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made with the rf wave traveling in the same di-
rection as the beam. For the data shown in the
figure, the solid curve represents a computer
least-squares fit of the experimental points by
a Lorentzian curve of variable amplitude, width,
baseline, and position. The results given in Ta-
bles I and II were, however, obtained from a
graphical analysis of the resonance curves.

The errors quoted are larger than the statisti-
cal errors in finding the peak centers; they arise
from errors in rf power leveling (especially ser
ious for n=4), uncertainties in profile shapes,
corrections due to motional Stark effect from an
uncanceled Earth's field, and with the exception
of results for 6560 A, errors in the Doppler
shifts arising from small uncertainties in beam
velocity. For 6560 A, however, this source of
error was avoided by taking measurements for
both directions of rf wave.

We have shown that the method of Fabjan and
Pipkin may be readily extended to measurements
of fine structures in electronically excited states
of ~He', and presented the first rf measurements
of such structures in n=6 and 7. Although the
precision of the results we have so far obtained
is not high enough to constitute a test of quantum
electrodynamic calculations for the Lamb shifts
measured, there seems no fundamental reason
why the measurements of Jacobs, Lea, and Lambs
for n = 4 and of Baumann and Eibofner for n = 5
cannot be improved upon by the present technique;
the possibility of using double quantum transi-
tions, as suggested recently by Kramer et al. '
could even eventually lead to an improved value
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for the fine-structure constant. Nonetheless, for
the higher values of n studied, the presence of
many closely spaced components makes precise
measurements of the fine-structure separations
rather difficult.

~For an up-to-date survey, see V. W. Hughes, in
Proceedings of the Third International Conference on
Atomic Physics, Colonrdo, 1972, edited by S.J. Smith
(Plenum, New York, 1973); N. M. Kroll, ibid
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TABLE II. Fine structures for n =6 of 4He+ measured
in the 6560-A transition.

Elastic and Inelastic Electron Scattering at 20 and 60 eV from Atomic Cup
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Normalized differential and integral electron-impact cross sections for elastic scatter-
ing and for the excitation of the Dsg~, D3/2, and J»g~ &g& levels of atomic copper have
been determined at 20 and 60 eV. An unexpectedly large cross section was found for the
excitation of the P3y2, qy2 levels, which at certain angular and energy ranges surpasses
the cross section for elastic scattering. The integral cross sections in units of 10 ~~

cm are elastic, 91.0 and 59.0; ~@5/~, 1.85 and 0.36; Dag2, 1.26 and 0.26; P3/~ &g~,

77.2 and 36.5, at 20 and 60 eV, respectively.

Besides a general interest in Cu in atomic phys- with Cu vapor lasers. ' ' We are not aware of
ics, a need for electron-impact scattering cross any experimental measurements on electron scat-
sections has developed recently in connection tering by atomic Cu. Here, we present normal-
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FIG. 1. Energy-loss spectrum of Cu at 20 eV impact
energy and 18 scattering angle.

10

ized differential and integral cross sections at
20- and 60-eV impact energies for elastic scat-
tering and for the excitation of the I' and 'D
states (upper and lower laser levels, respective-
ly, for the 5106-A and 5782-A lasers).

The angular distribution for elastic scattering
shows oscillations similar to those observed for
other heavy elements. It has been found that at
certain energy and angular ranges the cross sec-
tion for the unresolved 'I'Sim and 'P»2 excitations
is larger than that for elastic scattering (see
Figs. 1—3). An inelastic cross section of this
magnitude, particularly when considered rela-
tive to the elastic cross section, is quite unex-
pected and may be an important factor from the
point of view of laser applications. The cross
sections for the 'D», and 'D312 excitations are
very similar. They are both strongly forward
peaked and about an order of magnitude smaller
than those for the combined I' excitation. Pre-
vious estimations of the 'P and 'D excitations
based on semiclassical calculations differ sig-
nificantly from these results.

The measurements were carried out in a
crossed-beam configuration and with utilization
of an electron-impact spectrometer similar to
the one described earlier. ' An atomic Cu beam
was generated by the heating of a tantalum cru-
cible containing Cu by electron bombardment to
approximately 1250 C. The Cu vapor diffused
through a O. l-cm diam, 0.5-cm-long channel to
form the target beam. An energy-selected elec-
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FIG. 2. Differential cross sections for elastic scat-
tering, and for the excitation of the ( P3/g+ I' f/2),
D5/2 and D3/ 2 states at 20 eV . The el astic scattering

points below 10' are obtained by extrapolation.

tron beam (full width at half-maximum around 80
meV) crossed the Cu beam at right angles at
about 0.2 cm above the tip of the crucible. The
electron beam was monitored and trapped by a
Faraday cup.

The scattering intensities at fixed impact ener-
gy (8,) and scattering angle (9) were determined
as a function of energy loss (~) by the use of
pulse counting by multichannel-scaling techniques.
Energy-loss spectra were obtained by our super-
imposing several energy-loss scans with the aid
of the 1024-channel sealer. The impact-energy
scale is believed to be accurate to + 0.5 eV. The
angular resolution can be estimated as described
earlier' to be between 1.7 to 3.2 . A typical spec-
trum is shown in Fig. 1. The two components of
the '& transition are separated only by 0.031 eV
and are not resolved in the present measure-
ments. Double-scattering features similar to the
one observed by Hertel and Ross for potassium'
('P+'P) were not observed and therefore their
effects can be neglected compared with other er-
rors involved in the measurements.

Ratios of the inelastic-scattering intensities to
the elastic-scattering intensity were determined
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FIG. 3. Differential cross sections for elastic scat-
tering, and for the excitation of the ( &3/2+ &~/2),

D5/2, and D3/2 states at 60 eV. The elastic scattering
points below 10 are obtained by extrapolation.

for each spectrum in the range 10 to 140'. The
elastic-scattering angular dependence in the same
angular range was measured in a time short com-
pared to the instrumental drift. The measure-
ments were repeated several times until a reli-
able elastic-scattering distribution was obtained.
Data below 10 were not taken because of direct-
beam contribution. The elastic-scattering inten-
sities were converted to differential cross sec-
tions in arbitrary units with an effective scatter-

ing-path-length correction. The accurate deter-
mination or calibration of the effective path-
length correction is not feasible in the present
apparatus, but one determined in another appa-
ratus with similar scattering geometry was used.
The low-angle behavior of the inelastic cross
sections were determined down to 0' (no direct-
beam contribution). The actual 0' scattering an-
gle was determined by finding the point of sym-
metry in the 'P angular scattering distribution
around 0'.

The elastic differential cross sections were
extrapolated to 0' and to 180 and integrated to
obtain integral cross sections. These integral
elastic cross sections were normalized to the
integral elastic cross-section values calculated
by Winter and Cartwright. The intensity ratios
combined with the normalized elastic cross sec-
tions yielded normalized inelastic cross sections.
The details of this calculation and the justifica-
tion for the normalization procedure will be dis-
cussed elsewhere. ' Based on comparison of in-
tegral elastic cross sections obtained by this cal-
culational method to experimental data, in case
of potassium, we believe that the absolute value
of the normalized cross sections is accurate to
within + 50 and + 75% for 60 and 20 eV, respec-
tively. When more accurate calculations or ex-
perimental procedures become available, the
cross sections can be easily renormalized. The
relative values of the cross sections are estimat-
ed to be accurate to within + 20% on the basis of
a procedure described previously. A normaliza-
tion to the optical f value was employed by Her-
tel and Ross' for potassium. We found that this
procedure for the 'P excitation was not more
reliable than the one which we followed above
even though our measurements extend to lower
momentum-transfer values than those of Hertel
and Ross. The normalized 'P cross section when
plotted as a function of momentum transfer can,
however, be extrapolated reasonably well to the
optical f va, lue of 0.711 as given by Corliss. '

TABLE I. Summary of integral cross sections (in units of 10 '6

cm2) .

(eV) Elastic

Present Results
Momentum
transfer 2

+3/2 e & /2 5/2 3/2
2 2

Leonard
2
D5/2 &3/2

2

20
60

91.0
59.0

84.7
17.5

77.2
36.5

1.85 1.26 0.2 6.2
0.36 0.26 0.014 4.0
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Figures 2 and 3 show the results for 20- and 60-
eV impact energies, respectively.

The integral cross sections are summarized
in Table I. A more detailed description of the
results as well as cross sections at other impact
energies and for other electronic transitions will
be published later,

)This paper presents the results of one phase of re-
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California Institute of Technology, under Contract No.
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Observation of Stimulated Anti-Stokes Raman Scattering in Inverted Atomic Iodine*
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Nonresonant stimulated anti-Stokes Raman scattering from an inverted population in
atomic iodine has been observed. The population inversion was achieved by flash photol-
ysis of trjIfluoromethyliodide. A gain of e7 was measured for a laser probe pulse at the
anti-Stokes wavelength passing through the inverted iodine coincident with a laser pump
pulse. This result is in good agreement with theoretical predictions.

In the presence of intense electromagnetic ra-
diation of optical frequency ~„atoms in an ex-
cited metastable state of energy S~, can decay
through enhanced two-photon emission' and'anti-
Stokes Raman scattering. ' In the first process,
two photons are emitted with frequencies ~» and
co, =~0 —co». In the second process, the incident
photon is absorbed and simultaneously a photon
of energy ~, =~,+~» is emitted. If the intensity
at frequency ce, becomes sufficiently large, these
emission processes mill be stimulated. Reso-
nant stimulated anti-Stokes Raman scattering has
been observed by Sorokin et al. ' in potassium va-
por in which a population inversion between the
two 4'I' excited states was produced through ab-
sorption of laser light by atoms in the 4'S»~,
ground state. In this Letter we report the first
observation of nonresonant stimulated anti-Stokes
Raman scattering (ASRS) in a medium in which a
population inversion was produced by an incoher-
ent pumping source. An inversion between the
5'P3/2 ground state and the metastable 5'P», ex-
cited state of atomic iodine was achieved by flash

photolysis of trifluoromethyliodide (CF,I). The
ASRS was then observed by measuring the gain
at the anti-Stokes wavelength experienced by a
laser probe pulse as it passed through the invert-
ed iodine coincident with a 1.06-pm laser pump
pulse. Since the iodine metastable energy Iu. ,
=7604 cm ' was less than the incident photon en-
ergy Ic'»=9391 cm ', only the anti-Stokes Raman
decay process could occur. The possible use of
ASRS in iodine to produce frequency up-conver-
sion of high-power lasers was recently suggested
by Vinogradov and Yukov. 4

The experimental arrangement used is shown
in Fig. 1. The neodymium-doped yttrium alumi-
num garnet oscillator' was electro-optically Q
switched permitting reliable time synchroniza-
tion between the laser pulse and the flashlamp
discharge used to invert the iodine. The oscil-
lator produced a train of pulses each of 0.75-
nsec duration with a transform-limited band-
width of 0.020 cm '. The pulse duration was as
she rt as possible, consistent with the limit im-
posed by steady —state Raman scattering theory,
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