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Studies of destruction of very-high-n (100 <n <400) Rydberg atoms in collisions with the polar tar-
gets HF and NH; are reported. Analysis of the data using the essentially-free-electron model suggests
that, for ultralow electron energies ( ~ 80 ueV-1.4 meV), the cross section o(¢) for rotationally inelastic
scattering of electrons by a polar target varies approximately as 1/g, where € is the electron energy.

PACS number(s): 34.80.—1, 34.60.+z

INTRODUCTION

Collisions involving Rydberg atoms are frequently de-
scribed using the essentially-free-electron model in which
it is assumed that the separation between the excited
Rydberg electron and its associated core ion is so large
that they behave as independent particles during all or
part of the collision [1]. This model has been particularly
effective in describing Rydberg-atom collisions with polar
molecules and with targets that attach free low-energy
electrons. Analysis of Rydberg-atom data has provided
cross sections for free-electron attachment to a variety of
molecules at subthermal electron energies and has il-
luminated the threshold behavior of such cross sections
[2,3]. Measurements involving polar target molecules
and Rydberg atoms with values of principal quantum
number n up to n ~40 have demonstrated a number of
effects that can be attributed to rotational energy transfer
in a binary Rydberg-electron—target interaction [4-6].
In the present work we have extended the study of
Rydberg-atom collisions with simple polar targets to very
large values of n, 100 <n <400. In this range of n use of
the essentially-free-electron model should be particularly
well justified because the mean de Broglie wavelength of
the Rydberg electron (A=h /p, where p is the mean elec-
tron momentum) scales as n, whereas the mean atomic di-
ameter scales as n2. Thus, as n increases, the electron is
localized to a smaller fraction of the atomic volume and
should behave increasingly as a free particle. For exam-
ple, as n varies between 100 and 400 the mean kinetic en-
ergy of the Rydberg electron varies between ~ 1.4 meV
and 80 peV. The corresponding de Broglie wavelengths
range from ~330 to 1300 A and are much smaller than
the associated atomic diameters (2n2a,, where a, is the
Bohr radius), which vary between ~10000 and
160000 A. Thus it is reasonable to view the Rydberg
electron as an essentially free particle and analysis of
Rydberg atom collisions data can provide information on
electron—polar-molecule scattering at energies extending
into the pueV regime which has not been explored previ-
ously.

In this energy regime one might anticipate new col-
lision physics. The de Broglie wavelength of the electron
is somewhat larger than the range of the electron-target
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interaction; the duration of the electron-target interac-
tion is comparable to the rotational periods of most mole-
cules; the distance between the core ion and target mole-
cule changes significantly during one orbital period of the
Rydberg electron (1.6 X 107 1% 13 sec) and, in the case of
rotationally inelastic collisions, the energy transferred to
the electron is significantly larger than its initial energy.

The objective of the present work is to study rotation-
ally inelastic electron—polar-molecule scattering at sub-
milli-electron-volt collision energies. Earlier work at
lower n has shown that Rydberg-atom collisions with ro-
tating polar molecules are dominated by the binary in-
teraction between the Rydberg electron and the target
molecule [4-6]. In this interaction, molecular rotational
energy can be transferred to the electron, either ionizing
the atom or producing states of different n. Here we
study collisions with HF and NH,, which were selected
because they are relatively simple rotors and because, at
high n, all rotational-to-electronic energy transfers will
lead to ionization. [The rotational constants for HF and
NH;, B=20.95 and 9.44 cm™ L respectively, are such
that the energy released by the lowest-energy dipole-
allowed rotational transition (J=1 to J=0) is sufficient
to ionize Rydberg atoms with » > 53 for HF and n > 78
for NH;.] Thus measurements of rate constants for col-
lisional ionization can provide information on rotational-
ly inelastic electron—polar-molecule scattering, i.e., on
the reactions

e  +HF (J)»e +HF (J—1)+AE , (1a)
e~ +NH;4(J,K)—e +HF (J—1,K)+AE . (1b)

Analysis of the data shows that, at ultralow electron en-
ergies, the cross section o,(e) for rotationally inelastic
electron—-polar-molecule scattering varies approximately
as 1/g, where ¢ is the electron energy. This behavior is
similar to that noted in earlier very-high-n studies using
the more complex rotors CH;I and CH,Br, [7]. The in-
terpretation of these earlier data was, however, compli-
cated by the fact that both targets attach free low-energy
electrons (HF and NH; do not) and that, at the lower
values of n, not all rotational transitions necessarily lead
to ionization.
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EXPERIMENTAL METHOD

The present apparatus is shown schematically in Fig. 1
and has been described in detail elsewhere [2,7]. Briefly,
potassium atoms contained in a thermal-energy (600-K)
beam are photoexcited to a selected np state using a
frequency-doubled Coherent CR699-21 Rh6G dye laser.
The output of the laser is formed into a series of pulses of
~2 psec duration with a pulse repetition frequency of
~5-10 kHz using an acousto-optic modulator. Excita-
tion occurs, in zero electric field and (typically) in the
presence of target gas, near the center of an interaction
region defined by three pairs of planar copper electrodes.
Following excitation, collisions are allowed to occur for a
predetermined time whereupon the number and excited-
state distribution of Rydberg atoms remaining in the in-
teraction region are determined using field ionization. A
voltage ramp is applied to the lower electrode and the
electrons resulting from field ionization are detected by a
Johnston multiplier. In practice, the probability that a
Rydberg atom is excited during any laser pulse is small,
$0.02, and the time development of the Rydberg-atom
population is determined by accumulating data following
many laser pulses.

Rydberg-atom collisions with polar targets lead to
parent-state depopulation through state changing and
ionization. The Rydberg-atom population in the interac-
tion region thus comprises both parent np states and the
products of state-changing reactions which, as will be
justified below, can be treated as a single “mixed” popula-
tion. Assuming that collisional ionization is the only pro-
cess contributing to Rydberg-atom destruction, the time
evolution of the parent and mixed populations N,(¢) and
N (), respectively, following any laser pulse, will be de-
scribed by the rate equations

dN(t)

o = —p(k; +k;g)No(t)=—pk No(t) , )
dN, (1)

di =—pkyN (1) +pk;No(1) , 3)

where ¢ is the time after the end of the laser pulse, p is the
target-gas number density (measured using an ionization
gauge calibrated against a capacitance manometer), k; is
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FIG. 1. Schematic diagram of the apparatus.
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the rate constant for state changing, and k;, and k;; are
the rate constants for collisional ionization of parent
atoms and the mixed population, respectively.
k; (=k;+k;,) is the rate constant for parent np state
depopulation. (Effects due to spontaneous decay and
background radiation can be neglected.) Solution of
these equations yields

No(t)=No(0)e 7" | @)

kI k

kd_kil

N, (1)=N,(0) [e A" —¢ TP 4 N (0)e PR

(5)

The time development of the total Rydberg-atom popula-
tion N (¢) in the interaction region is thus given by

N (t)=Ny(t)+N,(2)

_ k, —pkyt
_NO(O){ == |
k] NI(O) _Pkilt
+ K —k T Ny(0) e . (6)

Because the evolution of the total Rydberg-atom popula-
tion N(t) is governed by three separate rate constants,
care must be exercised in extracting rate constants from
measurements of N (z).

Information on parent-state depopulation and state
changing, i.e., k; and k;, can be obtained by measuring
the evolution of the Rydberg-atom population distribu-
tion in the interaction region using selective field ioniza-
tion (SFI) in which the electron signal resulting from field
ionization is measured as a function of applied field [4,6].
Since atoms in different states ionize at different field
strengths, analysis of SFI data can provide information
on the distribution of excited states present at the time of
application of the SFI voltage ramp. SFI data pertaining
to K(150p)-HF and K(150p)-NHj collisions are present-
ed in Fig. 2. These data were obtained using similar
target-gas densities and collision times. Figure 2 also in-
cludes the range of field strength (inferred from earlier
measurements [8]) over which diabatic and adiabatic ion-
ization of atoms in states with n ~ 150 is expected. [Low
(high) |m;| states tend to ionize adiabatically (diabatical-
ly).] SFI could not be used at values of n R 175 because
all states tended to ionize diabatically and it was not pos-
sible to separate parent and product states.

In the absence of target gas, the SFI spectrum
comprises a single sharp peak that results from adiabatic
ionization of the parent state. Collisions result in the
growth of a broad, higher-field SFI feature. For HF, the
high-field SFI feature can be attributed to diabatic ioniza-
tion of atoms in states in » manifolds adjacent to the
parent np state. Such states are nearly degenerate with
the parent level and are populated, in essence, through
elastic scattering of the Rydberg electron in its orbit by
the target molecule. The width of the high-field SFI
feature suggests that the products of such quasielastic
state-changing reactions have a broad, possibly statisti-
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FIG. 2. SFI spectra pertaining to K(150p)/HF, NH; col-
lisions. (a) SFI spectrum obtained with no target-gas present.
(b) and (c) SFI spectra obtained after collisions with HF and
NH;, respectively. These data were obtained using similar
target-gas densities and collision times. To aid in comparison,
all three SFI spectra are normalized to the same peak height.
The horizontal bars beneath the data indicate the range of field
strengths over which adiabatic ( 4) and diabatic (D) ionization
of states with n =150 is expected.

cal, distribution of / and |m,| values. The small peak at
very low field strengths results primarily from electrons
produced through collisional ionization that remain in
the interaction region when the voltage ramp is applied.
Ionization also occurs during the voltage ramp and pro-
duces a small background. No significant signal attribut-
able to SFI was observed at field strengths characteristic
of ionization of states with » much greater than 150, indi-
cating that collisions populate. states in, at most, a very
restricted range of » manifolds adjacent to the parent lev-
el. Since single state-changing collisions lead directly to
large changes in / and |m,/, but not in n, it is reasonable
to assume that, on average, subsequent collisions will not
significantly alter the state-changed population distribu-
tion allowing the state-changed atoms to be considered as
a single mixed population. Rate constants for parent
state depopulation and for state changing were obtained
by analysis of the time development of the parent and
state-changed populations and are k;~1.3X107% cm?
sec”! and k;~1X1077 cm® sec”!, respectively, at
n=150.

The SFI data indicate that, for HF, state-changing re-
actions are relatively unimportant, i.e., N,(¢) is small. In
addition, k;, (which is approximately equal to k, since k;
is small) is large and, as will be discussed, is expected to
be substantially larger than k;;. Thus Rydberg-atom de-
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struction by HF is associated primarily with collisional
ionization of parent np atoms. This can be seen by in-
spection of Eq. (6), which shows that for the present con-
ditions, where k; /(k;—k;;) and N,(0)/N,(0) are small,
the total Rydberg-atom population N (¢) will vary ap-
proximately as

N(t)~e—pkdt___:e—t/‘ro , %))
where 1/7, (=pk,;=pk,,) is the destruction rate. Mea-
surements confirmed that N (¢) was well described by a
single exponential and that, as illustrated in Fig. 3(a), the
destruction rate increased linearly with target-gas density
p- Rate constants k;, for collisional ionization of the
parent np state derived from the pressure dependence of
the destruction rates are presented in Fig. 4.

In the case of NH; the SFI feature corresponding to
ionization of state-changed atoms is significantly larger
than that observed with HF. This difference can be attri-
buted partially to additional population of a localized
group of states with n ~ 164 through near-resonant ener-
gy transfer involving transitions between NH; inversion
levels [9]. Analysis of SFI data shows that the rate con-
stant for state changing in collisions with NHj,
k,~2X107% cm® sec™! at n =150, is very much larger
than for HF. While inversion transitions must account,
in part, for this difference, similarly large rate constants
for state changing have been observed with a variety of
other symmetric-top molecules having similar dipole mo-
ments [7]. The reason for the relatively small value of k;
for HF is not known, but it is reasonable to speculate that
it might result because the molecular rotational period is
comparable to the electron-molecule collision time. The
dipole moment (which is aligned along the internuclear
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FIG. 3. Measured destruction rates 1/7 as a function of
target-gas density p for collisions with (a) HF and (b) NH; at
n=100 (M) and n =300 (®).
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FIG. 4. @, rate constants k;, for ionization of K(np) atoms in
collisions with HF. @, rate constants k;; for ionization of a
state-mixed population (see text) in collisions with NH;,

axis) will therefore tend to average to zero during the col-
lision. In NH;, and other symmetric-top molecules, the
dipole moment is aligned along the symmetry axis of the
molecule. This axis, however, precesses about the total
angular momentum, which is not usually parallel to the
symmetry axis, and the component of the dipole moment
parallel to the total angular momentum therefore does
not average to zero and may be more effective in scatter-
ing the slowly moving electron. The SFI data also
showed that the rate constant for parent-state depopula-
tion in collisions with NHj is large, k;~5X107% cm?
sec”! at n=150. Although inversion transitions and
quasielastic collisions can lead to small changes in n,
these collisions still only populate states with a relatively
narrow distribution of » near the parent value and it is
again reasonable to consider the state-changed atoms as a
single mixed population.

For NH, the rate constants for state changing are
large, and it is not possible to accurately determine k;,
simply by measuring N (¢). However, for high target-gas
densities and long collision times the number of state-
changed atoms will greatly exceed the remaining parent-
state population. In this limit, Rydberg-atom destruction
is primarily associated with collisional ionization of
state-changed atoms. This is also suggested by Eq. (6) be-
cause, as will be discussed, k; is substantially larger than
k;; and for relatively large values of pt the second term
dominates when N () evolves approximately as

N(t)Ne_pkiltEe_t/Tl , (8)
where 1/7(=pk;;) is the destruction rate. Measure-
ments confirmed that at high pt values N (¢) was again
well described by a single exponential and that, as shown
in Fig. 3(b), the destruction rate increased linearly with
target density. Rate constants k;; for collisional ioniza-
tion of the state-mixed population determined from the
pressure dependence of the destruction rates are included
in Fig. 4.

The data in Fig. 4 represent rate constants for
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Rydberg-atom ionization in collisions with HF and NH,;.
It must be emphasized, however, that in the case of HF
the data correspond to ionization of laser-excited np
states, whereas for NH; the measurements are for ioniza-
tion of a state-mixed population having a distribution of
n and [ values, although the range of »n is quite small.

DISCUSSION

The linear increase observed in both k;, (HF) and k;,
(NH,) with n contrasts the behavior noted earlier in stud-
ies with the nonpolar attaching targets SFq and CCI, [2].
For these targets the rate constants for collisional ioniza-
tion, which results primarily from capture of the Rydberg
electron by the target molecule, are essentially indepen-
dent of n over the present range. Such behavior is
characteristic of an s-wave capture process and has been
observed with a wide variety of attaching targets [3,10].
Electron capture is, however, fundamentally different
from electron—polar-molecular scattering because it
derives from a strong short-range interaction and because
the product channel does not involve a free electron.

One possible explanation for the behavior evident in
Fig. 4 is that as n increases, and the binding energy of the
Rydberg electron decreases, the energy transfer associat-
ed with quasielastic scattering of the Rydberg electron by
the target molecule becomes sufficient to lead directly to
ionization. However, tests undertaken using CO,
(electron-CO, scattering is characterized by an unusually
large momentum-transfer cross section at low energies)
failed to provide any evidence of such direct collisional
ionization at n =250 and established an upper limit on
the associated rate constant of 107® cm ™3 sec™!. Fur-
ther, if energy transfer accompanying quasielastic elec-
tron scattering led to significant collisional ionization, it
would also be expected to populate a broad distribution
of higher n states, and these are not observed in the SFI
data.

The n dependence of the rate constants shown in Fig. 4
is therefore assumed to be associated with the charac-
teristics of rotationally inelastic electron—polar-molecule
scattering. According to the essentially-free-electron
model, the rate constant for ionization through such ro-
tational energy transfer should equal that for rotational
deexcitation of the target molecule by free electrons hav-
ing the same velocity distribution as the Rydberg elec-
tron, i.e.,

ki=f0°°vae(v)f(v)dv , )

where o,(v) is the cross section for rotationally inelastic
scattering of free electrons with velocity v and f (v) is the
Rydberg-electron velocity distribution, which is deter-
mined by its quantum state. The observed linear increase
in k; with n suggests that o,(v) varies approximately as
1/v2, i.e., as 1/¢. In this event Eq. (9) predicts that k;
should be proportional to {1/v), which in turn is ap-
proximately proportional to n. The 1/v? dependence for
o,(v) suggested by the data in Fig. 4 is consistent with
the observation that, for NH;, the rate constant k,, in-
ferred for ionization of the parent 150p state is
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significantly greater than that for ionization of /-mixed
states of similar n. Specifically, the rate constant k;, can
be estimated using the relation k,,=k; —k;, yielding the
value k;p~3X107% cm?® sec™!. Although this value is
somewhat uncertain, it is still about four times larger
than the value measured for ionization of a mixed popu-
lation at » =150. This difference can be rationalized by
noting that, for a given n, (1/v) for a p state is
significantly larger than for a statistically mixed / distri-
bution.

Expressions for o,(v) have been derived using the Born
approximation [see, for example, Eq. (9) in Ref. [11]] and
suggest that for the present conditions, where the initial
electron energy is very low and the final energy of the
electron following scattering is substantially greater than
its initial energy, o,(v) should scale as 1/v. Disagree-
ment with the present data may not be particularly
surprising, however, because the Born approximation as-
sumes ‘“‘weak’ scattering, i.e., a small fractional change in
the momentum of the scattered electron, and this is clear-
ly not the case for the collisions considered here.

The present data are consistent with a simple “hard-
sphere-electron” model, which assumes that reaction will
always occur if the electron-molecule separation becomes
on the order of the electron de Broglie wavelength. Such
a model predicts a cross section that is proportional to
the de Broglie wavelength squared, i.e., 1/v? and yields
the correct n dependence. In addition, the predicted
cross sections are of the right order of magnitude. The
model is, however, incomplete because the values of the
present rate constants for ionization of an /-mixed popu-
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lation by NH; are a factor of 3 smaller than those ob-
served for a similarly mixed population in earlier studies
with CH,Br, [7], despite the fact that the dipole moments
of these species are almost equal (1.43 and 1.47 D for
CH,Br, and NH;, respectively). This, coupled with the
anomalously low rate constant for state changing ob-
served with HF, indicates that the details of molecular
rotation, including the rotational frequency and the dis-
tribution of spatial orientation states, may also play an
important role in the electron-molecule interaction at ul-
tralow electron energies. However, as discussed else-
where [7], a complete analysis of electron—polar-molecule
scattering should also include an examination of possible
transient electronic states associated with the target di-
pole moment (1.82 D for HF) and of the influence of the
target dipole potential in the exit channel.

The present work provides information on rotationally
inelastic electron—dipole-molecular scattering at ultralow
electron energies, well below those accessible using any
alternate technique. The data indicate that the Born ap-
proximation does not adequately describe the scattering
in the present regime, and new theoretical approaches
must be considered.
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