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A technique is described for high-resolution spectroscopy using resonance absorption
from a laser to monitor the time evolution of a coherently excited superposition of atomic
states. As a demonstration a measurement was made of the 8 P&yz hyperfine splitting in
sodium.

We have used resonant absorption to monitor
the time evolution of a coherent superposition of
atomic states, providing a measure of closely
spaced structure. A pulsed tunable dye laser
prepared a superposition of the two hyperfine
components of the sodium O'P, y, level. Modula-
tions at the hyperfine frequency in the transition
rate to a high n'S, y, level were observed as a
function of the delay of a second pulsed laser.

Both this method and quantum beat spectros-
copy (QBS),' 4 where the modulations of the co-
herent superposition state are observed in fluo-
rescent decay, eliminate the Doppler width as
a spectroscopic limit. In contrast to QBS, prob-
ing the modulations by resonant absorption al-
lows structure to be measured in levels whose
radiative decay is either difficult to observe or
improbable (as in metastable levels). Further-
more with short laser pulses, better resolution
can be achieved than that obtained in those QBS

fluorescence techniques which depend upon the
timing characteristics of photon detectors. This
method (using picosecond lasers) can have reso-
lution comparable to beam-foil spectroscopy, 4

while providing the additional feature of state-
selective laser excitation.

Figure 1 shows the relevant energy levels in
Na", where b w is the separation between the
E =2 and E =1 hyperfine components of the 3'P,g,
level. Here F (F = I +J) is the total angular mo-
mentum, I is the nuclear spin angular momentum
(I = 2), and J is the electronic angular momentum
(J =-,'). A laser pulse, tuned to the 3'S,I, -3'&,I,
transition with a duration At «2m/Am, will excite
a coherent superposition of the two hyperfine
components of the 3 +y/2 level. The bold sub-
levels in Fig. 1(a) illustrate the creation of a
coherent superposition state of the E =2,m~ =0
and E =1,m~ =0 sublevels by a right-hand-cir-
cularly-polarized (rhcp) laser pulse. This state
can be written as

g (t) =[ar 1,0) exp(-i&a, t)+br 2, 0) exp(-ice, t)] exp(- t/2v),

(2)

where@~, and@~, are the energies of the F =1 andE =2 levels, respectively, a and b are time-inde-
pendent constants, and r is the radiative lifetime of the 3sP,I, level (v'= 16 nsec').

It is convenient to transform to a product representation, iI,mz) i J,m~) [see Fig. 1(b)j. In this
representation the state in Eg. (1) can rewritten as

g(t) =[C Sin(~shout)r ~z, +&) r
s', —~s) + d COS(sb(ut)r s, —s) r s, +s) ] ezp[- —', i((O, +(O,) t] ezp(-t/2~),

where c and d are constants. The hyperfine coup-
ling is manifest in the coefficients of the product
wave function which oscillate with a character-
istic frequency of the hyperfine splitting. At
t =0, g(t) is entirely m~ =+s in character; at
t =~/b, &u it has evolved to be completely mz = ——,

'
in nature. These oscillations can be monitored
by resonant absorption of a short pulse of light
(4t && 2n/4&v) to a'still higher n'S, h level. This
is illustrated in Fig. 1(b) where the probe laser
is rhcp. The population of the n'81/2 level is a
measure of the m~ = —2 character of this inter-

N ~g ssA sin (st% t)8 (3)

where t is the delay time between the two laser
pulses. If the lasers have the opposite sense of

r mediate level. We have considered only a single
set of sublevels; for a complete analysis we
must consider all sublevels connected by the
successive excitations. For the case where both
the preparation and probe lasers have the same
sense of circular polarization the n'S, y, popula-
tion is
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FIG. 1. Energy level diagram for relevant levels in
sodium (a) as viewed in the !&,mz) representation and

(b) bold levels as viewed in the! I,ml)!Z, mz) product
representation.
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FIG. 2. Schematic diagram of experimental arrange-
ment. Also shown is the timing sequence of laser exci-
tation and electric field ionization.

circular polarization, the population is

N, pp
=A[ cso'(-'b. &ut)+-', je ' ' (4)

A schematic of the experimental apparatus is
shown in Fig. 2. The primary features of the
arrangement include two pulsed lasers with var-
iable delay time with respect to each other, an
atomic beam source, and a detector of the highly
excited Na atoms which uses electric field ioni-
zation. '

The two pulsed tunable dye lasers were pumped
by a common N, pulsed uv laser. Laser 1 was
tuned to the 3'S,g, - 3'P,y, transition in sodium at
5896 A. Laser 2 was tuned to 3 I'pic 20 S~g tran-
sition at 4135 A. Both lasers exhibited peak
powers of approximately 100 W, pulse widths of
2 nsec, and spectral widths of about 0.5 cm"'.
The low peak power of the lasers was the direct
result of making the laser cavities as long as
possible in an attempt to reduce the pulse width
of the lasers. The pulse width of the lasers was
the primary limitation on resolution.

The oscillation period was in the nanosecond
regime and a variable optical path length provid-
ed a convenient way of accurately delaying the
second laser pulse with respect to the first. The
delay line consisted of a laser collimator, a long
(7 ft) optical bench, and a "roof" prism. Delays
as long as 14 nsec were readily obtained, allow-
ing us to observe bvo cycles in the resonance
oscillations of the O'P, y, level. The collimator
served to maintain the image size as the delay
was changed.

The light from laser 2 was always rhcp, and
the light from laser 1 could be made either rhcp

or lhcp. The two nearly collinear laser beams
intersected the atomic beam between electric
field plates.

The Na atomic beam provided a density of 10'-
10"atoms/cm' in the interaction region. The
background pressure in the apparatus was 10 '
Torr. The number of atoms in the 20'Sy/g level
was measured by an ionization detector. Ap-
proximately 1 psec after the lasers excited the
20'S,g, level in a field-free region, a 4 kV/cm
electric field pulse was applied which ionized
all atoms in the 20'S,y, state, but none in the
O'P, y, state. The average number of ions for
about twenty laser yulses was monitored by a
channel electron multiplier followed by a gated
integrator.

The population of the 20'S,y, level was moni-
tored versus the delay of laser 2 with respect
to laser 1. Data for N„~, and+ppp were record-
ed for delays in 0.5-nsec steps. By taking the
ratio N, J'W,~p, errors due to variations in
photon flux, and atomic-beam flux were reduced.
From Ec(s. (3) and (4), for short laser pulses
(b, t«2s/tj, ~) the ratio is given by

N~, sin~&4w t
N, pp

~+cos'-,'&(d t '

Figure 3 Shows data from a typical run. The
error bar shown represents the limit of error
due primarily to fluctuations in the laser inten-
sity. The data were least-squares fitted with the

'above expression modified for the finite length
of the laser pulse. The total system response
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FIG. 8. Experimental results. The points plotted are
the ratios of signals for same sense to opposite sense
excitation versus delay between preparing and probing
laser. The smooth curve is the least squares fit to the
data (eee text).

function in this case is the convolution of the time
profile of the preparing laser with the profile of
the probe laser. Thus the population of the 20'S,~,
level in time is the convolution of this system
response function with Egs. (3) and (4) for the
cases of same and opposite polarization, respec-
tively. We modeled each of the laser pulses
with a square-shaped function. The value for the
hyperfine frequency for the 3'Pz(2 state in sodium
was found to be 190(5) MHz. This measurement
is in excellent agreement with previous experi-
mental determinations of this quantity.

We have shown the feasibility of measuring
closely spaced structure using resonant absorp-
tion from a coherent superposition state. Sodium
was studied for experimental convenience, and
the O'P, y, hfs was chosen because it was the sim-
plest structure to analyze. Although we used an
atomic beam, this experiment could easily have
been performed in a cell with comparable pre-
cision since the technique eliminates Doppler
broadening and leaves only the natural linewidth

as a spectroscopic limit.
In addition to its applications in atomic spec-

troscopy, this technique can be used to great
advantage in studying molecules because it does
not depend upon the observation of fluorescence.
This reduces problems encountered in molecular
levels with many possible channels of radiative
decay, and may allow investigation of systems
which decay nonradiatively. These are just some
examples of how the use of pulsed radiation to
probe the resonance oscillations of coherently
excited states can provide a means of measuring
structure in systems not amenable to other spec-
troscopic methods.
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