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Microwave-Assisted Resonant Collisional Energy Transfer in Na Rydberg States
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Microwave-assisted resonant collisional energy transfer process Na(ns) + Nac, -ns) + kv
-Na(np) + Na((n —1)p) is observed between two colliding Na(ns) atoms. The co11ision-
al resonance occurs when the microwave frequency v equals the collisional energy defect
AW/h. The observed cross sections are very large (-108 A') and require very low mi-
crowave power, - 10 W/cm . These observations are in good agreement with an intuitive
two-photon absorption model for these collisions.

PACS numbers: 32.80.-t, 32.60.+i, 42.65.Qr

Resonant collisional transfer of internal energy
between two atomic or molecular species, the
process in which one atom A gains the internal
energy lost by the other atom &, has long attract-
ed considerable interest. Two new approaches to
this problem have recently emerged. The first
employs either the term progression in a Rydberg
series" or the electric field tuning of the Ryd-
berg levels as a means of matching the transition
energies of the two species. For example, the
electric field tuning of Na Rydberg states was re-
cently used to bring about the resonant process
ns+ns-np+(n —1)p between two Na ns atoms
which occurs when the (n —l)p and np levels are
Stark shifted to lie equidistant below and above
the ns state. This process provides a large reso-
nant collision cross section (-10' A') and narrow
resonance linewidth (-1 GHz) because of the large
dipole-dipole interaction between such atoms."
The second approach, frequently called radiative
collision, used an external photon from an intense
laser field to resonantly enhance the collisional
transfer of energy. ' '

Here we report the use of a microwave field to
resonantly enhance the collisional energy trans-
fer between two Na Rydberg atoms, when the col-
lisional energy defect && is nonzero. We obtain
large collision cross sections (peak value -10'
A') and narrow linewidth (-1 GHz) at very low
microwave powers (3-5 W) by exploiting the large
dipole moments of the Rydberg states and the
long dipole-dipole interaction time (-3 ns for n

=22). Specifically, we observe the following: ln
the absence of microwave field, we observe the
now familiar resonant transfer of energy from
the initially populated 22s states to the 21/ and
22P states when the electric field is tuned so that
&~=0. In presence of a microwave field of angu-
lar frequency ~, additional large transfer of pop-
ulation from the initially excited 22s states to 21p
and 22/ states occurs at those electric field tun-
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FIG. 1. Energy level diagram of the Rydberg atoms,
relevant to the microwave-assisted collisions and the
resonant collisions (the level

l
3B) is irrelevant for

resonant collisions) .

ings satisfying the condition ~&=+ha. It is sig-
nificant to note here that the collisional energy
defect && can be increased or decreased arbi-
trarily by merely changing the dc electric field
(-100 V/cm) and thereby Stark shifting the ener-
gy levels. Although the microwave-assisted col-
lisional energy transfer (MACET) for the Rydberg
states reported here is similar, in principle, to
the laser-assisted collisions investigated previ-
ously, ' "it offers some unique possibilities not
afforded by the experiments of the latter type.
For instance, the cross section for MACET reso-
nance is -10' A', which is 10' times larger than
the largest observed cross section for the laser-
assisted collisions. " Typically, several mega-
watts per square centimeter of laser intensity are
required to observe the laser-assisted collisions,
whereas the large dipole moments of the Rydberg
states reduce the power requirement to -10 W/
cm'. Perhaps tQe most significant advantage af-
forded by the present experiment is the ability to
change the energy def ect &W.

The relevant energy levels for the two atoms,
shown in Fig. 1, are 11'&=ns and I2&& =+P for
atom&, and l1B) =ns, and 12B) =(n —1)p for atom

In addition to the microwave field, a third
level, as shown in Fig. 1, is required, so that
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0'M ~ = (2m/h') (P, ,P, ,4,EM ~/6, Wb, V)'. (2)

The result in Eq. (2) is similar to that derived for
the laser-assisted collisions. "" We note that
since 0 M~- p, p,p„the cross sections are intrin-
sically large for the Rydberg states where JLI

-n*'. For n =22, p, , =p, , =256 a.u. , whereas the
dipole moments for the low excited states used in
the laser-assisted collisions are -2-3 a.u. We
obtain, for microwave frequency of -15 GHz,

0
0 M~

—= 10' A' W ', where we have used the calcu-
lated value of 50 a.u. for p„b,=—3 & 10 ' cm,
and Y —= 10 cm/s. The cross section vM~ at the
modest power of 5 W is therefore -10' A', which
is in excellent agreement with that observed in
this experiment.

The experimental arrangement consists of an

atom & may be viewed as making a two-photon
transition from the initial state

I 1B) to the final
state I3B) via the virtual intermediate state I2B).
The first step of this two-photon transition of
atom 8 is driven by the dipolar field of atom 4,

Z, = (—~/R') cos([W„, W„,jt/If),

where R is the distance between the atoms, while
the final step is driven by the external microwave
field. At resonance, i.e., ~& =+@&, the ampli-
tude&(b) of the two-photon transition from I1B)
to I3B) in atom B for impact parameter b is given
for low microwave powers by

A(b) =2g, g,g,EM~/b'b'Vb, W,

where the dipole matrix elements are given by

1,=&1&1112&),P, , =&IBI1 12», P, , =&2BI113B),
EM~ is the microwave electric field amplitude,
and V is the relative speed of the atoms. A clas-
sical path calculation utilizing the second-order
perturbation theory is used to derive Eq. (1). aW
is the energy mismatch of the real and virtual in-
termediate states shown in Fig. 1. The lowest
state I3B) of the second atom B ean in principle
be any state that has a nonzero dipole matrix
element connecting it to (n —1)P. In the present
experiment, this state is the small admixture of
the s and d states introduced into the 21p state by
the Stark mixing of the levels. Although such an
admixture may at first seem small, it neverthe-
less produces a significant dipole matrix element
g, (see below). Note that because of Stark mix-
ing, the 21p state serves as I2B) and I3B). For
low microwave powers, the major contribution
to the microwave-assisted collision cross section
a M~ comes from impact parameters b & b, ." In
this limit the cross section is given by

effusive Na beam which passes between a plate
and a grid, where it is crossed by two collinear
dye laser beams at right angles. Two Nd:(yttrium
aluminum garnet)-pumped dye lasers produce 5-ns
long pulses with typical energies of 150 p J (per
pulse). The first dye laser beam pumps the 3s-
3p», (X =5890 A) transition of Na, while the sec-
ond dye laser beam pumps the 3p», -ns (A =4180
A) transition. Electric field tuning of the levels
is achieved by applying a variable dc voltage to
the lower field plate. A sweep oscillator (HP
model 8690B) is used as a, source of microwave
(MW) field with frequency range from 12.4 to 18.0
GHz. The microwaves are amplified to power
levels up to 10 W by a, wide-band traveling-wave
tube (TWT) (Hughes model 1477H) and are propa-
gated into the interaction region through a, glass
flange with a microwave horn. A 0.3-p s rise-
time electric field pulse applied 1.0 p s after the
laser pulses causes field ionization of the atoms
in a state-selective manner and accelerates the
resulting ions to an electron multiplier detector.
With use of the selective field ionization (SFI)
technique, it is straightforward to resolve not
only the np and the ns states, which are separated
by only 50 cm ' at n =22, but also the I m, I

=0
and 1 components of the final nP state. " To in-
sure against any spurious MW-induced transitions
from ns to other nl states while the atoms are
being field ionized, the microwaves are turned
off just prior to the application to the SFI pulse.
To detect the microwave-assisted collisional
resonance, we scan the dc electric field rather
than the microwave frequency because the paral-
lel plate structure of our field plates does not pre-
sent a constant impedance as a function of micro-
wave frequency. Typically —,

' —2 of the input power
is coupled inside the plate region at frequencies
where the MW power coupling is good.

Figure 2(a) shows the signal from the 22P state,
observed after the excitation of the 22s state,
as the electric field is scanned with and without
a microwave field at frequency 15 GHz. In the
absence of the MW field four collisional reso-
nances are observed, as shown in Fig. 2(a)
(dotted traces). Note that because of the I m, I

=0
and I

m i I
=1 splitting of the P levels, there are

four resonances, which are labeled by the I m& I

values of the final lower and upper P states, re-
spectively. The solid trace in Fig. 2(a) shows
the effect of a few watts of 15-GHz microwaves
as the dc field is scanned. Additional resonances
now appear both on the low- and high-field side
of the collisional resonances (the central reso-
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FIG. 3. The (0, 0)+ microwave-assisted collisional
resonance signal vs the incident microwave power (at
15 GHz). Only a of this power is coupled into the inter-
action region (see text).
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FIG. 2. The observed 22p ion signal after the popula-
tion of 22s state vs the dc field in the presence of the
microwave field (solid traces) of frequency (a) 15 GHz
and (b) 12.4 GHz. The dotted traces were observed with
no microwave field, and the sharp resonances in the
center (for both solid and dotted traces) result from
the resonant collisions, while the displaced resonances
on sides (solid traces) are due to microwave-assisted
collisions. The scale on the top of the figure is the col-
lisional defect of the (0, 0)+ resonance (see text).

nanees in Fig. 2). These resonances represent a
large transfer of population from the initially ex-
cited 22s state to the 22& and 21P states. The en-
ergy defect &S' for these additional resonances is
-15 times larger than the resonanct collision
linewidth (-1 GHz). Furthermore, these reso-
nances are clearly microwave-assisted, since
no significant signal is observed (other than the
resonant collision signal) in absence of IVIW field.
The blue-laser intensity dependence of the
MACET signal shows that the signal is quadratic
in laser power, implying that the observed reso-
nance is a collision signal involving two Na(ns)
atoms. We label the four IVIW-assisted reso-
nances according to the Im, I values of the final
(n —1)P and nP states, respectively, i.e. , as

(0, 0)', (1,0)', (0, 1)', and (1,1)' (in increasing
order of the electric field), where the super-
scripts distinguish the microwave-assisted reso-
nances from the resonant collision resonances;
+ (-) refers to &W&0 (&W&0). Stark-shift cal-
culations of the Na states verify that the MACET
resonance occurs (for a given microwave fre-
quency v) at each value of the electric field where
the condition

is satisfied. As shown in Fig. 2(a) the (0, 0)
resonance with 15 GHz (hv =0.5 cm ') MW field
occurs at -100 V/cm as predicted by Eq. (3).
Similarly, the (0, 0) resonance occurs at 140 V/
cm, where 4S"=-0.5 cm '. Similar agreement
also holds for the other resonances. This may
also be seen graphically in Fig. 2 by using the
frequency scales shown at the top of Fig. 2 for
the (0, 0)' resonance. Figure 2(b) shows the
MACET resonances at microwave frequency of
12.4 GHz and the (0,0)' resonances now appear at
0.4 em ' as predicted by Eq. (3). We estimate
the MW-assisted collision cross section o.M~ to
be =~o of that for the resonant collision, "at the
highest MW power (-3 W). This means that at

0
n =22, OM~=—10' A'. The microwave power depen-
dence of the signal is shown in Fig. 3, where the
linear dependence of the signal on the microwave
power is evident. The cross section can there-
fore be increased to saturation by using a TWT
amplifier of higher output power or by optimizing
the coupling of the microwave field to the Na
atoms. With a broadband coupling scheme, it is
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straightforward to scan the microwave frequency
at a fixed &+'. In fact, one can easily imagine
raising the power and observing the absorption
of two microwave photons during the collisions.

In conclusion, we have observed microwave-
assisted collisional energy transfer between two
colliding Na atoms. The observed collisional
resonances are continuously tunable in energy de-
fect &~, and the cross sections are 10" times
larger than the largest analogous cross sections
for the laser-assisted collisions. The low power
requirements of such collisions open a way to in-
vestigate systematically such radiatively assisted
collisions.
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In recent experiments on doubly charged microclusters of Xe, no Xe„++clusters were
observed for n less than 53 atoms. Computer simulations of microclusters have been
carried out in which the Xe atoms interact via Lennard-Jones pair potentials and a point
polarizability-dipole electrostatic model. From these simulations, it is inferred that
Xe,&+' clusters have lifetimes -100 ps while Xe»++ clusters have lifetimes -10 p, s in
agreement with the experimental result that 55-atom clusters are much more stable.

PACS numbers: 34.90.+q, 35.20.Gs, 36.40.+d, 82.20.-w

In a recent paper, Sattler et al.' have investi-
gated the stability of charged mieroclusters. A

polydisperse "molecular beam" of clusters of Xe,
among other species, was bombarded with a low-
intensity beam of electrons of sufficient energy

to produce Xe and Xe clusters, which were
then detected by mass spectrometry. No Xe„
clusters were observed for n less than 53 atoms.
The absence of small doubly charged clusters
implies that Xe„clusters consist of two Xe
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