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Studies of collisions between Rydberg atoms with values of principal quantum number 7 in the range
1005 n $400 and H,S and C¢H;NO, are reported. These targets were selected because they have very
different dipole moments: 0.97 and 4.22 D, respectively. Analysis of the data using the essentially-free-
electron model shows that at micro-electron-volt energies the cross sections for rotationally inelastic
electron scattering by these targets have very different energy dependences. This difference suggests
that, in the case of CqHsNO,, dipole-supported states might be important in the scattering. To examine
this further, the data are compared with the results of calculations using a free-electron cross section
that assumes the presence of dipole-supported states, and it is demonstrated that, with a reasonable
choice of parameters, it is possible to reproduce the experimental observations.

PACS number(s): 34.80.—1

For sufficiently large values of principal quantum num-
ber n, collisions involving Rydberg atoms can be de-
scribed using the essentially-free-electron model, original-
ly proposed by Fermi, which assumes that the separation
between the excited Rydberg electron and its associated
core ion is so large that both do not interact simultane-
ously with a target particle [1]. Thus, because the time
average kinetic energy of the Rydberg electron
(~13.6/n? eV) is very small, studies of Rydberg atom
collision processes that are dominated by the binary Ryd-
berg electron—target interaction can provide information
on electron—molecule scattering. This approach has been
used to study electron capture and electron—polar-
molecule scattering at micro-electron-volt energies [2,3].
In collisions with polar targets, transfer of molecular ro-
tational energy to the Rydberg electron through supere-
lastic scattering in a binary electron-target interaction
can lead to near-resonant excitation to higher-lying states
or, if the energy transfer is sufficient, to ionization [4-6].
Rate constants for destruction, i.e., ionization, of potassi-
um Rydberg atoms through rotational energy transfer in
collisions with HF, NH;, CH;I, and CH,Br, have been
previously measured for values of n in the range
1005 n 5400 [3]. The data reveal a marked n depen-
dence that is inconsistent with free-electron scattering
cross sections derived using the Born approximation [7].
One possible explanation suggested for this discrepancy is
that dipole-supported states might be important in the
scattering. To examine this possibility further, we have
extended studies of Rydberg atom-polar-molecule col-
lisions to include targets with a broader range of dipole
moments, specifically H,S (0.97 D) and CgHsNO, (4.22
D). (The dipole moments for targets studied previously
all lie in the range 1.43-1.82 D.) Although the behavior
observed with C(HsNO, is similar to that observed ear-
lier with other targets, that for H,S is quite different. No
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strong n dependence in the measured destruction rate
constants is apparent, and the data suggest that the free-
electron cross section scales as 1/v, where v is the elec-
tron velocity, which is consistent with the Wigner thresh-
old law for an s-wave process [8]. Because of its small di-
pole moment, it is unlikely that dipole-supported states
will be important in scattering from H,S, indicating that
the quite different behavior observed with the other polar
targets might indeed be associated with such states. To
examine this further, the n dependence of the rate con-
stants for Rydberg atom destruction was calculated using
a free-electron-scattering cross section that assumes the
presence of dipole-supported states. These calculations
demonstrate that, with a reasonable choice of parameters,
it is possible to reproduce the n dependence observed ear-
lier.

The apparatus and techniques used in the present in-
vestigation are described in detail elsewhere [2,3]. Pulses
of potassium atoms in selected high-lying np states are
created, in zero electric field and in the presence of target
gas, by laser-induced photoexcitation. Rate constants for
the different collisional processes of interest are deter-
mined by measuring the subsequent time evolution of the
Rydberg atom population in the experimental volume us-
ing selective field ionization (SFI). In SFI a ramped elec-
tric field is applied in the experimental volume. Because
Rydberg atoms in different excited states ionize at
different applied fields, measurement of the field ioniza-
tion signal as a function of the applied field provides a
measure of the distribution of excited states in the experi-
mental volume immediately prior to application of the
field. Quasielastic scattering of the Rydberg electron by a
target molecule can lead to so-called /-changing reactions
that populate states having a small range of n close to the
initial value but a near-statistical mix of /. Inelastic
scattering can lead to near-resonant rotational energy
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transfer resulting in so-called n-changing reactions that
populate localized groups of higher n states, or, if the en-
ergy transfer is sufficient, in ionization.

In the case of H,S, SFI measurements showed that for
the present range of n the rates for / changing and n
changing were very small. Collisional destruction of
Rydberg atoms in the experimental volume is therefore
associated primarily with collisional ionization of parent
np atoms through rotational energy-transfer reactions of
the type

K(np)+H,S(J,7)>K*+H,S(J',7")+e ™ . (1)

The measured rate constants for collisional destruction
through this reaction are shown in Fig. 1(a). In contrast,
for C(H;NO,, SFI measurements showed that the parent
np states undergo rapid / mixing (at » =150 the measured
rate constant for ! changing was ~1X1075 cm®sec™!)
and the excited-state distribution in the experimental
volume quickly evolves into a near-statistical mix of /
states with values of n close to that of the parent np
states. As discussed elsewhere, the products of such /-
changing reactions can be viewed as a single ‘“mixed”
reservoir whose population distribution is unaffected by
subsequent /-changing reactions [4,6]. Atoms can, how-
ever, be removed from this reservoir by n-changing and
collisional ionization reactions of the type

K(nl)+CgHHO,(J,7)
K(n'l')+CgHsNO,(J', ') (2a)
7 KT +CHNO,(J', ) Fe” . (2b)

(At room temperature a significant fraction of the target
molecules are in vibrationally excited states, and rota-
tional energy transfer may be accompanied by transfer of
vibrational energy.) C¢H;NO,, however, also attaches
free low-energy electrons and the /-mixed reservoir can be
depleted through electron transfer reactions of the type

K(nl)+C¢H,NO,—»K* +CH,NO, ™ , 3)

in which the excited Rydberg electron is captured by the
target. Long-lived (7% 50 usec) C¢HsNO,™ ions were
detected but ancillary measurements showed that the rate
constants associated with reaction (3) are small,
~5X10"8 cm3sec™!. This process therefore does not
contribute significantly to reservoir depletion and is
neglected. (No long-lived H,S™ ions were observed fol-
lowing Rydberg atom collisions with H,S suggesting that
negative ion formation is not an important channel for
Rydberg atom destruction in collisions with H,S.) Mea-
sured rate constants for depletion of the /-mixed reservoir
through the combination of reactions (2a) and (2b) are
presented in Fig. 1(b).

Figure 2 shows a comparison between the present re-
sults and representative data obtained previously with
other targets [3], for which Rydberg atom destruction
also results primarily from rotational energy transfer.
For the range of n encompassed in Fig. 2, rotational ener-
gy transfer in collisions with HF and NH; leads directly
to ionization. In the case of CH,Br,, the large majority

3125

140 T T T T
120t b)

100

RATE CONSTANT (107 cm3 ¢)

80 {
60 { 1
40 { T
20 2 b
0 1 1 1 1
o I00 200 300 400 500

PRINCIPAL QUANTUM NUMBER n

FIG. 1. (a) Rate constants for destruction of K(np) atoms in
collisions with H,S. (b) Rate constants for destruction of an I-
mixed population (see text) in collisions with C¢H;NO,.

of the possible rotational transitions results in ionization.
The data for HF refer to destruction of atoms in the
parent np state, whereas the data for NH; and CH,Br,
are for an /-mixed population. The rate constants mea-
sured with C;H;NO, and H,S clearly bound those ob-
served earlier with targets having “intermediate” dipole
moments.

Assuming that Rydberg atom destruction (and reser-
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FIG. 2. Comparison of rate constants for Rydberg atom de-
struction in collisions with several different targets. The data
for H,S and HF are for destruction of parent K(np) atoms, the
data for NH;, CH,Br, and C¢HsNO, are for an /-mixed popula-
tion.
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voir depletion) is associated with rotationally inelastic
scattering of the Rydberg electron, the essentially-free-
electron model requires that the rate constant for col-
lisional destruction (depletion) should equal that for rota-
tional deexcitation of the target by free electrons having
the same velocity distribution as the Rydberg electrons,
ie.,

k=fmvcre(v)f(v)dv s 4)
0

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 depends on
the particular excited state, or excited-state distribution,
considered. The rate constants measured for H,S are in-
dependent of n, i.e., independent of f(v). Inspection of
Eq. (4) shows that such behavior requires that the cross
section o,(v) vary as 1/v, which is consistent with the
Wigner threshold law for an s-wave process [8]. This is,
at first sight, perhaps surprising because the Wigner
threshold law is not expected to be valid for scattering
from a 1/r% dipole potential [9]. In the present case,
however, the energy of the incident electrons is low. The
electron-target interaction lasts so long that molecular
rotation becomes important, and the interaction cannot
be viewed simply as scattering from a static 1/r2 poten-
tial [10]. Rather, the electron experiences a potential
that represents some average over molecular orienta-
tion. H,S is an asymmetric top (4 =10.374 cm™!, B
=8.991 cm ™!, and C=4.732 cm™!) and thus, over suf-
ficiently long times, the target dipole moment will aver-
age to zero as observed in a laboratory-fixed frame. This
does not mean that there is no interaction between the
electron and target molecule, however, because, in
essence, the electron induces a net dipole moment in the
target. Since the resulting interaction potential decreases
faster than 1/r2, it is not unreasonable to expect that the
Wigner 1/v threshold law might apply. [At higher elec-
tron energies it is reasonable to adopt a fixed-nucleus,
static-dipole approximation under which conditions the
cross section o,(v) for all rotational transitions should
scale as 1/v2 [11]].

The near-linear increase with n in the measured rate
constants for depletion of the /-mixed reservoir through
collisions with C¢H;NO, for n X200 contrasts the
behavior observed with H,S. As evident from Fig. 2,
however, such behavior is similar to that noted earlier us-
ing simpler targets, although the rate constants for
C¢HsNO, are significantly larger, presumably reflecting
its greater dipole moment. Clearly, the observed increase
with n is inconsistent with the simple Wigner threshold
law for an s-wave process. Indeed, the data are consistent
with a scattering cross section o ,(v) that scales as 1/v2,
i.e., as the square of the electron de Broglie wavelength.
(In this event, k scales as {1/v ), which is approximately
proportional to n.) As n decreases below ~200, n chang-
ing [reaction 2(a)] becomes increasingly important rela-
tive to collisional ionization [reaction 2(b)] in depleting
the I-mixed reservoir. At n =200, almost all possible ro-
tational transitions in CcHsNO, lead to ionization, but
this decreases to approximately one-half at n ~ 150 and to
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a few percent at n ~100. Thus, since rotational energy
transfer requires near energy resonance, the pronounced
decrease in the measured rate constants observed below
n ~ 150 may result because as n becomes smaller the den-
sity of final states that can be populated through a partic-
ular rotational transition is reduced.

H,S has a relatively small dipole moment, suggesting
that the differences between its behavior and that of the
other targets studied to date might be associated with
their larger dipole moments. A static dipole with dipole
moment greater than the critical value p ~1.625 D can
support an infinite number of bound states [12]. Howev-
er, if rotation is included all or many of these states
disappear [13]. For example, LiF, which has a relatively
large dipole moment, 6.3 D, can support only two excited
23* states with binding energies ~4.9X107° and
2.3X107% eV [10]. HF has a supercritical dipole mo-
ment, 1.82 D, but this is insufficient to retain any bound
states when rotation is included. Nonetheless, theory
suggests that, at least for the ground rotational state, a
virtual HF ™~ state exists with an energy in the range
1074-1073 eV, although this result is tentative because
ab initio calculations are difficult due to the very diffuse
nature of dipole-supported states [10]. Since in HF the
dipole moment is aligned along the internuclear axis, and
rotation, which occurs about an axis perpendicular to the
internuclear axis, causes the dipole moment to rapidly
average to zero, this state must be associated with an
electron-induced dipole interaction. Such interactions
are described by the attractive polarization potential
—a/2r* for the ground rotational state, where a is the
effective molecular polarizability, and by a dynamic po-
larization interaction decaying as 1/r® for higher rota-
tional states [14]. (Polarization effects associated with the
core ion should be negligible because, for the present
range of n, the size of the Rydberg atoms is such that the
separation between the core ion and an interacting
electron-target molecule pair will typically be very much
greater than the range of the electron-—target interaction.)
In the absence of any long-range 1/r? interaction due to
some “nonaveraged” residual component of the dipole
moment, the presence of a dipole-supported virtual state
will lead to a cross section for superlastic free-electron
scattering of the form [15]

a -

o, (v)= 5

‘ vivi+?)
where v is the electron velocity in atomic units, a is a con-
stant, and —«?/2 is the energy of the dipole-supported
state. This expression, however, assumes that only the s-
wave component of the initial-state wave function is im-
portant, and that all other components may be neglected.
Although shape resonances may appear in higher partial
waves, their relative contribution to the total cross sec-
tion should be much smaller due to the Wigner
threshold-law factor v/ 1.

Because the dipole moment for HF rapidly averages to
zero, it is reasonable to consider using the expression for
o,(v) given in Eq. (5) in analyzing the data. Substitution
of an expression of this form in Eq. (4), together with the
approximate classical velocity distribution f (v) appropri-
ate to np states [16]
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__4n
m(1+n2?)? "’
(collisions with HF do no lead to rapid /-changing) yields
a relatively simple expression for the rate constant k,

fv)= (6)

n

k=a(n|k|+2) PIOPESIE ™
The n dependence of the rate constants k predicted by
Eq. (7) is shown in Fig. 3 for values of |k| of
3X107% 1X1073, and 3X 1073 a.u. It is evident from
Fig. 3 that with an appropriate choice of || the general
features of the HF experimental data, namely, an approx-
imately linear increase in k with n (over the range
100 S n $400) and a near-zero intercept with the k axis,
can be reproduced. The observed behavior is consistent
with that predicted by Eq. (7) provided that |k| is less
than ~1X 1073 a.u. This corresponds to virtual state en-
ergies below ~1.4X 1073 eV which, as might be expect-
ed, are small. The experimental data, however, pertain to
target molecules with a thermal (300 K) rotational popu-
lation distribution. It is quite possible that the energies
of the dipole-supported states important in the scattering
could depend on the rotational state of the target. (The
binding energy of the bound states decreases as the rota-
tional quantum number increases [17]). Thus any values
of |k| derived by comparing the experimental data with
the theoretical expressions must represent some average
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FIG. 3. Calculated n dependence of the rate constants for de-
struction of Rydberg atoms in the parent np state ( ) and in
an /-mixed reservoir (— — —). These were derived using the
expression for o, (v) given in Eq. (5) assuming values of |«| of (a)
3X1073, (b) 1X1073, and (c) 3X10™% a.u.
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over the target rotational distribution.

Application of the expression given in Eq. (5) to the
more complex rotors discussed here must be approached
with caution. C¢H;NO, is an asymmetric top
(4=0.1323 cm™ !, B=0.0429 cm™!, and C=0.0324
cm™ '), and it is reasonable to expect that, over
sufficiently long times, its dipole moment will average to
zero. Rydberg atom collisions with C{H;NO, (and
CH,Br, and NH,), however, lead to rapid / mixing. For
a collection of atoms with the same value of » but a sta-
tistical distribution of ! values, the overall electron veloci-
ty distribution function is given approximately by [18]

32 n¥?
== (n22+1)*
Use of this expression in Eq. (4), together with o,.(v)
given by Eq. (5), predicts a rate constant k of the form

(8)

n2

k=a(n’*+4n|k|+5)——7 .
a(n*?+4n|«| e 1

9)

Values of k derived using Eq. (9) are included in Fig. 3.
Although k initially increases quadratically with n for
small values of n|k|, a linear dependence is again evident
for intermediate values of n|«|. However, it should be
noted that both Eqgs. (7) and (9) predict that for values of
n such that n|«| is large, k will become independent of n
consistent with the Wigner 1/v threshold law for an s-
wave process. The n dependence of the experimental
data (at high n) is consistent with that suggested by Eq.
(9) for values of |x| ~1X 1073 a.u. which correspond to a
virtual (or bound) state energy of ~1.4X 1073 eV.

CH,Br, approximates a prolate symmetric top
(A=0.868 cm™!, B=0.041 cm ™!, and C=0.039 cm™").
For such targets the dipole moment will not average to
zero if K, the projection of the angular momentum along
the axis, is not equal to zero and if the component of the
dipole moment along this axis is nonzero. However, for a
room-temperature thermal distribution, the rotational
states with the largest populations correspond to large
values of J and small K. Thus any ‘“nonaveraged” com-
ponent of the dipole moment should be small. (A similar
argument can also be applied in the case of CGH;NO, if it
is approximated as a prolate symmetric top.) NHj;, how-
ever, is an oblate symmetric top (B=9.444 cm~! and
C=6.196 cm~!) and at room temperature states of large
K (relative to J) tend to dominate the distribution. (One
more complication in NH; is its large inversion splitting,
0.8 cm™!, which splits the +K pairs into parity eigen-
states and restores the Wigner law [19].) In the presence
of a “nonaveraged” component of the dipole moment the
interaction potential contains both a long-range 1/r?
component and a shorter-range contribution due to po-
larization interactions. This “composite” potential may
again support bound or virtual states, and bound states
may exist even if the reduced “nonaveraged” dipole mo-
ment is subcritical. The existence of a dipole-supported
state together with a “nonaveraged” reduced dipole mo-
ment leads to the following expression for the cross sec-
tion for superelastic free-electron scattering [20]:
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Ul+l/2

., —imA, 2A+1

Ue(v)=—a;
n—ie v

v

, (10)

where 7 is a constant and A is a parameter that depends
on the angular momentum quantum numbers and the re-
duced dipole moment, which can be obtained by di-
agonalizing the strong-coupling matrix introduced by
Engelking [21]. The parameter 7 is simply related to the
energy of the dipole-supported state [11]. If the reduced
dipole moment is subcritical, A is real, and n=—x**!
where —«?/2 is, as before, the energy of the virtual (for
7>0) or bound (for 7 <0) state. Note that, if the re-
duced dipole moment is small, A is close to the orbital an-
gular momentum of the incident electron, i.e., A=~0 for
s-wave scattering, and we recover Eq. (5). If the reduced
dipole moment is appreciable the deviation of the thresh-
old exponent x =2A+1 from 1 may be substantial. For
example, at room temperature the most highly populated
NH; rotational state corresponds to J=3, K =3, fol-
lowed by J =4, K=3. The corresponding threshold ex-
ponents are x =0.606 and 0.782, respectively. The n
dependences observed with NH; and CH,Br, are again
consistent with scattering involving dipole-supported
states with energies of ~107%-1073 eV,

The present work shows that the n-dependence in the
measured rate constants for Rydberg atom destruction
through rotational energy transfer in collision with polar
targets is in accord with a free-electron-scattering cross
section that takes into account dipole-supported virtual
(or bound) states. (Such states do not appear to be impor-
tant, however, in scattering from H,S, presumably be-
cause its polarizability is small.) This suggests that
dipole-supported states might be important in
electron—polar-molecule scattering at ultralow electron
energies. However, the data in Figs. 1 and 2, which span
the range 100 <n <400, do not clearly demonstrate that

’
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the free-electron cross sections given in Egs. (5) and (10)
are to be preferred over simpler forms such as a 1/v?
dependence which, as noted previously, also predicts a
near-linear increase in k with n. Better discrimination
between different possible forms of the cross section can
be obtained by extending measurements to larger values
of n, say n 2 1000. (It must be remembered, however,
that for values of n 2 1000 the “orbital” velocity of the
Rydberg electron is sufficiently low that the relative Ryd-
berg atom-target molecule motion becomes significant
and perturbs the Rydberg electron velocity distribution
as observed in the rest frame of the target molecule.) For
example, the rate constants k predicted using the free-
electron cross section given in Eq. (5) tend to a constant
value for large values of n (see Fig. 3), whereas the rate
constants derived assuming a 1/v? dependence continue
to increase almost linearly. Fits to measurements span-
ning a broader range of n would also provide tighter
bounds on the inferred values of |«|. Further information
as to the appropriate form of the free-electron cross sec-
tion may be obtained by comparing measurements of col-
lisional depopulation made at the same value of n with
parent np states and with an /-mixed population. (Such
measurements will, however, be difficult because polar
targets frequently have very large rate constants for /
changing.) As evident from Fig. 3, calculations show
that the ratio of the rate constants for collisional depopu-
lation of parent and mixed states is quite sensitive to the
assumed form of the free-electron cross section, and to
the value of |k|. Clearly, however, Rydberg atoms pro-
vide a tool with which to examine threshold behavior in
electron-dipole-molecule scattering.
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