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Experimental study of spin-exchange effects in elastic and ionizing collisions
of polarized electrons with polarized hydrogen atoms
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Using crossed beams of polarized electrons and polarized hydrogen atoms we have investigated
the effect of spin exchange on 90 elastic scattering from 4.4 to 30.3 eV and impact ionization from
14.1 to 197.0 eV. Our results suggest that the range of validity of various theoretical approximation
methods is more restricted than had been assumed previously.

I. INTRODUCTION

A. Motivation

During the last two decades, beams of polarized parti-
cles have found increasing application in a wide range of
physics disciplines. While their actual use is relatively
new, their potential has been recognized for many years. '

In addition to providing the primary access to the details
of spin-dependent phenomena, polarization measurements
can often circumvent the problems created by certain sys-
tematic effects thereby leading to an improvement in the
precision of an experiment.

The earliest discussion of methods for producing polar-
ized electrons in particular can be found in the work of
Fues and Hellmann, published in 1930. It is remarkable
that the first sources of polarized electrons, based on pro-
cesses that they suggested, were not realized until almost
40 years later. " Within the last 15 years, however,
polarized-electron-beam technology has progressed rapid-
ly. ' Indeed the last ten years have witnessed the use of
polarized electrons in experiments in high-energy, nu-
clear, and solid-state' '" physics as well as atomic phys-
ics. ' This paper deals specifically with experimental
studies of spin exchange in electron-hydrogen collisions,
the most fundamental of all electron-atom systems.

Atomic collision theory finds its major interest in the
development of approximation methods to handle the
many-body problem involving long-range forces and has
extensive applications to astrophysics, plasma physics,
and chemical physics. From a theoretical perspective,
atomic hydrogen is the ideal atomic system for tests of
calculational methods, since the wave functions of hydro-
gen are known with virtual certainty. It is for this reason
that even within the restricted scope of electron-atom col-
lisions, several hundred theoretical papers have been pub-
lished within the last 20 years on the subject of electron-

hydrogen scattering.
Experimental studies of the electron-hydrogen system,

however, have been relatively rare, since the problem of
molecular contamination and the difficulty of obtaining
high atom densities make such investigations arduous
tasks at best. Nonetheless, by the mid 1970s, several de-
tailed electron-hydrogen experiments had been carried out
over a wide kinematic range and for many scattering
channels. The agreement between these experiments
and the sophisticated numerical calculations made possi-
ble by the development of fast computers with large-scale
memories was so impressive that many theorists and ex-
perimentalists began to direct their efforts toward col-
lisions involving molecules and complex atoms.

Ironically, however, new experimental techniques were
just coming of age which promised to provide the oppor-
tunity for probing scattering amplitudes in detail, rather
than relying on averages over spin and angular momen-
tum states. This paper describes the first measurements
obtained with one of these techniques, the application of
polarized beams to electron-hydrogen scattering. The
consequences of these measurements place significant re-
strictions on the applicability of many theoretical methods
previously accepted as valid over wide dynamical ranges.
Such restrictions have been suggested by earlier brief re-
ports of the measurements, ' ' ' ' " comprising 90' elas-
tic scattering from 4.4 to 30.3 eV and impact ionization
from 14.1 to 197.0 eV.

Why polarization measurements should be so revealing
has been discussed extensively in a number of publica-
tions. ' In general, electron-atom scattering experi-
men'ts that are performed with unpolarized incident
beams and that lack either any polarization analysis, or, in
the case of reactive collisions, any electron-photon or
electron-electron coincidence analysis, result in the deter-
mination of a cross section do. /dQ, that is averaged over
initial spin states, summed over final spin states, and in
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the case of excitation, summed over final angular-
momentum sublevels. Here, for simplicity, we assume
that initially, the atom is in an S state. Then for a low-Z
valence-1 atom, de/dQ is just the weighted average of
the singlet and triplet cross sections, or

A=-do( t l)/dQ —d~( t1)/dQ
do(1l)/dQ+do(1 t)/dQ

It can be shown that in terms off and g or, alternatively,
in terms of a and z', the expression for A reduces to
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where 8 is the relative phase of f and g and
r =

I
z"I /

I
a

I
. From the form of Eq. (3) it is clear that

the measurement of A results in the determination of the
interference between the direct and exchange amplitudes,
provided der/d Q is already known. Only in the region of
resonances can such information be gleaned in the absence
of polarization measurements.

Within the context of experiments restricted to two po-
larization devices (sources or polarimeters), . the measure-
ment described above is but one of six that are possible for
nonreactive scattering. The complete set of experiments is
illustrated schematically in Fig. 1 where, p, and P,' are
the polarization vectors associated, respectively, with the
incident and scattered electrons and P and P,' are the po-
larization vectors associated with the incident and scat-
tered atoms. Of the six experiments shown, however, the
two in each row provide identical information. This in-
formation can be expressed in the form of three asym-
metry parameters, denoted by A, A', and A" for rows 1,
2, and 3, respectively, where A has already been expressed
in more elementary form by Eq. (3). The two remaining
parameters can easily be shown' to be given by the ex-
pressions

3'= Ig I
(do/dQ) ' —1 (4)

A"=
I f I

(do/dQ) ' —1 .

From Eqs. (1) and (3)—(5) it can be seen that A, A', and
A" are not linearly independent but rather are related by
the equation

A —A' —A"=1 .

dQ
= —' If+g I'+ —' If g—

I

'
*

where &=f+g is the singlet amphtude, E=f —g is the
triplet amplitude, and f and g are, respectively, the direct
and exchange amplitudes. Since der/dQ contains sums
and averages of individual amplitudes, it is clear that po-
tentially some sensitivity may be lost in testing theoretical
methods if only do/d Q is determined.

On the other hand, if experiments are performed with
polarized beams in which the spins of the incident free
electron and target valence electron are either antiparallel
{t l) or parallel ( t t ), a cross-section asymmetry 3 can be
measured that is defined by

~I=[~I(~~) ~I(&&)] [/ (Ill) +~ (1tt)],
Pe

Pg

Pe Pe

Pa

Pe Pe

Pg' Pg

FIG. 1. Nonreactive "second-generation" scattering experi-
ments. Particles are incident, from the left with electrons denot-
ed by single lines and atoms by double lines. The circles, solid
for electrons and open for atoms, indicate measured beams with
the measured quantities denoted by I', and I', for the electron
and atom polarizations, respectively, in the incoming channels.
Primes indicate quantities measured in the outgoing channels.
Asymmetries measured in a given row are specified by A, A,
and A" in accordance with Eqs. (3), (4), and (5).

As a consequence, only two experiments from any two
rows represented in Fig. 1 are truly independent.

It might appear from the foregoing discussion that the
performance of any two of these independent experiments
together with the measurement of do ldQ is sufficient to
determine the three scattering parameters If I, I g I, and
8. In fact, however, an ambiguity in the sign of 8 still
remains, since only cos8 is determined. This ambiguity
can be removed through the measurement of a polariza-
tion rotation of either the electrons or the atoms induced
by the collision. If, for example, a longitudinally polar-
ized electron beam traveling along the x axis is incident
on a longitudinally polarized atom beam traveling along
the y axis, the z component of the polarization of the
scattered electrons, (P,' )„is given by

(~) pp Ifllgls 8
do/dQ

where p, =P,x and P, =I',p are the incident electron and
atom polarizations, respectively. The analogous expres-
sion for the asymmetry measured in experiment (1) of Fig.
1 for nonunity incident polarization follows directly from
Eq. {3)and is given by

If I Ig l«s8
der/d Q

Thus from experiments described by Eqs. (7) and (8), the
relative phase 8 can be specified uniquely. While modern
techniques allow any of the seven experiments previously
described to be performed, experiment (1) of Fig. 1, result-
ing in the determination of A, poses the least difficulty
for the case of electron-hydrogen collisions. It is this ex-
periment that we performed for 90 elastic e -H scatter-
ing, as well as its natural extension for e -H impact ioni-
zation.

For the case of impact ionization we define an analo-
gous asymmetry Az by the relation
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where ol ( t t ) and oq( t t) now are the total ionization cross
sections for the antiparallel and parallel spin orientations,
respectively. Continuing the analogy with the case of
elastic scattering we observe that Ar can be expressed in
terms of rr, the ratio of triplet to singlet total ionization
cross sections, as

~r = (1 rl )l—(1+3rI ) (10)

or in terms of the respective direct and exchange ampli-
tudes, f(k'„k,') and g(k'„k,'), as

~r =r"'/~r

where

reviewed recently in several excellent articles. '

In the theoretical formulation of the scattering of elec-
trons by hydrogen atoms (and other light one-electron
atoms), relativistic effects such as the spin-orbit interac-
tion are generally neglected. Since the Hamiltonian
describing the incident and atomic electrons (the nucleus
considered to be infinitely heavy) contains kinetic and
electrostatic terms only, the nonrelativistic wave equation
takes the form (in atomic units)

1 2 1 2 1——V) ——V2—
2 2 Ti

and

E k)k2ol"'———,
' f dE', f f Re[f"(k~, kz)g(k't, kz)]

0 k)

~dk) dk2

+ EP(—r&, s&, rz, sz') =0, (15)
I') —12

where (r~, s&) and (rz, sz) are the spatial and spin coordi-
nates of the incident and atomic electrons, respectively,
and V~ and V2 are the respective kinetic energy operators.
Since the Hamiltonian does not depend explicitly on the
spin coordinates, the two-electron wave function can be
written as a product of spatial and spin functions:

t{(r„s„r„sz)=@{ri,rz)X{s„sz).

Qdk )dk2 (13)

B. Theoretical background

In the following paragraphs we present the general for-
mulation of the e -H collision problem along with short
descriptions of the important approximation methods.
We discuss the strengths and weaknesses of these methods
and compare their results with elastic and ionization mea-
surements. Since we use the detailed results of atomic
scattering theory we refer the reader to textbook discus-
sions by Mott and Massey, Geltman, Burke,
Joachain, and Bransden for further information. %"e
also point out that the approximation methods have been

Here k„k'&,and kz are, respectively, the momenta of the
incident, scattered, and ejected electrons, E& is the energy
of the scattered electron, and E + —, is the energy of the
incident electron, all quantities being given in atomic
units. ' We conclude our preliminary comments on the
ionization asymmetry by pointing out that o.r"' can also be
written as

int
CTr =CTr —0 r

where o.r is the total ionization cross section calculated in
the absence of exchange. This relation is extremely useful
for extracting asymmetry information from a number of
older calculations.

We have organized the balance of this paper to present
in Sec. IB a brief theoretical review of electron-hydrogen
scattering, in Sec. II a detailed description of the experi-
mental apparatus, in Sec. III an explanation of the experi-
mental procedure, in Sec. IV a description of the data
analysis, and in Sec. V a discussion of our results together
with their possible implications for theoretical methods as
well as future experimental efforts.

Experiment

e(t)+a(t)~e(S)+a(t)
e( t)+A ( t)~e( t)+A ( t)
e( t)+2 ( t)~e(t)+2 (T)

Cross section

(17)
(18)
(19)

In Eq. (17) the process illustrated is direct scattering,
denoted by the amplitude f; in Eq. (18) the interchange of
the incident and atomic electrons leads to the exchange
amplitude g; in the last experiment, the indistinguishabili-
ty of electrons results in the triplet amplitude f—g, the
minus sign arising from the requirements of Fermi-Dirac
statistics. Cxenerally, theoretical approximations provide
values of the singlet and triplet, or equivalently, the direct

The requirement of exchange antisymmetry on the total
wave function imposed by Fermi-Dirac statistics then
reduces to a combination of a symmetric spatial wave
function with an antisymmetric (singlet) spinor or alterna-
tively an antisymmetric spatial wave function with a sym-
metric (triplet) spinor.

In the time-independent description of the scattering
problem the asymptotic form of the spatial wave func-
tions must represent an incoming plane wave and an out-
going spherical scattered wave. Since two appropriately
symmetrized spatial wave functions can be formed, it
should be expected that in the asymptotic limit, scattering
amplitudes for the symmetric spatial wave function, cor-
responding to singlet scattering, and the antisymmetric
spatial wave function, corresponding to triplet scattering,
will be different. The singlet and triplet amplitudes can
also be expressed in terms of the direct and exchange am-
plitudes, as was indicated in Sec. IA. The collisions
described by Eqs. (17)—(19) below illustrate the use of
these amplitudes. In each collision, the atom is assigned
an arbitrary spin direction, and the scattering of electrons
is considered with spins either parallel or antiparallel to
the atomic spin:
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and exchange amplitudes.
Two main approaches exist for the solution of Eq.

(15)—perturbative and variational. Further, for the dis-
cussion of elastic scattering, the energy range of the in-
cident electrons can be divided into three regions: low en-

ergy, meaning energies below the first excitation threshold
at 10.2 eV; intermediate energy ranging from 10.2 to
—100 eV; and high energy, implying energies above 100
eV where the effects of exchange and correlation between
the electrons during the collision are less important.

- In the low-energy region, in which only elastic smtter-
ing is energetimlly allowed, variational techniques such as
the Hulthen-Kohn and inverse Kohn methods, using ap-
propriate trial functions, have been employed to calculate
what are generally regarded as the most accurate singlet
and triplet phase shifts for s waves, P waves,
and d waves. ' Less accurate d- and f-wave phase
shifts have been calculated using a pseudostate basis. At
high energies, exchange effects are usually neglected com-
pletely and a perturbation approach is taken, since reason-
ably rapid convergence of the perturbation series can be
expected. Extensions of the Born approximation, such as
the distorted-wave second-Born approximation, the
second-order and third-order ' optical potential
methods, and the eikonal-Born series, ' as well as
the Cxlauber and modified Glauber approximations,
the two-potential eikonal approximation, and the
Faddeev-Watson multiple smttering expansion have
been used with moderate success in electron-hydrogen
elastic scattering calculations.

In the intermediate-energy region the problem is con-
siderably more complicated, since exchange effects cannot
be neglected and there can exist a large, if not infinite,
number of open channels to which the initial state can
couple. Typical approaches to calculations in this energy
region are extensions and modifications of methods appl-
imble to either the low- or high-energy regions. With the
low-energy approach, ' the total wave function can be ex-
panded, for example, in the form

farl»1'r2 ~2)

+ y y;(rp, &2)F;(r],&] )

(20)

where P; and P; are atomic eigenstates and pseudostates,
respectively, 7; are square-integrable short-range correla-
tion functions, already antisymmetrized, S is the total
spin, P~2 is the operator which interchanges the spatial
coordinates of the two electrons, and E; and a; are expan-
sion functions. Projection of the wave equation, Eq. (15),
with this wave function onto the eigenstates P;, the pseu-
dostates P;, and the correlation functions X;, produces
integro-differential equations for the functions F;(r~,s~)
coupled to linear simultaneous equations for the a; coeffi-
cients. The asymptotic form of the solutions F;(r~,s~) of

these coupled equations then yields the scattering arnpli-
tudes.

The various approximation methods employed in the
low-energy region or in the low-energy approach to the
intermediate-energy region derive their respective names
from the types of terms included in Eq. (20). In the
close-coupling approximation ' only a few atomic
eigenstates P; (usually all the open channels and a few
closed channels) are used. The inclusion of correlation
functions in addition to the close-coupling eigenstates,
called the correlation approximation, " tends to accelerate
convergence to a solution when the atomic eigenstates are
closely spaced in energy. To account for the infinite num-
ber of eigenstates which are not included in the first term,
but are needed to describe fully the polarizability of the
hydrogen atom, several approaches substitute a small
number of pseudostates P; which provide more adequately
for the long-range interaction. 3 ' (The polarized-
orbital method for example, can be included in this
category. ) The solutions to the equations resulting
from all of these approaches rely on the use of numerical
techniques, among them variational ' ' and R-matrix
methods. ""

For all low-energy approximation approaches to the
intermediate-energy region one problem remains outstand-
ing: Precisely how accurate is it to replace the complete
atomic eigenstate expansion by a finite sum of atomic
states, pseudostates, and correlation functions? It is well
known, for example, that unphysical thresholds may arise
from the opening of pseudochannels, while "ghost reso-
nances" may appear with the use of correlation functions.
On the other hand, if high-energy approximation ap-
proaches are used in the intermediate-energy region,
another problem arises; namely, the proper treatment of
exchange. Various approximations, including Born-
Oppenheimer, 8 Born exchange, 6 and Ochkur, 6 have
been used, and in some cases exchange integrals have been
evaluated, but with various degrees of success.

In the case of differential elastic scattering, calculations
have been subjected to scrutiny by absolute spin-averaged
cross-section measurements obtained by Williams for
angles between 10 and 150' and energies from 0.5 to 680
eV. Additional experimental data have been provided by
Teubner and co-workers who measured e -H spin-
averaged cross sections relative to e -H2 cross sections
for angles from 15' to 135' and energies from 9.4 to 200
eV. The latter data in the range of 100 to 200 eV were
placed on an absolute scale with the aid of e -H2 cross-
section measurements by van Wingerden et al.

In the low-energy region, the measurements of Williams
and Teubner confirm the predictions of the variational
mlculations and the similar predictions of the pseudostate
close-coupling method and the polarized-orbital
method, all of which account fully for the ground-state
polarizability of the hydrogen atom. Close-coupling cal-
culations also account well for the positions and widths
of resonances below the n =2 threshold. In the
intermediate-energy region from 10 to 30 eV, the mea-
surements lend credence to the pseudostate close-coupling
calculations of Callaway and Wooten and Callaway ex-
cept at large scattering angles (9~ 120) for energies be-
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tween 20 and 26 eV. A recent calculation by Burke and
his collaborators using the A-matrix method to solve
pseudostate close-coupling equations also agrees well with
measurements from 12 to 50 eV, while an earlier 1S-2P
pseudostate close-coupling calculation by the same
group, carried out over a larger energy range, provides
less good agreement below 50 eV and at energies above 50
eV underestimates the cross section for small-angle
scattering (0 (40') by as much as 40%.

At higher energies, most of the calculations based on
the so-called high-energy methods underestimate differen-
tial cross sections at 100 and 200 eV, typical energies at
which calculations are performed. The eikonal-Born
series and the modified Glauber approximation, along
with the 1S 2I' cal-culations referred to above, give the
best agreement with experiment, being typically 15%%uo

below the measured values for intermediate angles at 100
and 200 eV. By contrast the Faddeev-Watson multiple
scattering expansion overestimates the cross section
from 50 to 200 eV by more than an order of magnitude in
some cases. On the other hand, at 400 eV the eikonal-
Born series and the distorted-wave second Born approxi-
mation " agree well with the measurements, and at 680 eV
the first Born approximation produces results within the
experimental uncertainty of the measurements.

When high-energy methods are extended into the
intermediate-energy region, good agreement is obtained at
50 eV with the eikonal-Born series, the distorted-wave
second Born approximation, and the second-order poten-
tial method. However, at 30 eV the latter two methods
(eikonal-Born series results have not been published at 30
eV) predict cross sections that are too large by as much as
a factor of 1.8 at small angles (0&40 ). It has been sug-
gested that the forward-angle behavior of these methods
at lower energies results from an inadequate treatment of
exchange, ' ' with a justifiable inference that measure-
ments of the elastic asymmetry 2 in the intermediate-
energy region should be of considerable value.

In the case of ionization, one energy region of particu-
lar interest is that just above threshold. Here the motions
of the scattered and ejected electrons are so highly corre-
lated that the independent-electron model is inadequate.
In 1953, Wannier derived a threshold law, or energy
dependence of the cross section, from detailed arguments
involving phase space and classical equations of motion.
He showed that near threshold the outgoing electrons are
equidistant from the nucleus on radii 180' apart and the
energy distribution of each electron is uniform, with the
consequence that the total ionization cross section obeys
the threshold law o.~E",where E is the total energy
of the outgoing electrons. Wannier's prediction of a non-
linear energy dependence was verified in 1968 by
McGowan and Clark and in 1974 by Cvejanovic and
Read from direct measurements of electron impact ioni-
zation and very recently again by- Bryant and his co-
workers from measurements of two-electron photoioni-
zation of H

The classical Wannier threshold law was derived quan-
tum mechanically by Rau'~ and Peterkop' ' for iS' states
and subsequently extended by Roth' and Klar and
Schlecht' to higher angular-momentum states. In their

g(k'), k2) =f (k2, k'( ) (21)

in which ki and k2 are the momenta of the two escaping
electrons. As a practical matter, however, Eq. (21) is of
limited use, since some variant of the Born approximation
is used in most ionization calculations, with the conse-
quence that f is not known exactly and Eq. (21) no longer
holds for the approximated amplitudes. In spite of the
difficulties raised by exchange, for ionization of hydrogen
from threshold to more than 100 eV, calculations (mostly
Born exchange) of the spin-averaged total cross section
agree reasonably well with the experimental results.

II. EXPERIMENTAL APPARATUS

A. Overview'

We now consider the experimental determination of the
cross-section asymmetry for 90' elastic scattering and to-
tal impact ionization. While all of the measurements re-
ported here were performed with the same basic ap-
paratus, significant modifications implemented following
the early ionization' and exploratory elastic' measure-
ments allowed us recently to study these cross-section
asymmetries more thoroughly. ' " In the paragraphs
which follow, a description of the apparatus with relevant
experimental details is given for both the early' and re-
cent ' measurements.

The experimental layout is shown schematically in Fig.
2. Longitudinally polarized electrons were produced in a

paper, Klar and Schlecht considered the role of spin expli-
citly for the first time and concluded that at threshold
singlet scattering should follow the Wannier law, while
triplet scattering should be suppressed by an E ' depen-
dence. As a consequence they predicted that at threshold
the ionization cross-section asymmetry Az should be uni-
ty, a value not observed in either the hydrogen experi-
ment' or in similar experiments with alkali-metal
atoms. ' ' ' Subsequently, Greene and Rau' showed
that the conclusions of Klar and Schlecht were incorrect.
Instead of general triplet state suppression, Greene and
Rau found that only two even-parity (e) states, the S'
and 'P', were suppressed. Moreover they concluded that
states with total angular momentum L, =1 and 2 should
contribute significantly to the cross section even at thresh-
old, implying that the threshold value of Al can differ
substantially from unity.

Even more recently, it has been suggested that the Wan-
nier behavior itself might be in error Us. ing an argument
that even near threshold the two outgoing electrons could
have significantly different energies, Temkin' derived a
modulated linear threshold law. To date, however, no ex-
periments have revealed any deviations from the Wannier
law in the energy range investigated. Very high-resolution
measurements of Aq extremely close to threshold, howev-
er, might yet shed some light on this issue.

In a more general context for ionization, it should be
noted that a special case occurs, which in principle should
allow the exchange amplitude to be evaluated precisely.
Since the two outgoing electrons are indistinguishable, f
and g obey the relation
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Fano-effect'" source, extracted at 1 keV energy, and de-
flected by +45' in a vertical magnetic field. For polariza-
tion measurements, the electrons were deflected toward
the Mott polarimeter, which was preceded by a Wien fil-
ter' to rotate the electron spin to the transverse direction
prior to acceleration to —100 keV for Mott scattering po-
larization analysis. ' ' For scattering from atomic hy-
drogen the electron beam was deflected toward the hydro-
gen beam, the two beams intersecting at 90 in the interac-
tion region. Immediately prior to the interaction region
the electrons were decelerated to the desired energy. Elec-
trons elastically scattered at 90 were detected by an elec-
tron multiplier, while electrons which remained in the
beam were collected in a Faraday cup. The hydrogen
beam line consisted of a tungsten oven for thermal disso-
ciation of H2, a hexapole magnet for state selection, a
tuning-fork chopper for intermittent background mea-
surements, and, following intersection with the electron
beam, a quadrupole mass analyzer (QMA) for monitoring
the atomic and molecular components of the beam. Ions
created by electron impact were detected by a second elec-
tron multiplier located downstream from the interaction
region along the hydrogen beam.

With the exception of the Wien filter and Mott polar-
imeter chambers, which were constructed of aluminum
and evacuated by an oil diffusion pump, the original vacu-
um system consisted of differentially pumped bakeable
stainless-steel ultrahigh-vacuum chambers using mercury
diffusion pumps with Freon-cooled chevron baffles and
liquid-nitrogen (I.N2) cold traps. The interaction region
chamber also included a titanium sublimation pump and
typically attained a base pressure of 5&(10 ' Torr fol-
lowing 24 h of baking.

For the recent measurements, the vacuum system was
modified by the replacement of the mercury diffusion
pumps and LN2 traps in the first two chambers of the hy-
drogen beam (hydrogen source and differential pumping
chambers) with oil diffusion pumps in order to increase
the pumping speed in this region. These changes permit-
ted approximately a factor of 2 increase in the molecular
hydrogen leak rate into the source, with a corresponding
increase in atomic hydrogen density in the interaction re-
gion. No effect due to hydrocarbon deposit on electrostat-
ic elements in the interaction region was detected.

SPIN ORIENTATION

FIG. 2. Block diagram of the experiment. Spin orientations
of the beams are indicated by darkened arrows. Both electron
and atom polarizations could be reversed easily. @MA refers to
the quadrupole mass analyzer.

B. Electron beam

1. Source

TABLE I. Experimental operating parameters for the recent
work.

Electron beam
Intensity

At source exit
At interaction region

Polarization, P, '
Energy spread (FWHM)
Emittance at 1 keV
Cs-oven capacity
Cs-oven lifetime
Cs-beam density
Polarization reversa1

10 nA average
2 nA average
0.61—0.75 (+5/o)
2.5 eV
20 mradcm
60 g
-40 }1
10' cm
Optical

Hydrogen beam
Density at interaction region —10 cm
Polarization, I'~

At high field
At low field

Fraction of elastic events,
(1—F2), attributed to atoms' 0.80—0.95 (+2%)

Oven lifetime 20—25 h
Polarization reversal Magnetic

0.99 (+1%)
0.50 (+4%)

Collinearity factor, cosa

Background gas pressure

0.985 (+1.5%)

10 Torr

Detection solid angle
Electrons
Ions

0.15 sr
4m sr

Counting rates (20.1 eV)
Electrons
Ions

2.6 s-'
69 s-'

Signal-to-noise ratios (20.1 eV)
Electrons
Ions

1.7
9.1

'Monitored periodically.
"Calculated, including hyperfine depolarization.
'Monitored continuously.

Photoionization of an unpolarized cesium atomic beam
by circularly polarized light of energy just above the pho-
toionization threshold produces polarized electrons with
the same helicity as that of the incident light. This effect,
known as the Fano effect, ' is the basis of the source of
longitudinally polarized electrons used in this work. '

The Fano source, shown in Fig. 3, consisted of a Hg-Xe
arc lamp and associated optics (providing 120 mW of cir-
cularly polarized light in the wavelength range 280—320
nm) and a vacuum chamber with an effusive atomic cesi-
um beam and electrostatic optics to extract photoelectrons
emitted over 4n solid angle. Important advantages of this
source for our experiment were the high degree and opti-
cal reversibility of the electron polarization. Rotation by
90' of either a dichroic linear polarizer or a zeroth-order
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FIG. 3. Side-view scale drawing of the Fano effect polarized electron source showing the following elements: (1) 1000-%' Hg-Xe
cw arc lamp with Suprasil envelope (Hanovia 977B-1); (2) f/1. 5 quartz lens; (3) Corning CSO-56 filter; (4) NiSO4 absorption cell; (5)
dichroic linear polarizer (3M Company 105 UV WRMR) on a 5-cm diameter rotatable quartz disc; (6)3000-A zeroth-order quartz ro-
tatable quarter-wave retardation plate; (7) f/3. 0 quarts lens; (8) Suprasil vacuum window; (9) heated quartz disc to prevent Cs from
fogging the window; (10) repeller electrode; (11) ionization region; (12) extractor electrode; (13) focusing electrode; (14) electron colli-
mator; (15) Helmholtz coils to establish a fixed -200-mG magnetic field in the ionization region colinear with the ionizing light; (16)
beam pipe with solenoid; (17) Lucite insulating flange; (18) electrical feedthroughs; (19) stainless-steel mesh; (20) hot-wire surface ioni-
zation Cs-beam detector with ion collector (21); (22) Freon cooling pipes; (23) stainless-steel multicapillary orifice (%'intec Division,
Brunswick Corp. ); (24) Thermocoax heating coils (North American Phillips); (25) 12 300-% heaters; (26) upper oven chamber; (27)
lower oven chamber; (28) six 10'-g Pyrex ampoules of Cs metal (Kawecki Berylco Industries); (29) bellows mechanism for breaking
ampoules; (30) Freon-cooled copper aperture. All vacuum parts were machined from stainless steel unless otherwise noted. Oven
temperatures were monitored by Chromel-Alumel thermocouples (not shown). Also not shown is an externally operable Cs beam-
blocking flag.

quarter-wave retardation plate reversed the helicity of the
incident light, thereby reversing the electron polarization.
Typical operating parameters for the Fano source are
given in Table I.

Extraction of the polarized electrons from the pho-
toionization volume, where the light and cesium beams in-
tersected at 90', was accomplished by an —1.5-V/cm elec-
tric field in the presence of an -200-mG magnetic field,
both fields being parallel to the light direction. From
computer modeling of the source electrode structure, these
fields were found to provide; efficient extraction of polar-
ized electrons from the photoionization region while
preventing the extraction of electrons photoemitted from
surfaces. Spin-exchange collisions between slow polarized
electrons and cesium atoms (beam density —10' cm ),
believed to be the cause of the observed electron depolari-
zation at lower electric fields, ' precluded the use of a
larger magnetic field or a smaller electric field with its
resultant smaller electron energy width.

Great care was required to prevent cesium deposition
on the uv vacuum window (8). [The number here refers to
element (8) of Fig. 3.j Initially a heated quartz disc (9)

was placed behind the window. Later, shielding was im-
proved by the addition of a Freon-cooled aperture (30).
For test purposes, an unpolarized electron beam of —1

pA intensity with an energy spread &0.4-eV full width at
half maximum (FWHM) was produced by photoemission
from a retractable stainless-steel mesh (19) positioned at
the intersection of the light and cesium beams.

2. Transport

Electrons extracted from the Pano source were ac-
celerated to 1 keV to facilitate transport to either the hy-
drogen interaction region or the Mott polarimeter. For
strong steering and focusing in the transport system mag-
netic fields were used, since they have a minimal effect on
the longitudinal polarization of 1-keV electrons. For
weak electron-optical effects, electrostatic elements were
used as a matter of convenience. Faraday cups and
current sensors following major sections of the electron
optics were incorporated for tuning and monitoring the
electron beam. Typically 20% of the electrons leaving the
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Fano source were transported to the large-aperture Fara-
day cup downstream of the hydrogen interaction region.

3. Polarimeter

Elastic Mott scattering" was used to measure the po-
larization of the electrons from the Fano source. After
deflection by 45' toward the polarimeter branch of the ex-
periment, the longitudinally polarized electrons were first
accelerated to 7 keV (to minimize the effects of fringe
fields) and then passed undeflected through a Wien filter
spin rotator to precess the electron spin by 90'. The re-
sulting transversely polarized electrons were further ac-
celerated to -93 keV (U/c=0. 53) and scattered from a
thin gold-foil target backed by a Formvar film on an
aluminum frame. Figure 4 illustrates the geometry of the
Mott polarimeter Th. e target wheel (6) contained four
gold foils ranging in thickness from 27 to 62 pg/cm, a
bare Formvar film approximately 20 pg/cm thick, and a

Cd internal-conversion source for energy calibration.
Two Si surface-barrier detectors (5), mounted 180' apart
in azimuthal angle in a plane perpendicular to the electron
polarization direction and at a scattering angle of 120',
detected electrons scattered from the target into a solid
angle of 0.14 sr.

Since the entire Mott polarimeter was maintained at
high voltage, the amplified detector outputs were convert-
ed to analog optical signals and transmitted to ground po-
tential via Lucite light pipes, where they were converted
back to electrical signals by photomultiplier tubes (PMT's)
for processing by amplifiers and discriminators in
preparation for counting by 10-MHz scalers. A 512-
channel pulse-height analyzer was used to observe the en-
ergy spectrum of the detected electrons and to set each
discriminator at a level that optimally rejected inelastic
events. The pulse-height analyzer also served as a moni-

IO ciTI

pQ
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93 keV e

FIG. 4. Mott scattering region. The 93-keV transversely po-
larized electrons enter from the left and are scattered by one of
four gold targets in the target wheel, which can be rotated while
the system is under vacuum and at high voltage. The following
elements are indicated: (1) aluminum vacuum chamber; (2) Lu-
cite window; (3) aluminum shielding, used to maximize the ener-

gy loss of electrons scattered from surfaces other than the gold
target; (4) alumirium beam collimator; (5) surface-barrier detec-
tor (Ortec model SBEE100);(6) target wheel; (7) gold foil target.

tor of the electron beam energy which was referenced to
the 62.5- and 84.5-keV internal conversion peaks of the

Cd source. In order to minimize the amount of elastic
scattering occurring at surfaces other than the gold target,
the components of the Mott chamber were constructed of
aluminum and the target holder was coated with graphite.

C. Hydrogen beam

The atomic hydrogen beam apparatus is shown in Fig.
5. The main components included a tungsten oven (1) for
thermal dissociation of Hz, the hexapole magnet (8) for
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FIG. 5. Top-view scale drawing of the hydrogen-beam line showing the following elements (1) tungsten oven; (2) molybdenum
support blocks; (3) water-cooled terminals; (4) hydrogen gas inlet; (5) and (6) hydrogen-beam collimators; (7) butterfly valve; (8) hexa-
pole magnet; (9) solenoid; (10) tuning fork beam-chopper (Bulova, type L40); (11) hydrogen-beam collimator; (12) tapered differential
pumping tube; (13) interaction region, (14) electric field shield; (15) ion detector (Johnston Labs Model MM1-1S-FDB electron multi-
plier); (16) differential pumping tube; (17) quadrupole mass analyzer (Extranuclear Laboratories Model 270-9); (18) ion detector (EMI
Model 9603/2B electron multiplier); (19) and (20) hydrogen atom spin rotation Helmholtz coils; (21) Helrnholtz coils to define interac-
tion region magnetic field (two orthogonal pairs not shown); (22) direction of incident electrons; (23) deceleration optics; (24) accelera-
tion optics; (25) retractable Ar atomic beam source.
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state selection, appropriate magnetic fields [(9), (19), and
(21)] following the hexapole to prevent Majorana depolari-
zation, a tuning fork beam chopper (10), and, following
intersection with the polarized electron beam, a quadru-
pole mass analyzer [(17) and (18)].

The hydrogen oven consisted of a 4.5&4.9 cm section
of 0.0025 cm tungsten foil rolled into a cylinder 4.5 cm
long and -0.4 cm in diameter. The ends of this cylinder
were mounted in molybdenum blocks (2), which in turn
were attached to water-cooled copper blocks (3). Great
care was taken to insure that'one end of the oven could
move in a direction parallel to the oven axis as freely as
possible to relax the thermal stress on the tungsten. Hy-
drogen entered the cylinder at one end, and left by ef-
fusion through a hole 0.13 cm in diameter at the center.
For optimizing the beam intensity, mechanical
feedthroughs were incorporated to permit alignment of
the hole while the oven was under vacuum and at its full
operating temperature.

During the early measurements, the oven was heated
resistively to -2800 K with a current of 140 A and a
voltage of 5 V. More recently, with the higher molecular
hydrogen leak rate allowed by changes in the vacuum ap-
paratus, an increased current of 180 A and voltage drop
across the oven of 6 V was required to achieve a similar
dissociation fraction. The effusing atoms and molecules
were formed into a beam with the use of a skimmer (5)
which preceded a differentially pumped region. In order
to facilitate oven replacement, a butterfly valve (7) was
used to isolate the hydrogen source and skimmer from the
rest of the vacuum system.

The state-selection properties of hexapole magnets have
been discussed by other authors, '"' and will not be
rederived here. It suffices to say that ground-state hydro-
gen atoms with mz ——+ —, are confined to a region near
the axis of the hexapole and describe sinusoidal trajec-
tories about the axis, while atoms with mj. = ——, are de-
focused. The hexapole magnet used in this work
comprised five sections, each 8.3 cm long, with a 0.32-
cm-diam gap and a pole tip field strength of 8500 G. The
total effective length of the magnet was 45.7 cm, includ-
ing 1.1-cm spacing between sections. Results of computer
modeling of the focusing properties for this configuration
indicated that the high-field atomic polarization was
greater than 0.99 and was insensitive to small changes in
the magnet and hydrogen-oven parameters. In regions of
low magnetic field, such as the interaction region, cou-
pling to the nuclear spin I reduces the atomic polarization
by a factor 1/(2I+ 1). However, because of the hyperfine
coupling, the hexapole state selection itself is not indepen-
dent of ml, resulting in an atomic polarization at low
field which is larger than the 1/(2I+ 1) factor. " Based
on these considerations, the atoInic hydrogen polarization
at low field was calculated to be PH ——0.50+0.02.

The magnetic field in the hexapole is transverse and a
function of azimuthal position; hence, the direction of the
spins of the mj =+—,

' atoms in the beam is not fixed, but
rather is a function of the position of the atoms. In order
to align the spins in one direction, a small solenoid (9) was
placed at the exit of the hexapole. The 200-G longitudi-
nal field of this solenoid insured that the spins of the

L-~o.6cm~

25

22 IL.

I

cm 20 24 ?5%

FIG. 6. Top-view scale drawing (a) of the interaction
chamber and side-view scale drawing (b) of the interaction re-
gion looking upstream along the hydrogen beam with the fol-
lowing elements shown: {1) direction of incident electrons; (2)
secondary electron repeller for electron current sensor (3); {4)
electron-beam steering plates; (5) electron-beam focusing ele-
ments; (6) first deceleration filter lens; (7) second deceleration
filter lens; (8} electron-beam focusing elements; (9) interaction
region; (10)—(13) electron-beam reacceleration elements; (14)
Faraday cup; (15) conducting-glass window for electron-beam
alignment; (16) hydrogen-beam-line tapered differential pump-
ing tube; {17}electric field shield; (18) ion detector (Johnston
Labs Model MM1-1S-FOB electron multiplier); (19) hydrogen-
beam-line differential pumping orifice; (20) CuBe baffle for
suppression of surface-scattered electrons; (21) direction of in-
cident hydrogen beam; (22) scattered-electron collector tube; (23)
scattered-electron filter lens energy analyzer; (24) electron detec-
tor (Johnston Labs Model MM1-1S-FDB electron multiplier);
(25) magnetic-field-probe vacuum insertion tube.

atoms rotated adiabatically into one direction parallel to
their momenta. The -5-G transverse field of a small
Helmholtz pair (19) then produced adiabatic rotation of
the spins into a direction either parallel or antiparallel to
the electron-beam direction. In addition, three orthogonal
pairs of Helmholtz coils (21) surrounding the interaction
region chamber permitted a monotonic reduction of the
magnitude of the field to —100 mG while maintaining its
direction either parallel or antiparallel to the electron
beam. The magnitude and direction of the —100-mG
field were monitored frequently during operation.

At the exit of the small solenoid the hydrogen beam
was modulated by a 100-Hz tuning-fork beam-chopper
(10) to permit subtraction of scattering events not related
to the beam. Following the intersection with the electron
beam, which occurred -90 cm from the hydrogen source,
the hydrogen beam passed into a QMA that monitored its
atomic and molecular composition. In order to facilitate
tuning of the electron beam and the electron detector op-
tics, a retractable room-temperature source of unpolarized
argon atoms (25) was installed -22 cm upstream from
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the interaction region to enhance the scattering signal. In
conjunction with the argon source, a movable beam flag
was installed in the atomic beam line immediately before
the interaction region. Under best conditions of effusive
Aow, the elastic counting rate was a factor of 10 larger for
argon from this source than for atomic hydrogen from the
oven. Argon was chosen since the 90' elastic cross section
at 20 eV has been measured to be 3 times larger for Ar
than for H2."

D. Interaction region

The elements of the interaction region are shown in Fig.
6. All of the components were compatible with the
ultrahigh-vacuum requirements of 10 Torr and were
capable of bakeout to 450 C. The 1-keV longitudinally
polarized electrons (1) were incident from the right in the
figure. Deceleration to 80 eV was accomplished by one-
half of a hyperbolic potential filter lens (6)," with a
second, complete filter lens (7) used to decelerate the elec-
trons to —8 eV to trim the phase space. The second filter
lens was also used to measure the energy width of the
electron beam, as well as energy shifts with respect to the
Fano source voltage. The same voltage supply which was
used to bias the Pano source at —1 keV was also used to
bias components in the interaction region, thus minimiz-
ing the effect of power supply drift. Further deceleration
or acceleration to the desired beam energy was accom-

FIG. 7. Results of a two-dimensional resistive paper model
of the interaction region, with the following elements shown: (9)
interaction region; (21) cross section of hydrogen beam; (22)
scattered-electron collector tube. For (22) biased at + 120 V
with respect to (9), equipotential lines are [in volts relative to (9}]
a, + 0.12; b, 0.18; c, 0.24; d, 0.30; e, 0.36; f, 0.42; g, 0.48; h,
0.60; i, 0.84; j, 1.2; k, 2.4; I, 3.6; rn, 4.8; n, 7.5.

plished by lens elements (8) and the potential on the in-
teraction region box (9). After intersection with the hy-
drogen beam, the electrons were reaccelerated to 1 keV
[(10)—(13) in Fig. 6] and detected in a Faraday cup (14),
as mentioned earlier. The hydrogen beam entered from
the top in Fig. 6(a). Ions produced in the interaction re-
gion drifted a few millimeters downstream along the hy-
drogen beam and were accelerated into an electron multi-
plier (18).

Figure 6(b) shows the electron detector in detail. The
hydrogen beam (21), with a diameter of -0.5 cm, is
viewed from downstream in the figure. Electrons scat-
tered at 90 were accelerated by the potential on cylindri-
cal element (22) into a filter-lens energy discriminator (23)
which transmitted only the elastically scattered electrons
to an electron multiplier (24). With use of a two-
dimensional scale model which approximated the interac-
tion region, it was determined with resistive paper that the
typical bias on element 22 [+ 120 V with respect to the
interaction region (9)] changed the potential at the center
of the interaction region by only + 0.2 V, and changed
the polar angle acceptance of the detection optics from a
geometrical +12' to +12.5'. Shown in Fig. 7 is an electric
field map of the interaction region resulting from the
resistive paper study.

E. Timing and electronics

Acquisition of electron-hydrogen scattering data was
controlled by a Digital Equipment Corporation PDP/15
computer operating through a standard CA MAC
(computer-aided measurement and control) interface with
timing and data routing referenced to the 100-Hz tuning-
fork hydrogen-beam chopper. Signals from both the elec-
tron and ion channels were routed to separate blind scalers
according to whether the signals occurred during the 4-
msec hydrogen beam "on" portion or the 2-msec
hydrogen-beam "off"' portion of each 10-msec chopper
cycle, as illustrated in Fig. 8. In addition, the QMA was
switched between H and H2 every other chopper cycle;
that is, every 20 msec, by a square-wave pulse train (Q in
Fig. 8) at the QMA sweep input. For atomic and molecu-
lar components both QMA beam-on and beam-off signals
were routed to separate blind scalars. [Only the second
beam-on portion of the H and H& double cycles was ac-
ceptable as QMA signal, since the settling time (time re-
quired for the QMA to reach stable operation) after
switching the mass value was 2 msec. The effect of the
settling time can be seen in Fig. 8 as longer QMA preamp
zero levels each time the Q signal is stepped. ] Also
recorded in blind scalers were the number of chopper cy-
cles and the digitized Faraday-cup current.

Since counting rates in the 90 elastic channel were low
(1—5 events per s), a large effort was made to reduce
background events. As expected, proper tuning of the
electron beam was essential for the reduction of wall- and
aperture-scattered events. However, even under optimal
conditions, extraneous pulses persisted, particularly dur-
ing the first few days after ultrahigh vacuum was
achieved. These "noise" pulses, thought to have been mi-
crodischarges in the electron detector caused by mercury,
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FIG. 8. Schematic diagram of timing and signal gating rela-
tive to the chopped hydrogen beam. All signals were synchron-
ized with the 100-Hz tuning-fork chopper electronics. The on-
set and width of the OFF gate was set to correspond to the
QMA low output. The width of the ON gate was twice that of
the OFF gate, while its position was centered with respect to the
QMA high output. The P and Q pulses were derived from the
OFF gate, with the P level changing at the end of every OFF
pulse and the Q level changing at the end of every other OFF
pulse. The Q pulse train was applied to the QMA sweep input
to switch detection of the QMA between H and H2. The ac-
quisition of the four QMA signals, H on, H off, H2 on, and H2
off, was determined by the corresponding gates derived as
shown.
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FIG. 9. Schematic diagram of the timing and signal gating to
reject noise in the electron signal. LLD and ULD refer to the
lower- and upper-level discriminators, respectively, of the single-
channel analyzer (SCA). The 4QD is a four-quadrant discrimi-
nator which could fire a TTL pulse when the input passed a
preset level ( —10 to +10 V) with the correct slope (+ or —).
It was set to fire when the amplifier output went negative.
GATE, UNI, and DELAYED UNI refer to pulses generated by
delay gate generators and associated one-shot univibrators.

were significantly longer than "true" pulses, as shown at
the bottom of Fig. 9. This characteristic was used effec-
tively to discriminate against them, as any pulse which
remained within the window of the single-channel
analyzer (SCA) but which did not cross zero within 2 @sec
was discarded. Figure 9 shows the timing logic, and Fig.
10 presents a block diagram of this discrimination circuit.

En the ion channel, because of the higher counting rates,
(12—228 events per s), detector and electronic noise essen-
tially posed no problems. However, a few percent of the
bipolar pulses produced by the amplifier displayed satura-
tion effects characterized by a positive excursion on the
return to the baseline, thus causing the SCA to fire and to
register a spurious second event. En order to prevent dou-
ble counting, a 10-psec delay was introduced into the
SCA and lower-level discriminator (LLD) signals, as
shown in Fig. 11. In this manner the detection of the
overshoot, which typically occurred 6 psec after the initial
pulse, was precluded.
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FIG. 10. Block diagram of the electron signal noise rejection
circuitry. Components included Ortec Model 109A preamplif-
ier, Canberra Model 818 Amp/SCA, 4QD four-quadrant
discriminator build at Yale, Yale EPI model 121 dual delay and
univibrator gate generator, standard TTL to NIM three-fold
logic unit used as a three-input AND gate.
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FIG. 11., Block diagram of the ion signal circuitry used to
prevent double counting.

III. EXPERIMENTAL PROCEDURE

A. Data acquisition for e -H scattering

The first experiments that we performed provided in-
formation about Ar alone. In addition, early exploratory
measurements of 290 (1S~1S)were carried out separate-
ly. The discussion in this section applies to the method
we adopted in our recent work which permitted the con-
current measurement of 290'(1S~1S) and Al. The gen-
eral experimental method, however, is substantially the
same for both the early and the recent work.

For each charge of cesium in the Fano source, an elec-
tron polarization measurement was made prior to the ac-
quisition of electron-hydrogen scattering data. The polar-
ized electrons were then transported to the hydrogen in-
teraction region, their approximate energy being deter-
mined by the voltage applied to the interaction region rel-
ative to the source. The absolute energy as well as the en-
ergy spread of the electrons were obtained from measure-
ment of the threshold for ionization and from filter-lens
scans, as discussed in Sec. IIIC. Following these mea-
surements, acquisition of electron-hydrogen collision data
was initiated with the use of the PDP/15 computer.

In order to reduce systematic effects associated both
with polarization reversal and with possible time-
dependent variations of experimental parameters, frequent
reversal of the electron polarization and of the atomic hy-
drogen polarization was required for the measurement of
the spin-dependent cross-section asymmetries. To this
end, the electron polarization was reversed every 5—10 s
by 90' rotation of the Fano-source quarter-wave plate.
Further modulation of the electron polarization was ac-
complished by 90' rotation of the Fano-source linear po-
larizer every 20—40 min. As a final precaution, the atom-
ic hydrogen polarization was reversed every 4—8 h by the
reversal in direction of the —100-mG magnetic field in
the interaction region.

For each quarter-wave-plate position, e -H scattering
data were accumulated until a preset charge had entered
the Faraday cup. The computer then halted data acquisi-
tion, read and cleared the blind scalers, advanced the
quarter-wave plate by 90', and reinitiated data accumula-
tion, having stored the following information:

(1) ion events with H beam on,
(2) ion events with H beam off,
(3) electron events with H beam on,

(4) electron events with H beam off,
(5) difference in QMA H signal with beam on and off,
(6) difference in QMA H2 signal with beam on and off,
(7) digitized Faraday-cup current, and
(8) elapsed time.
During data acquisition, the accumulated totals for

each of the four quarter-wave-plate positions were
displayed on a storage scope. As an alternate display, the
histograms of each of the eight data channels were shown
as a function of time to permit a careful review of beam
stability and possible detector noise. After approximately
40 complete rotations of the quarter-wave plate, the run
was halted, the data were written onto magnetic tape for
off-line analysis, the Fano-source linear polarizer was
manually rotated 90', and a new run was started. At the
completion of four runs, each corresponding to one of the
four linear polarizer positions, the hydrogen-oven tem-
perature was lowered from -2800 to —1400 K, and a
run was made to determine the fraction of events attribut-
able to scattering from H2, as discussed in Sec. III D and
Appendix A. The oven temperature was then returned to
-2800 K, a filter-lens scan was taken to check for any
shift in electron energy, and another set of four runs was
begun. At the end of the nine runs, the direction of the
—100-mG magnetic field was reversed, another filter-lens
scan was taken, and the sequence of nine runs repeated.
A complete measurement at one incident electron energy
typically consisted of 16 hot-oven-temperature runs and 2
cold-oven-temperature runs, corresponding to two corn-
plete rotations of the linear polarizer for each of the two
atomic hydrogen polarization directions. Approximately
300—1500 elastic events were recorded for each hot run,
the number depending principally on the energy, intensity,
and focusing of the polarized electrons in the interaction
region. For an electron current of 2 nA in the interaction
region, an atomic hydrogen density of —10 /cm (as in-
ferred from scattering rates), and a background gas pres-
sure of 10 9 Torr, the elastic scattering count rate ranged
from 1 to 5 s ', with signal-to-background ratios ranging
from 1 to 4.5. The ionization count rate obtained under
the same conditions ranged from 12 to 228 s ', with
values of signal-to-background ratios ranging from 1.7 to
15.5. These rates were the observed H-beam-on event
rates, which were reduced by the 0.4 duty factor of the
hydrogen beam.

Upon the completion of a measurement at one energy,
the amount of unused Cs was estimated and the condition
of the hydrogen oven assessed. If conditions were favor-
able, a measurement at another energy was begun. The
60-g Cs load produced polarized electrons of the required
intensity for -40 h, and a good hydrogen oven had a life-
time of -25 h at operating temperature. Usually, an ad-
ditional Mott measurement of the electron polarization
was completed near the end of the. 40-h cesium load life-
time.

For both elastic scattering and impact ionization, the
quantity measured for each run was the real asymmetry
A~ defined as

—(~02 +13 +02 ++13)/(+02++13 +02 +13 )

(22)
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P,PH(——1 F2)
~
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~
3, (23)

where Eoz is the sum of H-beam-on events for quarter-
wave-plate positions 0 and 2 (0' and 180), N&3 is the
equivalent sum for quarter-wave-plate positions 1 and 3
(90' and 270'), and 802 and 8~3 are twice the correspond-
ing H-beam-off sums, since the ON gate was twice as long
as the OFF gate (see Sec. IIE). The positive (negative)
sign in Eq. (22) applies when the direction of the interac-
tion region magnetic field is such that XO2 corresponds to
electron and atomic spins antiparallel (parallel). For each
process, the experimental asymmetry hz is related to the
corresponding physical asymmetry 2, defined in Eqs. (2)
and (9), by
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where P, and PH are the electron and atomic hydrogen
polarizations, respectively, F2 is the fraction of events at-
tributed to scattering from molecular hydrogen, and a is

the angle between the electron beam and the interaction
region magnetic field. Frequent monitoring of the mag-
netic field insured that

~

cosa
~

remained greater than
0.985.

In addition to the real asymmetry hz, two false asym-
metries bF~ and AFz were calculated, corresponding to
different combinations of quarter-wave-plate positions,
combination 0+ 1 —2 —3 and combination 0+ 3 —1 —2,
respectively. These false asymmetries, formed from the
difference of the sums of events with an equal number of
incident positive and negative helicity electrons, should be
zero in the absence of systematic effects arising from ei-
ther electron polarization reversal or other time-dependent
experimental parameters. A discussion of the data
analysis involving these asymmetries will be presented in
Sec. IV.

B. Electron polarization measurement

The Mott scattering apparatus described in Sec. IIB
was used to measure the electron polarization. Unpolar-
ized electrons, produced by photoionization of cesium va-

por with the linear polarizer removed from the Fano opti-
cal train, were used to tune the beam to the Mott target
and to set the two detectors to approximately equal count-
ing rates. With the linear polarizer in place, the align-
ment of the beam was fine-tuned to reduce to a negligible
value the instrumental asymmetry produced by beam
misalignment. Data from the two silicon surface-barrier
detectors were then collected for each of the four quarter-
wave-plate positions for typically 15 s, with -40000
events recorded for the sum of the two detectors. After
one complete rotation of the quarter-wave plate, a gold
target of a different thickness was moved into the beam
position, and data were again collected for each of the
quarter-wave-plate positions. The entire procedure was
then repeated for each of the three other linear polarizer
positions. A complete Mott polarization measurement
comprising four different gold targets required no more
than 30 min.

A typical pulse-height spectrum from one of the two
detectors is shown in Fig. 12. The 13-keV energy width
of the elastic peak is attributable to the resolution of the
detectors, a contention borne out by the presence of the
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FIG. 12. Mott scattering pulse-height-analysis spectrum.
The vertical scale is a factor of 10 lower in (b) than in (a). The
shaded area represents the inelastic background subtraction, and
the arrow indicates the discriminator threshold. The solid line

gives the exponential fit to the inelastic scattering below thresh-
old.

where

1 —g
1+/ '

x+x- ""
1 2

%2+%1

(24)

(25)

with (X;+—
) being the number of electrons scattered from a

gold target into detector i (i =1,2) for positive-helicity
(+ ) and negative-helicity ( —) light, corrected for back-
ground effects including inelastic scattering from the tar-
get and the chamber walls, backscattering from the detec-
tors, and elastic and inelastic scattering from the Formvar
backing. " With the electron beam blocked, detector and
electronic noise above the discriminator threshold was
found to be less than 0.1%%uo of the Mott counting rate and
hence was neglected. Also negligibly small (&0.2%%uo of
the total event rate) at the low beam current used was the
pile-up peak in the pulse-height spectrum at twice the en-
ergy of the incident beam.

From the measurement of A~ for four gold target

same width for the spectra of internal conversion elec-
trons from the ' Cd source. For each detector, a discrim-
inator was set at the "knee" of the Mott spectrum with
pulses above the discriminator threshold recorded in a
10-MHz sealer. In order to avoid nonlinearities in the
PMT's, however, counting rates were always maintained
below 2000/s by the insertion of a perforated screen in the
uv light beam of the Fano source.

The measured Mott asymmetry b,M is defined by
I
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thicknesses, ranging from 27 to 62 pg/cm, effects of
plural and multiple scattering on the Mott asymmetry
were quantified. Various extrapolations to effective zero
target thickness were investigated and the weighted aver-
age of the extrapolated values of b,M was determined. A
detailed explanation of the procedures used, the justifica-
tion for these procedures, and some other insights into
systematic effects on Mott scattering are contained in a
separate publication. ' For the thickest target the mea-
sured depolarization was 18%, while for the thinnest tar-
get the depolarization was 7%.

The polarization P, of electrons from the Fano source
was determined from the relation

P, =EM(t =0)IS(0), (26)

where AM(t =0) is the Mott asymmetry extrapolated to
effective zero target thickness and the Sherman function
S(0) for the kinematics used is —0.387+0.008, as inter-
polated from published calculations. ' ' ' The 2% uncer-
tainty in S(8) was added linearly to the 3% uncertainty'
in the extrapolated value b,M(t =0), resulting in a 5% un-

certainty in P, . During the course of the experiment, P,
varied from 0.42 to 0.75, the value at any particular time
depending principally on the degradation of the dichroic
linear polarizer' in the Fano source optical train.
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FIG. 13. Filter-lens energy profile of the polarized electron
beam. (a) Electron current transmitted as a function of the re-
tardation voltage measured relative to the —1-kV potential of
the Fano source. (b) Differentiated form of (a), revealing the
polarized electron energy spread, with electron energy given rel-
ative to 1 keV.

C. Electron energy measurement

The possibility of shifts in the polarized electron ener-

gy, caused by cesium deposition on the Fano-source elec-

(5

(f)

~ IO-
CQ
CLa

o I

I4.Q 15.0 l6.0 17.0
INTERACTION REGION VOLTAGE ( V )

FIG. 14. Ionization threshold energy calibration. These mea-
surements of the ion signal as a function of the potential of the
interaction regio~ were made with unpolarized electrons. The
horizontal bars represent the estimated +0.1-eV relative uncer-
tainty in the electron energy.

trodes with consequent work-function shifts, necessitated
frequent measurements of the electron energy. The rela-
tive energy and energy width of the polarized electron
beam were determined by measurements of the current
transmitted by the filter-lens energy analyzer as a function
of its retardation potential. " Such a transmission curve
is shown in Fig. 13(a). The derivative of this curve gives
the energy profile of the polarized electron beam and is
shown in Fig. 13(b). In the recent studies ' " the FWHM
energy spread of the polarized electrons varied from 2.3 to
2.7 eV with a typical value of 2.5 eV, as contrasted with
3.0 eV in the early studies. ' ' The difference is attri-
buted to a reduction in the size of the photoionization re-
gion in the Fano source caused by the insertion of the
Freon-cooled aperture.

During data acquisition, a filter-lens energy scan was
performed every three to four hours. Since any shifts in
electron energy due to work-function fluctuations in the
source were indicated by identical energy shifts in the
filter-lens scans, these scans provided an easy method for
monitoring the energy. Typically, shifts in energy were
less than 0.2 eV per 10 h of operation.

The relative energy measurements obtained with the fil-
ter lens were placed on an absolute scale by measurements
of impact ionization of atomic hydrogen in the energy re-
gion near threshold using unpolarized electrons. The ioni-
zation signal as a function of energy near threshold is
shown in Fig. 14. In conformity with McGowan and
Clark's determination that the ionization cross section
varies linearly with energy from -0.4 to -3.0 eV above
threshold, the present data were fit to a line with the volt-
age intercept interpreted as the ionization threshold of
13.6 eV. The uncertainty in the intercept (and hence in
the absolute energy scale) of +0.2 eV is small compared to
the energy width. A filter-lens scan of the unpolarized
electron beam used in the threshold study then served to
calibrate the filter lens on an absolute energy scale. The
energy profile of the unpolarized electrons is shown in
Fig. 15.
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N2(T) Q2(T) A(T, )

Q2( T) N'( T) A( T)
F2T= (32)

In addition it can be shown (see Appendix A) that for
conditions of constant beam geometry and constant
QMA, electron, and ion detector acceptances and efficien-
cies, A(T) varies linearly with I (T), where I"(T) is de-
fined as

contamination. In terms of A, the fraction F2 can be
rewritten as

I.O 0.8 0.6 0.4 0.2 0 —0.2 —0.4
FILTER LENS RETARDATION VOLTAGE (V)

I ( T)=g$(T)/g2(T) (33)

FIG. 15. Filter-lens energy profile of the unpolarized electron
beam. This graph is similar to Fig. 13(b}for polarized electrons.
The energy spread of 0.4 eV F%'HM is attributed mainly to the
resolution of the filter lens, which was calculated to be 0.35 V
(Ref. 118).

D. Determination of molecular fraction

The fraction of events originating from collisions with
molecular hydrogen was determined by continuously
monitoring the atomic and molecular composition of the
beam and periodimlly measuring the scattering events at a
lower hydrogen-oven temperature for which the beam was
entirely molecular. Both the elastic events and the impact
ionization events were treated by a similar analysis.

Let

N'( T)= [N ( T) B(T)]/I, — (27)

F2( T)=N2 ( T) /N'( T) . (29)

For "cold" temperatures, T= T, —1400 K, the beam, as
inferred from thermodynamic considerations, ' consisted
entirely of H2, and the ratio

represent the number of scattering events, corrected for
background and normalized to the incident electron
current I„that are obtained at a hydrogen-oven tempera-
ture T. Then if N&(T) and N2(T) are the corresponding
number of events due to atoms and molecules, respective-
ly, N'(T) is given by

N'(T) =N', (T)+N2 (T), .

in which case the fraction F2(T) of events attributed to
molecules alone becomes

the ratio of QMA atomic to molecular signals.
Plots of A(T) versus I"(T) were made for both magnetic

field orientations at each incident electron energy for both
elastic scattering and impact ionization. The linear rela-
tionship between A'(T) (for elastic scattering) and I (T) is
illustrated in Fig. 16 for incident 6.3-eV polarized elec-
trons. Since I (T) could be determined with much higher
precision than A'(T) during each run, a linear least-
squares fit was applied to the data, with the A'(I (T))
values from the fit being used in Eq. (32) to obtain F2.
Values of F2 ranged from 0.05 to 0.20 (+10%) with the
consequence that the fraction of elastic events arising
from atomic hydrogen, (1—Fz), ranged from 0.80 to 0.95
(+2%).

A similar analysis was performed to determine F2, the
fraction of detected ion events produced by collisions with
H2. However, it was found that for the recent ionization
measurements the dependence of A (T) on I (T) became
nonlinear for oven temperatures T& 1600 K, as can be
seen in Fig. 17. This nonlinear behavior, which was not
seen in the early ionization measurements, ' nor in the re-
cent elastic measurements (see Figs. 16 and 18), is attri-
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A( T) =N'(T)/Q2(T) (30)

of the number of scattering events to the quadruple-
mass-analyzer H2 signal rate Q2(T) becomes

A( T, ) =N'(T, )/Q2( T, ) =N2 ( T, )/Q2( T, ) . (31)

Because the collision process and the mass-analyzer ioni-
zation process both depend only on the beam density, and
because there is no velocity-dependent focusing of H2 by
the hexapole magnet, the ratio N2(T)/Q2(T) is assumed
to be independent of temperature. The measurement of
A(T, ) reflects the sensitivity of the collision to molecular
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FIG. 16. Measurements of A'(T), the ratio of elastic scatter-
ing events to QMA H2 signal, as a function of 1 (T), the ratio of
QMA H and Hz signals, for 6.3-eV polarized electrons. Solid
points are for the hydrogen polarization direction along the

, direction of incident electron momenta. Open circles are for the
hydrogen polarization direction opposite to the direction of in-
cident electron momenta.
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I I I I I l [ I In order to determine Fz, A (T) and I (T) were mea-
sured at each incident energy for several values of the
oven temperature T from 1200 to 2800 K. For T) 1600
K the dependence of A ( T) on I ( T) was linear and these
data were fit to a straight line, an extrapolation of which
provided the true value A (I (T, ) },where the temperature
T, was defined by an input power to the oven of —130 W
and was approximately 1400 K. The extrapolated value
A (I (T, ) } was then used in the numerator of Eq. (32) to
obtain F2. In general, allowance for the nonlinear
behavior of A resulted in a 4—5%%uo decrease in the values
of (1—F2), with a corresponding increase in the values of

24

Tge determination of F2 was also affected by the pres-
ence of an asymmetry

ks = +(Bp2 B]3—) l(Bp2+B&3) (34)
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buted to changes in the detector acceptance for ions pro-
duced from the slow Hz in the lower temperature beams.
The recoil angles of the H2+ ions increase as the beam
velocity decreases. The probable cause of the reduced ac-
ceptance for larger-recoil-angle ions is a small decrease in
the angle of the electric field shield [(17) of Fig. 6(a)]
made prior to these measurements.

0 0 I I I l I I

0.0 0.2 Q.4 0.6 0.8 I.Q I.2
I' (T)

FIG. 17. Measurements of A (T), the ratio of ionization
events to QMA Hq signal, as a function of I (T) for 22.2 -eV po-
larized electrons. Data from both hydrogen polarization direc-
tions are included. The nonlinear behavior for small I (T)
(T &1600 K) is attributed to incomplete ion detector accep-
tance.

in the background ion events accumulated at the hot oven
temperature (T-2800 K) during the hydrogen-beam-off
portion of the beam-chopper cycle. This background
asymmetry is attributed to the velocity spread of the hy-
drogen beam and the constraints imposed by the OFF
gate in the data-acquisition sequence, which resulted in
some hydrogen-beam-related events occurring during the
OFF time. The magnitude of Az is of the order hz/4
and has the same sign as A~. That such an effect is not
observed in the elastic scattering data appears to be due to
the larger statistical uncertainties associated with the elas-
tic measurements. The presence of such a background
asymmetry does not affect the determination of b,z but
does influence the determination of I z and hence AI it-
self, as is described in Appendix B. The resulting increase
in the uncertainties in (1—F2) typically was less than 1%
of the value of (1—Fz), producing a —5% increase in the
AI uncertainties for both the early and recent data.
Values of F2 varied from 0.02+0.01 to 0.45+0.09 with a
typical value of 0.16+0.03.

IV. DATA ANALYSIS

l4- A. General review of data
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FIG. 18. Measurements of A'(T) as a function of I (T) for
23.2-eV unpolarized electrons. The nonlinear behavior which
appeared in the ionization data (Fig. 17) is not present in the
elastic scattering data. The measurements with polarized elec-
trons shown in Fig. 16 were repeated here with unpolarized elec-
trons to improve the statistics.

The analysis of the elastic scattering and impact ioniza-
tion data began with a careful search of the information
stored on magnetic tape for evidence of nonstatistical
behavior. For each run the histograms of both the ion
signal and electron signal with hydrogen beam on and off
were examined. If detector or electronic noise was found
in any of these four data channels corresponding to a par-
ticular quarter-wave-plate data bin, the data in the bin
were discarded, and the data in the corresponding bin for
the other seven channels were automatically discarded as
well. The stability of both the electron beam and the
atomic beam was also checked from the histograms of
Faraday-cup current and QMA H and Hz signals. Oc-
casionally during a run, the hydrogen-oven temperature
changed, producing a small but abrupt change in the
QMA atomic and molecular signals; under these condi-
tions, the run was divided into. two runs, each correspond-
ing to a different oven temperature. In no case were any
systematic effects on the asymmetries found that were due
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to run-to-run variations in the beam intensities or in the
signal-to-noise ratios.

Once the data had been reviewed for the obvious sys-
tematic effects, Az/(1 —F2) was calculated with its sta-
tistical uncertainty for each run for both elastic and ioni-
zation events. A X analysis was then performed on these
results for each target polarization individually and for
both groups together. [For incident energies of 27.0 and
30.3 eV the analysis was performed on the quantity
bz/P, (1—F2), instead of bz/(1 —F2), since P, varied
slightly during measurements at these two energies. ] A
similar analysis was applied to the false asymmetries b,~~
and b,+2. If no systematic effects were indicated, as was
generally the case, the individual run results for
b,z/(1 —F2) were combined according to their statistical
weights to give an average 3 [see Eq. (23)] with the uncer-
tainties in P„PH,and

I
cosa

I
added in quadrature. The

average values of A~] and 6~2 were calculated in a similar
manner.

B. Review of elastic scattering data

In this section, covering elastic scattering, and the next,
dealing with impact ionization, modifications to the data
analysis procedure discussed above are detailed for the
few specific instances of nonstatistical behavior of the
data. Also discussed are the changes applied to earlier re-
sults' ' based upon our present understanding.

Three instances of nonstatistical behavior in the elastic
data became evident from consideration of the A'(T)
versus I (T) plots. In the first instance, corresponding to
4.4 eV (the lowest energy of the ten energies studied in the
recent elastic scattering experiment), a linear fit to the
data of A'(T) versus I (T) resulted in a nonstatistical
value of X . As a consequence, the measured values of
A'(T) were used to determine F2 for each run, instead of
values derived from a linear fit, the normal procedure as
described in Sec. IIID. The observed fluctuations in
A'(T) are thought to be due to an increased susceptibility
of A'(T) to small changes in the electron-beam position
due to drifts in electronics at the energy of 4.4 eV, which
was also the lowest energy for which a reasonable signal
to background ratio could be maintained. At lower ener-
gies, the spatial extent of the electron beam iricreased due
to conservation of phase space, with the result that wall-
scattered and aperture-scattered events overwhelmed the
signal.

The second instance of nonstatistical behavior occurred
at an energy of 24.3 eV, where the installation of a new H
oven was followed by one run for which A'(T) deviated
So. from the best-fit line determined by the A'(T)'s of the
remaining runs. This nonstatistical behavior is attributed
to oven motion during the first heating. Consequently the
elastic and impact ionization data for this one ruri were
discarded. The final instance of nonstatistical behavior
occurred for one run at 30.3 eV where an abrupt increase
of I (T) was accompanied by a decrease in A'(T). This
anomalous response was probably caused by a crack that
had developed near the orifice of the H oven. All data ac-
quired following the abrupt change in I (T) and prior to
replacement of the oven were discarded.
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FKx. 19. Frequency of occurrence of N (the number of elas-
tic events) as a function of N recorded for each quarter-wave-
plate data bin, for incident electron polarization (a) positive and
(b) negative. The bar graphs are the data, while the curves are
the corresponding Poisson distributions calculated from their
mean values. The number of data bins is 124 in each case. The
data are taken from the one run for which g for A~/(1 —I'2) is
7.8.

The X analysis of the real asymmetry b,z/(1 —F2) for
elastic scattering at an energy of 22.2 eV revealed the
presence of a possible systematic effect. For one target
polarization the calculated reduced X was equal to 2.5 for
10 degrees of freedom (11 runs) and was significantly af-
fected by two runs, one with a X =7.8. These two runs
were examined with care to determine the possible causes
of such large deviations. No instabilities or noise were ob-
served, and the data for both electron polarizations satis-
fied Poisson statistics, as can be seen in Fig. 19. Faced
with what appears to be a statistical quirk, we quote the
results of the data at 22.2 eV (as presented in Sec. V A) in
three ways —first with no runs discarded, second with one
run discarded, and third with two runs discarded. [The
value of A9o (IS~IS) shown in Fig. 22(a) at 22.2 eV is
the result obtained with two runs discarded. ] The only
justification for rejection of data in this case is
Chauvenet's criterion, ' a prescription for omission of
data based on the size of the deviation from the mean.

No systematic effects on the elastic asymmetry result-
ing from electron polarization reversal were revealed from
the X analysis of the false asymmetries b,F~ and b,F2 for
any energy. Both false asymmetries were zero within
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statistics for each energy and for each target polarization.
Finally, no systematic effects related to hydrogen polari-
zation reversal were found. From a combination of data
of all ten energies studied in the recent experiment, the ra-
tio of the asymmetry b,z/(1 —F2) for the "reversed" tar-
get polarization direction, denoted REV (hydrogen polari-
zation direction opposite to incident electron momenta),
to the asymmetry for the "normal" target polarization
direction, denoted NOR (hydrogen polarization direction
parallel to incident electron momenta), was determined to
be 0.78+0.17. The reduced 7 about unity of this ratio
was 1.05 for 10 degrees of freedom, indicating an absence
of systematic effects arising from target polarization re-
versal.

C. Review of ionization data

A systematic dependence of the ionization asymmetry
on the direction of the magnetic field in the interaction re-
gion was observed in the recent work at incident energies
of 22.2, 27.0, and 30.3 eV. " The weighted average of the
ratio AI(REV)/AI(NOR) was 1.13+0.05 at these three
energies; for the remaining three energies at which both
NOR and REV data were taken, the average was
1.05+0.06. A similar systematic effect was observed in
the early work' at the energies 15.0 and 27.0 eV and was
attributed at that time to the undetected presence (in the

' NOR orientation) of a magnetic field component in the
interaction region transverse to the electron-beam direc-
tion, which reduced the value of

~

cosa
~

in Eq. (23). This
explanation was reinforced by the observation that the
size of the effect decreased when the longitudinal field in
the interaction region was increased from 100 to 200 mG.
However, since the elastic scattering data, obtained more
recently, do not display any such systematic effect, a more
likely explanation of the discrepancy in the REV and
NQR values for AI lies in an incomplete detector accep-
tance for ions with large recoil angles. This hypothesis
also explains the nonlinearity of A (T) as a function of
I (T) (see Sec. IIID) as well as the observation that the
ion signal did not scale with the known total ionization
cross section in the energy range from 30 to 60 eV.
Indeed, since the initial momentum and Inomentum
spread of the hot H beam and the cold H2 beam were ap-
proximately equal, the angular distributions of recoil H+
and H2 ions would have been similar if the collision pro-
cesses of electron impact ionization of H and Hz are as-
surned to be roughly similar. Thus it would be expected
that A and o I (H) would both exhibit systematic varia-
tions, as was the case. Furthermore, it can be argued that
the acceptance would be affected by the position of the
beam overlap in the interaction region, which could
change upon reversal of the magnetic field, thereby result-
ing in higher asymmetries for the REV orientation at the
energies mentioned above.

In our final analysis, we treated both the NOR and
REV data without prejudice since we could not assess
a priori whether the higher asymmetries of the REV con-
figuration were due to a more, or less, complete accep-
tance of the ion detector than for asymmetries recorded in
the NOR orientation. As a corollary, we now believe that

the treatment of data in the early work, in which all
AI(NOR) were corrected upward by 6%, is incorrect.
Thus we reanalyzed the early data in accordance with our
prescription for the recent data: at those energies where a
nonstatistical spread between AI(NOR) and AI(REV) ex-
isted, we calculated a weighted average for AI from
AI(NQR) and AI(REV). We then increased the uncer-
tainty in AI to include the range of statistical uncertain-
ties in AI(NOR) and AI(REV).

At 30.3 eV of the recent work and 107.0 eV of the early
work, there was additional nonstatistical behavior in the
real asymmetry for each of the field orientations separate-
ly. For these cases the quoted asymmetry is a weighted
average of the unweighted average for each orientation,
with an uncertainty which includes the range of uncer-
tainty (standard deviation of the mean) for each orienta-
tion. In all cases nonstatistical uncertainties were added
linearly to the quadrature sum of statistical uncertainties
for P„PH,(1 —F2), and

~

cosa
~

.
In some cases the presence of some uncorrected sys-

tematic effects associated with electron polarization rever-
sal or time-dependent experimental parameters are indi-
cated by the nonstatistical reduced P about zero [X (0)]
values for bz~ and 'b+2. However, the values of b,~, and
5+2 themselves are so small that we believe these sys-
tematic effects have a negligible influence on the mea-
sured values of AI.

V. RESULTS AND DISCUSSION

In this section we present the results of the measure-
ments of A9O (1S~1S) and AI, and compare them with
the various approximation methods discussed in Sec. IB.
We also present measurements of the relative spin-
averaged elastic differential cross section at 90, and com-
pare them with the energy dependence found by other
researchers. In order to provide a background against
which the results can be viewed, we summarize the impor-
tant experimental operating parameters in Table I. It
should be noted that in the early work the electron polari-
zation was generally lower, P, =0.42—0.65 (+6%) and
the electron-beam energy spread larger, bE(FWHM)
=3.0 eV.

A. 90' elastic scattering

Concurrent with the measurement of the threshold for
ionization (see Sec. III C), measurements of the 90 elastic
scattering of unpolarized electrons from atomic hydrogen
were obtained for energies from 13.0 to 23.5 eV. The pro-
cedure for placing these relative spin-averaged elastic data
on an absolute differential cross-section scale (involving
correction for molecular scattering and normalization to
the absolute cross-section value observed by Williams at
16.5 eV) is described in detail in Appendix C; with the re-
sults of the analysis shown in Fig. 20. The agreement of
our results with those of other researchers ' provides
two important tests of the experiment. First, it shows
that inelastically scattered electrons were effectively
discriminated against by the electron detector filter lens.
Second, the results imply that both the electron and hy-
drogen beams remained stable in position for the duration
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FIG. 20. Measurements of the spin-averaged 90' elastic dif-

ferential cross section. The present data (closed circles) have

been corrected for molecular scattering and are normalized to
the measurement reported by Callaway and Williams (Ref. 30)
at 16.5 eV. The horizontal bars represent the estimated +0.1-

eV uncertainty in the unpolarized electron beam energy. The
typically -20% vertical error bars arise from a combination of
the -9%%uo statistical uncertainty, the 10% uncertainty in the
atomic cross section used for normalization (Ref. 30), and the

25% uncertainties in the molecular cross sections (Ref. 125).
Comparison is made with the measurements of Williams (Ref.
30, open circles) and of Teubner and co-workers (Ref. 27, trian-

gles).

of these measurements, a condition more stringent than
that required for accurate measurements of
2 9p'( 1S~1S)~

The measurements of 29Q (1S~1S)reported here were
obtained for 12 values of incident electron energy from
4.4 to 30.3 eV, including two values, at 8.3 and 10.0 eV,
from the early measurements. ' The number of elastic
events recorded at each of the ten energy values of the re-
cent work for each of the two atomic hydrogen polariza-
tion directions and for the two pairs of opposite orienta-
tions (180' rotation) of the linear polarizer is shown in
bar-graph form in Fig. 21. At each energy, approximately
equal numbers of events were obtained for the NOR and
REV directions and for each of the two vertical bars, a
procedure adopted in order that the asymmetry measure-
ments not be biased with respect to hydrogen polarization
direction or linear polarizer orientation.

The results for A9Q.(1S~1S)and the elastic scattering
false asymmetries AF ~

and AF2, determined as discussed
in Sec. IIIA, are presented in Tables II, III, and IV,
respectively. The values of A9Q (1S~1S) were deter
mined from the data in accordance with Eqs. (22) and (23)
and the analysis given in Secs. IVA and IVB. In each
case, the uncertainty associated with A9Q. (15~1S) is a
one-standard-deviation uncertainty dominated by the sta-
tistical uncertainty in A~, and includes in quadrature the
uncertainties in P, (+5%), PH(+4%), (1 F2, ) (+2%), —
and cosa (+ 1.5%). Results for the respective asym-
metries and X analyses are shown for the two hydrogen
polarization directions taken together as well as separate-

FIG. 21. Number of elastic events N,
'

(background events
subtracted) obtained at each energy for relative orientations of
the linear polarizer (positions A, 8, C, and D) and interaction
region magnetic field direction (NOR and REV). The two bars
at each energy correspond to the number of events recorded for
the two possible relative orientations of the electron and hydro-
gen polarizations (parallel and antiparallel). The data are
presented in chronological order.

1
f+g

1

= —g (21 +1)TP Pi(cos8) (3&)

where the transition amplitude TI—is found from the rela-
tion

2i 5&
— i 5p

TI =—(e ' —1)=e —sin5&-,
2l

(36)

5~ (6~ ) being the I-partial-wave singlet (triplet) phase
shift. Generally, only the l =0 and I =2 terms in the sum
were included, since for 0=90' only even I contribute and
spin-dependent phase shifts and amplitudes have been
published only for l(3. Even-l spin-independent phase
shifts can be calculated for I & 4 using an expression due
to O' Malley et al. ,

' but the effects of higher-/ partial
waves are small for large-angle scattering, and hence
terms involving l & 4 were neglected.

While most of the predictions for the spin-averaged 90
elastic cross section do(90') agree with each other and
with the measurements of other researchers, as seen in
Fig. 22(b), there is disagreement among the same approxi-
mation methods in the predictions of A9Q (1S—+1S) in the

ly, as a check for systematic effects. With the exception
of the one case at 22.2 eV, discussed earlier in Sec. IVB, .
the present results are statistically distributed. For each
of the false asymmetries, seven out of ten of the present
values lie within one standard deviation of zero. The
larger X (0) for the results at 8.3 and 10.0 eV are seen as
evidence for electronic noise which had not been
suppressed during these early exploratory runs.

In Fig. 22(a) the measured values of A9Q (1S~1S)are
plotted as a function of incident electron energy and com-
pared with the predicted values determined from a num-
ber of theoretical approximation methods using published
values of singlet and triplet phase shifts or, alternatively,
transition amplitudes. The elastic asymmetry was ex-
pressed as in Eq. (3), with singlet 1f+g 1

and triplet

1 f—g 1

cross sections given by
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TABLE II. Results of elastic scattering data analysis for real asymmetry A 90 (1S—+15).

Energy' NOR and
A 90.(15—+1S) g (av)/degree of freedom

NOR and

(eV) REV NORb REVb REV NOR REV

4.4(2.5)

6.3(2.5)

8.3(3.6)'

10.0( 5.2)'

11.6(2.7)

14.1{2.3)

17.2{2.3 )

20.1(2.7)

22.2(2.5 )

22.2{2.5)'

22.2(2.5 )

24.3(2.7)

27.0(2.7 )

30.3(2.5)

All runs

All runs

(recent work)

—0.270(54) —0.260(64)

—0.237(55) —0.205(66)

—0.289(84)

—0.289(84)

—0.212(55) —0.160(69} —0.289(84)

—0.114{66) —0.186(82) + 0.010(108)
—0.200(42) —0.179(58) —0.220(56)

—0.176{61) —0.200(77) —0.139(95)

+ 0.003(46) + 0.014(67) —0.007(64)

—0.151(38) —0.134(64) —0.158(44}

—0.192(37} —0.180(41) —0.212(51)

—0.229{64) —0.186(35) —0.274(36)

—0.281(53) —0.195(94) —0.31S(S8)

—O.343{65) —0.408{76) —0.227(102)

—0.291(56) —0.177(69) —0.444(81)

—0.197(54) —0.234(71) —0.154(76)

16
15

17
17

14
23
46
37
8
13

13
13

37
24

12
18

34
18

26
17

21
16
16
11

25
26
14
16

239
229
179
169

5
8

6
7

7
11

6
7

3
3

5
7

15
11

3
8

25
10
16
9
10
8

5
4

15
11

2
7

83
92
70
74

11
6
11
9
6
11

36
29
3
9
7
5

16
12

9
9
9
7

9
7
8
6
10
14
11
8

138
125

95
85

'Electron energies studied in the present work have been corrected upward 0.3 eV from previously pub-
lished data (Ref. 23), due to a correction in the ionization threshold energy calibration. Electron-beam
energy spread (full width at half maximum) in parentheses.
"Counting statistics uncertainties only.
'Corrected data of Ref. 18.
No runs discarded. See Sec. IVB.

'One run discarded. See Sec. IV B.
Two runs discarded. See Sec. IV B.

intermediate-energy region. Our results confirm the simi-
lar predictions of the variational, close-coupling, '
pseudostate close-coupling, and polarized-orbital
methods in the low-energy ( & 10 eV) region. From 10 to
30 eV the results agree only with the predictions of the
1S-2S-2P close-coupling method. ' However, the
agreement is probably fortuitous since this three-state cal-
culation inadequately treats the hydrogen ground-state po-
larizability, underestimates the spin-averaged cross section
at forward angles, and overestimates the widths of reso-
nances.

The algebraic variational pseudostate close-coupling
method ' provides the best agreement between theory
and experiment for differential cross sections from 10 to
30 eV, but the predictions for A9p. (1S—+1S) (curve e) do
not agree with the experimental results. At large angles
(8~ 120') the algebraic variational method disagrees with
cross-section measurements in this energy range. Our ex-
perimental results, together with the knowledge that ex-
change effects are important for large-angle scattering,

thus may indicate a problem with the treatment of ex-
change in this approximation method. As a final observa-
tion on the elastic results, we point out that the measure-
ment of.A9p. (15~1S) at 14.1 eV is consistent with pure.
triplet scattering, reflected by a value of
A 9p.(1S~IS)= ——,

' .

B. Impact ionization

The recent measurements of AI were performed con-
currently with the measurements of A9p (1S~1S)accord-
ing to the procedure given in Sec. III for seven values of
the incident electron energy from 14.1 to 30.3 eV. These
measurements initially were intended to serve as a con-
sistency check of the experimental method, since several
values of Al had been obtai'ned previously in this energy
range. However, a comparison between the recent results
and the early measurements revealed a small but systemat-
ic discrepancy. This discrepancy is now fully accounted
for by effects associated with incomplete detector accep-
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TABLE III. Results of elastic scattering data analysis for false asymmetry AF1.

Energy'

(eV)

NOR and

REV

5, (10 )

NOR REV REVNOR

g (0)/degree of freedom'

NOR and

REV

4.4(2.5)

6.3(2.5)

8.3(3.6)"

10.0(5.2)

11.6(2.7)

14.1(2.3)

17.2(2.3)

20.1(2.7)

22.2(2.5)'

22.2(2.5)

22.2(2.5)g

24.3(2.7)

27.0(2.7)

30.3(2.5 )

All runsg

A11 runs

(recent work)

+ 1(15)

+ 2(11)

+ 1(5)

0(5)

+ 1(13)

+ 24(16)

—8{13)

+ 14(14)

—6(15)

—11(16)

—10(16)

—24(18)

—26(12)

+ 18(19)

0(3)

—2(4)

+ 18(21)

+ 15(21)

—4(7)

—7(7)

+ 18(25)

—15(20)

—4(14)

+ 6(7)

+ 7(6)

—6(16)

—20(17) + 10(21)

+ 1(18) + 31(21)
—7(19)

—16(20)

—14(21)

—34(25)

—30(17)

+ 31(24)

—4(4)

—1(6)

—4(25)

—4(25)

—4(25)

—12{27)

—23(16)

—1(30)

+ 3(4)

—3(6)

+ 26(20) + 21(26)

10
16

13
18

12
24

70
38
17
14

15
14

26
25

25
19
14
19

11
18

11
17
10-
12

27
27

9
17

245
241

163
179

4
8

9
12

14
8

1

4
11
8

13
12

11
9
7
11

5
10

9
9
5

13
12

5
8

101
104

78
84

3
7

9
10

3
12

56
30
15
10
4
6

13
13

14
10
7
8

7
8

7
8

2
7

14
15

4
9

144
137
85
95

'E1ectron energies studied in the present work have been corrected upward 0.3 eV from previously pub-
lished data (Ref. 23), due to a correction in the ionization threshold energy calibration. Electron-beam
energy spread (full width at half maximum) in parentheses.
Counting statistics uncertainties only.

'g about zero.
"Corrected data of Ref. 18.
'No runs discarded. See Sec. IV B.
One run discarded. See Sec. IV B.
Two runs discarded. See Sec. IV 8.

TABLE IV. Results of elastic scattering data analysis for false asymmetry AF2.

Energy'
(eV)

4.4(2.5)

6.3(2.5)

8.3(3.6)

10.0(5.2)'

11.6(2.7)

14.1(2.3)

17.2(2.3 )

20.1(2.7)

22.2(2.5 )'

22.2(2.5)

22.2(2.5)g

24.3(2.7)

NOR and
REV

+ 11(15)

—14(11)

+ 10(5)

+ 2(5)

—2(13)

—13(16)

+ 6(13)

—28(14)

+ 18(15)

+ 17(16)

+ 15(16)

+ 26(18)

AF2 (10 )

NOR

+ 17{21),

—9(21)

+ 17(7)

+ 2(7)

+ 31(25)

—36(20)

+ 9(17)
—33(18)

+ 17(19)

+ 16(20)

+ 13(21)

+ 21(25)

REV

+ 6(20)

—16(14)

+ 4(7)

+ 2(6)

—14(16)

+ 27(26)

+ 1(21)

—22(21)

+ 19(25)

+ 19(25)

+ 19(25)

+ 32(27)

NOR REV

16
16
15
18

37
24

46
38

14
14
17
14
19
25
15
19
9
19
8
18

8
17
11
12

11
9
7
8

18
12

10
8

4
4
10
8

9
12

10
9
4
11
4
10
4
9
2
5

8
10

19
12

36
30
9
10
7
6
10
13

5
10

4
8

10
7

g (0)/degree of freedom'
NOR and

REV
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TABLE IV. (Continued).

Energy'
(eV)

NOR and
REV

EF2 (10 )"

NOR REV NOR REV

+2(0)/degree of freedom'

NOR and
REV

27.0(2.7)

30.3(2.5)

All runsg

All runs

(recent work)

+ 7(12)

+ 10(19)

+ 3(3)

0(4)

+ 9(17)

+ 2(24)

+ 6(4)

0(6)

+ 6(16)

+ 22(30)

+ 2(4)

0(6)

23
27

17
17

238
241

155
179

10
12

3
8

98
104

70
84

13
15

14
9

140
137
84
95

'Electron energies studied in the present work have been corrected. upward 0.3 eV from previously pub-
lished data (Ref. 23), due to a correction in the ionization threshold energy calibration. Electron-beam
energy spread (full width at half maximum) in parentheses.
"Counting statistics uncertainties only.
'g about zero.
Corrected data of Ref. 18.

'No runs discarded. See Sec. IV B.
One run discarded. See Sec. IV B.
Two runs discarded. See Sec. IV B.

10 i I ''i'I ' i i i IiiiiI i
I

i
I i

0.8
V/OR K

A OF

~ S RESONANCE 0.6 (a)
-o. i

cn

-0.2
O

—0.5

CU 0
CS

0
C)

lg
cj

L

LOWER BOUND

cl

C

9

I

Ii Q, I3, c,d)9, ri

DATA OF OTHER RESEARCHERS

(b)

Az

Q 4

0.2

~o
QQ i Iiiiii i i i i I »iil i I i I i I iliii! i i i i1»iiI

15 20 50 40 60 100 l50 200
I I J. I I I I

0.8
CU

~ 0.6—

Q 4—
Jb

0.2

~I-
OTHER
HERS

0.0 I I I

15 20 30 40 60 100 150 200
ENERGY (eV)

la 20 50
ELECTRON ENERGY (eV)

FIG. 22. (a) Measured values of A90 (IS~1S) as a function
of incident energy with representative theoretical predictions.
Vertical error bars are one-standard-deviation uncertainties
dominated by statistics; horizontal bars indicate the energy
spread of the electron beam. Theoretical curves are obtained
from information in the following references using the pro-
cedures given in the text: a, 1S-2P pseudostate close coupling
(Ref. 77); b, variational (Refs. 46, 49, and 50); c, polarized orbi-
tal (Ref. 78); d, variational (Ref. 129); e, algebraic variational
pseudostate close coupling {Ref 30); f, exchange-corrected
Glauber (Ref. 130); g, three-state close coupling (Refs. 71, 72,
and 128); h, pseudostate close coupling (Ref. 75). (b) Measure-
ments by other researchers of the spin-averaged differential
cross section do(90 ) compared with the same theoretical results
as in (a): solid bars (Refs. 28 and 30); open circles (Ref. 27).

FIG. 23. (a) Measured values of AI as a function of incident
electron energy. The recent results are shown as solid circles
and the corrected early results (Ref. 16) are shown as open cir-
cles. Vertical error bars include statistical and systematic uncer-
tainties. Horizontal bars indicate full width at half maximum
energy spread of the electron beam. Theoretical curves are ob-

tained from information in the following references using the
procedures given in the text: a, b, c, and d, Born-exchange (BE)
(Refs. 132, 133, 134, and 135, respectively); e, BE with max-
imum interference (Ref. 133); f, BE with angle-dependent po-
tential (Ref. 136); g and h, spherical average exchange, the latter
with maximum interference (Ref. 132); i, Glauber exchange
(Ref. 135);j, modified Born-Oppenheimer (Ref. 137); k, pseudo-
state close coupling (Ref. 138); I, BE (Ref. 139). (b) Experimen-
tal values of o.l obtained by other investigators (Refs. 25 and
106). Vertical bars indicate the spread of the measurements.
Theoretical curves are from references given above.
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TABLE V. Results of impact ionization data analysis for real asymmetry Al.

Energy'
(eV)

NOR and
REV NORb REV" REV

g (av)/degree of freedom
NOR and

REV NOR

14.1(2.3)
15.0(3.2)'

17.0(3.2)'
17.2(2.3)
19.0(3.2)'
20.1(2.7)
22.2(2.5)

23.0(3.2)'
24.3(2.7)
27.O(2. 7)
27.O(3.2)'
3O.3(2.5)

34.0(3.2)'
42.0(3.2)'
57.0(3.2)'
77.0(3.2)'

io7.o(3.2)'
147.0(3.2)'
197.0(3.2)'

All . runs'

(early work)
All runs

(recent work)
All runs

{recent work)
excluding 30.3 eV

0.429(+36)

O 478(+'")'—98

0.434(39)

0.491(+37)

0.435(43)

0.405(29)

Q 4Q9(+ )

0.428(+42)

O.415(+4', )

o.346(+,",)'
0 384(+ )"

0.302(+ )

0.316(+33)
0.310(25)

0.236(21)

0.185(+23)

0.143(+17)

0 118(+16)
0.071(15)

0.412(34)

0.420(29)

0.436(18)

0.494(12)

0.425(20)

0.405(9)

0.381(5)
0.432(21)

0.401(12)
0.320(6)

0.371(5)

0.293(6)'

0.332(24)

0.303(8)

0.238(11)
0.185(19)

0.446(34)

0.529(27)

0.430(26)

0.475(28)

0.449(24)

0.436(5)

0.424(15)

0.450(18)

0.369(5)

0.397(6)

0.324(9)'

0.307{18)
0.320(11)
0.233(i3)
O. i 84(31)

0.143(11)'

0.118(12)
0.071(14)

5
13
22
12
10
9
12
15
8
9
8
8

90
18
5
8
12
11
73
25
76
62
88
16
3
5
7
9
9
8
3
7

21
8

3
3
1

3
168
143

288
106

200
90

4
7
4
3
6
3
9
11
5
4
8
8
14
10
2
3
1

4
13
11
21
30
20
7
1

1

4
4
8
3
1

3

51
54

69
58

49
51

1

5
11
8
4
5
2
3
3
4

5
7
3
4
7
6

23
13
30
31
43
8
2
3
1

1

4
2
3

21
8

3
3
1

3
82
80

80
42

37
34

'Electron-beam energy spread (full width at half maximum) in parentheses.
Counting statistics uncertainties only.

'Corrected data of Ref. 16.
Uncertainty includes systematic field effects. See Sec. IV C.
Unweighted average with nonstatistical uncertainty. See. Sec. IV C.

TABLE VI. Results of impact ionization data analysis for false asymmetry EF1.

Energy'
(eV)

14.1(2.3)

15.0(3.2)

17.0( 3.2)

17.2(2.3 )

19.0(3.2)

20.1(2.7)'

22.2(2.5)

23.O( 3.2)

24.3(2.7)

27.0(2.7)

NOR and
REV

—7(7)

—117(57)

+ 77(42)

—7(20)

+ 54(36)

—17(22)

+ 13(8)

—69(35)

—14(10)

+ 17(12)

AF1 (10 )

NOR

—5(10)

+ 31(84)

+ 110(50)

—14(22)

+ 54(47)

—17(22)

+ 2(11)
—53(50)

—15(i2)

+ 4(18)

REV

—9(i1)
—245(78)

—9(80)

+ 21(46)

+ 55(57)

+ 26(12)

—84(48)

—12(19)

+ 26(i5)

REV

16
14

15
13
8
10
8
16
10
10
5
9
20
19
16
9
12
12

25
26

12
8

5
4
6
12
3
5

5
9
13
11

4
4
4
5

7
12

4
6

13
9
2
6
2
4
8
5

7
8

11
5

9
7

18
14

g (0)/degree of freedom'
NOR and

REV
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TABLE VI. (Continued).

Energy'
(eV)

NOR and
REV

( 10—4)b

NOR REV REVNOR

+2(0)/degree of freedom'
NOR and

REV

z7.o(3.2)'

30.3(2.S)

34.O(3.2)'

42.0(3.2)'

s7.o(3.2)'

77.o(3.z)'

1O7.O(3.2)'

147.0(3.2 )'

197.O(3.2)'

All runs

(early work)

All runs

(recent work)

+ 5(7)

+ 3(8)

—60(24)

+ 3(17)

—6(23)

+ 7(47)

+ 24(17)

+ 13(18)

—26(23)

+ z(s)

0(4)

+ 4(9)

+ 1(11)
—195(42)

+ 22(22)

+ 18(30}

+ 79(56)

—1S(44}

+ zs(zs)
—s(30)

+ s(7)

—4(s)

+ 7(11)

+ 5(12)

+ 7(30)

—29(28)

—43(37)

—147(82)

+ 31(19)
—2(27)

—ss(35)
—3(8)

+ 8(6)

78
68
20
17
38
6

8
10

15
9

25
12

11
8

12
8

261
172

107
113

49
36
14
8

4
5

15

4
4
8
5

7
4

7
4

141
81

61
65

29
32
7
9
3

10
5

10
5

18
7
5
4
6
4

119
91

46
48

'Electron-beam energy spread (full width at half maximum} in parentheses.
Counting statistics uncertainties only.

'g about zero.
Corrected data of Ref. 16.

'Normal (NOR) fiel'd only.

TABLE VII. Results of impact ionization data analysis for false asymmetry 6F2.

Energy'
(eV)

14.1{2.3)

15.0(3.2)

17.0(3.2)

NOR and
REV

—1(7)

—16(57)

—66(42)

a„(1o-')b

NOR

—1(10)

+ 75(84)

—90(50)

REV

—2(11)
—94(78)

—4(8o)

NOR REV

20
14
9
13

8
10

10
8

5
4

10
6

5
9

g (0)/degree of freedom'
NOR and

REV

17.2(2.3)

19.0( 3.2)d

20.1(2.7)'

22.2(2.5)

23.0(3.2)

24.3(2.7)

27.0(2.7)

27.0(3.2)d

30.3(2.S )

34.0(3.2)

42.0{3.2)

57.0(3.2)

77.0(3.2)

107.0( 3.2)d

+ 16(20)

+ 98(36)

+ 18(22)

+ 7(8)

—5(3s)

+ 2(10)

+ 6(12)

—10(7)

—16(8)

+ 32(24)

+ 35{17)

o(z3)

—19{47)

—6(17)

0(22)

+ 88(47)

+ 18(22)

+ 16(11)

—20(50)

+ 3(12)

+ 28(18)

—16(9)

—26(11)

+ 110(42)

+ 12{22}

—8(30)

—53(56)

—30(44)

+ 86(46)

+ 113(57)

0(12)

+ 8(48)

—1(19)

—10(15)

—3(11)
—5(12)

—7(30)

+ 73(28)

+ 11(37)

+ 5S(82)

—2(19)

20
16
18
10

15
9

21
19

9
12

27
26
79
68
17
17

9
6

20
10
11
9
7
9

6
12

10
12

9
5

15
9
12
11

5
5

8
12

55
36
10
8

7
2

11
5

6
4

3
5

10
4

9
5

9
8

5
7

20
14
24
32
8
9
2
4
10
5

6
5

3
5

4
7
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Energy'
(eV)

147.0(3.2)

197.0(3.2)'

All runsd

NOR and
REV

+ 20(18)

+ 7(23)

+ 1(5)

NOR REV

+ 40(25)

+ 15(30)

—3(7)

—3(27)

—3(35)

TABLE VII. (Continued).

( 10—4)b

REVNOR

7
8

3
8

189
172

6
4
2
4

116
81

1

4
1

4

75
91

y'(P)ydegree of freedom'
NOR and

REV

(early work)

All runs

(recent work)

0(4) + 1(5) —2(6) 130
113

69
65

60
48

'Electron-beam energy spread (full width at half maximum) in parentheses.
Counting statistics uncertainties only.

'g about zero.
Corrected data of Ref. 16.

'Normal (NOR) field only.

tance, beam-related background signals, and a presence in
the Mott measurements of an elastic peak due to Formvar
scattering and a polarization dependence in the inelastic
background, all of which had not been considered proper-
ly in the early work.

The results for Ai and the ionization false asymmetries
b,F, and b,~2 for both the recent data and the corrected
earlier data are listed, respectively, in Tables V, VI, and
VII. Included in the tables are the results for the two hy-
drogen polarizations taken together as well as separately,
with a X analysis of the averages. The values of Ai were
determined from the ionization data in accordance with
Eqs. (22) and (23) and the analysis discussed in Secs. IV A
and IV C. The uncertainty associated with Al ("Both
fields" in Table V) includes in quadrature the uncertain-
ties in Az, (1 F2), P, (+—5%), I'H (+4%), and cosa
(+ 1.5%%uo), and includes linearly those nonstatistical uncer-
tainties described in Sec. IVC. The early results have
been revised to include the effects of beam-related back-
ground signal (see Sec. IIID), incomplete ion acceptance
(see Sec. IV C), and the corrected value of electron polari-
zation.

At the energies where the data exhibited nonstatistical
behavior, as evidenced by large X (av) in Table V, the un-
certainty has been increased according to the analysis pro-
cedure given in Sec. IVC. The values of the false asym-
metries given in Table VI and VII are very small and gen-
erally consistent with zero. As was stated earlier, the in-
fluence on Al of possible systematic effects associated
with a time-dependent parameter, as indicated in some
cases by the X analysis of A~~ and A+2, is considered to
be so small that it has been neglected.

The results for Al as a function of energy are shown
graphically in Fig. 23(a) along with a number of predic-
tions based on different approximations. The predicted
dependence of Al given by curves j and k was calculated
from published values of the total singlet and triplet ioni-
zation cross sections using Eq. (10). All other theoretical
curves were obtained from published values of o.z [Eq.
(13)], the spin-averaged total ionization cross section with
exchange included, and o.I, the total ionization cross sec-

tion with exchange neglected, by combining Eqs. (11) and
(14) to give

(ol —Pl )
(37)

In Fig. 23(b) the farl measurements of other researchers are
compared with the same theoretical predictions. Several
conclusions can be drawn from the figure. First, while
most of the calculations agree at least in shape with the
observed energy dependence of o.q, the calculations which
agree with Al above about twice the ionization energy
disagree below that energy, and those which agree at low
energy with our results disagree at higher energies.
Second, the recent measurements of Al agree with the
corrected results of the early measurements. Third, Al is
roughly energy independent within the first few eV above
threshold, a conclusion reinforced by similar results re-
ported by other groups in impact ionization of potassi-
um, ' lithium, " ' and sodium. ' ' ' ' The results for A
of hydrogen reported here, together with the data of the
alkali metals obtained with improved energy resolution,
support the conclusions of Greene and Rau' that AI
need not be unity at threshold.

C. Future work

The application of new polarized-electron-beam and
hydrogen-beam technologies will soon mark the matura-
tion of experiments in elastic, inelastic, and ionization
processes which can be easily studied using experimental
methods similar to the present method. ' Indeed, the
discrepancies between theoretical predictions and the re-
sults reported here suggest several areas of research in po-
larized electron-hydrogen collisions which might be pur-
sued in the future. Measurements of AI in the threshold-
energy region with a polarized-electron-beam energy reso-
lution of &30 meV, for example, are needed to provide
information about the dynamics of two-electron escape
and to test further the different threshold law predictions.
In the case of elastic scattering, the predictions in the
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f dQ[Re(fogo)+2Re(f igi)]
A (1S~2P)=

o.( 1S +2P)—(38)

where the numerator is integrated over all angles of the
scattered electron and cr(1S~2P) is the total spin-
averaged cross section. As can be seen, a complete separa-
tion of the amplitudes is not achieved. However, if
electron-photon coincidence techniques' ' ' are com-
bined with polarized incident beams, for example, the ex-
citation to different mi sublevels can be separated and the
quantities Re(fogo)/(doo/dQ) and Re(f igi)/(doi/dQ)
can be determined, where do.o/dQ and do i/dQ are the
respective spin-averaged differential cross sections for ex-
citations of the mI ——0 and mI ——+1 sublevels. Moreover,
it should be noted that electron-photon coincidence mea-
surements are not affected by cascade processes, since the

theoretically difficult intermediate-energy region can be
tested more thoroughly by measurements of A (1S—+1S)
at additional scattering angles and with higher statistical
accuracy. In addition, the 'S and P resonances below the
n =2 threshold should produce structure in the energy
dependence of 3 (1S—+1S) in the region between 9 and 10
eV, if the energy resolution is of the order of 30 meV.
Such measurements in the resonance region will furnish
an additional experimental test of the predictions of the
close-coupling and projection-operator methods used to
calculate the positions and widths of the resonances. For
both elastic and ionization processes, it is also of interest
to determine the energy above which exchange processes
become negligible ( A =0).

A complete account of the scattering of electrons from
hydrogen atoms requires the determination of the singlet
and triplet elements of the full T matrix, including all ex-
cited states. With the use of new polarized beam techno-
logies, the measurement of the 1S~2S and 1S~2P ma-
trix elements in particular appear within reach. Measure-
ment of 3 (1S~2P) can be accomplished by the detection
of prompt Lyman-o, photons emitted from the interaction
region. The measurement of A (1S~2S) is more compli-
cated, but might be accomplished through the application
of a modulated rf field in the interaction region and the
observation of Lyman-a photons. Such an approach
would determine separately A(IS —+2S) and A(1S~2P),
although the accuracy of these measurements would be
degraded somewhat by cascade effects from higher-lying
states.

It should be noted that the measurement of A (1S—+2S)
would complete the experimental determination of the
corresponding direct and exchange amplitudes (to within
the sign of the relative phase angle), since total spin-
averaged and exchange cross sections were measured pre-
viously. In the case of A (1S~2P) the theoretical
description contains four amplitudes, fo and go, the direct
and exchange amplitudes for excitation of the mi=0
magnetic sublevel, and fi and gi, the direct and exchange
amplitudes for excitation of the mi=+I sublevels. A
complete study of 2P excitation thus involves the deter-
mination of seven quantities —four magnitudes and three
relative phases. The total 1S-2P excitation cross-section
asymmetry is given by

detection of electrons which have lost 10.2 eV energy is
done in coincidence with Lyman-a photons.

The viability of these proposed experiments relies on
the development of sources of polarized electrons and po-
larized hydrogen atoms more intense than those used in
the present experiment. The electron source must have
far better energy resolution while retaining the feature of
optical polarization reversal. %within the last eight years
such an electron source has been developed. ' ' The
GaAs source, as it is known, is already being used in a
number of laboratories for atomic collision research. The
source produces longitudinally polarized electrons
(P, -0.4) in photoemission from single-crystal GaAs by
circularly polarized light, with much higher intensities
(typically several pA) and higher intrinsic energy resolu-
tion (30—130 meV) than the Fano source, yet with the op-
tical reversibility of P, found to be so important in the
measurements reported here. Atomic hydrogen sources
based on the dissociation of H2 in a radio-frequency
discharge have also reached an advanced stage of develop-
ment. These sources provide highly directional beams
with high dissociation fractions ()0.9), high densities
(10' atoms/cm at 1 cm distance from source), and excel-
lent beam stability for extended periods of time. '"

The technology of electron polarimetry, which has pro-
gressed substantially during the last ten years, will also
broaden the scope of future measurements. The use of a
compact electron polarimeter would permit the separate
determination of direct and exchange amplitudes by
measuring the change in polarization produced in polar-
ized electron-polarized hydrogen scattering. Furthermore,
by studying the spin dependence of the superelastic
scattering of electrons from metastable hydrogen (the
time-reversed process to 1S~2S excitation), information
about the 2S excitation amplitudes could be obtained
without the effects of cascade. In addition to these vari-
ous experiments with hydrogen, analogous measurements
could be performed with the alkali-metal atoms, and
perhaps someday with other polarizable species.
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APPENDIX A: DERIVATION OF RELATIONSHIP
BETWEEN A( T) AND I ( T)

The linear relationship between A(T) and I (T) can be
derived as follows. Let p~ and pz be the atomic and
molecular densities, respectively, of the beam in the QMA
ionizer region, and let pi and p2 be the respective densities
of thc beam const1tucl1ts ln tllc inter action rcglon. Ful-
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ther, let o.
&

and a2 be the detection probabilities for H and
Hz by the QMA and let a]z represent the probability of
dissociative ionization of Hz by the QMA ionizer and sub-
sequent detection of H+. Finally, let P] and Pz represent
the probabilities of detecting scattering events arising
from H and Hz, resPectively. Then, Q](T) and Qz(T),
the QMA atomic and molecular signals, respectively, can
be written as

X'=X —8 =S—Q, (81)

showing that the true signal S is larger than the difference
X' in the observed ON and OFF events by an amount b.
The original expression for b.R, Eq. (22); becomes

kR = + [Spz —S]3—(bpz —b 13 )]/[Sl]z +S]3—(bpz +b ]3 )] ~

(82)

and

Ql(T} ]zlpl(T)+~lzp2(T) (A 1)
Since it is assumed that the beam-related asymmetries
(Spz —S]3)/(Spz+S]3) and (bpz —b]3)/(bpz+b]3) are
equal, Eq. (82) becomes

Q.(T}=~~2(T),
and Eq. (28) takes the form

N'(T) =/3]p](T)+132pz(T) .

(A2)

(A3)

b R ——+ (Soz —S]3) /(Soz +S]3 ) (83)

which is the correct expression for Az, thus demonstrat-
ing that b has no effect on b,R. However, the original ex-
pression for Fz(T), given in Eq. (32), becomes

It then follows from Eqs. (30), (A2), and (A3) that

P] p](T) Pz pz(T)A(T)=
lzz pz(T) &2 pz(T)

(A4)

A(T, ) S(T, )—b(T, } Qz(T)
Fz(T) =

&(T) Qz(T, ) S(T) b(T) '— (84)

and from Eqs. (33), (Al), and (A2) that

~] p](T) ~]z
I (T)=

~z pz(T)
(A5)

Since pz(T} is related to pz(T) by a geometrical factor
which is independent of T, the last term in Eq. (A4) can
be written as a constant and is in fact equal to A( T, ). If
Eq. (A5) is then solved for pz( T) and the result substituted
in Eq. (A4), A(T) can be expressed as

which reduces to the correct expression,

S(T, ) Qz(T)
Fz T:—

Qz(T, ) S(T)

only if either

b(T, )=b(T)=0
or

b(T, )lb(T)=S(T, )IS(T) .

(85)

(86)

(87)

] p](T}A(T)= I (T)— +A(T, ) .
~] p](T) ~]~2 p](T)

(A6)

A( T) =a]I (T)+ap,
]

where ao and a& are constants.

(A7)

Now, p](T) and p](T) depend on T not only through the
relationship of the dissociation fraction to T but also
through the velocity-dependent focusing of the hexapole.
However, the ratio p](T)/p', (T) is independent of the dis-
sociation fraction. Because of the distances involved (30
cm from hexapole exit to interaction region and 90 cm
from hexapole exit to QMA ionizer region), the ratio
pl(T)/p](T) can also be assumed to be independent of the
velocity of the hydrogen beam as a first approximation.
Equation (A6) can then be expressed in the desired form:

Since b depends on the velocity and velocity spread of the
beam and the timing constraints (the velocity and velocity
spread of a H beam at T=2800 K are twice that of' a H2
beam at T, = 1400 K), while S is not affected by the tim-
ing constraints, Eq. (87) cannot be said to be strictly true
but may still be approximately correct. For this reason,
and in view of the fact that the correct expression for Fz
[Eq. (85)] cannot be evaluated [S( T, ) and b ( T, ) are not
uniquely determined by the data], Fz was obtained for
each run using the original expression [Eqs. (32) or (84)].
Then at each energy the uncertainty associated with I'z
was increased to include two extreme values determined
from the correct expression [Eq. (85), rewritten here using
the identity S =N'+b],

N'(T, )+b(T, ) Q, (T)
Fz(T) =

Qz(T, ) N'(T)+b(T) '

APPENDIX B. INFLUENCE OF BEAM-RELATED
BACKGROUND ASYMMETRIES

ON THE ANALYSIS OF AI DATA

for the two possible extreme values of b ( T, ),

b(T, )=0 (89)

By extending the development presented in Secs. IIIA
and III D, the effect of the asymmetry in the ionization
background on the determination of Al can be quantified.
Let X =S +Bg and 8 =b +Bg be the respective events
recorded during the ON and OFF gates, where S and b
are the hydrogen-beam-related events occurring during
the ON and OFF gates, respectively, and Bg represents
events which are not beam related. (The OFF signals
have been doubled, as in Sec. III A. ) Then N' is given by

or

b (T, ) =8 (T, )b (T)/B (T) . (810)

The ratio b(T, )/8(T, ) is assumed to be less than or
equal to b (T)/8 (T), since the timing gates were original-
ly set using a cold H2 beam. The net effect of the back-
ground asymmetry [b(T)&0] was an increase in the Fz
uncertainties, resulting in an —5%%uo increase in the Al un-
certainties.
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APPENDIX C: ANALYSIS AND NORMALIZATION
OF ELASTIC CROSS-SECTION MEASUREMENTS

1V'(E)=y[ap( der)(E)+Ppz dc7z(E)], (Cl)

where do&(E) and doz(E) are the respective 90 elastic
differential cross sections for atomic and molecular tar-
gets, p~ and p2 are the respective atomic and molecular
densities in the interaction volume, a and P are time-
dependent factors that are defined below, and y is a con-
stant containing all other common factors. The atomic
and molecular densities were determined by measuring the
fraction Ez of events due to Hz (Sec. III D) at an energy of
16.5 eV. Since F2 is given by

As reported in Sec. VA, measurements of 90 elastic
scattering of unpolarized electrons from atomic hydrogen
were recorded for incident energies from 13.0 and 23.5 eV.
If the assumptions are made that the electron-beam
geometry and detector efficiency did not vary appreciably
over the above energy range, then these data provide re-
sults for the relative spin-averaged elastic differential
cross section. Through the following analysis, these cross
section results can be placed on an absolute scale.

The presence of both atomic and molecular species in
the hydrogen beam dictates that the number of elastic
events X'(E) as a function of incident electron energy E
be represented by

dcrz(U =0~1,j= 1~3)=do z(U =0~1,bJ =0)

& 0.01do z(elastic) . (C6)

At 80' over the energy range from 10 to 20 eV, Trajmar
et al. ' reported that

Absolute values of do~ can be. obtained from Eq. (C5)
with the use of absolute values of do. i (16.5 eV) and
doz(E) from other researchers. For do, (16.5 eV) the
value measured by Williams, ' d c7&(16.5 eV)
=0.147(15)&&10 ' cm /sr, was used in these calcula-
tions.

Absolute measurements of electron-molecular hydrogen
elastic differential cross sections doz(E) are less well
known. In addition, in the present experiment electrons
which lost up to 5 eV energy were detected. This thresh-
old was sufficient to reject electrons inelastically scattered
from atomic hydrogen (inelastic energy loss ) 10.2 eV).
From molecular hydrogen, however, both rotational exci-
tation (energy loss -0.08 eV for bj =+2) and vibration-
al excitation (energy loss -0.52 eV for hu = + 1) could be
included in the signal. Differential cross sections for rota-
tional, vibrational, and rotational-vibrational excitation of
room-temperature molecular hydrogen by electron impact
have been measured by several groups. '" Linder and
Schmidt'" found that, at 90' and E=10.8 eV,

pzdoz(16. 5 eV)

pl do t(16.5 eV)+pzdoz(16. 5 eV)
(C2)

and

d o z( U =0~2) & 0.001do z(elastic) (C7)

N'(16. 5 eV)Fz

ydcrz(16. 5 eV)
(C4)

Substitution of (C3) and (C4) into (Cl) then gives do l(E)
at all other energies:

do ~(16.5 eV)
do )(E)=

N'(E)
N'(16. 5 eV)

da z(E)
dcrz(16. 5 eV)

(C5)

Eqs. (Cl) and (C2) determine pl and pz (to within the
common factor y) provided do& (16.5 eV) and do.z (16.5
eV) are known.

During these unpolarized electron measurements, which
spanned approximately one hour, the QMA atomic and
molecular signals were observed to decrease with time.
Since changes in the QMA signals were assumed to reflect
corresponding changes in beam densities in the interac-
tions region, the factors a and P were taken to be directly
proportional to the QMA H and Hz signals, respectively,
and were set equal to unity at 16.5 eV.

The expressions for p& and pz, derived from (Cl) and
(C2), are

N'(16. 5 eV)( 1 —Fz )
P&=

y do. i(16.5 eV)

d o z( U =0—+ 1)(0.01do z(elastic) . (C8)

For our measurements vibrational excitation was therefore
neglected. Linder and Schmidt also measured rotational
excitation at 90' and 10.0 eV and determined that

d o z( b v =0,j= 1~3)=0.15do z(elastic) . (C9)

Srivastava et al. ' found that the j=1~3 transition was
the strongest rotational transition and that at 90',

0. 15 & doz(hu =0,j= 1 —+3)/doz(elastic) (0.45, (C10)

as the incident energy varied from 10 to 40 eV. Other ro-
tational excitation transitions were too weak for reliable
quantitative measurement. Of course, the initial statisti-
cal population of the rotational levels of Hz was different
for the room-temperature Hz beams of other researchers
and for our beam with temperature T =2800 K. Howev-
er, no measurements of rotational excitation other than
the j =1—+3 transition exist in the literature. Conse-
quently, the available room-temperature Hz differential
cross-section data were used.

It should be noted, however, that only two groups have
measured e -Hz differential cross sections in the 10—30-
eV range needed for our analysis. Shyn and Sharp, " who
claim that the inelastic j=1~3 rotational excitation was
resolved in their experiment, quote an uncertainty in their
results of +13%%uo. The data of Srivastava et al. ,

" renor-
malized to the more accurate He elastic cross sections of
Register et al. ,

' ' have a quoted uncertainty of +15%.'"
Their cross sections include the j=1~3 rotational excita-
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tion. More recently Trajmar' has reported that the data
of Srivastava et al. " are believed to be accurate only to
+25% at larger angles. Therefore, interpolated values of
do2(E) were determined from both sets of published data
and were used in Eq. (C5) to arrive at the results given in

Sec. VA for do.&(E). The typically -20%%uo uncertainties
in the values of der, (E) arise from the -9% statistical
uncertainty in X'(E), the 25% uncertainty in do2(E), the
uncertainty in I'2 ——0. I85+0.040, and the 10% uncertain-
ty in dot (16.5 eV).
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