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The observation of singly stimulated two-photon. emission from metastable deuterium
atoms is reported. A collimated beam of metastables is produced by charge exchange
between cesium vapor and 5-keV deuterons. A pulsed Nd-glass laser is used for the

0
stimulation. The generated 1378-A photons are detected at the exit slit of a spectrome-
ter. Single-photon counting techniques are employed. The results obtained are in good
agreement with theoretical calculations.

The purpose of this Letter is to report the observation of singly stimulated two-photon emission
from a metastable atomic state.

The most probable mode of decay of the unperturbed metastable 28 state of hydrogen is the spontane-
ous two-photon decay to the ground state with a decay time of 1jV sec. ' The experimentally established
lower limit' of the decay time is 1.6x10 ' sec. All other modes of spontaneous decay are orders of
magnitude slower. The direct observation of spontaneous two-photon emission from a 2$ metastable
state was first reported some five years ago for He II' and later for Ne IX.'

In the presence of intense electromagnetic radiation of an optical frequency ~~, a stimulated pro-
cess (which will be referred to as singly stimulated two-photon emission) becomes significant. In
this process, the metastable atom decays by emitting a photon identical to and in phase with the inci-
dent photon, and a second photon of frequency ~~=cd»-~»-~~ . The second photon is emitted sponta-
neously, and if the incident radiation is unpolarized, its angular distribution is given by 1+cos 9,
where 8 is the angle between the photon wave vectors k, and k. For hydrogen metastables (S&u, z—R&u»
=10.19 eV) and a Nd-glass laser (k&ub, =1.1V eV), the wavelength of the second photon is Xb =1373 A
(or K~, =9.03 eV) which is in the vacuum-ultraviolet range of the spectrum.

The differential cross section for the emission of the second photon k within the solid angle dQ-„ is
given by'
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where r, is the classical electron radius, m the
electron mass, and egz the photon polarization
vector. The symbol ryg g is an abbreviation for
the matrix element (1S~r~b) and the sum is over
all states of the atom. The presence of real in-
termediate states between the metastable and the
ground state is not necessary for the process to

occur. Their presence, however, may increase
the cross section if such levels are in near reso-
nance with the frequency of the incident photon.
If the resonance is exact (or, strictly speaking,
within the linewidth), the metastable will decay
via a cascade transition which is a succession of
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two single-photon decays' and not a two-photon
process in the sense used in this Letter. In the
present case, the only level between 2S and 1S
is the Lamb-shifted 2P,&, level whose energy is
far from resonance. Actually, the main contri-
bution to the cross section comes from the 3P
state which lies above the 28 and acts as a virtu-
al intermediate state.

The absence of real intermediate states pre-
sents the advantage that there is no competition
with single-photon transitions and, as a result,
one has an unambiguous two-photon process. Al-
so, since atomic states can shift substantially'
under the influence of strong laser fields, real
intermediate states may complicate the interpre-
tation of similar experiments in cases of near
resonance. These were among the several rea-
sons in favor of the use of deuterium in this ex-
periment. In addition, recent advances in the
production of D(2$) beams' and detection require-
ments in the vacuum uv made this choice almost
imperative. The simplicity of the hydrogen atom
and the availability of detailed calculations, ' on
the other hand, render the quantitative interpre-
tation of the experimental results much more
reliable.

The term "singly stimulated two-photon
emission" was introduced in order to distinguish
it from the "doubly stimulated two-photon emis-
sion. " In the latter process, two incident pho-
tons with frequencies ~, and v, adding up to ~,~-~„ induce the emission of two photons, each
of which is identical to, and in phase with, one
of the incident photons. This process, which is
proportional to the correlation function of the in-
cident radiation, offers an experimental tool for
the study of the effects of the eoherenee proper-
ties of radiation on two-photon processes. ' Simi-
lar effects have already been studied theoretical-
ly"'" as well as experimentally. "

The absence of real intermediate states and the
quantitative comparison with theoretical calcula-
tions constitute two of the most important differ-
ences between the present experiment and a simi-
lar one reported by Yatsiv, Rokni, and Barak. "
Also, both photons in Ref. 13 have optical fre-
quencies while here the second photon is in the
vacuum uv. It is felt that this is a significant dif-
ference in view of possible future applications of
these processes to the creation of coherent vac~~-

um-uv radiation. ""
A pulsed Nd-glass laser was used as an in-

tense light source. Assuming that the photon
beam is essentially parallel, and denoting by I,

its intensity measured in number of photons per
second, the number of uv photons emitted per la-
ser shot within a small solid angle LQk is

(2)

where N is the number of metastables per em' jn
the interaction area, f (cm) the length of the in-
teraction area along the laser beam, and t (sec)
the duration of the laser pulse.

Experimental procedures and results. —The
question of experimental observation of stimulat-
ed two-photon emission from hydrogenlike atoms
wa, s first discussed by Lipeles, Gampel, and
Noviek" and later by Abella, Lipeles, and Tolk."
They concluded that the experiment might be
more easily performed with He II metastables
rather than with hydrogen because of the larger
cross section and the possibility of focusing the
metastable-ion beam. However, after an unsuc-
cessful attempt to observe the effect, it became
clear to us that despite these advantages, the
He II experiment is at best marginal.

The observation of singly stimulated two-pho-
ton emission from deuterium atoms became fea-
sible with the discovery that the charge-exchange
reaction d+Cs-D(2$) +Cs+ has a. large cross
section for deuteron energies of several keV.""
This enabled us to construct a D(2$) source
which delivers a collimated beam with high cur-
rent densities.

A diagram of the apparatus used is shown in
Fig. 1. Deuterons are produced by an Ortec 320
rf ion source. After collimation, the 5-keV
beam passes through a heated copper cell con-
taining liquid cesium in equilibrium with its va-
por at 110 C. Deuterium was chosen rather than
hydrogen because of the higher cross section of
the Cs charge-exchange reaction at that energy. "

The flux of the D(2S) beam was measured with
a calibrated 1216-A monitor (Bendix Channeltron
—tube BX 762) utilizing Stark quenching in a, uni-
form dc electric field. In order to limit the
count rate, a collimator was mounted in front of
this detector. Thus only photons from a small,
accurately determined part of the beam were
registered. Typically 10% of the deuterons were
converted to metastables resulting in a D(2S)
beam with a density of 2 x10' metastable atoms
per cm' and a current equivalent to 20 p, A.

The beam of a 55-J pulsed Nd-glass laser was
focused onto the atomic beam. With the aid of
two reflectors (Al+MgF, coating, ref lectivity
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FIG. 1.. Schematic diagram of experimental arrangement.

peaked at 1360 A), the interaction area could be
ima, ged onto the 2-mm wide entrance slit of a 50-
cm Seya-Namioka vacuum uv spectrometer (dis-
persion 34 A per mm). A Channeltron with a
CsI-coated funnel served as the photon detector.
Single photons were counted with a quantum ef-
ficiency of 25%. Considering the efficiency of
the grating and accounting for its severe astig-
matism, ' fifteen 1373-A photons were expected
to be registered for 100 laser shots. This num-
ber, calculated from Eq. (2) with' dg jdQ =1.3
x 10 "(1+cos'8) cm', is accurate only within a
factor of 2, mainly due to the uncertainty in the
grating efficiency and the density of metastables.

Photons were counted during the 500- p, sec la-
ser pulse and, within seconds, the background
photons were registered during a time interval
of equal length. In this way, the influence of pos-
sible changes of the equipment performance on
the count rate was minimized. In order to as-
sure that the difference in the count rates ob-
tained in this fashion was indeed due to 1373-A
photons generated by singly stimulated two-pho-
ton emission, two types of control experiments
were performed: (a) The metastables were
quenched and the experiments described above
were repeated, and (b) the laser was fired after
the atom beam was interrupted.

To ascertain that the measured effect cannot
be observed in other wavelength regions, all ex-
periments were performed for different wave-
length settings of the grating. Due to the re-
quired large slit width, it was necessary to cov-
er the interval from 1290 to 1450 A.

Per 100 laser shots or control experiments,
respectively, the following number of counts
were registered (grating set at 1373 A): (a) laser
beam plus background, 128.7 + 3.7; (b) back-
ground only, 99+3.2; (c) metastables quenched":
laser beam plus background, 100+ 10; back-
ground only, 103+10; (d) laser only, no atomic
beam, 0+0. The difference in the count rates
from (a) and (b) decreased as expected when the
spectrometer was "detuned. " Below 1305 A and
above 1441 A, no difference could be detected.

Experiments (c) and (d) assured that neither
electrical pickup nor scattered photons from
either the laser or the flash lamps contributed to
the observed counts. A 1-mm thick CaF, filter
prevented the detection of scattered Lyman-e
photons. The results reported are based on over
2000 laser shots and an equal number of back-
ground control experiments. They were repro-
duced repeatedly over a period of several months.

Consequently, on the average 29.7+ 6.9 photons
of wavelength 1373 A have been detected per 100
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laser shots. In view of previously mentioned un-
certainties in equipment performance, this is in

good agreement with the 15 counts theoretically
predicted.

We are indebted to Dr. R. K. Mueller for his
continued interest in the course of this experi-
ment, to Professor B. L. Donnally and Dr. J. L.
McKibben for most useful discussions on the pro-
duction of metastable hydrogen atoms, and to
R. Hall who contributed greatly to the construc-
tion and operation of the apparatus.

We would like to thank Melissa Lambropoulos
for calling our attention to the work of Professor
B. L. Donnally on the cesium charge-exchange
reaction.
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The temperature dependence of the torque on a Rayleigh disk immersed in rotating he-
lium is explained qualitatively on the basis of superfluid dynamics. A heat-exchange
torque peculiar to two-fluid mechanics arises due to the disk being bathed in ambient
room-temperature radiation.

In the present note it will be shown that the ap-
parently paradoxical results obtained for the
torque on a Rayleigh disk immersed in rotating
helium by Pellam' are explainable on the basis of
heat torques due to ambient room-temperature
radiation.

Using Landau's equations of superfluid dynam-

ics, ' the torque on the Rayleigh disk is given by

v' = Jrx(7 dS), (I)

where the integral is taken over the surface of
the disk. r is the position vector of the surface
element dS and & is the momentum-flux-density

tensor given by

Pn Vn Vn + ~sVs Vs +P 1. (2)

The torque is quite difficult to calculate in de-
tail, but it is possib1. e to examine the contribu-
tions to it due to two separate effects. To do so,
we must realize the appropriate boundary condi-
tions for the flow. In the first place, we assume
that at the surface of the disk the normal fluid
behaves as a viscous fluid, whence the parallel
component of vn vanishes.

The condition on the mass current density at
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