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each wave since the selection rule 2m~=0 for-
bids the absorption of two cr' or two 0 photons. '

Qne sees that the experimental signal is equal to
zero outside the frequency range of the two peaks.
The Doppler background disappears by using this
polarization configuration. We have performed
another test by removing the mirror and observ-
ing that the signal disappears since the atom can-
not absorb two photons of a a' traveling wave.

These experiments present evidence that we
can eliminate Doppler broadening by two-photon
transitions. Nevertheless, because of the rela-
tively large spectral bandwidth of our laser, we

are not yet able to attain the ultimate precision
inherent in this method.

An improvement of our laser stability will per-
mit a comparison between this method and other
methods of spectroscopy without Doppler broad-
ening.
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The %'-5~ transition of Na atoms is induced by absorption of two photons, one each
from two circularly polarized beams traveling in opposite directions through the vapor.
The beams are derived froxn a tunable, narrow-band pulsed dye laser. Doppler broaden-
ing is absent and the hyperfine structure is resolved. The hyperfine interaction constant
A5& in the 5S state of the Na2 atom is determined to be 101+15 MHz.

Several authors' ' have recently called atten-
tion to the predicted absence of Doppler broaden-
ing in two-photon absorption processes, if the
two photons have equal and opposite momenta.
In this note we report the experimental observa-
tion of this effect for the 3S-5$ transition in Na
vapor. The novel technique permits high- resolu-
tion optical spectroscopy of many highly excited
states, with energies up to twice the laser fre-
quency, in atomic and molecular spectra. It
complements and extends the high-resolution
"Lamb-dip" techniques, based on saturation of
one-photon transitions. '

Two-photon absorption may be described phe-
nomenologically by the imaginary part of a non-
linear susceptibility, iaaf'~". This nonlinearity is
relatively large in the alkali-metal vapors, and
a variety of other related nonlinear optical pro-
cesses, such as third-harmonic generation and
frequency mixing, have recently been report-
ed. ' The thrust of those investigations was di-
rected toward ultraviolet generation, infrared
detection, or other nonlinear optical devices.
This note links the nonlinear optical properties

of alkali vapors to high-resolution spectroscopy.
Since the precise value of the two-photon absorp-
tion cross section is not of primary present in-
terest, a rough evaluation of the expected magni-
tude of the effect should suffice. Tabulated val-
ues of the matrix elements' and standard expres-
sions for the two-photon absorption cross section
indicated that under the experimental conditions
described below about 1:10'of the incident beam
intensity would be absorbed by two-photon pro-
cesses in the cell. The occurrence of these
events is most conveniently detected by subse-
quent fluorescence radiation from the excited Na
atoms. A cross section of this magnitude should
provide an ample signal-to-noise ratio. This
type of experiment has become feasible because
of the availability of pulsed high-power, narrow-
band, tunable dye lasers.

If the laser frequency is tuned so that 2S~ cor-
responds to the separation of two energy levels
with the same parity, each atom in the gas, re-
gardless of its thermal velocity, is at resonance
for the two-photon absorption process in which
one photon is taken from each of two counter-
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propagating beams. The linear Doppler shift for
the absorption of a photon from one beam is ex-
actly compensated by the opposite linear Doppler
shift for photons from the other beam. In gener-
al, this narrow resonance, without inhomoge-
neous Doppler broadening, is superimposed on
a Doppler-broadened background, in which two

quanta are absorbed from a beam moving in one
direction. '

In our experiment this background was elim-
inated by using circularly polarized light beams.
For an $-to-$ transition we obviously have the
selection rule 6m=0. Absorption of the two pho-
tons from one circularly polarized light beam
could occur only for ~=*2 transitions. Thus
the two oppositely moving light beams must be
given opposite helicities with respect to a fixed
laboratory frame to allow Am=0 two-photon tran-
sitions. The two counterpropagating beams are
both circularly polarized in the same sense, be-
cause convention defines sense with respect to
the direction of propagation. If the light beams
moving in opposite directions had slightly differ-
ent frequencies, (d, and co„respectively, the
Doppler -broadened background could also be
eliminated by having h(&u, + &u,) fulfill the reso-
nance condition, while 2~, and 2~, fall outside
the Doppler profile.

Since S~+E~-E~ is large compared to the
multiplet splitting of the 3P state, and the same
holds true for all other virtual intermediate
states (4P, etc. ) in our experiments, the effect
of spin-orbit coupling on the two-photon transi-
tion is negligible in first approximation. Since
the electric dipole matrix elements themselves
do not change the electron and nuclear spin states,
it may be concluded that the induced transitions
obey the selection rule AF =0. No changes or
projections of the spin-state configurations oc-
cur. The allowed two-photon transitions form a
hyperfine doublet. From the I = 2, 3$ state we
can only reach the I =2, 5$ states, and similar-
ly I =1. Because of the statistical weight, the
doublet components should have the intensity ra-
tio 5:3.

The two-photon absorption cross section could
be considerably enhanced by choosing two differ-
ent frequencies for the two counterpropagating
light beams. If ~, is chosen close to the reso-
nant frequency of the 3$-3P transition, a large
increase in the two-photon absorption cross sec-
tion mould be observable in addition to a break-
down of the ~ selection rule.

Figure 1 depicts the experimental apparatus.
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A Molectron UV-1000 nitrogen laser pumps a
modified H5nsch-type dye laser. " One reflector
in the dye-laser cavity is a grating which limits
the width of the output spectrum to roughly 0.5
cm ' near A. =602.23 nm, corresponding to half
the energy separation of the 3$ and 5$ levels.
Within the cavity is a high-finesse plane Fabry-
Perot etalon with a 5.00-cm plate spacing. This
etalon allows the laser to oscillate in a number
of bands of width 80 MHz separated by the 3000-
MHz free spectral range of the interferometer.
As the etalon is rotated, the frequencies of these
modes move through the gain band permitted by
the grating.

The 2.4-k%, 3-nsec length dye-laser pulses
are focused by a 15-cm-focal-length lens into
the sodium. -vapor sample. A quarter-wave plate
is placed between the laser and sodium cell to
convert the incident radiation to circular polar-
ization. The transmitted beam is collimated and
passed through a second X/4 plate placed before
the mirror which reflects the beam back into the
vapor cell. This second A. /4 plate a.ssures that
both counterpropagating beams have the same
sense of circular polarization. No signal is ob-
served if it is omitted.

The spontaneous emission radiated at 330 nm

by the 4p-3$ transition following the excitation
of the 5S level is detected by an EMI 9"l50Q pho-
tomultiplier. Sodium pressures of roughly 5
mTorr are required for adequate signal levels.
Colored-glass filters reject extraneous long-
wavelength radiation.

FIG. I. Schematic diagram of the experimental appa-
ratus used to detect two-photon absorption without Dopp-
ler broadening. The curved arrow represents the di-
rection of rotation of the Fabry-Perot etalon. The pho-
tomultipliers employed as light detectors are labeled
PMT. Feedback of the reflected pulse into the laser
cavity was avoided by providing sufficient optical delay.
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To scan over the resonance, the etalon within
the dye-laser cavity is rotated about a vertical
axis. A dual-channel boxcar integrator averages
the height of the pulses produced by the photo-
multiplier monitoring the sodium fluorescence
and also the heights of the pulses produced by a
detector monitoring the incident laser power.
A network of operational amplifiers divides the
average intensity of the fluorescence by the
square of the average laser intensity, and the re-
sult is plotted as a function of the etalon angle.

Whenever the sum of the frequency of two eta-
lon modes equals the frequency of a sodium tran-
sition, the fluorescence increases dramatically.
After the etalon modes shift by an amount equal
to half of the free spectral range, another pair
will come into resonance and the spectrum re-
peats. This effect permits a calibration of the
frequency scale in terms of the accurately known

plate separation. The resulting frequency scale
is not linear but displays the familiar Av ~(an-
gle)' dependence seen in photographic Fabry-
Perot spectra.

The experimental fluorescence signals in Fig.
2(b} show the resolved hyperfine doublet with an
intensity ratio of 5:3. The width of 220 MHz of
the components corresponds to the attained laser
frequency stability, which could be improved fur-
ther. For comparison the observed Doppler-
broadened line profile is shown in Fig. 2(a),
when only one light beam with linear polarization
is used. The resolved doublet splitting is

b v = 2 (b vhf,
' —Avhf, '~} = 784+ 15 MHE.

Since the hvhf =1772 MHz, we obtain for the
hyperf inc interaction constant

A5 s &b vhf,
' = 102 a 15 MHz.

This value is in fair agreement with extrapola-
tions of recent experimental data for the hyper-
fine splitting in excited $ states of alkali atoms
obtained by cascade rf spectroscopy' and with
theoretical calculations of S-state wave func-
tions. "

The data presented here should be considered
only as an early example of high-resolution two-
photon absorption spectroscopy. The extension
to other high-lying 5 and D states is obvious.
Numerous variations suggest themselves, includ-
ing the application of an external magnetic fieM
and variations of the frequencies and states of
polarizations of the two light beams. In partic-
ular, two-photon optical-pumping techniques
could be used in conjunction with applied rf and
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FEG. 2. (a) Doppler profile of the two-photon absorp-
tion of the sodium 8&-58 transition from one beam with
linear polarization. (b) Resolved hyperfine splitting of
the same transition with two counterpropagating circu-
larly polarized beams. The nonlinear horizontal fre-
quency scale is characteristic of tilt tuning of the Fa-
bry-Perot interferometer.

microwave fields, to probe the interactions in
highly excited states close to the ionization limit.

The authors wish to thank Dr. T. %. HKnsch
and Dr. V. S. I,etokhov for stimulating lectures
and discussions.

Note added. —The following references were
brought to our attention after submission of this
paper: B. Cagnac, G. Grynberg, and F. Biraben,
J. Phys. (Paris) 34, 56 (1973), and Phys. Rev.
Lett. 32, 643 (1974) (preceding Letter); and
D. Pritchard, J. Apt, and T. %. Ducas, Phys.
Rev. Lett. 32, 641 (1974) (second preceding Let-
ter). We have also made a more accurate exper-
imental determination for the hyperfine splitting.
The new values are Av =808+ 5 MHz correspond-
ing to a hyperfine interaction constant A» = 78
+ 5 MHz.
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Using coincidence techniques, we have measured the cross section for capture of elec-
trons from the E shell of argon atoms by protons in the energy range from 2,5 to 12 NeV.
Of the total cross section for electron capture, the contribution of capture from the ar-
gon E. shell increases with proton energy from 0.5% at 2.5 NeV to 47% at 12 NeV. The
contribution of electron capture to the total argon A-shell ionization cross section de-
creases from 0.4% at 2.5 MeV to less than 0.1% at 12 MeV.

Cross sections that have been measured in nu-
merous experiments for the production of inner-
shell vacancies in target atoms by energetic pro-
tons are found to be in good agreement with the-
oretical results calculated using direct ioniza-
tion processes. ' However, the transfer to the
projectile of target inner-shell electrons in atom-
ic collisions is an additional process that may
contribute to the vacancy-production cross sec-
tion determined experimentally. In fact, for high-
er-Z projectiles, elementary considerations' in-
dicate that the two processes may be comparable
in magnitude and that the latter process may ac-
count for charge-dependent trends recently ob-
served in heavy-ion vacancy-production cross
sections. ~ In the present work we report a mea-
surement of the cross section for capture of elec-
trons from a specific shell of a heavy target. Us-
ing coincidence techniques, the cross section
(ac~) for electron capture of argon K-shell elec-
trons has been determined for 2.5- to 12-MeV
protons. This cross section for argon E-shell
ionization by electron capture makes a small con-
tribution to the total argon A -shell ionization
cross section, and the contribution decreases
monotonically with energy from 0.4% at 2. 5 MeV
to 0.06% at 12 MeV.

As a function of proton energy, experimental
cross sections are shown in Fig. 1 for the pro-

duction of vacancies in the argon K shell (a«), '
and for total electron capture (acr). ' Experimen-
tal values of o«determined in this experiment
are given by the closed circles in the figure. The
theoretical contributions to ac~ by specific shell
for the capture of K, L, and M electrons of ar-
gon were calculated using the Brinkman-Kramers
approximation by Nikolaev. ' Although the exper-
imental cross sections for capture of argon K-
shell electrons are greater in magnitude than the
ealcul3ted values by up to a factor of 2, the en-
ergy dependence of the cross section accurately
follows the prediction from the Brinkman-Kra-
mers approximation. In addition, of the total
capture cross section, the fraction from E-shell
capture determined in this experiment ranges
from 0. 5% at 2. 5 MeV to 47% at 12 MeV and is
only slightly in excess of the contribution of a«
to 0&& calculated from the theoretical results.

The problem of electron capture by swift pro-
tons has been studied extensively by many work-
ers and theoretical results for capture from the
ground state of hydrogen, calculated in the Born
approximation, are in agreement with experiment
at energies above 100 keV. ' With heavier targets,
theoretical calculations have not been made in
the full Born approximation, but comparison of
experimental cross sections has been made with
results obtained using the Brinkman-Kramers


