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The influence of an applied electric field on state changing in collisions between laser-
excited Xe(nf) atoms and xenon target gas is described. The presence of the field results in
marked changes in both the rate constant for collisional state changing and the final-state
distribution. The changes can be generally understood in terms of energy-transfer argu-
ments based on the “essentially-free” electron model, although the degree of spatial overlap
between the wave functions associated with the initial and final states may also be impor-

tant.

I. INTRODUCTION

In recent years many studies of state changing in
thermal collisions between Rydberg atoms and vari-
ous atomic and molecular targets have been report-
ed.!=® These studies were undertaken in near-zero
electric fields. However, atoms in high Rydberg
states are significantly perturbed by even relatively
small electric fields such as are present in many en-
vironments, e.g., plasmas, where collisions occur. It
is therefore of interest to study the influence of an
applied dc electric field on state-changing collisions.
In this paper we describe the results of such an in-
vestigation, considering as a specific example
Xe(31/)-Xe collisions.” The collision products are
analyzed by selective field ionization (SFI).> The
data show that the presence of even a modest ap-
plied dc electric field results in marked changes in
both the rate constant for coliisional state changing
and in the final-state distribution. These changes
are consistent with those expected from considera-
tion of energy-transfer arguments based on the
“essentially-free” electron model. However, the
data also suggest that the spatial overlap between
the wave functions associated with the initial and
final states may be important.

II. EXPERIMENTAL

The experimental apparatus has been described in
detail elsewhere' and will be only briefly discussed.
A beam containing xenon metastable atoms is
directed into an interaction region, which is located
between two parallel mesh grids, and which con-
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tains xenon target gas at a pressure of ~2X1073
Torr. A fraction of the metastable atoms is pho-
toexcited, in zero electric field, to a selected nf level
by use of a tunable N,-pumped dye laser. Immedi-
ately (<1 usec) following excitation, a dc electric
field is established across the interaction region by
application of a suitable potential to the upper
interaction-region grid. Collisions are then allowed
to occur in the presence of this field for a selected
time interval, typically in the range 1—8 usec,
whereupon the excited atoms present in the interac-
tion region are analyzed by SFI. To accomplish
this a ramped potential is applied to the lower
interaction-region grid causing the electric field in
the interaction region to increase to ~ 1400 Vcm™!
in ~1 usec. The electrons liberated by field ioniza-
tion are detected by a particle multiplier whose out-
put is fed to a time-to-amplitude converter (TAC).
The TAC is started at the beginning of the ionizing
ramp and stopped by the first pulse subsequently re-
gistered by the detector. The TAC output is stored
in a multichannel analyzer (MCA). For sufficiently
low count rates the MCA signal is proportional to
the probability of a field ionization event per unit
time during the voltage ramp. Measurement of the
time dependence of the ionizing field then enables
the field dependence of the ionization signal to be
determined.

Because atoms in different Rydberg states ionize
at different electric field strengths, it is, in princi-
ple, possible to infer from such SFI data the state
distribution of the excited reaction products. How-
ever, such an analysis requires a detailed under-
standing of how the atoms respond as the ionizing
field is increased, because a given ionization feature
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can only be attributed to atoms in a particular ini-
tial Rydberg state if the details of the path to ioni-
zation are known.

Field ionization has been discussed in detail by
several authors.1°~1¢ However, as an aid to inter-
preting the present data, a brief review of the essen-
tial characteristics of field ionization is included
here. The process will be discussed by reference to
Fig. 1, which shows the m;=0 Stark states of hy-
drogen in the vicinity of n=15."" As illustrated in
the inset, application of an electric field results in
the formation of a saddle point in the potential ex-
perienced by the Rydberg electron. Classically, ion-
ization can occur whenever the Stark shifted energy
of a state lies at, or above, this saddle point. The
line labeled Vsap shows the height of the saddle
point as a function of applied field and thus
separates the region, to the right, where ionization
is classically possible from that, to the left, where it
is not. Quantum mechanical treatments of field
ionization, however, indicate that the hydrogenic
Stark states shown in Fig. 1 have appreciable ioni-
zation rates (2107 sec™!) only in the dashed re-
gions.!® It is evident that the higher-lying Stark
states in each n manifold remain relatively stable in
fields where, classically, they are unstable. This is a
consequence of the low electron probability densi-
ties associated with these states in the vicinity of the
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FIG. 1. Hydrogenic m;=0 Stark states in the vicinity
of n=15. The high-field region of each state is dashed to
indicate the range of field strengths over which the ioni-
zation rate increases from ~ 107 to 10!! sec~!. The heavy
solid lines give examples of adiabatic passage to ioniza-
tion; the heavy dashed line is an example of diabatic pas-
sage. In the inset is shown the potential energy of the
Rydberg electron in the absence and the presence of an
external electric field directed along the z axis. The
height of the resultant saddle point as a function of the
applied field is shown by the line labeled Vsap.

saddle point."’

In the case of multielectron atoms such as xenon,
the response to an electric field is complicated by
the presence of non-Coulombic terms in the Hamil-
tonian. These terms lead to interactions between
states of the same |m;| and result in avoided
crossings whenever states of the same |m;| in dif-
ferent Stark manifolds approach one another.
Nonetheless, except for the presence of these avoid-
ed crossings, the general Stark structure for com-
plex atoms is similar to that for hydrogen,'® and the
ionization of such atoms can be discussed using en-
ergy levels and ionization rates calculated using hy-
drogenic theory.

The ionization characteristics of a complex atom
depend critically upon its behavior at avoided cross-
ings. If the atom is in a state that is not strongly
coupled to other states the energy separation at
avoided crossings is small. If the field is then in-
creased sufficiently rapidly, there is a high probabil-
ity that the avoided crossings will be traversed dia-
batically. The atom remains in a single Stark state
and follows a “diabatic” path to ionization such as
that shown by the heavy dashed line in Fig. 1. Dia-
batic ionization of m; =0 states in the n=15 mani-
fold will thus occur over the range of field strengths
marked ‘“diabatic” in Fig. 1. On the other hand, if
the atom is in a state that interacts strongly with
states from other manifolds the energy separations
at avoided crossings are large. If then the rate of
increase, i.e., slew rate, of the ionizing field is suffi-
ciently low, there is a high probability that the
avoided crossings will be traversed adiabatically.
Atoms will then follow paths to ionization such as
those shown by the heavy solid lines in Fig. 1.
They thus successively assume the character of
many different Stark states. All atoms in n=15
m; =0 states that follow such ‘“‘adiabatic” paths to
ionization cross the saddle-point line Vgop between
A and B. To the right of this line the atoms experi-
ence a dramatic increase in ionization probability
due to their interaction with the lower members of
higher Stark manifolds, which are highly unstable
against ionization in this region. They therefore
ionize at field strengths close to those predicted by
classical saddle-point theory in the range marked
adiabatic in Fig. 1.

Previous studies have shown that Rydberg atoms
typically follow either predominantly adiabatic or
predominantly diabatic paths to ionization, al-
though under certain conditions an atom may exhi-
bit a combination of adiabatic and diabatic behavior
at avoided crossings during passage to ionization.
The probability of diabatic passage increases with #,
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| my |, and the slew rate of the ionizing field. For
n~30, and the present slew rates of ~10°
Vem~!sec™!, xenon atoms with |m;| <4 ionize
predominantly adiabatically, while those with

| m; | >4 ionize predominantly diabatically.>*

III. RESULTS AND DISCUSSION

SFI spectra obtained following collisions of
laser-excited Xe(31f) atoms with xenon target gas at
a pressure of 2X 107> Torr in various applied dc
electric fields in the range 0—91 Vcm™! are shown
in Figs. 2(a)—2(f). Each spectrum results from the
same number of laser-excited atoms. The arrows
shown beneath the data indicate the ranges of elec-
tric field strengths over which adiabatic and diabat-
ic ionization of xenon atoms in n=31 states occurs.

In the absence of target gas a single relatively
sharp ionization feature is observed as shown in
Fig. 2(g). This results from the predominantly adia-
batic ionization of the laser-excited atoms.® The
data in Fig. 2(g) are characteristic of the SFI spec-
tra observed for all applied dc fields in the absence
of target gas.

Introduction of target gas leads to the appearance
of SFI features, labeled P; and P,, at field strengths
that correspond to diabatic ionization. SFI data
similar to those obtained in zero applied field, Fig.
2(a), have been discussed previously.* The feature
Py results from ionization of remaining parent
atoms plus the low-|m;| products of I/-changing
collisions that ionize adiabatically. The feature P,
results from the |m;| >4, diabatically ionizing
products of such collisions. No SFI features result-
ing from ionization of the products of n-changing
collisions are detected, nor is there evidence of col-
lisional ionization. The collisionally induced dia-
batic ionization signals, obtained by removal of the
underlying background due to ionization of remain-
ing parent 31f atoms, are shown on an expanded
scale in Fig. 3. The profile, and width, of the col-
lisionally induced diabatic ionization signal ob-
served following collisions in zero field [Fig. 3(a)] is
similar to that calculated for diabatic ionization of
a mixture containing equal numbers of atoms in
each n=31, |m;| >4 Stark state. The calculated
profile, obtained as described elsewhere,>* is shown
in Fig. 4(b) for an electric field slew rate of 10°
Vem~!sec™!. The extreme members of the n=31,
and n=30, |m,; | =4 manifolds are shown!’ in Fig.
4(a) together with a series of points, each of which
represents the location at which one of the
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FIG. 2. SFI spectra obtained following the interaction
for 8 usec of laser-excited Xe(31/) atoms with xenon tar-
get gas at a pressure of 2X 10~° Torr in the presence of
applied dc fields in the range 0—91 Vem~!. The data
are for equal initial 31f populations. The inset in (a) in-
dicates the relative sizes of the features Py, P; resulting
from adiabatic and diabatic ionization, respectively. The
spectrum in (g) is obtained in the absence of target gas.
The arrows indicate the ranges of ionizing field strengths
over which n=31 states are expected to ionize adiabati-
cally and diabatically.
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FIG. 3. Collisionally induced diabatic ionization
features observed following collisions of laser-excited
Xe(31f) atoms with xenon target gas at a pressure of
2% 10~ Torr for 8 usec in the presence of several applied
dc fields. The arrows indicate the ranges of ionizing field
strengths over which n=30 and 31 states are expected to
ionize diabatically.

| my | >4 Stark states achieves an ionization rate of
10° sec—!.!® The similarity between the calculated
and observed profiles indicates that, in zero field,
collisions populate levels that evolve into states that
have a broad range of values of / and |m, | .%°

The presence of even a modest dc electric field
during the time collisions occur results in changes
in the distribution of collisionally populated states.
This is evidenced by the observed changes in the
SFI spectra, which are particularly marked in the
case of the diabatic features. For this reason, the
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present discussion will focus on the collisionally po-
pulated states that give rise to these features. The
changes in the diabatic features can be explained
qualitatively by appealing to the essentially-free
electron model,?! which assumes that the average
separation between the Rydberg electron and its
ionic core is so large that the target particle does
not interact with both electron and core simultane-
ously. The Rydberg electron thus behaves as if it
were free, except that it has a momentum distribu-
tion determined by its quantum state. The collision
is then discussed by considering the electron-target
and core-target interactions separately. Previous
studies in zero applied field* have shown that, for
Xe(nf)-Xe collisions, effects due to the core are so
small that such interactions are well described by
considering only the Rydberg electron-target in-
teraction. The amount of energy that can be
transferred to or from a Rydberg atom during a
Xe(nf)-Xe collision can thus be determined by con-
sidering the kinematics of an elastic collision be-
tween the Rydberg electron and the target atom.
The energy transfer depends on the relative Ryd-
berg electron-target velocity and the electron
scattering angle. Calculation of the average energy
transfer, and the relative probabilities for different
energy transfers, is, however, difficult as this re-
quires averaging over all possible initial relative ve-
locities and impact parameters. Thus to obtain an
estimate of the energy transfer we consider the spe-
cial case of “head-on” collisions between the Ryd-
berg electron and the xenon target atom, i.e., col-
lisions in which the xenon atom is moving directly
toward (or away from) the Rydberg electron. If it is
assumed that the Rydberg electron is isotropically
scattered, then consideration of the collision
dynamics shows that, if the electron velocity is tak-
en to be that corresponding to its time-averaged ki-
netic energy and if the Xe(nf)-Xe relative collision
velocity is taken to be the average thermal velocity,
the average energy transfer will be ~0.9 cm™.
However, because the majority of Rydberg
electron-target collisions are not head-on and be-
cause, for large impact parameters, the xenon target
atom will sample only the low-velocity region of the
Rydberg electron velocity distribution, energy
transfers that are smaller than this value will be
favored. Thus, the essentially-free electron model
suggests that only Rydberg states having energies
within ~0.9 cm™! of the parent level should be
readily accessible through collisions. This range of
energies is indicated by the dotted region in the in-
set in Fig. 4(a) which shows, on an expanded scale,
the adiabatic evolution of the m;=0 state resulting
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FIG. 4. (a) Partial energy level diagram for xenon
Rydberg states. The solid lines represent the extreme
members of the n=30,31 |m;| =4 manifolds. Each
cross represents the location at which one | m; | >4 Stark
state achieves an ionization rate of 10° sec™!. The SFI
profile calculated for diabatic ionization of a mixture
containing equal numbers of atoms in each
|m;| >4 n=31 Stark state at a slew rate of 10°
Vem—'sec™!is shown in (b). The inset shows, on an ex-
panded scale, the adiabatic evolution of the m;=0 state
associated with the parent 31f state with increasing ap-
plied field, together with a shaded region which extends
0.9 cm~! to either side.

from 31f excitation. This is similar to the lower of
the two adiabatic paths indicated in Fig. 1. The
|m;| =1, 2, and 3 states resulting from 31/ excita-
tion evolve along paths immediately above that fol-
lowed by the m;=0 state. Also included in the in-
set are the extreme members of the n=30,31,
| m; | =4 Stark manifolds. Other diabatically ion-
izing, |m;| >4, n=30,31 Stark states lie between

the extreme | m; | =4 states.

It is seen from Fig. 4 that, in zero applied field,
the 31f level lies sufficiently close to the n=31
manifold that all Stark states are energetically ac-
cessible. The broad collisionally induced diabatic
ionization feature which is observed in zero fields
[Fig. 3(a)] is thus to be expected. Application of an
electric field of a few volts per centimeter leads to
an increased energy separation between the higher-
lying Stark states and the parent levels, together
with a decreased separation between the parent and
the low-lying Stark states. Thus, because the col-
lision kinematics favor small energy transfers, the
presence of a weak field would be expected to
enhance the production of high-lying states. These
trends are apparent in Figs. 3(b) and 3(c) which
show a narrowing of the collisionally induced dia-
batic ionization feature toward ionizing field
strengths that, as apparent from Fig. 4, correspond
to diabatic ionization of the lower |my;| >4
members of the n=31 manifold. As the applied
electric field is further increased fewer and fewer of
the low-lying Stark states remain energetically ac-
cessible, leading to the very narrow diabatic ioniza-
tion signals evident in Figs. 3(d) and 3(e). However,
at sufficiently high fields, states from the n=30
and n=31 manifolds overlap, and a few states in
both manifolds are energetically accessible. The
collisionally induced diabatic ionization feature ob-
tained under these conditions is shown in Fig. 3(f).
Ionization of low-lying n=31, |m;| >4 Stark
states gives rise to the ionization signal at ~ 680
Vem™!, while the signal at ~1300 Vem™! is attri-
buted to ionization of high-lying n=30, |m;| >4
states.

Because collisional ionization and collisional
transfer to other than neighboring levels are not ob-
served, the number n(f) of atoms comprising the
adiabatic ionization feature P, at time ¢ may be
represented, under single collision conditions, by

1

Teff

n(t)=n(0)exp— +pkA=D ¢

where k# 2 is the rate constant for collisional mix-
ing to diabatically ionizing |m,; | >4 states (ioniza-
tion of |m;| <4 collision products is included in
Py), n(0) is the initial (r=0) population in Py, and p
is the target gas density. 7., the effective lifetime
of the parent atoms, depends on the strength of the
applied field and is measured in a subsidiary experi-
ment by observing the decay of the parent atoms in
the absence of target gas. k2 may thus be deter-
mined, at various applied dc fields, from measure-
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ments of n(¢) and the resulting values are shown in
Fig. 5. Since k4P pertains to the collisional pro-
duction of states with |m;| >4 it only affords a
lower limit to the total rate constant for state
changing. No estimate of the rate constant for mix-
ing to low- | m; | states is obtained because it is not
found possible to adequately resolve the separate
contributions to P, that result from ionization of
parent atoms and of low- | m; | collision products.
As evident from Fig. 5, k4A—D decreases marked-
ly with increasing applied dc field. Two factors
may be important in determining the field depen-
dence of k42, namely the number of energetically
accessible states and the degree of spatial overlap
between the wave functions describing the initial
and final states. The inset in Fig. 5 indicates how
the number N4 of energetically accessible |m; | >4
Stark states that lie within 0.9 cm~! of the parent
levels varies with applied field, assuming that the
| m;| =0, 1, 2, and 3 levels resulting from 31f exci-
tation are statistically populated. The similarity be-
tween the behavior of this number of states and the
measured values of k42 suggests that the reduc-
tion in k4P with applied dc field is due to the de-
crease in the number of energetically accessible
Stark levels. However, the decrease in k42 is less
than would be expected simply from consideration
of Ns. A possible explanation for this may be
found by noting that the Stark states that remain
accessible are those states that have the greatest de-
gree of spatial overlap with the parent states and by
assuming that transitions to such states are favored.
However, it is observed that, at applied fields where
states from the n=30 and 31 manifolds overlap,
mixing occurs simultaneously both to upper n=30
and lower n=31 states, which have very different
spatial characteristics. This is not inconsistent with
the wave function overlap considerations just
presented because, as is evident from Fig. 1, the
parent levels acquire the character of states associ-

T T T

8l 1600

| 1200 1

- { ]
T 800}
o oF*®
& 400
'(é 1 1 1
s *,. % 26 40 60 80 100
o APPLIED dc ELECTRIC FIELD (V em)
O 4r . )
o
& r L)
e o ° .

2t 1

L]
O 1

o] 210 40 6IO 8IO IOIO 120
APPLIED dc ELECTRIC FIELD (Vcem-!)

FIG. 5. Applied dc electric field dependence of k42
for parent Xe(31f) atoms. The relative measurement er-
ror, shown at two values of the field, is +20%. The total
uncertainty in the absolute value of the measured rates is
+50%. The inset shows the number N, of Stark states
that lie within 0.9 cm ™! of the parent levels as a function
of applied dc field.

ated with both manifolds in this field region.

The presence of an applied electric field thus
leads to marked changes in both the final-state dis-
tribution resulting from thermal energy state chang-
ing collisions and in the rate constant for such pro-
cesses.”? These changes can be explained qualita-
tively using energy transfer arguments based on the
essentially-free electron model, although the degree
gree of spatial overlap between the wave functions
associated with the initial and final states also ap-
pears to be important.
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