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Radiative Collisions in a Strong-Field Regime

P. Pillet, "R. Kachru, N. H. Tran, W. W. Smith, ' ' and T. F. Gallagher
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(Received 22 March 1983)

The observation of radiative collisions in the strorg-field regime is reported, specif-
ically the multiphoton-microwave-assisted resonant collisional energy-transfer process
Na(ns) + Na(ns) —Na(np) + Na((n —l)p} + rnbv, where I is as high as 4. By use of a
"dressed-atom" approach in a low-frequency (or adiabatic) approximation, a theoretical
interpretation valid for the strong-field regime is given which is in good agreement with
the present experimental results.

PACS numbers: 32.80.-t, 34.50.-s

A collision in which an excited atom of one
species transfers its excitation to a ground-state
atom of a second species with the simultaneous
absorption or emission of a photon of energy
equal to the difference of the two excited-state
energies is frequently called a radiatively assist-
ed collision. The advent of the high-powered tuna-
ble dye laser has made it possible to study such
laser-assisted processes experimentally, ' ' and
most experiments are in good agreement with a
perturbation-theory approach to radiative colli-
sions, valid for the weak-electromagnetic-field
regime, which predicts a linear laser-power de-
pendence of the cross section. ' " Only at power
densities of -10' W/cm' has a less than linear
laser-power dependence, indicating the entrance
into the strong-field" regime, been observed. "

Recently an experiment analogous to the laser-
induced collision experiments has been performed
using Na Rydberg atoms and microwave radia-
tion, ' in which, because of the large dipole mo-
ments of the Rydberg atoms, it was possible to
observe radiatively assisted collsional energy
transfer at microwave power levels of only a few
watts per square centimeter. As much higher
microwave powers are easily obtained, this ob-
servation suggests that it should be possible to
reach the strong-field regime for Rydberg atoms
interacting with microwaves. Here we present
the main features of such an experimental, and
accompanying theoretical, study of the micro-
wave-multiphoton-assisted radiative collision
process Na(ns) + Na(ns) - Na(np) + Nat(n —l)p)
+mhv, where m (0-m~4) microwave photons
are emitted during the collision. This process is
resonant and occurs when the levels are tuned
with a static electric field so that E„~-E„,+ mh~

,~~, where E„, is the energy of the nl
state. This is shown schematically in Fig. 1 for
n =18. Although we have studied 17 ~ n ~22 we
here describe the experiments with n =18.
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FIG. 1. Stark energy-level diagram of the m, =0
states, relevant to the multiphoton-assisted radiative
collisions. The vertical lines indicate the collisional
transfer and are drawn at the fields where they occur.
The thick arrows correspond to the emitted photons.

Our experiment is done using an effusive ther-
mal beam of Na with a density of - 10'/cm' in a
vacuum chamber with a background pressure of
&10 ' Torr. As shown by Fig. 2 the atomic beam
passes through a microwave cavity 1 mm above
the septum, where the Na atoms are excited by
two 5-ns laser pulses from the ground 3s state
to the 3P state and then from the 3P state to the
18' state. The laser beams are collinear with
the atomic beam but counterpropagating so that
a cylinder of Rydberg atoms is produced. In the
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FIG. 2. Cut-away view of the microwave cavity {not
to scale). The copper septum bisects the height of the
cavity. Two holes of diameter 1.3 mm are drilled in
the sidewalls to admit the collinear laser and Na atomic
beams, and a 1-mm hole in the top cavity allows Na'
resulting from the field ionization of Na to be extracted.

thermal velocity distribution of the atomic beam
the spread in velocities of the Na atoms is - 10'
cm/s. Thus the fast 18s atoms overtake the slow
18s atoms and collide with them. Such collisions
are allowed to occur for 1.5 ps following the la-
ser excitation when a positive voltage pulse, the
amplitude of which is set to field-ionize selective-
ly atoms in the 18p state, " is applied to the sep-
tum inside the cavity. The ions thus produced are
accelerated through a 1-mm-diam hole in the top
of the cavity to a particle multiplier, and the re-
sulting signal is recorded with a gated integrator.
As shown in Fig. 1, the electric field required to
tune the Na levels is provided by applying a volt-
age to the septum. As the static field is swept
through the values at which the 18s state lies mid-
way between the 18p and 17p states (there are
four such values due to the Stark splitting of
Im, =0 and Im, I =1 17P and 18P states) we see

four sharp increases in the ion signal, as shown
in Fig. 3(a), corresponding to the resonant colli-
sions of pairs of Na 18' atoms to form one. 18$
and one 17/ atom. " As expected, the size of the
resonant collision signal varies as the square of
the number of 18s atoms excited (in the limit of a
small fraction of the atoms undergoing collisions).
Collisions also occur with background-gas mole-
cules and ground-state Na atoms, but the cross
sections for such processes are too small to be
observable here

The microwave cavity is a piece of ~-band
(RG-52/U) waveguide 20.32 cm long, closed at

each end, which we can excite at frequencies of
12.79, 14.07, and 15.42 GHz corresponding to
the TE„„modes n =15, 17, and 19. Each of
these modes has an antinode in the center of the
cavity. Since the Na atoms travel only 1 mm in
the 1.5-p s interval after the laser pulses, those
atoms which we ultimately detect are those which
have been at the antinode of the microwave field.
The cavity has a Q of 1400 and is excited with up
to 4 W of microwave power. At 15.42 GHz, 1 W
produces a microwave field amplitude of 95 V/cm
(+ 10') in the center of the cavity. The micro-
wave field is perpendicular to the septum.

If a microwave field is present while the Na
18' atoms collide, we observe the radiatively as-
sisted collisions as the static field is swept
through the values at which the m-photon-assist-
ed collisions occur ln .Figs. 3(b)-3(e) we show
typical signals obtained by sweeping the static
field for several microwave powers at a frequen-
cy of 15.42 GHz. As mentioned earlier, Fig. 3(a)
corresponds to the case without microwaves (m

=0) and shows the four zero-photon resonant col-
lision peaks. As the microwave power is in-
creased, Figs. 3(b), 3(c), and 3(d) each show in
succession the appearance of sets of four new

peaks corresponding respectively to the one-,
two-, and three-micrawave-photon-assisted reso-
nant collisional energy transfers as shown in Fig.
1. For the m -photon-assisted collisions we la-
bel the four collisional resonances by the I~, I

values of the final lower, then upper, P states,
respectively, with m as a superscript. For in-
stance, in order of increasing field we denote the
four one-photon resonances as (0,0)', (1,0)',
(0, 1)', and (1,1)'.

In Fig. 3 we indicate the (0, 0)" resonance by the
number I and an arrow. Several features of
these signals are worth noting. First, for all the
resonances we observed shifts proportional to the
microwave power ~', driving the cavity. Second,
note that in Fig. 3(b) the one-photon-assisted col-
lisional resonance at 348 V/cm is weak, broad,
and very asymmetric, while at the higher power
of Fig. 3(c) it is narrower and stronger. This
occurs because the radiative collision interaction
strength depends on the microwave power and is
weaker in Fig. 3(b) than 3(c) so that the collision
requires a smaller impact parameter leading to
the observed results. ' '" Figure 4 shows the ex-
perimental variations of the maximum ion signal
of the resonances (0,0)" versus the incident micro-
wave power ~', . Note that the maximum cross
sections of these different processes are of the
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FIG. 4. Experimental cross sections for the m-
photon-assisted collisions, as shown by the size of
the (0, 0)~ resonance peaks, vs input microwave
power; zero-photon- (open circle), one-photon- (closed
circle), bvo-photon- (closed triangle), and three-pho-
ton- (closed square) assisted collisions. The cross
section for a zero-photon collision at zero microwave
power (not shown) is normalized to 1. Theoretical
cross sections for zero-photon- (solid line), one-pho-
ton- (dashed line), two-photon- (long-dashed-short-
dashed line), and three-photon- (dot-dashed line) as-
sisted collisions with the same normalization.
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FIG. 3. Observed ion signal after the population of
the 18s level vs the microwave field at 15.42 QHz.
Trace a corresponds to no microwave power input to
the cavity and shows the set of four zero-photon col-
lisional resonances. Traces b, c, d, and e correspond
respectively to 0.02, 0.30, 1.20, and 3.00 W of input
microwave power and show additional sets of four col-
lisional resonances corresponding to one-, two-, and
three-photon radiatively assisted collisions. The peaks
labeled 0, 1, 2, and 3 correspond to the lowest-field
member of the set of four resonance corresponding to
zero-, one-, two-, and three-photon-assisted col-
lisions, (0, 0)', (0, 0)', (0, 0)', and (0, 0)'.

same order of magnitude (- 10' A'} as the zero-
photon dipole-dipole process. "

As shown by Figs. 3 and 4 the signal for the
one- and two-photon-assisted collisions quickly
becomes saturated and, in fact, as the power is
increased to greater than 2 W the one-photon-
assisted collision signal disappears. To our

knowledge such a decrease in a radiatively as-
sisted colbsion has not been previously observed.

To interpret these results we have developed a
theory of radiative collisions, based on the work
of Autler and Townes, "which is valid in a strong-
field regime. First we assume that the micro-
wave frequency is small compared to the separa-
tion between the adjacent levels, implying that
the Na atom follows the microwave field adiabati-
cally and transitions to other levels can be ne-
glected. For frequencies of 15 GHz and n —20
this hypothesis is valid for the ns and nP levels
of the Na as long as we are far enough from the
crossings of these levels with other levels. "
Under these conditions we can treat first the
isolated atom "dressed" by the microwave field
and then, as the duration of one collision (-1 ns}
is long compared to a microwave period, the
collisions of these dressed atoms as resonant di-
pole- dipole collisions. "

The essence of the dressed-atom approach is
as follows. Since the temporal variation of the
field is periodic, at frequency ~/2&, the original
level will now have sidebands spaced in energy by

For the case in which the microwave field
is small compared to the static field +, the
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amplitude of the ith (including zero) sideband of
state A. is given by"

A;=z( x '),
where J; is the Bessel function and dE/dE I ~, is
the derivative of the energy of state A with re-
spect to field evaluated at &, . We note that this
theory takes into account all other levels by
means of the derivative dE/dE I~,. Note that only
the P levels will acquire significant sideband am-
plitudes as the s states have neglible Stark shifts.

Having determined the amplitudes of each of the
sidebands we calculate the cross sections for the
resonant dipole-dipole collision process between
the different sidebands. " In Fig. 4, we show the
calculated variations of the cross sections of the
different m -photon processes versus the micro-
wave power. Recalling that n~ equals the net
number of-photons emitted it is clear that proces-
ses involving several different combinations of
sidebands lead to the same net number of photons
emitted. The fact that the zero- and one-photon-
assisted collisions' signals completely disappear
as shown in Fig. 4 is an experimental indication
of the coherence of the processes involving dif-
ferent sidebands. Our calculations support this
notion and show, for example, that the disap-
pearance of the zero-photon-assisted collision
signal at 8'I =0.8 W is due to destructive interfer-
ence between the collisional process Na(ns(0)
+ ns (0) - nP (0) + (n —1)P (0)) and Na( ns (0) +n s (0)- np (a 1) + (n —1)p (+ 1)) (0, + 1, and —1 indicate
the sideband considered). The cross section in-
creases at higher power when the processes
Na(ns(0) +ns(0) -np(+ 1) +(n —1)p(+ 1)) are domi-
nant. We note that the theoretical results of Fig.
4 are in good agreement with the experimental
observations.

These first observations of radiatively assisted
collisions in the strong-field regime make it
clear that Rydberg atoms and microwaves are in
fact an ideal system for the quantitative study of
such effects.
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