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Observation of Radiative Collisional Fluorescence
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We report the observation of spontaneous radiative emission during the collision of two
excited Ba atoms. The emission occurs at the sum energy of the excited atoms and is the
emission analog of the laser-induced inelastic collision process. We measure a collision
cross section for deexcitation by spontaneous radiative emission of 2.6&&10 cm .

We report the observation of a spontaneous ra-
diative deexcitation process, in which, during the
collision of two excited atoms, a photon is spon-
taneously emitted at their sum energy. The proc-
ess is the emission analog of a collisional absorp-
tive process, observed some time ago in the in-
frared, ' where during a collision a single photon
causes the simultaneous excitation of two molec-
ular species, causing one species to make an al-
lowed transition, and the other a nonallowed tran-
sition.

More recently, the absorptive process has been
termed a pair excitation, ' and has been studied
theoretically as a special case of the laser-in-
duced inelastic collision processes. ' ' Although
laser-induced collisions have been observed in
absorption, ""we believe that this is the first
report of such processes observed in spontaneous
emls sion.

We study the process

Ba(6p iP, )+Ba(5d D2)

-2 Ba,(6s' '80)+ Su&(3394 A),

where the fluorescence occurs at the sum energy
of the two excited Ba atoms. Physically (and
mathematically), the process may be viewed as
a virtual collision, followed by a real emission.
During the collision of a Ba 6p 'P, ' atom with a
Ba 5d 'D, atom the dipole-dipole coupling causes
the two atoms to make transitions to ground and
to a virtual level at 29455 cm ' (with 6P' 'P, '
character), respectively (Fig. l). While in this
virtual level, the 6p' 'P, -like atom may spon-
taneously emit a photon, thus resulting in the de-
excitation of both atoms.

Pumping of the Ba 6p 'P, and 5d 'D, levels was
obtained by two-photon excitation at x = 6614 A
of the Ba 6p 'D, level (all wavelengths are given
in air), followed by cascade radiative decay. The
second harmonic of a Q-switched Nd-doped yt-
trium aluminum garnet laser was used to pump a
cresyl violet dye-laser oscillator amplifier to
obtain 0.8 mJ in an approximately 7-nsec-long
pulse at 6614 A. The pumping radiation was fo-
cused to an area of 3.3&&10 ' cm' over 0.50 cm
in the Ba heat-pipe-type cell. The cell was oper-
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FIG. 1. Pertinent Ba levels for observation of radia-
tive collisional fluorescence. A Ba atom in the @ 'P&'

state collides with a Ba atom in the 5d 'D2 state, caus-
ing the emission of a photon at the sum energy (3394 A}
and the simultaneous deexcitation of both atoms.

ated at 900'C providing a Ba vapor density of
about 1.0X 10" atoms/cm', as determined by the
resonance-line curve-of -growth method. A12

noble buffer gas (either argon or xenon) was
used to prevent Ba-vapor condensation on the
cold cell windows.

The population in the Ba 6p 'P, storage level
was determined by using a Chromatix flashlamp-
pumped dye laser to saturate the Ba 6p 'P, —
6p' 'S, transition followed by measurement of the
resulting Ba 6p' 'S,-6p 'P, ' fluorescence. The Ba
5d 'D, population was measured by saturating the
Ba 5d'D, -6P' 'P, transition and observing Ba

6p''P, -6s"S, fluorescence. These measure-
ments indicated storage densities of 2.6& 10'4
atoms/cm' and 5.3&& 10"atoms/cm' for the 6p 'P, '
and 5d'D, levels, respectively. By varying the
delay between the 6614-A two-photon pump pulse
and the probing pulse the effective lifetime of
each of the Ba-storage levels was determined to
be approximately 400+ 100 nsec.

The detection system consisted of a 1-m spec-
O

trometer with a resolution of about 0.5 A, a pho-
tomultiplier, a fast preamplifier, a pulse-height
discriminator, a coincidence gate, and a counter.
Typically, on line center, 230 signal counts (to-
tal counts minus background counts) were regis-
tered per 30-sec counting interval. The ratio of
the signal to the standard deviation of the back-
ground was about 20.

Figure 2 shows the relative magnitude of the
radiative spontaneous emission for the process
of Eq. (1) as a function of wavelength. The scan
covers the range between the two tabulated Ba
lines at 3377.4 and 3413.8 A." These real Ba
lines serve as a convenient wavelength calibra-
tion and illustrate the characteristic difference
between the radiative collisional line shape at
3394 A and the real emission lines. The plot of
Fig. 2 was taken with 10 Torr of argon buffer
gas. Other scans were run with 600 Torr of ar-
gon and 600 Torr of xenon. For high buffer-gas
pressures the magnitudes of the real Ba lines de-
creased greatly, perhaps due to foreign-gas
quenching; whereas the collisional emission had
approximately constant magnitude and width. "

Spontaneous radiative emission was also ob-
served by two-photon pumping the Ba 7d 'D, state
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FIG 2. Magnitu. de of the spontaneous radiative emission at 3394 A with 10 Torr of argon buffer gas. Two tabu-
lated Ba transitions at 3377.4 and 3413.8 A serve as a convenient wavelength calibration and illustrate the charac-
teristic difference between the line shape of a radiative collisional emission and the fluorescence from a real line.

O

The scan has not been corrected for the 0.5-A (-4-cm 1) spectrometer resolution.

1710



VOLUME 41, NUMBER 25 PHYSICAL RKVIKW LKTTKRS 18 DECEMBER 1978

followed by radiative decay into the same storage
states. The peak wavelength, and width of the
emission, remained unchanged. As in Fig. 2 no
unexplained emissions were observed, although
the relative magnitudes of the real Ba lines were
changed.

The collisional fluorescence of Fig. 2 has a
maximum at the predicted (R = ~) wavelength of
3394 A and a half-power linewidth of about 20
cm '. An approximate calculation indicates that
the resonant dipole-dipole interaction C,/R',
with C, = 1.3& 10 " erg cm', is the dominant
term in the interaction energy. This interaction
results in an orientationally dependent, symmet-
ric splitting of the interaction potentials"; which
in turn implies an approximately symmetric line
shape for the radiative collisional fluorescence.
If additional C,/R' terms are included, an asym-
metric tail is predicted.

The magnitude of the cross section for colli-
sional deexcitation by spontaneous emission 0,
was determined by measuring the total number
of photons (integrated over the emission band-
width) at 3394 A and using, for the number of de-
tected photons,

N(Ba 6P 'P, ')N(Ba 5d 'D2)q, V7'b, Vq,

where V is the average velocity, ~V is the effec-
tive radiating volume, g is the ratio of detected
to generated photons, and ~ is the effective radi-
ating time of the media. For a typical 30-sec
counting interval, the integrated signal count rate
was 1465 counts. As described above, the excit-
ed Ba densities were measured by optical probing
and were N(Ba 6p 'P, ) = 2.6x 10"atoms/cm' and
N(Ba 5d'D, ) = 5.3x10'~ atoms/cm'; 7 =4.3x 104

cm/sec, b, V=- 1.7x 10 ' cm', q =9.4x 10 ', and z
= 10 pulses/secx 30 secx 200 nsec/pulse = 6.0
x 10 ' sec. (Each storage state decays in ™200
nsec. ) We thereby obtain a velocity averaged col-
lision cross section of 0', =—2.6~ 10 cm, with
an overall experimental uncertainty of approxi-
mately a factor of 5.

One may relate the measured cross section for
deexcitation by spontaneous emission, and meas-
ured line shape, to two other quantities of inter-
est. The first of these is the cross section for
stimulated deexcitation of the Ba levels due to in-
tense laser radiation applied near X = 3394 A.
This cross section, also termed the cross sec-
tion for laser-induced or -switched collision, is
a function of the applied laser frequency, and for

deexcitation at line center is approximately

1 1m'' P
&c =

~ C's
A v' 6co

(2)

where 5~ is the (approximate) full-width-half-
power linewidth. Using 0, =2.6& 10 "cm' and
6~ = 3.8x 10" rad/sec, we infer v, = 3.4x 10 '4

x P(W)/A(cm') cm'. This agrees well with a cal-
culated value of c,= 1.9x10 "P(W)/A(cm') cm'
and is of the same order of magnitude as previ-
ously measured cross sections for laser-induced
collision. We see that an incident laser power
density, for this system, must exceed about 2

x 10 W/cm' for the stimulated collisional deex-
citation to exceed the spontaneous deexcitation.
It should be noted that both 0, and 0, are en-
hanced by the presence of the relatively nearby
6p' 'P, ' level. '

The other quantity of interest which may be ob-
tained from the measured values of o, and 5+ is
the absorption coefficient for the inverse pair-
absorption process, or the gain coefficient for a
system where the product of excited state densi-
ties exceeds the product of the ground-state den-
sities. The absorption (or gain) coefficient may
be written

N(A)N(a)
~'&(o g(AQ(&)

—N(A" )N(B")), (3)

~J. P. Golpa, in Physics of High Pressures and the
Condensed Phase, edited by A van Itterbeek (North-

where N(A), N(B) and N(A*), N(B*) are the appro-
priate ground- and excited-state storage densi-
ties, respectively, andg(A), etc. , are the corre-
sponding degeneracies. For the Ba system stud-
ied here, for pair absorption, a =1.3x10 "N(Ba
6s"S,)N(Ba 6s''S, ) cm '. For absorption of sev-
eral percent per centimeter, densities of about
2x 10"atoms/cm' are necessary. "

The results of this experiment may have appli-
cation to the construction of low-gain, high-ener-
gy storage laser media and to spectroscopic stud-
ies of the interaction potentials of colliding atoms.
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Nuclear "Time-Delay" and X-Ray-Proton Coincidences near
a Nuclear Scattering Resonance
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The probability for production of &-shell x rays by protons elastically scattered from
Ni is observed to change as one varies the proton energy over the s&~~ nuclear resonance

at E& = 3.151 MeV. The results are interpreted theoretically in terms of interfering pro-
ducts of atomic ionization and energy-dependent nuclear scattering amplitudes.

We present experimental evidence for a change
in the probability for production of K-shell z
rays by protons elastically scattered to a definite
angle 0 as one varies the incident proton energy
over a narrow nuclear resonance. This is the
first experiment in which the nuclear "time de-
lay" associated with a resonance has been ob-
served to change the rate of an atomic excitation.
In a time-dependent description, a time delay r
causes the amplitude for excitation of an electron
"before" to be advanced in time relative to the
amplitude for excitation "after" the nuclear col-
lision by the factor exp(-i~7), where «u is the
energy transfer to the electron. " In the time-
independent description actually used in interpret-
ing our experiment, we find that the exponential
factor is replaced by the ratio of nuclear-reac-
tion amplitudes f(E-@~)/f(E); time delay is
manifested by the energy variation of these am-
plitudes. We demonstrate that this type of experi-
ment, unlike previous scattering experiments, '
is sensitive to the imaginary part of the dominant
(monopole) atomic ionization amplitudes. The

present experimental results suggest that this
imaginary part may not be well understood.

our theoretical treatment was motivated by the
need for expressions appropriate to experiments
which involve a "mixture" of nuclear lifetimes
(as is the case for a resonance-plus-Coulomb
scattering) and incident beams whose energy
spread is small compared to the width of the nu-
clear resonance. Semic1assical time-dependent
perturbation-theory treatments" of K-shell
ionization are inappropriate in these circumstan-
ces. Therefore, we have reformulated the theory
of K-shell ionization in terms of time-independent
perturbation theory, taking explicit account of
conservation of energy and angular momentum in
all portions of the electron-nuclear wave func-
tion as well as correct matching of nuclear wave
functions at a radius small compared to atomic
but large compared to nuclear dimensions; a
WEB approximation is used in obtaining the atom-
ic amplitudes. The resulting cross section for
producing a nuclear particle at angle 8 (c.m. ) in
coincidence with a K-shell X ray takes the intu-
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