and B, exhibiting slightly differ-
ent spectra, so that in isotopeB both thej2l ! j3l and
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j1l ! j3l transitions are of higher energy. The suscep
bility seen by isotopeA is examined first. As shown in
Fig. 1(a), the laser frequencies are chosen to be reso
sDvp ­ Dvc ­ 0d and Vc is sufficiently large [9] that
the susceptibility is well approximated by

xsvpdA ­ 2i
jm13j

2N
e0"

4g2

jVcj2
. (2)

When the coupling laser is omittedsVc ­ 0d so thatj2l
is no longer coupled to the probe, the susceptibility is

xsvpd ­
jm13j

2N
e0"

∑
Dvp 2 ig3

g
2
3 1 Dv2

p

∏
, (3)

whose imaginary part has the same form as Eq. (2), w
the correspondenceDvp $ Vcy2 andg2 $ g3.

The first correspondence is not surprising: The co
pling laser ac Stark splits the statej3l into a pair of
“dressed” states separated by the Rabi frequencyVc

[Fig. 1(b)] so that the probe, tuned near statej3l, is
detuned from the states of the dressed atomic sys
by Vcy2. The second correspondence is more sub
whereas one may have expected the upper-state linew

FIG. 1. Prototypical three-state system with lasers tuned n
resonance. (a) Statej1l is the “ground state,” statej2l is a
“metastable state,” and statej3l is a state with dipole-allowed
transitions toj1l and j2l. A strong coupling field tuned nea
the j2l ! j3l transition is applied and a probe field is tune
near thej1l ! j3l transition. (b) The coupling field is tuned
exactly onto thej2l ! j3l transition; the probe sees “dresse
states” j30l and j300l separated by the coupling Rabi fre
quencyVc.
© 1996 The American Physical Society 1035
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FIG. 2. IsotopeB with lasers tuned to resonance with th
transitions of isotopeA. (a) The fields are detuned from
the isotopeB transitions; the probe and coupling laser radi
frequencies arevp and vc, respectively, and the detuning
are Dvp andDvc (both shown positive). (b) For the corre
coupling field strength dressed statej300l moves into resonance
with the probe.

g3 to appear,g2 appears instead. As a consequence, si
g2 ø g3, the medium is far less absorbing—it has be
rendered “transparent.”

The susceptibility seen by isotopeB is now examined.
For lasers tuned to the transitions ofA, Dvp andDvc are
now nonzero, as shown in Fig. 2(a), and the transpare
is reduced. One can therefore discriminate between
atomic species based on this difference in transpare
It is in fact possible to carry this reasoning one st
further by renderingA transparent and simultaneous
renderingB maximally opaque. To see this, note that f
Vc ø 2

q
DvpsDvp 2 Dvcd, the denominator of Eq. (1

becomes very small and there is a resonant enhance
in the susceptibility. This result presupposes that
one-photon detuningDvp and the two-photon detunin
Dvp 2 Dvc have the same sign, but that is all.

The interpretation of this result is shown in Fig. 2(b
The probe laser is weak and the coupling laser is m
stronger, and the effect of the coupling laser on
upper statej3l as it is probed by the weak probe laser
considered. According to standard theory [10], appar
dressed states, shown asj30l and j300l, appear. AsVc

is increased, the two statesj30l and j300l move apart; for
the detunings shown in Fig. 2(a), statej30l moves up and
statej300l moves down. In the present situation, where
probe is tuned to the resonance transition of isotopeA, for
the correctVc, statej300l moves onto resonance with th
probe atvp and thus a condition of maximal interactio
between the atom and the field is realized.

In principle, this procedure can be used for any p
of isotopes, although practical considerations restrict
applicability. Atoms in typical media have inhomog
neously broadened transitions so that it is impossible
achieveDvp ­ Dvc ­ 0 for every atom of the trans
parent species. Denoting the inhomogeneous linew
(FWHM) of the j1l ! j2l transition byDvD2 and that of
the j1l ! j3l transition byDvD3, then the condition for
1036
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transparency is

jVcj2 ¿ maxf4g2g3, DvD2DvD3, sg3yg2dDv2
D2g . (4)

This condition restricts the candidate isotope detunin
jDvpj, jDvcj to exceed maxs2p

g2g3,
p

DvD2DvD3,
DvD2

p
g3yg2 d [9].

If either isotope exhibits hyperfine splitting, the analys
becomes more complex but the principle is unchange
One isotope is rendered transparent and, simultaneou
Vc is adjusted until, in the other isotope, a dressed st
is ac Stark shifted into resonance with the probe so tha
interacts strongly with the field.

Consider now two isotopes of gas-phase atomic lea
208Pb and207Pb. An energy-level diagram (not to scale) o
the isotopes following [11] is shown in Fig. 3. In208Pb,
statej3l is the upper state of the resonance transition, st
j1l is the ground state, and statej2l is a metastable state
since there are no opposite-parity states of lower ener
Conditions are assumed for which both thej1l ! j3l and
j1l ! j2l transitions are collisionally broadened and th
g2 , g3.

In 207Pb, statesj2l and j3l are split by a hyperfine
interaction. Both lasers are tuned onto resonance w
the 208Pb transitions, and their detunings from the207Pb
transitions are as indicated by the arrows in Fig. 3.

It is reasonable to expect that there exists someVc

(with respect to the208Pb j2l ! j3l transition) for which
some state in207Pb is ac Stark shifted into resonance wit
the probe field. To verify this, the imaginary (absorptive
part of the susceptibility for207Pb at the probe frequency
is calculated as a function ofVc. The results are shown
in Fig. 4. The parameters used in the calculations a
as reported in [5,12]; no Doppler broadening is include
in the calculation. There is an absorptive resonance
Vc ­ 0.45 cm21. Taking Doppler broadening into ac-
count (at a temperature of 800±C), the absorptive cross

FIG. 3. Energy level diagrams of208Pb and 207Pb (not
drawn to scale). Statesj1l, j2l, and j3l denote the states
6s26p2 3P0 (ground), 6s26p2 3P2 (metastable at10 650 cm21,
and 6s26p7s 3P1 (at 35 287 cm21), respectively. In 207Pb,
statesj2l and j3l are split by the hyperfine interaction and ar
separated from the unsplit208Pb states as shown.
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FIG. 4. Calculation of the imaginary (absorptive) portio
of the 207Pb susceptibility as a function ofVc. Both the
coupling and probe lasers are tuned onto resonance
the 208Pb transitions. Inhomogeneous broadening is not
cluded in the calculation. An absorptive resonance is see
Vc ­ 0.45 cm21.

section seen by the probe for this resonantVc in 207Pb and
208Pb is3.2 3 10213ycm2 and2.4 3 10217ycm2, respec-
tively, so that the ratio of the cross sections is1.3 3 104.

In order to place EIT enhanced isotope discriminati
in perspective, consider the simplest alternative discri
nation method: No coupling laser is used and the pro
laser is simply tuned onto resonance with the strong
207Pb resonance transitionsDvp ­ 20.344 cm21d; with
Doppler broadening taken into account as above,
absorption cross section for the probe is then4.4 3

10213 cm2. The absorption cross section due to208Pb
atoms is2.6 3 10216 cm2, so that the ratio in the cros
sections is1.7 3 103. This ratio is the figure of merit for
isotope discrimination, and it is approximately an order
magnitude higher in the EIT scheme.

The remainder of this Letter describes an experimen
demonstration using isotopically enriched atomic le
comprised of 99.97%208Pb and 0.030%207Pb [13].
The apparatus is described more fully elsewhere
and will be only briefly outlined here. The lead
contained in a 10 cm-long sealed quartz side-arm c
heated to in excess of 800±C to produce a lead densit
of 1 3 1015 atomsycm3. The 406 and 283 nm prob
and coupling lasers, which copropagate through the c
are produced by harmonic mixing from seeded, sing
longitudinal-mode pulsed Ti:sapphire lasers [14].

The probe and coupling beams have opposite cir
lar polarization and are focused into the center of t
cell with beam diameters (measured to the1ye points)
of 0.2 and 0.9 mm, respectively. The probe beam
centered on the spatially uniform central portion of t
larger coupling laser beam and remains centered for
length of the cell. The relative timing of the two lase
is adjusted so that the coupling laser enters the
before the probe and is present until after the pro
has left the cell. Fast photodetectors are connected
n
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a 5 3 109 sample/s Tektronix TDS 684A four-channe
real-time digital oscilloscope to simultaneously record t
probe and coupling laser pulse wave forms before (
beam splitters) and after they exit the cell. The oscil
scope wave forms are periodically transferred to a co
puter, where they are recorded. All data points sho
in this Letter are from individual pulses and are n
averaged.

The voltage signal of the coupling laser detector
calibrated to the coupling laser Rabi frequencysVcd by
fixing the coupling laser power and scanning the pro
laser frequency to determine the Autler-Townes splitti
of statej3l. For good frequency resolution this is done
a relatively optically thin cell. The probe laser intensi
is kept much lower than the saturation intensity of t
j1l ! j3l transition.

Figure 5 shows the probe transmission vsDvp with
Vc ­ 0. Because of the limited signal-to-noise ratio
the data inherent in this kind of pulsed-laser experime
an extra dip at 0.096 or20.344 cm21, indicating the
presence of207Pb, cannot be seen. From this plot, a
using thej1l ! j3l transition linewidth measured usin
the method described in [9], the208Pb atom density is
N ­ 1 3 1015 atomsycm3.

Figure 6 shows the result when the coupling laser
allowed into the cell; the probe transmission is plotted
a function of the peakVc (only shots where the coupling
laser peak occurs near the probe laser peak are retain
The absorption peak from207Pb shown in Fig. 4 appear
in the data atVc ø 0.41 cm21, close to its predicted
location.

The expected depth of the dip is the product of t
207Pb absorption cross section, the207Pb atom density,
and the cell length. For the conditions of this experime
this is 21. The plot shows a dip of approximately 0.5
which is in reasonable agreement given the pulse-to-pu
frequency, amplitude, and pointing jitter of the lasers.

FIG. 5. Probe transmission vs probe frequency in the c
containing 99.97% 208Pb and 0.03% 207Pb. There is no
indication of the presence of207Pb. The atom density is
1 3 1015 atomsycm3, determined as in Ref. [8].
1037
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FIG. 6. Probe transmission vs coupling laser Rabi frequen
with the probe tuned onto resonance with thej1l ! j3l
transition in208Pb. An absorption dip appears near its predict
location; the depth of the dip is 0.5, and it is within a factor o
2 of the predicted depth of21.

In conclusion, a new technique to discriminate betwe
atomic isotopes is proposed and demonstrated. T
technique, using two lasers, exploits EIT in one isoto
and ac Stark shifting in the other to provide significant
stronger discrimination signals compared to the sign
obtained with only one tuned laser. This is one examp
where EIT, by making a dominant species transpare
allows one to see a hidden species. While isoto
discrimination is the specific case discussed here, t
concept can be generalized to discriminate between
pair of species whose states are slightly displaced or s
with respect to each other.
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