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Enhanced Isotope Discrimination Using Electromagnetically Induced Transparency
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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 rendered
transparent to a probe. Experimental results are shown in isotopically enriched atomic lead, where
0.03%2°Pb is clearly seen against a background®Pb. [S0031-9007(96)00813-7]

PACS numbers: 42.50.Gy, 31.30.Gs, 32.80.—t, 42.50.Hz

In this Letter, a new laser-based technique to discrimi{1) — |3) transitions are of higher energy. The suscepti-
nate between two isotopes of the same element is sudility seen by isotoped is examined first. As shown in
gested and experimentally demonstrated. Briefly, one ofFig. 1(a), the laser frequencies are chosen to be resonant
the isotopes is rendered highly opaque while the othefAw, = Aw. = 0) and (). is sufficiently large [9] that
is simultaneously rendered highly transparent, allowing dahe susceptibility is well approximated by
trace amount of one isotope to be detected against the luis PN 4y,
background of a far more prevalent isotope. The tech- X(p)A = —i——— ——-. 2
nique is demonstrated in isotopically enriched atomic lead cofi €]
comprised of 99.97%%Pb and 0.03%°’Pb, showing a When the coupling laser is omittdd). = 0) so that|2)
clear signal from?°’Pb against the large background of is no longer coupled to the probe, the susceptibility is

208pp, While the technique is demonstrated with photoab- 2 _

. . . . . . |,LL1%| N Awp 1y3
sorption, it can alternatively be combined with other iso- x(wp,) = - 5 5 5 3)
tope discrimination methods such as laser photoionization €0 vs + Awj

spectroscopy and resonance ionization spectroscopy [1].whose imaginary part has the same form as Eq. (2), with
This work follows from recent work studying electro- tpe correspondenckw, < Q./2 andy, < ys.

magnetically induced transparency (EIT) in atomic media The first correspondence is not surprising: The cou-

where a single species is rendered maximally transpareiling laser ac Stark splits the stafg) into a pair of

[2] and highly dispersive [3—6]. Certain analogies exist:gressed” states separated by the Rabi frequeficy

as well to recent work in nonlinear optics [7] and Iasers[pig_ 1(b)] so that the probe, tuned near std®®, is

without inversion [8]. _ _ detuned from the states of the dressed atomic system
The prototypical atomic system under consideration hagy Q./2. The second correspondence is more subtle;

three states [Fig. 1(a)]: a ground stte, an upper state \hereas one may have expected the upper-state linewidth
|3) (forming a dipole allowed transition with the ground

state), and an auxiliary statR). The homogeneous
FWHM linewidth of the|1) — |2) transition is2y, and
that of the|1) — |3) transition is2y;. Two fields are 13)
applied: a monochromatic “coupling” field given I&,. =
expliw 1) and a “probe” field given byE, = expliw,1). coupling
The coupling field is tuned near tH2) — |3) transition field
and has detunindw,. = w3 — w. and the probe field is 2)
tuned near th¢l) — |3) transition with detuninq\w, =
w31 — o, (Fig. 2). The expression for the susceptibility
seen by the probe is 1)
|M13|2N< Ao, ) (1)

eofi \AwrAds — |Qc[7/4)” (a) (b)

Wher?_ﬂw is the relevant n_1atrix elemgnt of the) — [3) FIG. 1. Prototypical three-state system with lasers tuned near
transition, 0. = uy3%./% is the Rabi frequency of the resonance. (a) Statd) is the “ground state,” stat{2) is a
coupling laser on thé2) — [3) transition (andu; is the  “metastable state,” and stal®) is a state with dipole-allowed

relevant matrix element)y is the atom densityA@, = t[]anlszigions| 3t>0I1> and|2). A st:pr:jg CO(;Jpling fki)eldf_ttfged near

_ ; ~ : the |2) — |3) transition is applied and a probe field is tune
(A.ﬁ’]’e ngvt)ct)e:h;l?/zdteangaAr]wée uﬁg)é)r;troé)?'b consider?€a" thel1) — [3) transition. (b) The coupling field is tuned
. - q s ) y - éxactly onto the|2) — |3) transition; the probe sees “dressed
ing two isotopes,A and B, exhibiting slightly differ-  states” |3’y and [3”) separated by the coupling Rabi fre-

ent spectra, so that in isotoge both the|2) — |3) and  quencyQ..

X(wp) =
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..... 13 transparency is
Amc{ 3 — }Aw 1Q* > maX{4y,ys, AwprAwps, (v3/y2)Awp,]. (4)
{/ ’ - |3) This condition restricts the candidate isotope detunings
o, [Aw,|,|[Aw.| to exceed maR./y273, VAwp,Awps,
2) Awpryy3/v2) [9]

If either isotope exhibits hyperfine splitting, the analysis
becomes more complex but the principle is unchanged:
One isotope is rendered transparent and, simultaneously,
Q. is adjusted until, in the other isotope, a dressed state

(a) (b) is ac Stark shifted into resonance with the probe so that it
interacts strongly with the field.
FIG. 2. IsotopeB with lasers tuned to resonance with the Consider now two isotopes of gag-phage atomic |ead,

transitions of isotopeA. (a) The fields are detuned from 20 207, _ ;
the isotopeB transitions; the probe and coupling laser radian "Pb and™Pb. An energy-level diagram (not to scale) of

frequencies arew, and w,, respectively, and the detunings the |Sot9pes following [11] is shown in Fig. 3. ﬁ?'Spb,

areAw, andAw, (both shown positive). (b) For the correct state|3) is the upper state of the resonance transition, state

coupling field strength dressed st43&) moves into resonance |1) is the ground state, and stdf® is a metastable state

with the probe. since there are no opposite-parity states of lower energy.

Conditions are assumed for which both {ig— [3) and

v3 to appeary, appears instead. As a consequence, sincl) — |2) transitions are collisionally broadened and that

v2 <K 73, the medium is far less absorbing—it has beeny, < ys;.

rendered “transparent.” In 207Pp, states|2) and |3) are split by a hyperfine
The susceptibility seen by isotofeis now examined. interaction. Both lasers are tuned onto resonance with

For lasers tuned to the transitionsAfAw, andAw. are  the 2°Pb transitions, and their detunings from tH&Pb

now nonzero, as shown in Fig. 2(a), and the transparendyansitions are as indicated by the arrows in Fig. 3.

is reduced. One can therefore discriminate between two It is reasonable to expect that there exists sdhe

atomic species based on this difference in transparencywith respect to thé®®Pb |2) — |3) transition) for which

It is in fact possible to carry this reasoning one stepsome state if°’Pb is ac Stark shifted into resonance with

further by renderingA transparent and simultaneously the probe field. To verify this, the imaginary (absorptive)

renderingB maximally opaque. To see this, note that for part of the susceptibility for°’Pb at the probe frequency

Q. = 2,/Aw,(Aw, — Aw,), the denominator of Eq. (1) is calculated as a function ¢2.. The results are shown

becomes very small and there is a resonant enhanceméft Fig- 4. The parameters used in the calculations are
in the susceptibility. This result presupposes that théS reported in [5,12]; no Doppler broadening is included
one-photon detuningw, and the two-photon detuning N the Calculay?n. There is an absorptlve_ resonance at
Aw, — Aw, have the same sign, but that is all. Q. =045cm . Taking Doppler broadenlng into ac-
The interpretation of this result is shown in Fig. 2(b). count (at a temperature of 800), the absorptive cross
The probe laser is weak and the coupling laser is much
stronger, and the effect of the coupling laser on the
upper statd3) as it is probed by the weak probe laser is 3y — F=15 " 0096 cm™
considered. According to standard theory [10], apparent 0344 om-!
dressed states, shown i) and |3”), appear. AsQ), F=05 —
is increased, the two stat¢®) and|3”) move apart; for
the detunings shown in Fig. 2(a), stas moves up and
state|3”) moves down. In the present situation, where the Fogs ¥ 0086 om”
probe is tuned to the resonance transition of isotbpier |2) — Fois p
the correct()., state|3”) moves onto resonance with the o f'°'123 om
probe atw, and thus a condition of maximal interaction Iy —
between the atom and the field is realized.
In principle, this procedure can be used for any pair
of isotopes, although practical considerations restrict its 208 oy Pb
applicability. Atoms in typical media have inhomoge-

neously broadened transitions so that it is impossible t&!G. 3. Energy level diagrams of°Pb and **Pb (not

; _ _ _ drawn to scale). Statefl), |2), and |3) denote the states
achle\:eAwp. Agc t'o fo;hevgrz atom of the ;[.rans.dtﬁszép“Po (ground), 6s%6p*3P, (metastable ai0650 cm™,

(FWHM) of the [1) — [2) transition byAwp, and that of  states|2) and |3) are split by the hyperfine interaction and are
the |1) — |3) transition byAwps, then the condition for separated from the unspft®Pb states as shown.

1

F=05 —

207
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3 o5 T T T T T a5 x 10° sample/s Tektronix TDS 684A four-channel,

& Lo real-time digital oscilloscope to simultaneously record the
z \( probe and coupling laser pulse wave forms before (via
3 00 1 beam splitters) and after they exit the cell. The oscillo-
e Lk 4 scope wave forms are periodically transferred to a com-
£ puter, where they are recorded. All data points shown
g s r ] in this Letter are from individual pulses and are not
g sob i averaged.

® The voltage signal of the coupling laser detector is
2 8T 7 calibrated to the coupling laser Rabi frequer(€y,) by

g .8.0 - L L s L fixing the coupling laser power and scanning the probe
s 03 0-35 0-4 0-45 05 0-55 0-8 laser frequency to determine the Autler-Townes splitting

-1
e (em ) of state|3). For good frequency resolution this is done in

FIG. 4. Calculation of the imaginary (absorptive) portion a relatively optically thin cell. The probe laser intensity

of the **Pb susceptibility as a function of).. Both the is kept much lower than the saturation intensity of the
coupling and probe lasers are tuned onto resonance W|tn>_, |3) transition.

the 2°%Pp transitions. Inhomogeneous broadening is not in- ‘. . .
cluded in the calculation. An absorptive resonance is seen at T19Uré 5 shows the probe transmission A&, with

Q. = 045 cm 1. . = 0. Because of the limited signal-to-noise ratio of
the data inherent in this kind of pulsed-laser experiment,
an extra dip at 0.096 or-0.344 cm™!, indicating the

section seen by the probe for this resor@ptin 2°Pb and  presence of°’Pb, cannot be seen. From this plot, and

208pp js3.2 X 10713 /cnm? and2.4 X 1077 /cn?, respec-  using the|l) — |3) transition linewidth measured using
tively, so that the ratio of the cross sectiond & X 10*. the method described in [9], th&3%Pb atom density is

In order to place EIT enhanced isotope discrimination¥V = 1 X 10'5 atomg'cn?.
in perspective, consider the simplest alternative discrimi- Figure 6 shows the result when the coupling laser is
nation method: No coupling laser is used and the probeallowed into the cell; the probe transmission is plotted as
laser is simply tuned onto resonance with the strongest function of the peakl. (only shots where the coupling
20/Pp resonance transitiow, = —0.344 cm™!); with  laser peak occurs near the probe laser peak are retained).
Doppler broadening taken into account as above, th&he absorption peak frorf®’Pb shown in Fig. 4 appears
absorption cross section for the probe is théd X in the data atQ). =~ 0.41 cm™!, close to its predicted
10713 cn?.  The absorption cross section due #Pb  location.
atoms is2.6 X 107'® cn?, so that the ratio in the cross  The expected depth of the dip is the product of the
sections isl.7 X 10°. This ratio is the figure of merit for 2°"Pb absorption cross section, tf&Pb atom density,
isotope discrimination, and it is approximately an order ofand the cell length. For the conditions of this experiment,
magnitude higher in the EIT scheme. this is —1. The plot shows a dip of approximately 0.5,

The remainder of this Letter describes an experimentalvhich is in reasonable agreement given the pulse-to-pulse
demonstration using isotopically enriched atomic leadrequency, amplitude, and pointing jitter of the lasers.
comprised of 99.97%%®Pb and 0.030%2°Pb [13].

The apparatus is described more fully elsewhere [5]

and will be only briefly outlined here. The lead is 1

contained in a 10 cm-long sealed quartz side-arm cell ‘

heated to in excess of 80Q to produce a lead density

of 1 X 10! atomgcm®. The 406 and 283 nm probe

and coupling lasers, which copropagate through the cell,

are produced by harmonic mixing from seeded, single-

longitudinal-mode pulsed Ti:sapphire lasers [14].

The probe and coupling beams have opposite circu-
lar polarization and are focused into the center of the
cell with beam diameters (measured to th& points)
of 0.2 and 0.9 mm, respectively. The probe beam is . . . . .
centered on the spatially uniform central portion of the 1.5 -1 -0.5 o 0.5 1 1.5
larger coupling laser beam and remains centered for the detuning (em™ ')
length of the cell. The relative timing of the two lasers o :

. . . IG. 5. Probe transmission vs probe frequency in the cell

is adjusted so that the coupling laser enters the ce ontaining 99.97%%%b and 0.03%%Pb. There is no

before the probe and is present until after the probgndication of the presence ofPb. The atom density is
has left the cell. Fast photodetectors are connected tbx 10'° atomg'cn?, determined as in Ref. [8].
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FIG. 6. Probe transmission vs coupling laser Rabi frequency
with the probe tuned onto resonance with the — |3)
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