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Absolute differential cross sections for superelastic scattering have been measured for the sodium reso-
nant transition in the incident electron energy range 3—20 eV. Results are obtained with no cahbration
being needed and are related to time-reversed inelastic scattering with unpolarized particles. Compar-
isons with distorted-wave, close-coupling, and convergent-close-coupling calculations are presented.
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I. INTRODUCTION

The need to acquire experimental information concern-
ing collisions of low-energy electrons with atoms that
have been prepared in polarized excited states is well es-
tablished by now. The low-energy range, defined here as
being between 3 and 20 eV, is particularly interesting be-
cause it represents a regime where many aspects of the
collision process, including target distortion, correlations,
post-collision interaction, and exchange effects, play im-
portant, simultaneous roles, and, moreover, many col-
lision channels (elastic, inelastic, and ionization) can be
simultaneously open. While work on electron scattering
by laser-excited atoms [1] is particularly scarce because
of practical difticulties, such experiments are not only im-
portant because of their fundamental interest, but also in
order to provide data relevant to more applied fields in
which short-lived excited-state atomic collisions play a
significant role. A detailed analysis of our current under-
standing of the process of collisional alignment and orien-
tation of ground-state atoms by electron impact, which
can be regarded as the time inverse of the process of elec-
trons scattered by excited-state atoms, is presented in the
review by Andersen, Gallagher, and Hertel [2].

The effective one-electron sodium atom has become a
test case for electron-atom collision studies because of its
experimental convenience and the relative simplicity it
offers to theoretical models. For example, since sodium
is a light alkali-metal atom, electron exchange plays an
important role in electron-sodium scattering [3], but ex-
plicitly spin-dependent forces (spin-orbit interaction be-
tween projectile and target) may be neglected.

Traditional inelastic electron-sodium scattering experi-
ments are performed employing ground-state sodium, for
which the colliding electron transfers energy to the target
atom. In the "time-inverse" reaction, scattering by excit-
ed (3P)Na results in a deexcitation of the atom and a cor-
responding increase in the kinetic energy of the colliding
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electron. To study such superelastic processes involving
short-lived excited states, excited atoms must be continu-
ously produced within the collision volume by laser exci-
tation. As a consequence, the target atoms will possess
uneven populations of Ml = —1,0, +1 magnetic sublev-
els. Specifically, irradiation with circularly polarized
laser light will result in the production of polarized, ex-
cited atomic targets [4]. In the present experiment the
initial state of the target was polarized Na(3P, Mt = +1)
in the natural frame [2] (along the laser propagation axis,
which is perpendicular to the scattering plane). Using a
recoil-atom scattering method [5] we have obtained abso-
lute superelastic differential cross sections for unpolarized
Na(3P~3S) as though the initial state of the target was
prepared with an equal population of magnetic substates
[6]. We present data in the low-energy range, as we have
defined it, obtained with no calibration being needed. We
have previously published preliminary results at 3 eV [7].
In the present case our results with unpolarized electrons
and polarized (3P)Na atoms can be related [8] to the in-
elastic 3S~3P transition involving unpolarized electrons
and atoms. Thus the recoil-atom scattering method pro-
vides an independent check of the traditional electron
scattering experiment with unpolarized beams.

Superelastic and inelastic processes for (3P)Na were
studied first using unpolarized incident electrons by Her-
tel and Stoll [9] and Hermann et al. [10], by measuring
electron-scattering intensities as a function of the polar-
ization of laser light, and thus determined the relative
multipole moments To and T&. The spin polarization of
superelastically scattered electrons, initially unpolarized,
was measured by Hanne, Szmytkowski, and van der Wiel
[11]. A series of experiments [4,12—16] has been per-
formed at the National Institute of Standards and Tech-
nology (NIST) using a polarized incident electron beam
to study superelastic electron scattering by (3P)Na
prepared with linear or circular polarization of the laser
light. In the NIST work spin dependence in superelastic
collisions as a function of laser polarization as well as of
electron energy was studied. The polarization of the scat-
tered electrons in superelastic scattering by (3P)Na was
measured by Teubner and Scholten [17].

This same electron-sodium —scattering problem has
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also been the subject of intense theoretical interest over
the past three decades. Results up to 1992 are summa-
rized by Madison, Bartschat, and McEachran [18]. In
the energy range of the present work the most successful
calculations are performed using close couphng [19—21]
(CC) based on the R-matrix approach [22], the
convergent-close-coupling approach [23,24] (CCC), and
the second-order Born distorted-wave [18,25] (DWB2)
approximations. CC calculations [19] based on a sem-
iempirical local representation for the atomic core poten-
tial acting upon the valence and scattering electrons have
been improved with numerical methods [20,21] that treat
differently low-, intermediate-, and high-order partial
waves. The CCC Inethod treats a "three-body" system
and expands the total wave function in a 1arge truncated
Laguerre basis, enabling the application of standard
close-coupling techniques to the resultant coupled equa-
tions. The "exact" nonrelativistic DWB2 calculations for
sodium [18] incorporate the efFects of the atomic charge
cloud polarization, absorption, and electron exchange
distortions into the calculation of the distorted waves.
Here "exact" means that the infinite sums over the inter-
mediate bound and continuum target states were per-
formed without making approximations. These approxi-
mations are applicable in diIIIerent parts of the energy re-
gion of the present work (or, the case of CCC, over the
full region) and the results of our measurements can off'er

a test of the relative reliability of these several approxi-
mations in the overlapping range.

In the following sections an overview of the experimen-
tal method employed in the present research is described.
This is followed by a presentation and an analysis of ex-
perimental results. Discussion of the results is presented
in terms of time-reversed inelastic scattering with unpo-
larized particles and a comparison with CC, CCC, and
0%'82 calculations is made.

II. KXPKRIMKNT

A. General setup

The apparatus used for the present experiments was
constructed to measure cross sections for electron
scattering by atoms using the atomic-recoil technique.
This technique involves observation of the scattered atom
beam after being cross Ared by an electron beam, in the
presence of a mutually perpendicular laser beam tuned
to the sodium resonant 3 S,&2(F =2, M~=2)
~3 P3&2(F =3, M+=3) transition. The production and
detection of atom and electron beams and other experi-
mental details are fully described in previous publications
[5,26,27]. The photon beam and a quantitative analysis
of the deAection of a sodium beam by laser radiation
force in the traveling-beam arrangement (explained in
Sec. II B) have been discussed in Ref. [28]. For conveni-
ence we recall briefly the essential parts of the experimen-
tal setup. Additional information and improvements in
our data-taking protocols are also presented.

A schematic diagram of the experimental arrangement
is shown in Fig. 1. The electron, the atom, and the laser
beams intersect each other at right angles. Coordinate
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FIG. 1. Experimental arrangement. The electron, the atom,
and the laser beams cross each other at right angles.

axes are such that the polar scattering angle 0 lies in the
scattering plane defined by the electron (z) and the atom
(y) axes of propagation. Along the +z axis 8=0. The
projection of the azimuthal scattering angle P is in the
plane of the atom (+y) and the photon (

—x) beams'
propagation axes. Along the +y axis / =0'.

The atomic-recoil type of experiment requires a well-
collimated and velocity-selected atoID beam as well as a
large separation between the collision and the atom
detection regions to achieve good angular resolution.
The total length of the vacuum envelope is about 5 m,
containing four mutually connected vacuum chambers.
Each chamber can be moved on its own mounting plat-
form for a coarse alignment of the entire apparatus. All
internal components such as the atom-beam oven, the
electron gun, and the detector, etc. , are connected to
external precision positioners through vacuum bellows so
that fine alignment can be achieved by adjusting these po-
sitions carefully. The interaction and detection chambers
are connected through a flexible bellows by a 3-m-long
drift tube [26] that can rotate around the collision region.
The detector chamber is also capable of independent vert-
ical and horizontal translational motion [5]. A precision
two-dimensional monitor records the detector position
during runs. By this construction the detector can move
over the surface of a sphere of radius I. =3.5 m centered
on the collision volume, thus enabling us to perform
two-dimensional scans of the angular distribution of the
atoms that have recoiled upon collisions with electrons.

A hexapole magnet [5,26] is located between the atom-
beam source and interaction chambers, which serves to
focus atoms on the atom-beam detector [26]; it also par-
tially velocity and state selects the atom beam.

The construction [26] of the atom-beam source and its
operational characteristics in the present experiment
have been described previously [27]. The vapor pressure
in the source of about 30 Torr was produced at a temper-
ature of 880 K with a snout at 960 K. The atom beam
passed through a 0.25-mm orifice drilled in the cap of the
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snout. The spatial distribution of the beam was routinely
measured in the detector plane. The atom-beam velocity
distribution was determined using laser-induced Auores-
cence [27].

The construction of the electron gun [5,26] and the
procedure to determine characteristics of the electron
beam [27] have also been explained previously. Deter-
minations of the nominal electron energy and the elec-
tron energy distribution are based on the measurements
of Na+ ions and a Wannier [29] threshold behavior of the
total ionization cross section. The electron-beam number
current in the present experiment was in the range of 10'
electrons/s.

Data-taking procedures and all geometrical parameters
of the present experiment are given in Ref. [27]. Howev-
er, for the present work an additional parameter is re-
quired, namely, the fraction of the excited atoms f, in the
interaction volume, as explained in the following subsec-
tion. The laser system used in the present work has also
been described [26,30] before.

B. Preparation of the initial atomic state

Two methods are used in our laboratory to prepare
laser-excited (3P)Na atoms. If the laser beam passes
through the interaction region in one direction only we
call it a traveling-wave [28] laser-field configuration. This
method of preparation, where the displacement of the
photon-recoiled atom beam in the detector plane [30] is
related to the excited-state fraction f of the atoms in the
interaction region, has been used successfu11y in previous
total [26,31,32] and elastic difFerential [30] cross-section
measurements. A standing-wave [33] laser-field
configuration is a second method of preparation that can
be established by rejecting the laser beam back into the
interaction volume.

We found that the traveling-wave laser-field
configuration is not suitable for absolute measurements of
the inelastic or superelastic differential cross sections in
the atomic-recoil experiment. With the traveling-wave
configuration the scattered atoms experience double
recoil, i.e., recoil caused by both electrons and photons.
In the present experiment, to prepare the initial state
(3P)Na by laser excitation, ground-state (3S)Na atoms
are originally prepared into F=2 states. In inelastic and
superelastic (3P)Na processes, however, the atoms may
decay to the nonresonant F = 1 ground state due to elec-
tron excitation or deexcitation and become lost to the
laser excitation process. For instance, for inelastic-
scattering atoms are excited from 3 P3/2 to 4S, 3D, etc. ,
by electron impact after which they decay back to the
3 S,&2(F=1) or the 3 S,z ( z=F)2state with roughly
comparable probabilities. During the measurement the
detector is set at the peak of the photon recoiled atomic
beam in the —x (laser axis} direction and scanned along
the z (electron axis) direction. Therefore, the atoms that
decay to the (F=1) ground state no longer absorb pho-
tons, resulting in a partial loss of signal at the displaced
detector.

Also, in our inelastic [7] and superelastic-scattering ex-
periments, the measured scattering signals are attribut-

able mainly to small-angle scattering. The spatial distri-
bution of the recoiled atoms is influenced strongly by the
atom-beam velocity distribution. Since in the traveling-
wave laser-field configuration the de6ected beam profile is
modified by the atom-beam velocity distribution in the x
direction, the slower atoms will be de6ected further from
their original position in the detector plane. This efFect
changes the atom-beam velocity dis~bution at each part
of the beam profile and introduces an additional compli-
cation in the analysis of the experiment. Therefore, the
spatial broadening of the de6ected beam profile may
cause larger errors in the measurement.

From the above discussion it is clear thai an
undetected and narrowed atom beam is more suitable for
the superelastic and the inelastic measurements and ac-
cordingly it is better to employ a standing-wave laser
configuration field. In this case the radiation pressure
due to the two counterpropagating waves can be added
independently since at relatively low laser intensity [34]
stimulated exnission events are negligible. Thus the auer-
age momentum transfer from both laser directions will
cancel out.

For circular polarized light produced by a Cxlan prism
linear polarizer and a quartz zeroth-order quarter wave
plate, the polarization direction of the reflected beam in
the interaction volume is the saIDe as that of the incident
beam. After passing the interaction volume the reAected
beam is restored to linearly polarized light by a quarter
wave plate with the polarization direction perpendicular
to that of the incident linearly polarized light. Therefore,
it is reAected out of the axis of the incident laser beam by
the linear polarizer, thereby avoiding feedback of light
into the dye laser. There is no quarter wave plate if
linearly polarized light is used. In this case the reAected
beam may feed into the dye laser and cause the laser fre-
quency to become unstable. Therefore, if a standing-
wave laser field is employed, only circularly polarized
light can be used.

In order to tune the laser frequency coarsely, laser-
induced fluorescence in a sodium vapor cell is used. In
the traveling-wave experiment a fine tuning is accom-
plished by monitoring the deAection of the atom beam,
while, of course, in the standing-wave experiment there is
no atom-beam deflection. Thus an absolute determina-
tion of the proper laser frequency needed to excite the
atoms was achieved by measuring the Doppler-free sa-
turated absorption spectrum [35] of the sodium D2 line.
The experimental setup is shown in Fig. 2. Two counter-
propagating laser beams (probe and pump} overlap in a
sodium vapor cell. The intensity of the probe beam is
about l%%uo of the pump beam. The operation of such a
device can be understood by hole burning in velocity
space. Assuming that the laser frequency is shifted from
the atomic resonance by a small amount, the two coun-
terpropagating laser beams will be adsorbed by two
different velocity groups of atoms because of the Doppler
shift. When the laser frequency is on resonance, both
probe and pump beams are absorbed by the same group
of atoms with a zero-velocity component along the laser
beam axis. In that case, when the absorption of these
atoms has been nearly saturated by the pump beam, the
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FIG. 2. Experimental arrangement for saturation spectrosco-
py: A, laser beam; 8, beam splitters, 90% transparency; C1, at-
tenuator, 50% transparency; C. , attenuator, 2% transparency;
D, Na vapor cell; E, photodiode; F, mirrors; G, light beam
chopper; H, chopper controller; I, lock-in amplifier; J, x-y
plotter.
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probe beam will be absorbed less. In other words, the
transmission of the probe beam is increased, resulting in
an intensity peak in the spectrum at resonance when the
laser frequency is scanned; to increase the contrast, thc
pump beam is chopped and the probe beam amplified us-
ing a lock-in detector. The spectrum of the
3 S,&z ~3 P3&z transition is shown in Fig. 3(a). The
negative peak between the two positive peaks is the cross-
over signal [36], which corresponds to the Doppler-
shifted resonance involving a common excited state and
both 3 S,&2(F = 1,2) ground states. In this case the pop-
ulation of the state that resonates with the probe beam is
increased by optical pumping of the pump beam resulting
1Il R lowering of thc transmission of thc probe bcRIH. Fig-
ure 3(b) shows the hyperfine structure of the 3 P3&2 state
obtained by reducing the scan width of the laser frequen-
cy. The arrows indicate the transitions
3 S,&z(F =2)~3 P3&z(F =1,2, 3). For simplicity, in
Fig. 3(b), F indicates ground-state and F' excited-state
levels. Again, the crossover signals show up between
these transitions, which correspond to the Doppler-
shifted resonances involving a common ground state and
two different excited states. The deeper saturation results
in a higher transmission of the probe beam [36]. The
Doppler-free resonance peak that corresponds to the
transition 3 S,&2(F =2)~3 P3&2(F =3) is well separat-
ed from the others. It allows the absolute, precise deter-
mination of the laser frequency. To avoid collision
broadening and power broadening in the sodium vapor
cell, its temperature is kept at 100 C and the laser power
is kept at typically about 10 and 10 %' for the pump
and the probe beam, respectively. Higher cell tempera-
ture or higher laser power makes the peaks broaden and
bccoInc indistinguishRMc.

In the standing-wave laser field the atom-beam spatial

FIG. 3. Signals from saturation measurements. (a)

~1/2 ~3 P3/2' (b) 3 ~1/2(F =2)~3 P3/2(F = 1,2, 3). For
simplicity, F indicates ground-state and F' excited-state levels.

distribution is affected by the laser frequency. To under-
stand qualitatively the inhuence, one can consider the
standing-wave configuration as two counterpropagating
traveling waves with the same frequency. The net radia-
tion pressure is the superposition of those from both laser
beams. When the laser frequency is red detuned, diverg-
ing atoms will be closer to resonance than converging
ones causing a focusing effect. When the laser frequency
is blue detuned, the atom beam will be defocused in the
vertical direction. In Fig. 4 we show vertical atomic-
beam profiles obtained with difFerent laser frequencies. It
can be seen that the beam profile obtained with small red
detuning is the most suitable for a high-resolution
atomic-beam experiment. On the other hand, small blue
detuning is better to achieve a high fraction of excited
atoms. A redshift of the laser frequency will increase the
probability of exciting the 3 P3&z(F =2) state, which is
only about 60 MHz below the desired 3 P3&2(F =3)
state. Thus the fraction of atoms ending in the non-
resonant F =1 ground state will increase. We performed
an experiment to study this problem quantitatively.
Laser-induced fluorescence is measured with a part of the
laser beam, about 1 mW, transferred by a single-mode op-
tical 6bcr to form a probe beam that crosses the atom
beam perpendicularly 1 m downstream from the interac-
tion region. By chopping the laser beam in the interac-
tion region and comparing the Quorescence intensities in
the probing region, the ratio of the number of atoms in
the resonant (F =2) ground state with and without opti-
cal pumping can be obtained. Thus the fractions of the
atoms that leak to the nonresonant (F =1) ground state
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DETECTOR POSITION x (mm)

FICz. 4. Atom-beam vertical profiles obtained with different
laser frequencies: A, laser-off FWHM of 5.5 mm; B, 8-MHz red
detuning FWHM of 5.2 mm; C, on-resonance FWHM of 7.5
mm, ' D, 8-MHz blue detuning FWHM of 22 mm.

can be determined as a function of the laser frequency.
These fractions of a full beam are 48% with 8-MHz red
detuning, 35% with zero detuning, and 26% with 8-MHz
blue detuning. Combining both considerations, the verti-
cal atom-beam focusing and the fraction of excited atoms

in the interaction region, we chose zero detuning in the
experiment. Spatial distributions of atomic-beam profiles
obtained with standing and traveling laser-beam condi-
tions are shown in Fig. 5. In the standing-wave case the
atom beam maintains practically the same full width at
half maximum (FWHM) of both profiles. The small
broadening is mainly due to photon statistics. Therefore,
for this case the chance for the recoil atoms to enter the
detector depends only on the electron-scattering process
itself. Comparing these profiles with the traveling-wave
case, the FTHM of the vertical one is narrower by a fac-
tor of 2. It can be seen from the equations in the follow-
ing subsections that the width of the atom-beam vertical
profile determines the azimuthal uncertainty of the final
data. For example, with the present standing-wave con-
ditions, for 10-eV electrons at 0=3' the atom-beam
detector subtends azimuthal angles from —15' to + 15'.

An important part of the present experiment is the
determination of the fraction of excited atoms in the in-
teraction region. As mentioned above, in the traveling-
wave laser-field configuration f is proportional [30] to the
atom-beam displacement due to photon recoil. En the
present experiment the laser-induced fluorescence intensi-
ties from traveling-wave and standing-wave fields are
compared since in both cases 6uorescence intensity is
proportional to f. Thus the standing wave f is calibrated
to the measured traveling wave f. We found f to be 0.26
with an incident laser intensity of 120 mW/cm . The un-
certainty of 10% in f determination is attributable to the
determination of the deflected peak position in the mea-
surements of f in the traveling-wave configuration (6%)
and relative 6uorescence intensity in standing- versus
traveling-wave configuration.

C. The recoil-atom method in suyerelastic scattering

Our recoil-atom analysis [5,27] is based on the approxi-
mation that the change of the longitudinal velocity in the
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FIG. 5. Atom-beam profiles
under the standing-wave and
traveling-wave laser-field config-
urations.
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collision is negHgibly small as compared to the incident
atomic velocity. This approximation is appropriate for
the present experiment, where the atomic beam possesses
a monochromaticity of 1200+200 m/s and the change of
velocity in the collision is several m/s. Thus electrons
scattered at both (8,$) and (8,m-P) will cause the atoms
to recoil into the same position in the detector plane.
Therefore, for each 8 both azimuthal angles (P and m-P)

are recorded. In the present experiments the scattering
signal is recorded in the scattering plane, so that P is 0 or

The measured recoiled-atom intensity I, (zD ) of supere-
lastic collisions at the detector position centered at zD is
related to the difFerential cross section cr(8) and the
relevant beam and apparatus parameters by the modified
master equation [7]

fioIO(0) Eo+5E z2 V& cy( V) x2

I, ( zn)= f cr(8)sin(8)d8 f 6(E)dE f Z(z)dz f dV f X(x)dx f dP .

1 /2

L +2mEO 1 —cos(8)
0

M (zD —z —hz)
(3)

where I, is defined in Sec. II A, m is the electron mass, Ek
is the electron energy after the collision, and M is the
atom mass.

The final difFerential cross section in Ref. [7] is the
average of the collision cross sections for two azimuthal
angles (8,$) and (8,m-g), which is one-half of the o (8) in
Eq. (1) in this paper. To clarify, we will recall arguments
from Refs. [7,8] where Bartschat and Madison (BM) ana-
lyzed our experimental arrangement.

The following has been stated in Ref. [7]. "The choice
of right-hand (o+) or left-hand (o ) circularly polarized
laser light for sodium excitation results in ML =+1 or
ML = —1 magnetic sublevels of the 3 P3/2 prepared
atoms, respectively, quantized along the laser propaga-
tion axis (natural frame ). The scattering intensities of
these two states are symmetric with respect to a re6ection
of the azimuthal scattering angle P about P=n/2, for a
given polar scattering angle 8. Consider an atom
prepared in the ML =+1 state in the natural frame. In
the present experiment the atom detector "sees" at the
same time recoiled atoms corresponding to electrons scat-
tered into both (8,$) and (8,m.-f). This means that our
measured o (8) corresponds to the conditions that 50% of

The parameters in Eq. (1) are the fraction of excited
atoms f, the total electron number current io, the atom-
beam current Io(0) at zD =0, the height of the interaction
region perpendicular to the scattering plane h =0.8 mm,
the half-height hx =0.5 mm and the half-width Az =0.5
mm of the atom beam detector, the electron energy dis-
tribution e(E), the nominal electron energy Eo, the half-
width of the electron energy distribution 5E, the atom-
beam velocity distribution V( V), and the spatial distribu-
tion of the atom beam X(x) and Z(z). The quantity 8,„
is defined [27] as the maximum electron-scattering polar
angle that contributes to I, (zD ). Integration limits of the
atom-beam velocity distribution are

1/2

I.+2mEO 1 —cos( 8)
E0

M(zD —z +bz)

where the factor —,
' is introduced to account for the aver-

age over the initial orbital angular-momentum com-
ponents. In the above equation the measured cross sec-
tion o „,is the same as o (8) in Eq. (1). For the cross
section o.„„, however, time-reversal invariance of the
transition operator (or "detailed balance" ) may be used.
This gives

E3S
cr „,=3o „„(3P~3S)= 0 „„(3S~3P), (5)

where E3I, and E3s are the projectile energies when the
atomic electron is in the 3I' or the 3S state, respectively.
In the present case of electron scattering by sodium

E3I, =E3s —2. 1 eV.

atoms in the interaction region are in the ML =+ 1 state
and 50% are in [the] ML = —1 state, both prepared in the
natural frame. Therefore, the same scattering intensity
should be observed with both (o+) and (a } laser excita-
tion light. " In other words, the measured scattering in-
tensity corresponds to the case where 50% of the target
atoms are excited to 3 P3/z(F =3, M+ =3) and the other
50% to 3 P3&z(F =3, Mz = —3) and both (8,/=0} and

(8,f=m. ) scattering intensities are measured [37]. The
magnetic quantum numbers are not observed after the
collision.

We recall the comments from Ref. [8] regarding its
Eqs. (7) and (8). The natural frame where the quantiza-
tion axis is perpendicular to the scattering plane has been
used in setting up the initial density matrix. Consider the
superelastic 3I'~3S cross section for a completely unpo-
larized initial (3P)Na beam containing an equal amount
of atoms in each ML =+1,0, —1 state. As BM state, for
any transition between P and S states of different parity,
parity conservation of the interaction implies that the
scattering amplitudes and, consequently, the cross sec-
tions for transitions between the sublevels with magnetic
quantum number ML =0 must vanish in this frame.
Thus the unpolarized superelastic cross section is given
by
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FIG. 6. Typical computer output of one run taken in 100 s

for superelastic scattering.

Small-angle superelastic collisions are distinguished by
observing the atom deflection in the detector plane
caused by electron scattering, since these result in
momentum transfer to the atom-beam counter to the ini-
tial electron momentum. Thus recoiled-atom intensities
[I,(zD )] are taken along the same axis as the horizontal
atom-beam profiles, opposite the direction of the incom-
ing electron momentum. At each detector position atom-
ic current signals are sampled by the computer, typically
every 20 ms. The electron beam is turned on and o6' at
0.1 Hz by a signal generated by the computer, which acts
as a multichannel analyzer with 250 channels each for the
electron beam on and the beam off in each scan. There
are ten such scans in each run. A typical output of one
run is shown in Fig. 6. The signals with the electron
beam on (I,„)and ofF (I,ff) are then averaged separately
by the computer. The difference between X,„and I,~ is
the measured signal I, (zD). A large amount of data is
taken at each detector position for each electron energy
and averaged to minimize the statistical error. During
the data-taking period the laser frequency is monitored
by the transmission intensity of the Doppler-free satura-
tion spectrum of the sodium vapor cell to ensure that the
laser frequency remains constant. The computer-
averaged I, (zr ) plotted versus detector position (zD ) at 3
and 10 eV are shown in Fig. 7.

The recoil-atom scattering relation [30] between the z
coordinate in the detector plane and the electron polar
scattering angle 0 in the laboratory frame is

z =I.[a—Pcos(8)],
where a=mv/MV is the ratio of the electron and the
atom momenta before the collision and P= muz /MV is
the ratio after the collision, where uk =2Ek /m. Since the
incident electron propagating in the +z direction gains
energy in a superelastic collision, the atom will recoil in
the —z direction as long as the electron polar scattering
angle is not too large, i.e., cos 8&a/P. Therefore, no
atoms other than superelastic scattered atoms can reach
the detector. As can be seen from Fig. 7, the scattering
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FIG. 7. Computer-averaged superelastic-scattering signal

versus detector position. The unscattered atom beam centered

at z =0 is o6' scale on the right. The electron-beam velocity is

in the positive z direction.

peak approaches the unscattered atom beam as the elec-
tron energy increases. The peak position z can be es-

timated by

(7)

where ( 1/V), the average of the inverse atom beam ve-

locity, is 8.7X10 s/m in the present case. The largest
energy practically realizable in the experiment was 20 eV
with the present atom-beam spatial and velocity distribu-
tions.

The superelastic scattering experiments on (3P)Na
have been performed with 3, 5, 10, and 20 eV incident
electron energies. The corresponding total collision ener-

gies are 5.1, 7.1, 12.1, and 22.1 eV due to an excess of 2.1

eV of the excited sodium above the ground state plus the
initial electron energy. These are usually used in calcula-
tions.

The measured I, (zD ) as a function of zD for each elec-
tron impact energy are listed in Table I. The closest
detector position to the unscattered atom beam where
data are taken at each energy was the position at which
the scattering signal was just dominant with respect to
the unscattered one. For the o(8) determination from
I, (zD ) and other measured parameters, the deconvolution
procedure employing Eq. (1) used in the present work and
Ref. [7] is essentially the same as that in Ref. [27]. This
is a fitting procedure to reproduce measured intensities
I,(zz ) with o (8) as the only unknown parameter. An ex-

ample of the fitted curve and measured intensities for 10
eV is shown in Fig. 8. DifFerential cross sections o(8)
thus obtained, in units of 10 m /sr for electron in-
cident energies of 3, 5, 10, and 20 eV, are listed in Table
II as o.

We recall that employing the recoil-atom technique,
the present experiment is performed with an atom beam
polarized in the natural frame, Na(3P, M&=+1). The
corresponding transition is (3 P3&z, F = 3, MF =3)
~3 S

~ yp ~ As explained in Sec. II C, observation with
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TABLE I. Computer averaged raw data for electron supere-
lastic scattering by (3P)Na at detector position zz. Unscattered
Io(z&) and scattered I,(z&) atomic beam intensities in units of
Io(0) X 10 . Scattered intensities are normalized to an electron
beam current 1 X 10 ' A. The excited state fraction f=0.26.

zg)

(mm) I,(zD) 3 eV
I,(zD)

5 eV 10eV 20 eV

—8.9
—10.2
—11.4
—12.7
—14.0
—15.2
—16.5
—17.8
—19.1
—20.3
—21.6
—22.9
—24. 1
—25.4
—26.7
—27.9
—29.2
—30.5
—31.8
—33.0
—34.3
—35.6

481.0
141.0
86.2
60.S
48.3
38.1
30.4
24.5
19.8
16.3
12.0
10.7
7.8
6.6
6.0
5.3
4.8
4.2
3.9
3.6
3.4
3.1

0.57
0.79
1.01
1.09
1.43
1.63
1.83
2.08
1.84
1.74
1.52
1.19
1.03
0.86
0.73
0.61
0.47
0.34
0.26
0.18

0.96
1.59
2.01
2.30
2.77
2.47
2.18
1.78
1.37
1.05
0.74
0.48
0.27

2.90
4.60
5.17
S.62
4.87
3.92
2.75
1.95
1.40
0.85

3.71
4.12
3.24
2.40
1.78
1.16
0.90
0.63
0.51
0.39

the employed technique was on 3 P3/2(MI =61)
—+3 Si&2. The measured o(8) is o „,=3o„„(3P~3S),
where o„„(3P—+3S) is the cross section for superelastic
scattering by unpolarized excited sodium. For practical
purposes, we list o „„(3P~3S) in Table II, which is —,

' of
the measured quantity.

7.5
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FIG. 8. Fitted curve of (3P)Na superelastic-scattering data at
10 eV electron incident energy: , measured scattering intensi-
ties; solid line, fitted curve. Error bars denote statistical error.
See the text and Ref. [27] for the fitting procedure.

As mentioned in Sec. I, the preliminary result at 3 eV
is presented in Fig. 1 of Ref. [7]. These data are 2i o „,—in
Table II since the master equation in Ref. [7] contains a
factor of —,

' on the right-hand side instead of a factor of —'
4

in the present Eq. (1). An explanation is given in Sec.
II C.

The errors in the final results of the differential cross
sections are attributable to the systematic and statistical
experimental errors, as well as to the uncertainty in the
curve-fitting process. The systematic experimental errors
include determination of the fraction of excited-state
atoms f, +10%; the atom beam velocity distribution

TABLE II. Differential cross sections cr(8) for superelastic (3P~3S) electron scattering by sodium
atoms in units of 10 m /sr. o. ,=3cr„„,where o is the measured cross section and cr„ is the
cross section for superelastic (3P—+3S) scattering by unpolarized excited sodium atoms. Incident elec-
tron energies are indicated. The numbers in brackets denote multiplicative powers of ten.

8
(deg)

3 eV 5 eV 10 eV 20 eV
~meas uu

1

2
3

5
6
7
8
9

10
12
14
16
18
20
25
30

22[1]
20[1]
19[1]
18[1]
17[1]
15[1]
12[1)
96
74

48
42
32
24
19
11
66[—1]

73
67
63
60
56
50
40
32
25
21
16
14
11
80[—1]
63[—1]
37[—1]
22[ —1]

76[1]
48[1]
30[1]
24[1]
19[1]
15[1]
12[1]
10[1]

76

42
28
20
17
10

25[1]
16[1]
10[1]
80
63
50
40
33
29
25
20
14
93[—1]
67[—1]
57[—1]
33[—1]

16[2]
11[2]
72[1]
S4[1]
42[1]
36[1]
30[1]
26[1]
24[1]
20[1]
15[1]
10[1]

36
15

53[1]
37[1]
24[1]
18[1]
14[1]
12[1]
10[1]
86
80
67
50
33
24
12
50[—1]

26[2]
22[2]
17[2]
10[2]
68[1]
34[1]
19[1]
11[1]

4l.

87[1)
73[1]
57[1]
33[1]
23[1]
11[1]
63
37
23
14
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V( V), +3%', the electron energy distribution C(E),
+1%', the electron number current i0, +2%; the height
of the interaction volume h, +1%;the half-height M and
half-width M, negligible; the detector position zo, k3%;
and the fiuctuation of I0(0) and I0(zri ), +5%. The error
in I0(zD) actually defines the errors in X(x) and Z(z),
while the error in zo infiuences the uncertainty in 8 and

((). All quoted errors are within lo of the measured quan-
tity. The statistical errors in the scattering signal I,(zD)
are +20%, +15%%uo, +7%%uo, and +5% for 3, 5, 10, and 20
eV, respectively. Adding these errors in quadrature, the
total experimental errors are estimated to be +23%,
+19%, +14%, and +13% for 3, 5, 10, and 20 eV elec-
tron impact energies, respectively. After propagating the
errors through Eq. (1) during the curve-fitting processes,
we find that the total errors are about 650% at all ener-
gies. There are fewer experimental points taken at higher
energies because of the smaller separation between un-
scattered and scattered peaks, as explained above. Thus
the error due to the evaluation procedure is larger at
higher incident electron energies resulting in the same
final error attributed to o (8) for all energies.

The present results are the only available absolute
difFerential superelastic cross-section measurements, to
our knowledge. Also, to our knowledge, there are no ab-

solute inelastic differential cross-section measurements
for Na(3S~3P) at corresponding energies to invoke de-
tailed balancing and compare with the present results.
Thus, in Fig. 9 the present data of o „„(3P~3S)are com-
pared only with calculations. The incident electron ener-
gies are indicated in each plot. Experimental error bars
are indicated at selected angles. The full lines are data
from Madison, Bartschat, and McEachran [18], calculat-
ed with the DWB2 approximation for the 3S—+3P transi-
tion and with detailed balancing converted for compar-
ison with the present results. Results at 3 eV do not have
exchange distortion included. The dashed line represents
the work of Norcross and co-workers [20,21], calculated
using CC at 3 eV (collision energy 5.1 eV). This is the
only overlapping energy with the present data since it is
the highest energy where the CC is applicable. Finally,
the dotted curve represents a calculation by Bray [23] cal-
culated using CCC, appropriate for the full energy range
of our experiment. At most of the scattering angles the
agreement with calculations is within experimental error,
except at over low angles. This latter discrepancy may be
attributable to the lower sensitivity of the recoil-atom
method in the very low angle region, since the measured
intensities depend on cr(8)sin(8). Large diS'erences be-
tween experiment and DWB2 at 3 eV are to be expected
since this is too low an energy for the DWB2 approxima-
tion to apply.
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IV. CONCLUSION
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10 10
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FIG. 9. Differential cross sections for superelastic electron
scattering by an unpolarized excited sodium atom a„„(3P~3S)
in units of 10 m /sr. Incident electron energies are indicat-
ed. Experimental data: 0, present. Calculated data: full line,
Madison, Bartschat, and McEachran [18] (DWB2); dashed line,
Norcross and co-workers [20,21] (CC); dotted line, Bray, Fursa,
and McCarthy [24] (CCC).

In this paper we have presented absolute differential
cross sections for superelastic (3P—+3S) scattering of un-
polarized electrons by excited sodium in the energy range
3—20 eV and angular range 1'—30'. Data are shown in
Table II and, together with available calculations, in Fig.
9. The initial target state was prepared using laser excita-
tion, so that the atoms were polarized. As discussed, the
final result corresponds to an unpolarized initial excited
state and detailed balancing for superelastic scattering
can be directly invoked to compare the inverse reactions
3S~3P.

The presented results for superelastic scattering offer a
unique experimental approach to the determination of
absolute differential cross sections for the scattering by
alkali-metal atoms with no calibration involved. Thus we
obtain additional insight into the collisional dynamics.
Specifically, the polarized recoil-atom scattering results
can be related [8] to the corresponding time-reversal ex-
periment with unpolarized atoms, as long as the final
state is an S state of even parity and the initial P state has
odd parity. This is based on the assumptions [3] that
spin-dependent forces, such as the spin-orbit interaction
as well as any efFect of the nuclear spi'n, can be neglected
in the collision process. As expected, the present experi-
ment reconfirms that these assumptions are acceptable
for sodium. Superelastic collisions by laser-excited atoms
is the only case where the hyperfine structure can be
resolved with present state-of-the-art experimental tech-
niques. Thus, if the equivalent recoil atom 3P~3S and
3S~3P experiment were performed with heavier alkali
metals, it would be an important test of the effects of
spin-orbit interactions in heavy-atom collisions.
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