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An experiment is described in which 25-eV electrons are allowed to collide with sodium
atoms in selected nd Rydberg states with 36 <n <50. The excited collision products are
analyzed by use of selective field ionization. Collisions are found to result in state chang-
ing, and cross sections for this process are estimated.

I. INTRODUCTION

The importance of interactions between charged
particles and highly excited atoms in both astro-
physical and laboratory plasmas has long been ap-
preciated.’? Only recently, however, have experi-
mental investigations of these interactions been un-
dertaken. In several experiments involving col-
lisions between positive ions and Rydberg
atoms,>~® the processes of impact ionization,
charge transfer, and state changing have been ob-
served and studied.

In the case of electron — Rydberg-atom col-
lisions, only state changing processes have been
studied to date. Schiavone et al.”® detected atoms
in high-/ Rydberg states following collisions be-
tween electrons and ground-state rare-gas atoms.
They asserted that these atoms resulted not from
direct excitation, which should favor the produc-
tion of low-/ states at the electron energies used,’
but rather from subsequent /-changing collisions
between these low-/ Rydberg atoms and electrons.
Average cross sections for these /-changing
processes were determined to be ~10~1°—10~°
cm?. Atoms in high-/ Rydberg states have also
been observed by Kocher and Smith' in experi-
ments in which ground-state lithium atoms were
excited to Rydberg states by electron impact at
electron energies several times threshold. However,
assuming that the observed high-/ states did not
result directly from excitation of ground-state
atoms, these experiments were unable to determine
whether the transition from low / to high / oc-
curred through a single electron — Rydberg-atom
collision in which a large change in angular
momentum occurred, or through multiple col-
lisions each involving only a small change in angu-
lar momentum. Recent theoretical studies by
Flannery and McCann'!!? indicated that, in cer-

tain situations at least, large angular momentum
changes might occur with reasonable probability.

Investigations of electron-induced n-changing
collisions have been carried out by Delpech er al.'?
and Devos et al.'* In these experiments metastable
helium 23S atoms in a helium afterglow were laser
excited to single, well-defined n *P Rydberg states
(8 <n <17) and allowed to collide with electrons.
While the conditions in the afterglow prevented de-
tailed examination of electron-induced /-changing
collisions, it was, nevertheless, possible to observe
n-changing collisions, and these were studied in de-
tail. Rate constants as large as 10~* cm?®/sec were
measured, and it was observed that An > 1 transi-
tions were important.

The present paper reports a study of the interac-
tion of sodium atoms in selected nd states with
25-eV electrons using a crossed-beams approach.
The collision products were analyzed using selec-
tive field ionization (SFI).!1>—20

II. APPARATUS AND EXPERIMENTAL METHOD

A schematic diagram of the apparatus is shown
in Fig. 1. A beam of ground-state sodium atoms is
produced by a conventional oven source and direct-
ed into a high-vacuum (~2X1073Torr) chamber.
The atoms then enter an interaction region between
two planar, parallel grids where they are stepwise
excited in zero (50.2ch_1) electric field, via the
intermediate 3p P;, state, using the superposed
outputs of two nitrogen-pumped dye lasers. The
linewidths of the lasers permit excitation of single,
selected nd Rydberg states for values of n up to
about 50. The sodium beam has an estimated
number density of ~7x 10% atoms/cm? at the in-
teraction region and is ultimately collected on a
cooled surface.
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FIG. 1. Schematic diagram of apparatus.

The electron beam is collinear with, but oppo-
sitely directed to, the laser beams. The first three
elements of a commercially available black-and-
white television-tube electron gun provide the
source of electrons. This gun produces a divergent
electron beam which is collimated by defining
apertures before entering the interaction region.
The electron beam is ~1 cm in diameter at the in-
teraction region (thereby totally immersing the
Rydberg atoms in electrons) and is approximately
uniform in number density. The position, size, and
degree of uniformity of the beam were checked us-
ing a mechanical scanner.

The interaction region is maintained at ground
potential during the laser pulse and the subsequent
electron collisions. Thus the electron-beam energy
is determined by the operating potential of the
electron-gun cathode. Since the product states are
analyzed by detection of the electrons produced by
field ionization, the electron beam must be gated
off during this measurement. This is accomplished
by applying an appropriate voltage to the electron-
gun control grid. In normal operation the electron
beam is turned on ~2 usec before the laser pulse
and turned off at the end of the interaction inter-
val, t;, whereupon the Rydberg atom population is
analyzed.

Following its intersection with the sodium beam,
the electron beam enters a Faraday cup which is
used to measure the beam current. This cup con-
sists of an entrance plate, two overlapping cylin-
ders, and a wedge-shaped back surface. The cup
lies on the common axis of the electron and laser
beams and has an orifice in its back surface
through which the laser beam passes. The back
cylinder is operated at + 150 V while the other
three elements of the cup are held at ground poten-
tial. Thus, the electron beam, once inside the cup,
is deflected from the beam axis onto the back
cylinder. The electron-beam current during the

beam pulse is measured by dividing the time-
averaged sum of the currents to the cup elements
by the duty cycle of the beam. The beam current
during the pulse is <1 uA.

Care was taken in the design and operation of
the electron beamline to minimize the number of
low-energy scattered or secondary electrons in the
interaction region. A subsidiary experiment in
which such electrons were allowed to drift to the
electron multiplier indicated that they were few in
number.

The electron gun, interaction region, and Fara-
day cup are all located in p-metal enclosures to ex-
clude the Earth’s magnetic field. Care is also tak-
en to minimize stray electric fields in the interac-
tion region since even small fields influence both
excitation and collision processes.'>!® To this end
the grid immediately below the interaction region
is constructed of fine wire mesh (100 wires/in.) in
order to reduce field penetration resulting from the
voltages applied to the electron multiplier and elec-
tron acceleration grids below the interaction region.
The entrance plate and first cylinder of the Fara-
day cup are also held at ground potential to reduce
penetration effects. In addition, no effects of im-
portance to the present work were observed in a
subsidiary experiment in which Rydberg atoms
were intentionally excited in the presence of small
(< 5V cm ™) applied electric fields.

The laser-excited atoms and the excited collision
products are detected and identified by use!*~% of
SFI for which purpose a pulsed electric field that
rises from 0 to <1000 V/cm in ~ 1 usec is applied
across the interaction region. This field is generat-
ed by application of equal, but opposite polarity,
voltage ramps to the grids on either side of the in-
teraction region. The electrons liberated at ioniza-
tion are thereby accelerated to an electron multi-
plier whose output is fed to a time-to-amplitude
converter (TAC). The TAC is started at the begin-
ning of the ionizing voltage ramp and is stopped
by the first electron pulse subsequently registered
by the detector. The TAC output is fed to a stan-
dard multichannel pulse analyzer (MCA). For suf-
ficiently low count rates (<0.1 per laser pulse) the
MCA stores a signal proportional to the probabili-
ty of a field ionization event per unit time during
the ramp. The probability of field ionization per
unit field increment may be derived from the
measurement of the time dependence of the ioniz-
ing field.

Since atoms in different Rydberg states ionize at
different field strengths, it is in principle possible
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to infer from SFI data the state distribution of the
Rydberg-atom population. However, in order to
identify a given SFI feature with a particular
zero-field Rydberg state, the nature of the path of
ionization must be completely known. Previous
studies’> =% have shown that, in an increasing
field, sodium Rydberg atoms typically follow ei-
ther predominantly adiabatic or diabatic paths to
ionization. For sodium nd atoms, and the ionizing
field slew rates employed in this study, atoms with
| my| <1 ionize predominantly adiabatically while
those with | m,; | > 1 ionize predominantly diabati-
cally.

In order to identify effects due to collisions with
electrons, it is necessary to determine and correct
for effects due to collisions with background gas,
and effects due to interactions with background
thermal radiation. To accomplish this, data are
recorded under three different conditions. In the
first measurement the laser-excited Rydberg atoms
are allowed to interact with electrons for a time
t; =6 usec following which the Rydberg-atom po-
pulation is analyzed by SFI. The second measure-
ment is conducted similarly except that the sodium
beam is turned off in order to identify spurious
signals associated with the electron beam. This
background is then subtracted channel-by-channel
from the first measurement to give the electron-
beam-on data. In the third measurement the elec-
tron beam is turned off so that background effects
due to processes involving Rydberg atoms can be
identified. In order to ensure that these three
measurements pertain to the same initial Na(nd)
population and electron-beam current, data for a
given nd state are obtained by repeatedly alternat-
ing these measurements, each for an equal number
of laser pulses.

The present experiments are undertaken with
very small electron-beam currents and, in conse-
quence, only a small number of state-changed col-
lision products are formed. Thus, the differences
between the SFI spectra obtained with and without
the electron beam are very small and the product
atoms must be detected in the presence of a much
larger number of remaining parent Rydberg atoms.
Typically, fewer than 10% of the parent atoms un-
dergo a state-changing collision in the interval ¢;.

III. RESULTS AND DISCUSSIONS

Representative SFI spectra [for Na(36d) and
Na(50d)] are shown in Figs. 2(a) and 3(a). The
data obtained with the electron beam gated off
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FIG. 2. Typical SFI data for laser-excited Na(36d)
atoms: (a) @ data with electron beam gated off; +
data following collisions with 25-eV electrons, corrected
for electron-induced background signals. (b) Net signal
due to electron impact. The horizontal bars indicate the
range of field strengths over which n=236 atoms are ex-
pected to ionize adiabatically and diabatically.
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FIG. 3. Typical SFI data for laser excited Na(50d)
atoms: (a) @ data with electron beam gated off; + data
following collisions with 25-eV electrons, corrected for
electron-induced background signals. (b) Net signal due
to electron impact. The horizontal bars indicate the
range of field strengths over which n=>50 atoms are ex-
pected to ionize adiabatically and diabatically.
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result primarily from ionization of the laser-excited
Rydberg atoms, although there is a small contribu-
tion from atoms in states populated by back-
ground-induced state-changing processes. Two
major SFI features are observed'*~!7 in each spec-
trum. The low-field ionization feature results from
the predominantly adiabatic ionization of states
with | m; | =0, 1, while the high-field feature is
produced by predominantly diabatic ionization of
states with |m; | =2.

The SFI profiles obtained following electron im-
pact are corrected as described above for spurious
effects due to the electron beam and thus result
from field ionization of laser-excited Rydberg
atoms and of atoms in states populated through
both electron and background interactions. Com-
parison of the two spectra in part (a) of each figure
shows that collisions with electrons result in
enhanced field ionization signals—shown shaded
—at certain values of applied field. The net signal
resulting from electron collisions in these regions is
shown on an enlarged scale in part (b) of each fig-
ure. Since the lifetimes of the parent and product
atoms are typically much longer than the interac-
tion time, signal enhancement at certain values of
the applied field is necessarily accompanied by sig-
nal reduction at other field strengths. Inspection
of Figs. 2(a) and 3(a) reveals regions where the
electron-beam-off signal exceeds the electron-
beam-on signal.

The electron-impact-induced field ionization sig-
nals which appear on the low-field side of the
parent nd adiabatic features result from adiabatic
ionization of atoms either in the neighboring
(n +1)p state or in low |m; |, nl (I >?2) states. A
more precise identification is not possible because

SFI studies showed that these would both yield
ionization signals over this range of field
strengths.?! At the lower values of n studied, the
data do not suggest significant population of high-/
nl states since in these circumstances a diabatic
signal would also be apparent.'® However, at
higher n a diabatic electron-impact-induced field
ionization signal is observed. Its width indicates
that collisions lead to a broad range of state-
changed atoms with high L' Attempts were made
to determine whether these high-/ products resulted
from single or multiple collisions by making mea-
surements at several electron-beam currents. These
studies suggest that the high-/ states result from
single collisions, although the small size of the sig-
nals make a definitive determination impossible.
However, since only a few percent of the laser-
excited atoms undergo state changing, the evidence
suggests that single-collision conditions pertain and
that collisions populate high-/ states directly. No
SFI features ascribable to n-changing collisions,
other than the feature mentioned earlier that could
possibly result from nd—(n + 1)p collisions, are
apparent.

Cross sections o for the state-changing process
are estimated by determining the number of state-
changed atoms, N (#;), comprising the shaded re-
gion in Figs. 2(a) and 3(a), resulting from electron
collisions in the time #;. Neglecting the (very
small) radiative decay of parent and product atoms
during the interval ¢;, N (¢;) and N,(0), the initial
parent nd population, are related by

N (2;)
N,(0)

where n, is the number density of electrons and v

=n,ovty ,

TABLE 1. Compilation of measured and calculated /-changing cross sections in cm? for
collisions between Na(nd) atoms and 25-eV electrons.

Percival and Richards? Herrick®
n Present results nd—(n+1)p nd —nf nd —»nf
35 8.7x10~10 2.1x107° 2.0%x10~°
36 6.6 1010
38 5.7x101°
40 1.5%x10~° 1.5%x10~° 3.6x107° 3.5x10~°
41 2.3x107°
45 3.0x107° 2.5%107° 5.8%x10~° 5.7%x107°
50° 3.4x107° 3.9%x107° 9.0x10~° 8.9x10~°

2Reference 22.
bReference 23.

°A small number of (n +1)s states may also be produced by the laser.
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is the relative Rydberg atom-electron collision velo-
city. N,(0) is determined by integrating over the
SFI spectrum obtained in the absence of electrons.
The value of n, is obtained from the measurement
of the electron-beam pulse current, the cross-
sectional area, and the known electron energy.
Cross sections derived in this manner for an elec-
tron energy of 25 eV are given in Table I. These
cross sections provide a lower bound to the total
state-changing cross sections since a fraction of the
state-changed atoms may ionize at the same time
field strengths as parent nd atoms. Such atoms
would go undetected and are thus not included in
N, (t;). However, reasonable estimates based on
the known shapes of SFI profiles for p states and
for the state-changed products resulting from neu-
tral collisions suggest that, at most, this should
lead to an underestimate of N (¢;) of no more
than a factor of 3.

Theoretical values**?* for various state-specific
collision processes are also included in Table 1.
Radial matrix elements extrapolated from the re-
sults of Gounand®* were used in conjunction with
the theory of Percival and Richards?? to determine
the nd —nf and nd —(n +1)p cross sections.
nd —nf cross sections were also derived using the
theory of Herrick?® and the quantum defects for
sodium d and f states. The present data are in
reasonable accord with the theoretical values.
However, the theoretical treatments consider only
dipole-allowed, i.e., Al = +1, transitions and the
present SFI data suggest that, certainly at higher n,
larger changes in Al are possible.
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