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Rydberg-atom~Rydberg-atom associative ionization was measured in lithium at 85 K for principal

quantum numbers 3, 5, and 9. The very high rate constants, up to 10 ~7 cm

357!, were modeled by con-

sidering the binding between the ion and the Rydberg atom which result from an initial ionizing col-
lision. A search for evidence of ion pair production yielded an upper bound on its rate constant of
3x10 7" cm?® s ™! for n=9. Lithium negative ions observed in the experiment were produced by attach-

ment.

PACS numbers: 34.50.Fa, 34.60.+z

Following a recent report! of a very high rate of ion
pair production in Rydberg-Rydberg sodium collisions
we looked for evidence of the analogous process

Li**+Li** - Lit+Li~ ¢))

in lithium. We observed an extremely high rate constant
(~10"7cm?s ") for associative ionization

Li**+Li**— Li;t+e 7, (2)

but no evidence of process (1) even in the conditions of
high Rydberg density which were optimum for process
(2). Process (2) is observed to compete on equal terms
with collisional ionization

Li**+Li** > Lit+Li+e ", 3)

which, like (2), has an excess energy of several eV, but
apparently should have a much greater density of final
states. Our explanation invokes the long-range binding
of Li;* (which is analogous to that for H, ") and leaves
most of the energy within the Li, ™ molecule in the form
of electronic and nuclear excitation.

The present work involves pulsed laser optical excita-
tion of Li atoms in a supersonic beam at densities up to
1.3x10"3 cm 72 and translational temperatures as low as

70 K.2 The apparatus has been described previously.?
The beam density was determined by the trapped decay
lifetime of optically pumped Li(2p) states with use of
Holstein’s relationship® for the escape factor on a
Doppler-broadened line. A similar method has been
used by others.* The decay at two oven temperatures is
given in Table I. Higher oven temperatures imply lower
Doppler widths, greater densities, and increased resonant
trapping in the beam. Because the Li(2p) population
can remain high for longer than the Li** radiative life-
times (n=3 to n=9) the Li**— Li(2p) decay transi-
tions can also be trapped, causing an observable
lengthening of the Rydberg decay lifetimes at higher Li
oven temperatures.

Optical excitation of Li is via N-laser-pumped dye
lasers in oscillator-amplifier pairs. Each pair emits at 30
Hz tunable light pulses of duration 3 ns, energy 10 ulJ,
and bandwidth 0.25 A. The first excitation step is the
Li(2s-2p) resonance transition at 671 nm. The second
step is via a photon in the range 350-610 nm which
accesses principal quantum numbers in the range 3 to 9,
either in the s or d angular momentum state. The
second-step laser intensity is varied through the use of
neutral-density filters calibrated for the wavelength in
question.

TABLE I. Comparison of Rydberg radiative lifetimes and Li, * formation times.

Radiative decay
lifetime (ns)

Li,* Formation time constant

Excluding (ns) at different oven
Optically pumped To all lower decay to temperatures
Li state states 2p state 795°C 815°C 835°C
8d 293 735 s 580 £ 100
9d 427 1050 26270 753+ 50 580+ 100
9s 668 1210 s 820+ 200
2p 450 (772°C)
1740 (820°C)
Beam temperature (K) 105 85 70
Li density (cm ~3) 6.4x10'2 9%10'2  1.3x10"?

2088



VOLUME 61, NUMBER 18

PHYSICAL REVIEW LETTERS

31 OCTOBER 1988

15
4

ION SIGNAL (ARBITRARY UNITS)

TIME (uSEC)

FIG. 1. Li*, Li»*, and Li~ signals as functions of time de-
lay between optical excitation and ion extraction for 84 excita-
tion at optimum intensity for Liy*.

Ions produced either during optical excitation or in an
interaction period of several us thereafter are extracted
by the application of a 400-ns, 2-kV pulse across two
mesh electrodes situated 3.2 cm apart on either side of
the beam. Depending on the polarity of this pulse either
positive or negative ions can be sent down a 22-cm flight
tube and detected (with approximately equal sensitivi-
ty>) by a Channeltron multiplier. In the flight tube
there is a 200-G crossed magnetic field and a honeycomb
transmission plate which stops the transmission of elec-
trons. In the extraction direction opposite to the flight
tube there is a Faraday cup for total-charge measure-
ments of positive ions which are used to calibrate the
Channeltron. The optically pumped volume is a cylinder
of area 0.031 cm? and length 0.86 cm. Ions are extract-
ed in a direction perpendicular to the cylinder axis and
species are resolved by time of flight.

The ions detected are exclusively Li™, Li,*, and Li ~.
The time dependence of ion formation was studied by
variation of the delay between the optical pump pulse
and the extraction pulse. Time histories for excitation to
nl =8d are shown in Fig. 1. Typically the Li,* signal
develops over a period of <1 us which is correlated
below with the Rydberg decay lifetime. The level of the
Li,* signal is, however, very sensitive to optical pump
intensity on the 2p-— nl transition. A typical laser-
intensity dependence at fixed extractor delay of 2 us is
shown in Fig. 2. Above an optimum pump intensity
there is strong suppression of the Li,* signal. Below the
optimum the Li, " signal scales as the 1.8 power of pump
intensity indicating that the origin of the Li,* is mostly
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FIG. 2. Li*, Li>*, and Li~ signals as functions of laser in-
tensity on the 2p-9d transition at constant extraction time de-
lay of 2 us. Intensity I is normalized to peak intensity /o.

via Rydberg-Rydberg interaction (2). The suppression
of associative ionization at high laser pump intensity has
previously been noted in Sr (Ref. 6) and Na (Ref. 7),
and attributed® to destruction of Rydberg states by an
electron avalanche. Using the electron-Rydberg col-
lisional rates of Devos, Boulmer, and Delpech9 and our
measured ion and electron density of ~3x10'® ¢cm 3
near the optimum pump intensity for Li,* production,
we note that the electron-avalanche explanation is con-
sistent with the observed Li** destruction at higher in-
tensities.

The correlation of Li, ¥ formation with Li** radiative
decay is further proof that Li,* forms via process (2),
specifically from the Li** state that is optically pumped.
The formation rate of Li,* decays in an approximately
exponential fashion (Fig. 1). Fitted-exponential forma-
tion time constants are compared in Table I with calcu-
lated nl radiative decay constants. Because Li,* forma-
tion is proportional to [Li**]12, its formation time con-
stant should be equal to half of the Li** radiative decay
time constant. This appears to hold well for the data at
795°C but not so well at higher temperatures. It is ex-
pected that /-mixing collisions'® will cause the formation
of a reservoir of longer-lived nf states, so that the
effective lifetime of an optically pumped nd state is in-
creased, perhaps accounting for the discrepancy. Anoth-
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er complication is the expected contribution of superradi-
ant emission.!" In our conditions we calculate that the
superradiant threshold is exceeded for n> 6, and that a
fraction of n =9 population will redistribute within 10 ~%
s into n =8.

The Li* signal varies as the 2.2 power of laser pump
intensity on the 2p — nl transition, below the avalanche
regime, indicating an origin via process (3). The Li~
signal for n=35 and at a low intensity for n =9 obeys a
power law ranging between 1.5 and 2.0. However, the
Li~ formation rate tends to increase with time out to at
least 3 us (Fig. 1) ruling out ion pair production [process
(1)1 as the formation mechanism. Because the electron
density has a second power dependence at low intensity,
it is probable that Li~ formation in this regime is via
dissociative attachment.?

Rate constants for process (2) with nl =3d, 5d, and 9d
are shown in Fig. 3. These were derived from the follow-
ing: the measured Li,* density; the calculated Li**
density (3x10''—8x10"'"" ¢cm ~?) derived from the Li
density and the (in band) optical pump intensity; and the
measured formation time of Li,*. They refer to / mix-
tures at principal quantum numbers 3, 5, and 9, the
latter possibly n» mixed to include 8 by superradiance.
The error bars principally reflect uncertainty in the
pumped volume. Analysis of our data for Li~ produc-
tion allows us to place an upper bound of 3x10 ~'° ¢cm?
s ~! for ion pair production via process (1), with n =9.

A physical model for process (2) goes as follows: The
first event in a Rydberg-Rydberg collision is the interac-
tion of the orbital electrons leading to the ejection of one
electron with a cross section given by Olson.'> The
remaining electron, if confined to one of the ionic cores,
has to be demoted to an orbital N < n/v/2 if enough en-
ergy is released to ionize the other atom. The nascent
Li;* complex [Li(NV)...Li*] can be held together by
the long-range ion-dipole interaction provided that the
binding potential energy exceeds the kinetic energy of
the two-particle system. Because the interaction energy
of the ion and the Rydberg atom exceeds the / splitting
of the atom, we may approximate the binding potential
energy in Li;* by the asymptotic long-range potentials
derived for H,* by Damburg and Propin.!> The dom-
inant long-range terms in the binding energy E are, in
atomic units,

_3NA | N3(N2—6A2—1)

- 2 3 +
2R 2R

where R is the internuclear distance, A=N;— N3 is the

difference between parabolic quantum numbers subject
to the constraints

Eq etc. , 4)

0=<N,=N—|m|—1,0=<N,=N-—|m| -1,
(5)
N=N{+N+|m|[+1,—-(N—-1)=m=<N-1,

and m is the quantum number for angular momentum
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FIG. 3. Experimental rate constants for associative ioniza-
tion at a beam temperature of 85 K. Rate constants for pro-
cess (3) from Eq. (8) and the Olson calculation (Ref. 12) are
shown as dashed curves. Rate constants for associative ioniza-
tion from Eq. (9) are shown as full curves.

about the internuclear axis. The degeneracy of the H,*
state characterized by (NV,A) is N — |A|. Binding exists
for E¢<0. For an ionizing collision which takes place at
separation R with the Olson cross section, the Li* com-
plex is bound when the center-of-mass kinetic energy

pv?/2< —Eo(R). (6)

In (6) u is the reduced mass, v is the asymptotic relative
velocity of approach, and it is assumed that the neutral-
neutral potential energy can be neglected relative to ki-
netic energy at separation R. The Olson cross section'?
may be parametrized in atomic units as

o(n,v) =nR*=0.703p ~065,335 ™

in the region v/v, <1. We assume that all Li,* states
satisfying N < n/+/2 are populated with equal probabili-
ty. This gives weightings proportional to the degeneracy
N? (neglecting spin) and proportional to N — | A| within
a given NV manifold. For lithium the lower bound of pos-
sible n states is 3, corresponding to NV =2. The rate con-
stant for the ionizing collision is

k) =J"o@)otno)vdo, ®
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where ¢(v) =2p2v3exp(—pv?) is the distribution func-
tion of relative collision velocities'* at temperature T
with p=u/2kT (k is Boltzmann’s constant). The rate
constant for associative ionization is

ki) = J "0 a(n,0)F (n,0)vde, ©)

where F(n,v) is the probability of binding after an ioniz-
ing collision, given by

=1 -
F(n,v) ZNZ%‘,);(N |a])s), (10)

where

0, v=vmax,

6(v)={1’

Here, vmax is the solution of (6) at equality. For any
given set of (n,0) the interaction distance R is obtained
from (7).

Calculated associative ionization rate constants are
shown in Fig. 3 for different gas temperatures. We see
that this simple model can explain the experimental
data, which refer to 85 K. The curves show steps at
points where /N remains the same while n increases by
unity, reflecting the constancy of the number of available
states. We find that the calculated associative ionization
rate constant is always less than half of the Olson rate
constant for process (3) because A ranges equally
through positive and negative values in the leading term
of (4), implying that at least half of the reactions enter
repulsive Li, * states and dissociate to Lit +Li(V). Ex-
perimentally we tend to observe more Li,* than Lit at
low laser intensity, but some uncertainty attaches to the
relative efficiency of collection of the two species. In this
model the Li* ions tend to be formed at higher velocity
and could be spreading into a larger volume before ex-
traction.

Typical Li,* formation distances R are of the order of
100 a.u., so that what is formed is a fragile “planetary”
molecule, which apparently survives for more than
several microseconds in the beam environment, and also
has a good probability of surviving extraction in an elec-
tric field of 625 V cm ~!. There are no Liy?* states
available for autoionization below the Li*+Li* asymp-
tote.

When the / splitting exceeds the ion-Rydberg-atom
interaction energy, as for example in other alkali metals
in p states, the leading term is the ion-quadrupole or
1/R? term in (4). Evaluation of the associative ioniza-
tion rate constant with only this term included leads to at
least a factor of 300 lower rate constants (at 100 to 103
K). The model is inapplicable to Na(3p)+Na(3p), in-
cluding the 0.75-mK results of Gould ez al.,'® because in

v < Umax -

this case insufficient energy exists for the initial atomic
ionization. However, moderately high associative ioniza-
tion rates are to be expected in alkali-metal Rydberg-
Rydberg interactions. Some evidence for this in sodium
has been reported by Burkhardt ez al.’

In conclusion, we have observed a very high rate for
associative ionization in low-temperature Rydberg-
Rydberg lithium interactions. We have modeled the pro-
cess by considering the long-range binding of Li, * states
due to the ion-dipole force. We predict that the process
is strongly temperature dependent, having its highest
rate for the low-temperature conditions of our experi-
ment. The relative absence of ion pair production is
confirmed by the calculations of Michels and Mont-
gomery '® who do not find curve crossings to Li* +Li~
in the energy region that we have accessed.
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