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tion of the form (2l+ l)e 'I" was necessary. No
reason for this behavior was proffered and, sub-
sequently, Ponomarev' has suggested that such a
violent change in the initial l distribution, for
nearby elements, seems unnatural. From the
point of view of atomic dimensions, however,
this is precisely the expectation, since the atomic
diameters of Ti and Mn are 2.93 and 2.5 A, re-
spectively. Thus, we would expect a truncation
in l for the initial angular distribution in Mn

which would be reflected later in the cascade by
a diminished circular orbit population for Mn as
compared to Ti.

It may be possible to understand the reluctance
of mesons to be captured into large angular mo-
mentum states in metals with small internuclear
spacings on purely classical grounds. For a
kaon to be captured into a state of l = 100A by an
atom of radius 1 A requires the kaon to have a
minimum kinetic energy of - 50 eV. Thus, if the
kaon succeeds in escaping localization upon a
single atom until it has a lower energy than this,
capture into large-l states would be quite unlike-
ly. It should be pointed out that, even though
there are many uncertainties in the calculations,
several studies of the capture of slow negative
mesons'" have found that capture by a single
atom occurs at energies somewhat in excess of
this value.

It would certainly be beneficial to extend meson-
ic atom x-ray intensity measurements to other

targets and other incident projectiles (P, Z, etc.).
However, on the basis of the observations pre-
sented here, a study of the low-lying mesonic x-
ray intensities in manganese or zinc in several
of their crystalline forms should prove most in-
teresting.

It is a pleasure to thank Professor Wiegand for
a copy of his work before publication.
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Resonant Enhancement of Two-Photon Absorption in Sodium Vapor
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Resonant enhancement of over 7 orders of magnitude of the two-photon absorption
cross section is observed in sodium vapor. Two cw dye-laser beams of different fre-
quencies and propagating in opposite directions are utilized to generate high-resolution
spectra which allow the enhancement as well as destructive-interference effects of near-
ly resonant intermediate states to be clearly demonstrated.

Recently there have appeared a number of pa-
pers demonstrating high-resolution two-photon
spectroscopy in atomic vapors. ' Especially in-
teresting are the techniques which eliminate Dop-
pler broadening by causing the atoms to absorb
one photon from each of two beams of equal fre-
quency propagating in opposite directions. ' We
have utilized a generalization of the opposing-

beam technique to demonstrate resonant enhance-
ment of the two-photon absorption cross section
in sodium vapor. Our experiments were carried
out using. two single-mode, cw dye lasers oper-
ating at different frequencies. Large enhance-
ments of more than 7 orders of magnitude and
destructive-interference effects due to nearly
resonant intermediate states are clearly dernon-
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strated.
The basic theory of two-photon absorption was given by Goppert-Mayer in 1931, and since that time

there has been considerable work on the theory of two-photon absorption in both solids and gases. 4 In
the latter case calculations of two-photon photoionization predicted strong enhancement of the photo-
ionization cross section whenever a single photon energy approaches that of an allowed atomic transi-
tion. Destructive interference between the contributions from different intermediate states was also
predicted. From second-order perturbation theory one can calculate the absorption cross section of
an atom for light at frequency v, induced by light at v, . The atomic transitions correspond to the atom
absorbing one photon from each of the radiation fields. For linearly polarized light this induced-ab-
sorption cross section for transitions from the ground state g to the excited state f is given by

o(v, ) =1.15&&10 "~ Q„(f[z)n)(n[z[g)[(~„—&v, ) '+ (&„-@v,) ']('vp(v, + v, )I, cm',

where I, is the intensity in W/cm' of the radia-
tion field at vm, p(v~+ v, ) is the normalized line-
shape function for the transition, the matrix ele-
ments are expressed in Bohr radii, and the sum-
mation is carried out over all intermediate states
of energy &„, expressed in rydbergs. In our ex-
periments we observe the 3S-4D transitions in
sodium and the dominant intermediate states are
the 3P levels. The induced cross section for this
transition is approximately (5x10 '~)I2 cm2 when

&,~-hv, =0.1 cm '. This can easily be made
comparable to the single-photon absorption cross
section per atom (A.'/4m) of the strongly allowed
3S-3P resonance transition which is about 3x10""
cm'. Consequently it is not surprising that fluo-
rescence caused by two-photon absorption was
brightly visible in our experiments.

The basic experimental setup was straightfor-
ward. The light from two single-axial-mode,
cw dye lasers propagated in opposite directions
through a Pyrex cell containing sodium vapor.
The beams were focused to a minimum beam ra-
dius in the vapor of about 40 pm and typical laser
powers were 50 m%, so that maximum light in-
tensities were about 10 W/cm'. The vapor pres-
sure was on the order of 10 ' Torr. Two-photon
transitions to the 4D levels were monitored by
using a 1P28 photomultiplier to detect the 330-
nm fluorescence (4P-3$ transition) resulting
from the decay from the 4D levels.

In making an experimental run, one laser was
operated at a fixed frequency v, while the other
laser was operated at the frequency v, which was
electronically tuned across the two-photon tran-
sition. Because the frequencies of the two ab-
sorbed photons are not exactly equal, Doppler
effects are not totally eliminated and the absorp-
tion linewidths contain residual Doppler broaden-
ing. Nonetheless, for the conditions of our ex-
periments the observed linewidths (-60 MHz) are
much smaller than the Doppler width (-3.4 GHz)

and high-resolution spectra such as that shown
in Fig. 1 were obtained. Calculations show' that
the linewidth predicted for the conditions of Fig.
1 is 30 MHz; the experimentally observed line-
width (full width at half-maximum, FWHM) is 60
MHz. The increased linewidth is due to frequen-
cy jitter of the two lasers. The stability of the
fixed-frequency laser was + 35 MHz and that of
the scanned laser' was about +10 MHz. (Note
that for purposes of spectroscopy the 60-MHz
linewidth of our experiment corresponds to a 30-
MHz linewidth in the previous experiments" in
which both photons were of the same frequency. )
Averaging over seventeen curves like that of Fig.
1 we have measured the fine-structure splitting
of the 4D state to be 1027+16 MHz. This is in
good agreement with previous measurements. '

The residual Doppler effects make it impossi-
ble to be resonant simultaneously with all veloc-
ity groups of the Maxwellian thermal distribu-
tion. Consequently the use of two photons of un-
equal frequencies results in a decrease of exci-
tation efficiency. For the peaks of the lines, it
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FIG. 1. The excitation spectrum for two-photon ex-
citation of the 4D level with ~2 =5835 A. Proceeding in
the direction of higher frequency, the peaks correspond
to the following transitions: 3S(F= 2) —4D &12

M'(F = 2)
-4D~]q, BS(F= 1)-4D,lg, SS(F= 1) 4Dg], ~. The split-
tings 1.772 and 1.027 GHz correspond to the ground-
state hyperfine splitting and our measurement of the
4D fine-structure splitting, respectively.
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FIG. 2. Normalized two-photon transition rates for the 2S(E=2)—4D3» and 8S(E=2) -4D3/3 transitions as a
0

function of the wavelength of the fixed-frequency laser, X2. (Note that v~= v2 for X2 -—5787 A.) The points are ex-
perimental and the curves are theoretical. The inset shows the behavior in the region from 5885 to 5900 A with an
expanded horizontal axis.

can be shown that the fraction g of atoms which
can make two-photon transitions is given by'

3) =ye" erfc(y). (2

In the above, y= (ln2)' 'v, /[5&»o(v, —v, )], where
13v, is the energy of the 3S-4D transition (v, =1.036
x10'5 Hz), r is the natural lifetime of the excited
state (52 nsec), ' and hvn is the Doppler width of
the two-photon transition (- 3.4 GHz). Over the
tuning range used in our work g varied from 0.38
to 0.08. (The calculated linewidth varied from
30 to 100 MHz. )

To demonstrate resonant enhancement, a ser-
ies of runs giving curves like that of Fig. 1 were
carried out, each with a different A.„the wave-
length of the fixed-frequency laser. In Fig. 2 we
plot the normalized strengths of the 3S(E=2)
-4D,&, and 3S(E=2)-4D3&, transitions as a func-
tion of ~,. These normalized strengths were ob-
tained by dividing the peak line strengths of each
transition by the product of the incident laser
powers. [The strengths of the transitions from
the 3S(E=1) level to the two 4D levels are relat-
ed to the respective transitions from the 3S(E= 2)
level by 0.6 and display the same behavior. ) Re-
call that these lines are separated by much less
than the Doppler width and that they could not be

resolved without the use of the opposed-beam
technique. For the point at the 3P», resonance
care was taken to attenuate the laser powers so
that saturation effects such as line broadening
were not present. Attenuation of about 10 was
required. Saturation effects were not observed
at all other points. Both transitions show strong
dispersion as the laser frequency v, approaches
the frequency of the relevant 3P intermediate
states. For the 3S(E=2)-4D,I, transition only
the 3P3» state can act as an intermediate state
since the 3P,&, -4D,&, single-photon transition is
forbidden, while for the 3S(E=2) —4D3&, transi-
tion both the 3&sg2 and 3P,~, levels are intermedi-
ate states. The wavelength dependence of the two-
photon absorption cross section of the latter tran-
sition contains a sharp feature due to destructive
interference between the contributions of the two
intermediate levels for wavelengths lying be-
tween them. The cross section drops rapidly on
the long-wavelength side of the 3P», level and

0
has a minimum only 1.00 A from its maximum
at the 3P,I, level. The curves in Fig. 2 are the-
oretical curves calculated using Eqs. (1) and (2)
where the sum in Eq. (1) has been restricted
to the 3P levels. Except for an overall normal-
ization factor, there are no adjustable param-
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eters in this calculation. The relative amplitudes
of all matrix elements were determined using an-
gular momentum relations. The fit between ex-
periment and theory is very satisfying. The slight
discrepancy for the shortest wavelengths is due
to the frequency jitter of the lasers. In this wave-
length range the calculated absorption linewidth
is comparable to or smaller than the total jitter.

In addition to the sharp two-photon signals,
another feature was observed wheri the fixed-fre-
quency laser was tuned close to one of the inter-
mediate states. As the laser frequency v, was
scanned, this feature appeared at the frequency
corresponding to 3I'- 4D transitions and was a
broad resonance line with a width of about 1..9
GHz, the Doppler width for such transitions. Be-
cause the sum of the laser photon energies, hv,
+h v„ is not equal to the 3S-4D energy separa-
tion, we believe this signal;s due to a two-step
absorption process in which the first step in-
volves direct excitation of 38- 3I' transitions.
This excitation requires a phase-interrupting col-
lision simultaneous with the absorption of a pho-
ton, h v„ to satisfy energy conservation. The
second step consists of 3I'-40 transitions. We
are investigating this feature in more detail.

The large enhancements we have demonstrated
clearly have important impLications for potential
applications of two-photon transitions. Such ap-
plications include selective two-photon excita-
tion for isotope separation and the generation of
sum and difference frequencies via three-wave
mixing.

We are pleased to acknowledge helpful discus-
sions with M. D. Levenson of Harvard University
and with A. Kiel, K. R. German, and J. P. Gor-
don of Bell Laboratories.
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It is suggested that the theory of molecular vibrations, currently based on the harmonic
oscillator potential, should be reformulated in terms of the potential V =K((x —x )/x)2.
The proposed potential is shown to possess numerous advantages, including an improved
physical form, superior eigenfunctions and eigenvalues, the ability to include rotation
analytically, and a set of continuum wave functions. The standard classical vibrational
analyses are retained.

The harmonic-oscillator potential,

V„o= (K/2)[(x —x,)/x, ]',

where x is a generalized coordinate with an equi-

librium value of x, , is widely used in the study
of vibrations; indeed, this potential is so firmly
entrenched that alternative analyses are rarely
employed. Thus we find that the theory of molec-

131


