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Abstract

SPIN-TAGGED ELECTRON-HYDROGEN SCATTERING: IONIZATION
IN THE NEAR THRESHOLD REGION

by
Fu-Ching Tang

Adviser: Michael S, Lubell

Electron~-hydrogen atom gacattering continues to remain an interesting
subject for study, first because of the relative simplicity that
characterlizes the three-body problem, and second because of the complexity
introduced by the long-range nature of the electromagnetic interaction., As
the precursor t¢ many-body physics, in which closed-form analytlcal
solutlons do not exist, it is apparent that a detalled underatanding of the
electron-hydrogen problem ls extremely desirable. In order toc provide
improved sensitivity for testing theoretical approximations methods, I
carried out an experiment In which 3pin served to tag the electrons,
thereby reducing the ambiguitles introduced by the ldentical nature of the
projectile and target electrons, Stated somewhat differently, the use of
polarized particles helped to distinguish the direct and exchange
scattering channels, in the absence of which, tests of the predictive
capabllities of theoretlcal approximation are often blurred.

I performed the experiment using a high-intensity beam of polarized
electrona originating from a GaAs photoemisalon sowce and a highly-
dissoclated beam of polarlzed hydrogen atoma produced by an rf discharge

and a magnetic hexapole selector. For Ilncident electron energies ranging



from 13.6 eV to 15.0 eV, 1 invesatigated total impact lonization using
electrons with a characteristic energy spread of approximately 100 meV,

The quantity I determined was the cross-section asymmetry Aj, defined by

Ap = [o(++) - gle*)]/[a(+e) + a(++)],

where o{t+) and g(+t) correspond respectively to the total cross sections
for incident and target spins antiparallel and parallel, The source of
polarized electrcons provided typlcally several tens of nAh of electrons In
the interaction reglen with a polarization of 35%. The atomlic hydregen
beam was characterized in the f{nteraction region by a density of 1-2 x 10'®
atoms/cm?® and polarization of 0.515. Frequent reversal of the electron
polarization direction allowed the determination of the asymmetry.

The value of Ay was found to be of the order of 0.4 for the energy
range lnvestigated, In agreement with previous measurements, As function
of energy, Al was not Ilnconsistent with the Wannler picture, although

additional data are needed to jJustify this conclusion completely,
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I. INTRODUCTION

A, HISTORICAL SURVEY OF ELECTRON-HYDROGEN ATOM COLLISIONS

The theory of atomic collislons finda its major interest not in the
study of the nature of fundamental interactions, as 138 the case of
elementary particle theory, hut rather in the development of approximation
methods to handle the many-body problem involving leng-range forges. With
potential applications to atmospheric and astrophysical phenomena, laser
development, and plasma dynamig¢s, as well as surface physies and material
processing, tests of the approximation methods have an impact on our
understanding of a vast array of physical phenomena., As a testing ground
for the various approximation methods, electron-hydrogen atom scattering ls
the ideal candidate from theoretical perspective, slnce the wave functions
of the hydrogen atom are known to high accuracy. It is for this reason
that more than one hundred theoretical papers have been publlished within
the last twenty years on the subject of electron-hydrogen atom scattering.

The agreement Dbetween measurements and calculations has been
extremely good over a wide range of energles and scattering angles for
several scattering channels [1.1-1,6], provided averages are taken over
spin and angular momentum, Significant experimental studies include those
by Fite and his coworkers, ang Williams and his coworkers, and Teubner and
his coworkers,

Within the last few years new experimental methods involving
polarized beams and coincidence techniques [1.8] have been developed which
provide the opportunity for probing scattering in far more detail, The
results of several experiments utllizing these techniques [1.9-1.16] have

been published thus far, and they have, in fact, revealed substantial



discrepancies between theoretical predictions and experimental measurement
for elastic scattering, inelastic scattering and impact ionization. As
convinecing as those studies may be, they still suffer from limitaticns on
electron energy resoluticn, statistical uncertainty, or klnematic range.
This dissertation describes experimental studies that employed high
intensity polarized beams of hydrogen atoms and electrons, the latter
characterized by an energy resolution of less than 100 meV. Under theae
experimental conditions, the results of the studies already completed place
much stricter constraints on the predictive capabilities of theoretical
approaches to the electron-hydrogen scattering problem.

The apparatus used was designed to permit a wvariety of reaction
channels to be inveatigated over a range of projectile energies and a range
of scattering angles, with emphasis on the fonizatlen threshold region, the
n«2 elastic resonance region, Ilntermediate energy region (10-50 eV) for the
elastic scattering, the high-energy region (> 200 eV) for icnizatlon, and a
wide region for ne2 excitatlion. For 15-2P exeltation studies, in
particular, the experimental deslgn provides for the {ncorporation of
pclarized beams technlques with those of electron-photon colncldence,

This thesis emphasizes asymmetry measaurements for lenization near
threshold, and additionally contains descriptions of the experimental

design applicable to many of the studies referred to previcusly.



B. POLARIZED ELECTRONS

1. The Background of Electron 5Spin

Spin, an intrinsic property of particles that has no real analog in
classical physics, has played a central role in physics research since its
discovery in 19321 [1.17]. Much effort has been devoted to the
understanding of effects assoclated with particle apin whether they be in
the field of atomic [1.18-1.21], nuclear, elementary particle, or solid
state physics, Recently, with the development of polarized beams and
targets, spin has been used a3 a probe of fundamental interactions, For a
description of the applications of polarized electron beams to varilous
areas of physiecs, the reader {3 referred to a number cof excellent review
articles [1,22-1.29] and the references contalned in them.

The  history of spin begins in 1921, when Stern and Gerlach
(1.17,1.30,1.31] confirmed Sommerfeld's space quantization by detecting the
separation of a silver atomic beam into two discrete components followling
passage through an ilnhomogencus magnetic fleld., While the separatlon was
expected, the two-component nature of the separation was not, In 1925
[1.32], Goudsmit and Unhlenbeck introduced the concept of electron spin to
explaln the anomalous nature of this fine structure splitting., Three years
later, Dirac [t.33] showed that the electron spin and its assoclated
magnetic moment followed from a linearizing of the relativistic
generalization of the Schrodinger equatlion. Spin-dependence in atomice
scattering first received serlous attention In 1930 when Mott [1.20]
examined the role of spin-orblt effects in electron scattering from heavy
atomsa, Although the successful demonstration of Mott scattering did not
occur untfl 1943 [1.5], the principle has since been wldely applied in the

development of electron polarimetry [1.34].
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5ince 1948, when Kusch and Foley [1'.35] measured the magnetic moment
of the electrcon bound in an atom te hligh preci{sion and found that the g-
factor differed from 2, in constrast to the prediction of the Dirac theory,
the electron spin has continually served as a probe of fundamental
theoretical principles., Quantum electrodynamics {1.36], weak interactions
ct.371, electroweak unification [1.38] and quark models [1.39] of the
strong interaction have all been Investigated with the use of the electron

apin.

2. Definitlon of Polarization

The observable "spin" is represented by the operator 5 which satisfies

the commutation relations characteristle of angular momenta,

and the two additional equations obtained by cyclic permutation., From the
above commutation relation and the additional condition that the Pauli spin

matrix o, is diagonal, one obtains the Pauli matrix representatiocon

0 1 0 -1 1 0
gy = gy= and Gz
1 0 i 0 o -
where now
SN VEN

A pure 3state of spin 1/2 particles can be described by a matrlx,(i;) called a
2
spinor, where a, and a, in general are complex numbers, The polarization is

then defined as the expectation value of the spin operator (3 = < 3 >), in the



rest frame of the particles, and its magnitude is unity for a pure state.

In the case of a partially polarized beam, which I8 a statistical mixture
of spin states, the polarization of the total system is the average of the
polarization vector p{n) of the individual subsystems which are in the pure

spin states x(N), Thus £ is given by

By wmBm) o Y wn) o )gfynds,

n n

win) -y, § W) (1.2)
(n}

where the welghting factor takes into account the relative proporticn of the
state x{nJ, and N(“), the occupatlon number, is the number of particles in the
state x(n). The partially polarized system can be also described by density

matrix p given by

o = 3 WMy ney(n), (1.3)
n
Using Egs. {(1.2) and (1'.3) it c¢an be shown that B and p are related by the
equation
B - Tr (o), (1.4)
or equivalently
o= 31 (1R, (1.5)

where it is tacitly assumed that Tr{p} = 1,



will be obtained

Since lal(n) %

2 jg the probablility that the eigenvalue

from a spin measureme - In the 2z direction on the nth subsystem, the

will be obtained for the total system is » W(n)|a,(n)|z,
n

probability that

rol 3%

This probability can alsoc be expreased as Nt/(N+ + N+}, where Nt 3 the number
of measurements that yield the value ﬁ/2 and N+ + N+ {35 the total number of

measurements, Thus one can write

Ne/(Ns + No) = 2 wiM)[a, (|2 a 1s2 (1« P, (1.6)
n

as consequence of which one obtaina for the polarization P the wusual
expression

P = (N+ - N+#}/(N+ + N+) (1.7}

3. The Development of Polarized Electron Sources

The proposal for bullding a source of polarized electrons dates back to
the work of Fues and Hellman [(1,39] in 1930, but the first success was
achleved only much later [1.40-1,42)]. The performance characteristics and the
status of polarized electron scurces have been reviewed a number of times in
the last few years [1.41-1.43,1.53]. Generally speaking, polarized electron
sources fall Into two categories: those based on atomlc physics prlnclples and
those based on 3olid state physics principles. Among the atomic technliques,
those which have been developed into operating sources are low-energy Mott
scattering [1.44], photoionization of unpolarized alkali atoms by polarized
light [1.45] {(Fano effect), photolonizaticn of state-seiected alkall atoms by

unpolarized light [1,46], and optical pumplng of a helium gas discharge [1.47].
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Among the solid state techniques, field emission from magnetized EuS coated
tungsten [1.48], photoemission from magnetized materials [1.49], photcemission
from non-magnetic materials such as alkali metals [1.50], tungsten [1,51],
platinum [1.52] and GaAs [1.53], and low-energy electron diffraction {1.54]
(LEED) from tungsten, have all recelved considerable attention, OFf these,
photoemission from single crystal GaAs has achieved the greatest prominence
for reasons that will become clear shortly.

In general, a number of parameters characterize a sowce of spin
polarized electrona, and each application has its own requirements, The
quantity P2?I, where P {s the polarization and I 13 the beam current, is often
used as a flgure of merit In diacussing polarized electron source, This figure
of merit applies when counting statlstics are the chief source of experimental
uncertainty. However, because of systematic errcrs, some minimum P is often
required to make the measurements possible at all, Morecover, in any
experimental conflguration, the beam current, I, ultimately will be limited by
space charge effects, The current may also be limited by other constraints,
such as heating of beam line components for high-energy beams or radiation
damage of targets. Thus it is not always possible to trade off a decrease in
P for an increase in I, Nonetheless, with appropriate caution, P2l can serve as
a usefuyl source charaterization. In addition to the magnitudes of P and I, the
time structure of source may be Important, For example, many experiments
require that the polarization of the incident bheam be reversible, The
poasibility of modulating the polarization at a desired frequency or with
arblitrary time structure can be a significant advantage. In this context the
effect of polarization reversal on the position, angle, intensity or energy of
the beam becomes Iimportant. Sources In which a magnetic fleld muat be

reversed in crder to reverse the polarization are less desirable because often



the field can not be switched rapldly, and more importantly It cannct be
switched without disturbing the beam.

The electron optical characteristica of the polarized electron beam
determine how much of the beam can be accepted by other devices such as an
energy analyzer or monochromator. Iin the paraxial beam approximation, the
product, EAQ, of the beam is conserved; that 1is, E,A, G, = E;A;i; for any two
cross sections 1 and 2 along the beam path, where E is the electron kinetic
energy, A is the coross-sectional area, and {4 i3 the solid angle subtended by
the electron beam envelope, When a magnetie field {3 present, such as when
the beam originatea at a magnetic photocathode, the situation 13 more
complicated and requires the use of a Rgenerallzed phase space, as has been
discussed in detall elsewhere [1.55]. If the acceptance phase space prcoduct of
an electron optical device (EAQ)y is smaller than that of the incldent beam
(EAQ){, the beam current i{s reduced by the ratio (EAQ)4/(EAQ);j. A high current
beam with a large EARQ may not be as useful as a lower current beam with much
amaller EAfi. Thus, EAQR may be regarded as an electron optical figure of merit
for polarized electron sources.

The emlittance of a beam is defined as € = Ra where R i3 the radius of the
electron beam at the source or an image of the source, and a {3 the cone half-
angle of the electron beam envelope at that point. The invariant emittance,

€invs, 1S defined as RavE, and is equivalent to EAQ in its role, since EAQ = n?

Einy- Alsoc, one often filnds reference made to electron optical brightness
which is defined as B = dI/dAdQ, where dI is the differential current through
a differential area dA, and dif is the differentlal solid angle subtended by the
beam at dA, Since EAQ (s conserved, B/E is alsoc a conserved guantity.

Finally, the energy spread AE, the stability of the polarization and current



from the source are 1lmportant and must be considered when one wants to
Specify requirements of the source,.

For the crossed-beams electron-atom 3scattering asymmetry measurements
reported in this thesis, the figure of merit, the invariant emittance, the
energy spread, the stability of both polarization and intensity, and the method
of polarizaticon reversal are all of major importance. The facts are these:
for high resolution experiments, the parameter AE s cbviously important; the
crossed-beams differential scattering experiment in which the electron beam is
restricted to a small diameter and a small divergence, the spatlal stability
of the beam and the parameter gypy, are important; for asymmetry measurements
in which the electron polarization is to be reversed, the frequency of reversal
and the spatial stabllity under reversal are impertant, Of course, both the
stabllity of polarization and intensity are important, particularly if counting
rates are low and continuous long-term cperation is required. For a precise
measurement of asymmetry, where counting statistics plays a significant role,
in the experimental uncertainty, then a high wvalue of P?I is deslrable,
Finally, the requirement that magneti{c flelds be small and well controlled in
the scattered region is extremely important.

From the operating experlence of many research groups using GafAs (100)
photoemission in a dc¢ mode, typlcal sSource characteristic are as follows:
polarization, 0.25 - 0.40; quantum yleld, 1%-10%; emittance (at 1lev), < 7.0
mrad cm; lifetime, > 10 hours. Moreover, the direction of electron
polarization can be modulated by modulation of the circular polarization of
the inecident laser light, a process that minimally affects other
characteristica of the electron beam, Based upon the requirements of the
asymmetry measurements and the characteristics of a GaAa source, 1ts choice

for use in the study of electron-hydrogen scattering was cobvious,. Although
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this kind of source i3 limited in its polarization, its high current and high

brightness compensate for many of {ts drawbacks. While attempts by many

groups to enhance the polarization have faliled, the ease and reliability of

operation of GCaAs source have increased steadily.



b1

II. THEORY OF ELECTRON-HYDROGEN ATOM SCATTERING

A, PRELIMINARIES

The scattering process in non-relativistic quantum mechanics i3
described by the Schrodinger equation with the particle wavefunction
satisfying well defined asymptotic conditicns, Different mathematical
methods and approximations can be applied to this problem, In corder to
make this chapter self-contained and simple, the concepts of cross section
of quantum particle scattering are introduced and a simple mathematical
method partial wave analysis i3 discussed based o©on central potential
scatterling. The extension of thls simple case to the scattering problem of
electrons from atomlc hydrogen requires a more complicated mathematical
formulation,

The integral formulation and the variational technique are two general
mathematical methods that have Dbeen applled to the electron-atom
scattering problem., 1In this chapter the application of these approximation
methods the case of electron-hydrogen scattering will be discussed. Some
of their specific dynamlc features and thelr limitations in kinematic range
will be pointed out,

The presence of exchange effects, inherent in a problem treating
identical particles, such as electron-hydrogen acattering, is reflected in
cross section differences for singlet and triplet states., Thus the use of
spin polarized beams provides the potential for preoblng the effects of
exchange, thereby lncreasing the senslitivity with which theoretical methods
can be tested. In this chapter, I will discuss these points as they bear
particularly on the case of ionization near threshold, referring to the

mocdels of Wannler and Temkin.
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B. GENERAL FORMULATION

Scattering deals with the interaction between a projectile and a
target with the interaction convenlently described by a potentlal energy
V(). In the center of mass (c.m.} sysatem, then, the problem reduces to

the solution of the time dependent equation

He(*, L) = mﬁgfi. (2.1a)

where H {s the Hamiltonian defined by the operator

ﬁz
H = -=— ¥2 + y(i'), (2.1b)
2u
Under the simplifying assumptions that the Incident beam 1s described - a

plane wave and that V(®) is time independent, #(#,t)} can be separated into a

apace part and time part:

P, L) = ¥p(#*) e “1EL/H, (2.2)

Substitution of Eq. {2.2) inte (2.1) results in the time independent

Schrodinger equation

[V - U(P) + 3] ¥ (#) = 0, (2.3)
where U(P) = 2mv(?)/h?, k = /%, and «? « 2mE/R2,
At large distances from the scattering center, the asymptotic form

for  Yu(?) can be invoked in which ¥, (*) is expressed in terms of an
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incident plane wave and outgoing spherical wave:

ikr

V() —» elk?

. ~— fle, ¢, (2.4)

where (8, ¢} ls called the ascattering amplitude. The differential cross
section do(6,¢)/dd and the total cross section gt both directly measurable
quantities, are then given by the expressions do/dg = |f{s, @)]’, and

o=/ |f(s, ¢)|* aq.

Stated succinetly, the fundamental goal of scattering theory (s to
find the scattering amplitude f{(8, ¢). Many mathematical methods have
been developed to achieve this goal. Prime among them 138 partial wave
analysis, the fundamental approach to the simple case of static central
potential field aystems, Variaticnal methods derived from lIntegral
formulas and, In the case of high energy scattering, Born technlques are
powerful theoretical tools for the more complex nature of actual electron-
atom collision systems. For hnigh-energy collisions, semi-classaical

aproximations are also sometimes used,

C. PARTIAL WAVE ANALYSIS

Mathematically, partial wave analysis reduces a partial differential
equation in three varlables to a system of second order differential
egquations In which the wave function 13 expressed as a sum ¢ver angular
momentum states, The procedure la generally valid only if the potential
V(®) is central and the expansion converges. In other words, In practical
applications, the approach i3 accurate only if the potential 1s of

relatively short range and the energy 13 weak.
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It can be shown that the asymptotic form of a wave functicn in a

central field is [2.2]

wir)

re

[
21 Cellkreng) o (-1)% g-ilkreng)]
Z ST CL Le £ (-1~ e £74Pg(cose), (2.5)
L=0
where the scattering amplitude in turn can be written in the form

1

ri(g) = 31k

jE: (28+1) (e?ing - 1) Py (cose), (2.6}
L=0

and the differential and total c¢roas sections are expressed respectively as

do/dR = |f(8)]? (2.6a)
and
g™ %;r z (2%+1) sin®ng, (2.6Db)
=0

The argument ny is the called phase shift and 1ls the Indicator of the
presence of a scattering potentlial, The acattering problem is thus reduced
tc finding the set of phase shifts ng. Many mathematical technigues can
be used to calculate the phase shift np resulting in solutions that are
particularly applicable when the scattering potentlial is spherically

symmetric and only a few terms of angular momentum state are important.
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D. ELECTRON-HYDROGEN ATOM COLLISIONS
Thus far we have been considering only the slmple case of a pure
central force problem, Given even the most fundamental atomic scattering
problem, on the other hand, involves several compllications, The atomic
electrons require that the problem be formulated as a many-body problem
which cannot be solved In closed form, Furthermore, {f the projectile
particleas are electrona, the additlonal requirements o¢f Fermi-Dirac
statistics must be satisfied; namely, the total wavefunction must be
antisymmetric upon interchanging the Iincident electron with an atomic
electron, Also, we must consider the possibllity of i{nelastic scattering.
In the theoretical formulation of the scattering of electrons by
hydrogen atoms (and cther light atoms) relativistic effects such as the
spin-orbit interactlon are generally neglected. If the Hamiltonian
describing the Lnoldent and atomic electrons treats the nucleus as
infinitely heavy and further contalns only kinetie and electrestatic termas,
the nonrelativistic wave equaticon in atomic units takesa the form (in atomic

unit)

1 1

% = + — - E ¥ (Flsllallsl) - 0, (2.7}
N R

where (*,,8,) and {#*,,3,) are the corresponding spatlial and spin coordinates
of the incident and atomlc electrona, respectively, and V,? and ¥,? are the
reapective kinetic¢ energy operators, Since the Hamiltonian does not depend
explicitly on the spln coordinates, the two-electron wave function can be

written as a product of spatfal and spin functions:
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‘*‘(?13“ F2“32) - “"(Fu'*z)x(susz)- (2'8)

The requirement of exchange antisymmetry on the total wave function
imposed by Fermi-Dirac statlstics then reduces to a comblnation of a
symmetric spatlial wave function with an antisymmetric (singlet) splnor or
alternatively an antisymmetric spatial wave function with a symmetric
{triplet) spinor. 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,
corresponding to sainglet scattering, and the antisymmetrlic spatial wave
function, corresponding to triplet scattering, will be different.

The singlet and triplet amplitudes can alsoc be expressed in terms of
the direct and exchange amplitudes, with the help of equaticn (2.9) - (2.1'1)
below. In each of these equations the atom is assigned an ambitrary spin
detection and the scattering of electrons is considered with spins either

parallel or antiparallel to the atomic spin,

Process Cross Sectlion
e{+) + A(+) » e(+) + A(%) [f]? (2.9}
e{+) + A(*) » e(+) + A(W) |g}? (2.10)
e{t) + A(*) » e(*) + A(*) [t-g]2. (2.11)

In Eg. (2.9) the process illustrated is direct scattering, denoted by the
amplitude f; 1In Eq. (2.10)} the Iinterchange of the incident and atomic
electrons leads to the exchange amplitude g in the last process, the
indistinguishabllity of electrons results in the triplet amplitude f-g, the

minus sign arising from the requirements of Fermi-Diragc statistices,
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Generally, theoretical approximaticnas provide values of the singlet and
triplet, or equivalently, the direct and exchange amplitudes,

Theaoretical models for solving the Schrodinger equation for electron-
hydrogen collisions, vary from low energy approximationa, where the
scattering wavefunction is usually expanded in terms of a limited set of
the eigenstates of the target, to the simple, if primitive, Fflrst Born
approximation, which i{s expected t0o have reasonable validity at scme
sufficlently high energy. For the case of low energles, two maln
approaches exist for the asolution of Eq. (2.7} == perturbatlive and
variational., 1In the perturbative approach, a solution is formed in terms
of exact elgenfunctions of an approximate Hamiltonian. In the varlational
approach, a sclutlon (s sought in terms of approximate eigenfunctions of an

exact Hamiltonian.

E. SPIN ASYMMETRY IN ELECTRON-HYDROGCEN ATOM COLLISIONS

A3 ncted earlier, spin-dependent effects in electron-atom c¢ollisions
arise from the mechanisms of spin-orblt coupling and exchange, The spln-
orbit Interaction can polarize initially unpolarized beams or produce a
left-right asymmetry when poclarized beams are used. In pure exchange
collisions unpclarized beams cannot be polarized by the collision, and if
electrons and atoms are initially polarized no left-right asymmetry can be
produced, However, for the case of two polarized beams, another asymmetry
can be defined (n terms of spin-parallel and antiparallel cembilnations, and
because [t depends on an interference between direct and exchange
processes, the measurement of this asymmetry {3 a particularly sensitive
test of the various theoretical methods used te calculate the scattering

amplitudes, In this sectlion I wlll demonstrate the role of exchange
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asymmetry.

Collisions involving unpolarized beams results in the determination of
a croas sectlion dg/d@ that is averaged over initlal spin state and summed
over final spin states. For the hydrogen atom, d4§/dg is just the weighted

average of the singlet and triplet state cro3s sections:

[oN
al

- 3 leeglr e 2 |f-gl7 (2.12)

a
o]

or alternatively

3. )e)z+ |gl* - || lglcoss, (2.13)

al

where f and g are respectively the direct and exchange amplitudes, as used
in Eqa. (2.9) - {2.10) of Section II.C, and @ i3 the relative phase between f
and g. The combination s = (f+g) is the singlet amplitude, while the
combination t = (f-g) is the triplet amplitude,

In the experiment we performed with polarized beams, In which the
spins of the inclident free electron and target valence electron are either
antiparallel (++) or parallel (*t+), a cross-section asymmetry A, can be

determined that is defined by

dg do do dg
A = [CI_Q {++) - an (*"‘)] / [Eﬁ' (1) + an (“")]- (2.14)

It can be shown that A can also be expressed as
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1-p
1+3p!
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dan

* dg

A = Re (£7g)/(5g) = [f[|e]|cose/(gg) = (2.15}
where r = |[t|%¥}|s|% From the form of Eq. (2.15) it is clear that the
measurement of A indeed results in the determination of the interference
between the direct and exchange amplitude, provided do/dQ is already
known, as was suggested previously.

For the case of angle integrated impact icnlzation, the corresponding

agymmetry A; is defined by
Ap = [op(*+) - op{*+)}3/{og(*%) + op{(+&)] = (1 - r;/(1 + 3ry), (2.16)

where ar(t+) and oyp(++) now are the total lonlzation cross sections for
the antiparallel and parallel spin-orientation respectively, and r; is the
ratic of triplet to singlet total lonlzation cross sections, Note that Aj

can be expressed as

Ap = opint/gy, (2.17)

where

E
dE', — Re [£¥(R",R") g (R'), R*,)] dk'; dk'2.18)
L

and

E
- K* K ..
of = 15 l €, —— 13 [feg|* % | £~g[*) dk'dk',. (2.19)

Here X', B',, and X', are respectively the momenta of the lncldent,
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acattered, and ejected electrcons; E', ls the energy of the scattered

electron; and E + % is the energy of the incident electron, all quantities

being given in atomic units. The interference cross section oplNt can also
be written as

orlMt = oy - 31,

where g1 Is the total ionlzation cross secticn calculated in the absence of

exchange.

F. INTEGRAL EQUATION FOR SCATTERING

The sclution of the Schredinger equation for scattering requires the
impesition of the correct physical asymptotic condition on the wave
funetion. By transforming the problem into an Integral equation, the
asymptotic conditions may be incorporated from the outset, Starting from

the time-independent Schrodinger equation

[Ho(*y) + Ha(By) + V(¥ ,#*,) - E] Wi, *,) = 0, (2,20)
with
2
Ho(#y) = - %n- 7.
flz 2
Ha (Fz)‘ - >m 622- i_:'
and

VRGP - - & et

where P, and P; are the cocordinates of the incldent and target electrons,
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respectively, We recast Eq. (2.20) In the inhcmogencus form

[E = Ho(#)) - Hz(F)] ¢ = Vi, P2, ¢, (2.21)
The problem c¢an now be formally soclved by applying the Green's function
operator [E =~ H.(®,) - HL(*,)]™' to obtain a particular solution that
satisfies the boundary conditlons, To this s added the solution of the

homgeneous equation, which represents the Iincident wave and the lInitial

state of the target atom, to yield the complete sclution
W2 = elR P (R« TE - H (P - Ha(R) 17 VR, P w2y, (2.22)

Here, [E - Hq(*,) - Ha{(#,)]17! {s the two-particle separable Green's function

Integral . zrator [2.2]
am/A [f dify df, Geg*t (B PP,

The outgolng asymptotic conditlon applies only to the part of the Greens's
function containing the incident particle, presently chosen to be #,, and

the total Green's functlon satisfles [2.2] the relatlon
(FF) (E - Ho(P)-Ha(P)] Gog* = (=" 6(F,-,). (2.23)
With the closwure relationa

s(F =Pt = o= far elk (R,



and

S(P =Rty = Z Uy(Py) Wy ()
Y

or
Jdr, by(Py) ‘U!\('(?z} = byyy,

where ¢,.(*) satisfies Hyyy = Eyyy, the Green's function takes the form [2.2]

Goa‘- (i.uf.: - F'ufhz) - J_" i _"'_":'_'_"' WYU‘:)WY'(?';)- (2.24)
Y

When Eq. {2.24) {3 inserted into Eq. (2.22), the lntegral equation becomes

W, = eik".r‘ yY(*y) - QL." z Ut’r(l*z) X
Y

2m E’ikr‘lf‘1 ' »
Er dr', d*', —l—-——‘—-— wy o (BT V(R L) (LR, (2.25)
o

and the scattering amplitude fon (Qo.;r) {s given by

~ -~ _ 2
Cor (KoeKy) = = -f;f fartar, e 1Ry EL gy }m VIR LR W LR, (2.26)
The iterative solution of Eq. (2.20) may Indeed be complicated and
requires an assumption for ¢(#',,#,}). Perhaps the simplist solution arises

when ¢(A',,2",) = elRa"®'y y (#') In Eq. (2.26). The result is the first Born
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approximation [2,13]. The second Born approximation ia then obtalned by
inserting the wave function of first order for y(#',, ?,) Into Eq. (2.26),
with higher order soluttons proceding in like manner. Physically, the Born
approximation starts with the substitution of a plane wave near the
interaction for the actual wave function, a procedure which 1ls valid when
the kinetic energy of the incldent partlicle is very large relative to the
fnteraction potential. The effects of the interaction potentlal are then
included by expanding the scattered wave functlon in a serles, which
represents succesively higher order correction to the plane wave function.

Distorted wave [2.14], Born-Oppenheimer, Born exhange [2.15-2,16], and
Glauber approximations [2.17-2.18] are extenslona of the simple Born
approximation. The Distorted Wave Born Approximation (DWBA) i3 a
refinement of the Born approximation which allowsa the Llnecldent plane wave
to be distorted by the scattering potential. The Born-Oppenhelmer
approximation (BO) (s an attempt to Iinclude exchange in the Born

approximation by letting the wave function be

bys (FLR) = efReF0 o) & olRePa g ), (2.27)

The Born Exchange (BE) approximation Is a further refinement of the Born
approximation that handles the question of electron exchange ln a simpler
way than the B0 approximation, The BE approximation has been, to date, the
method most frequently used by theorists in the calculaticon of electron
impact lonization In atomlie hydrogen. 1In this method, the Indistinguish-

ability between %the two electrons 1s assumed at the outset of the
formulation, and the property of symmetry is lInvoked in a simplistic

fashion at the end. Specifically, the amplitude f is first calculated for
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direct scattering using the Born approximation with an expression for g
resulting from the appllcation of exchange saymmetry. The need for
distinguishing between higher and lower energy outgolng particles is
removed since the BE approximation explicitly asaumes that they are
indistinguishable. The major difficulty with the BE approximation {3 that
it does not determine the phase between f and g.

The Glauber approximatlon for the solution of collision problem in
high energy and nuclear physlics can be adapted to atomie physics problem,
In high energy scattering, the interaction between the target and
projectile can be considered to be limited to a small volume swounding the
target, and the scattering amplitude can be determined from knowledge of
the wave function wilthin the reglon of interaction. The appreoximate wave
whose function {s taken to be a plane wave whose phase 13 altered ty the
presence of the potential, V. The scattering amplitude i3 then obtained by
substituting this trial function into the time Iindependent Schrodinger

equation.
G. VARIATIONAL TECHNIQUES

Consider the trial integral [2.2]

2
Iy = J dx yy (= -gF! + U - kz)u.'t, (2.28)
8]

with the boundary conditions

Y (0) = 0, (2.29a)
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and

bt 3in kr + tan ng coskr, (2.29b}

e
in which U = 2mV/h® and k* = 2mE,/h® It can be shown that, in the
asymptotic limit, variation of Eq. (2.28) results in the expression &8I = k&
= k(A - A), where X = tan n. Thus a first order change in A from its
correct value is equal to 1/k times the first order I{ntegral I, The
procedure for solving scattering problem is to choose an n-term trial wave
function with varlables C; and overall phase shift Ag. Two standard
prescriptions for the choice of the parameters are those of Hulthen [2.19)

and Kohn [2,20], in which the n + 1 equation are

ud: =1
fl = 0 = 1,2, ..., N
(Hulthen) (2.30)
Iy = 0O,
and
oLy
E‘i = 0 f = 1,2,...,n
(Kohn} (2,31)
ol
=% -k -o0.

The accuracy of the variational methcd depends upon the trial function that
was plcked, and 1t will, 1in general, be better at energies below the
highest state in the trial wave functlion, The varlational method has
become increasingly practical with the ald of large and fast computers to

perform the i{rn gration of Eq. (2.28). The approximation methods which
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follow differ from one another in the speecific trial functions that are
chosen. For the electron-hydrogen syatem, the trial functions are most
often constructed from the eigenfunctions of the unperturbed hydrogen
atom. The static exchange, strong-coupling exchange, close-coupling,
pclarized orbital, and correlaticn methods are of examples of varlational
approaches to the electron-hydrogen system,

The simplest basis that can be chosen 18 just the 15 state of the
target atom. This approximation 1s called the static exchange (SE)
approximation [2.21]. The major limitation of the SE approximation 1s that
it does not account for any distortion of the target atom, The next
simplest basis that can be chosen for variational treatment consists of the
15 and 25 states of the hydrogen atcom, this approximation being referred to
as the satrong ooupling exchange (SCE) approximation [2.211]. The SCE
approximation {3 somewhat of an improvement over the SE approximation in
that distortion of the target hydrogen atom I3 allowed, but only S states
are included in the basls, as a consequence of which no allowance is made
for atomic polarizabllity of the target.

The c¢lose coupling (CC) approximaticon [2.22-2.,24] 1s an extenslon of
the SE and SCE approximation In that it employs additional hydrogen atom
wave functions in the basis. The name i3 derived from the assumptlion that
the incident electron wave function is closely coupled to the target atom
wave Tfunctions lncluded In the basats, and that coupling between the
incident electrons and other states of the atom can be neglected. The CC
approximaticon i3 the most widely used varlational method for calculating
low energy elastic ccollislon processes,

The simplest CC basis contains just the 1S, 2S, and 2P states of the

hydrogen atom, Much of the work in using the CC approximation lies in
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determining the trial wave basis, and several methods have been developed
to account for the omission of the higher atomic wave functions. Bur ke
[2.6] argues that since an infinite number of real states have been omitted
from the trial function, the missing states can be In part made up for Dby
introducing into the trial functicon several nonphysical states, called
"pseudo states", Of all the variational approximations, the close coupling
approximation generally give the best results at low energles, The
physical implication {s that s3low lincident electrons, which have amall
values of angular momentum, couple strongly to atomic states of similar
angular momentum,

The method of polarized arbitals (P0)[2.25-2.27], introduced by Temkin
in 1957, {8 an attempt to account expllicitly for both the long range
reaction of the target atom to the presence of the incident electron and
for the exchange effects between target and prcjectile electron. The trial
function expliclitly contalns provision for the polarizabllity of the atom as
well as for exchange symmetry or antisymmetry, The correlation method
[2.28] (CM) is an attempt to lnclude In the trial function terms which
allow for electron correlation, The trial function consiats of a small
number of target atom wave function, plus additional states that represent

electron-electron lnteraction.

H. APPROXIMATION METHODS QF IONIZATION NEAR THRESHOLD

One aspect of the general three~body problem that is of interest In
many areas of physics is the behavior of the syastem at energles in the
vicinity of which a new scattering channel opens. The resulting analysis
produces a so-called threshold law. Atomlc physics systems, ln which all

three outgoing partners are charged, has particular subtletlies because of
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the presence of long-range forces. When two electrons escape from a
positive ion with a =small energy excess E above the threshold for this
process, ohne can expect strong correlation toc be developed between the
escaping particles, given the competing long-range forces and the large
time of interaction over which correlation can develop. Accounting
theoretically for detailed observatlions of reactions or transmutations in
this proceas is very difficult unless some simplifying assumptions are made
either «lassically or quantum mechanically.

Two approaches to the lonizatlon threshold law (ion yleld as a
function of energy) are that of Wannier [2.29] and that of Temkin [2,30].
The physical model are different but the results for the behavior of the
croas section and the c¢ross-section asymmetry predicted by these Lwo
approaches come close and not easy to distinguish at the present time in
the experiment, In the following sections I will discuss aome of the

Ilmportant featuresa of these appreaches,

1. Wannier's lonization Threshold Law

In 1953 Wannler extended to the three-body system the concepts Wigner
had earlier developed for a two-body reaction system using quasi-ergodlc
assumptions. In this manner Wannier derived a threshold law from detailed
arguments lnvolving classical equations of motlen and phase space, The
detalled description 1s not shown here; rather only important arguments and
results are glven.

Using phase space arguments, Wannler showed by careful inspection of
the equation of motion that the only subspace relevant for double escape
{s one in whleh both electrons are approximately the same distance away

from the lonlc cone and travellng in opposite directionas. The potential
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surface describlng the double escape process In fact shows a saddle point
for this configuratlon, This 1s easily seen by Introducing hyperspherical

ccordinates R, «, and 8 given by R = /r 2+r;?, a = tan"r./r,), and @ =

cos” ¥r ,r,), respectively, where *, and #, are the coordinates of the
incident and target electrons with respect to the nucleus as illustrated in
Fig., 2.1, The saddle point has the coordinates a = n/4 1d 8,, = 7. The

potential 1ln the case of the hydrogen atom near this point has the form
U= /2 B™Y [-3/2 = 11/4 (a-n/4)% + T% (8-m)2+.,. 1. (2.327

Inspection of Eq. (2.32) shows a motion atable in & but unstable In a at
constant R. Double ionization results from an increase of the R coordinate
accompanied by limited deviation of 8 from n and of a from w/4, These
devliations remaln limited because U 1s stationary {n a and 8 at constant R.
Thne instabllity of this configuration with respect to deviation In a has the
limited effect of decreasing the cross section near threshold,

Following these arguments and  using a detailed mathematlcal

derivation, the threshold law for ionization follows:
o(E) a EM, (2.33)

where ¢ 13 the c¢ro3s section and E ia the total kinetic energy of two
cutgoing electrons, For a neutral atom m has the value of 1.127.
Wannier's law was also derived quantum mechanically by Rau [2.31] (1971)
and Peterkop [2.32] (1971) for a 1S, state using the WKB approximation, and

was extended to P states by Roth [2.35] (1971). The Wannier law was
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verified for hydrogen in 1968 by McGowan and Clark [2.33], and for helium
[2.34] in 1974 by Cvejanovic and Read. In 1976, Klar and Schlecht [2.36]
concluded that at threshold singlet scattering follows the Wannier law,
whereas all triplets are considerably supp e¢ssed at threshcld with a
£3.881,  such a conclusion would lead to an lonization asymmetry Ap = 1 at
threshold in seeming disagreement with the experimental observation of
Alguard et al, [2,37] {(1977) and Baum et al, (1981), Subsequently, Greene
and Rau [2.39] showed that, only the '€ and 'P® states were suppressed,
and moreover that the L=1 and L=2 3states contribute significantly to the
cross section at threshold, implying that the threshold value of Aj can
differ from unity. The actual wvalue of Ap reflects the detalls of the
dynamics of the problem and provides insight into the strong correlations

that exist during the double escape proceas.

2. Temkin's Modulated Quasilinear Law

More recently, Temkin using a Coulomb-dipole Lnteraction for two
escaping electron obtained a modulated linear threshold law [2.30], and
predicted that Ay itself showed oscillations In direct contradiction to the
predictions of Wannier, In Temkin's argument, the threshold law Is
dominated by the Coulomb-dipole region, that is, the region where the
outgolng electrons have very different energies and where the slower
electron sees the full charge of the restdual ifon whereas the faster
electron seea the dipole potential formed by the residual lon and the
slower electron., The Coulomb-dipcle plcture of the double escape process
is illustrated in Fig, 2.2(a) and 2,2(b),

Developing these arguments mathematlically, Temkin derived a threshold

law given by
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0 (E) a [E/(LnE)?] [1+ 9 Cy sin (ag RnE + ug)], (2.34)
2
1., v,
where ag = [Rg - &(2+1) - 1% Cg = [Ry] y R is the lower 1limit of the

radial coordinate of the alower electron for which the analysls ls valid, E
1s the total kinetic energy of two cutgoing electrona, and the parameters
C¢y ap and uy are quantities that are independent of energy but dependent
on total orbital angular momentum. The threshold law is the same for each
partial wave (&}, because any finite partial wave eventually will be

dominated by an attractive dipole potential:

[(Rg-2(R+1)]

1im  Vd(r) = -————g——, (2.35)
r>Ryp r

The asymmetry Ay displays oscillation as shown by the following relation:

AI(E) = B +

e2a=9a2 sin{agbnE+ig) sin{a¢ LnE+puy )
1+28-38 [ S 3. Ui ] (2.36)

Here ag, ug and ay, uy refer to singlet and triplet state parameters
respectively, and 8 = (Cg - C¢)/(Cg + Cgl.

Although experiments carried out thus far, whether aimed at the
measurement of ¢; or Aj, are all conslatent with the Wannler model, they
are also ccnsistent with the Coulomb dipole model within statistical and
systematic uncertainties, New inalghts can be gained only through high

resolution (< 10 meV) electron measurements or through positron scattering



measurements in which the energy resclution perhaps 18 not so critical.
S5ince I use the detalled results of atomic scattering theory I refer
the reader to textbcocok discusaicons by Mott and Massey [2.1], Geltman [2.2],
Burke {2.31, Joachain [2,4], and Bransden [2.5° for further information. 1
also point out that various approximation methods have been reviewed
recently In several excellent articles [2.6-2.10], and the specifics of spin

asymmetry in electron-atom collisions have been discussed in several

additicnal reviews [2.11-2,12].
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111, EXPERIMENTAL APPARATUS

A, OVERVIEW

The experimental layout is shown Schematically in Fig. 3.1,
Longitudinally polarized electrons are produced from a negative electron
arrinity (NEA) GaAs photoemission source, and are bent through %0° by a
quadrant of a spherical deflector traveling through about 500 mm of
electron optics. They are again bent, this time through 180° by a
hemispherical deflector that serves as a mecnochromator. After traversing
the interaction reglon, the electrons are collected by a Faraday cup for
current measurement and data normalization.

The hydrogen atom beam line consists of an RF discharge dissceciation
tube, two sections of high-field hexapcle magnet for state selection, a
mechanical beam chopper, an Iinteraction region where the atoms and
electrons collide, a Stern-Gerlach magnet for polarization measurements,
and a quadrupole mass analyzer {(QMA} for the measurement of H,, H, content
of the beam. The QMA is movable under vacuum and i3 used Lo scan the beam
profile, an essential ingredient of the polarization measurement, Along
the hydrogen beam line there are several magnetic guide flelds that permit
the spin of the hydrogen atom to be rotated adiabatically Into the desired
directlons.

The orientation of the polarization vector of the electrons and atoms
is Iindicated by arrows n Filg. 3.1. The direction of the electron
polarization vector can be flipped by modulation of the directlon of the 1r
laser light wused 1in the photoemiaslon process, The direction of the

hydrogen polarization vector is controlled by the direction of the magnetlc
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fleld at the interaction region created by a pair of samall solenoids,
coaxial with the hydrogen beam (not shown in FIg. 3.1). A solenoid along
the electron beam provides the capablility of rotating the electron
polarfization vector through small angle in the plane of scattering,

The design details and the operating characteristics of both polarized
beams are contained in Appendices A, B and D with some elements described
briefly in Parts B and Part C of this chapter as well, The interaction
region is described in Part D, while the control and data acquisition
Systems are reviewed {n Appendix C. A diagram of the vacuum system (s

presented in Fig. 3.2 and typlcal operating pressures are glven in Table

3.1,

B. POLARIZED ELECTRON SOURCE

As explained in detail In Appendix A, polarized electrons are produced
by photoemissaion from a negative electron affinity (NEA) GaAs {100) crystal.
The cperating characteristics of the source are summarized in Table 3.2.
The remainder of this section 1Is devoted to the Ir laser system which s
not covered in Appendix A.

As illustrated In Flg. 3.3, a circularly polarized ir laser beam
originating from a 3 mW GaAlAs diode laser, {3 formed with the use of a
condensing lens, With {ts helicity Adetermined by the o¢rientation of
sequential half-wave (A/2) and quarter wave (A/4) retardation plates, the
beam is focussed onto the GaAs crystal thrcough a hole, 2 mm In diameter,
in the 90° electron deflector, A target inside the vacuum chamber permits
the laser beam to be positioned from outside while the crystal is under
vacuum, the elements of the optical traln already having been aligned by

standard auto-collimation techniques, As can be seen from the flgure, a
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linear polarizer with "escape windows" I3 employed to "clean up" the
polarization of the GaAlAs solid state laser light, thereby ralsing the
degree of circular polarization from 97% to 99.3%. The measurement of
the degree clrcular polarization 13 performed In accordance with the
followlng procedure. The light leaving the optical system in principle
containas an unpolarized component as well as an elliptically peolarized
component, Therefore the light must be c¢haracterized by a total
polarization Pt s 1, If Pc is the degree of circular polarization and Pp 1s
the degree of linear polarization, then it follows from basic optical
principles that Pg = [Pr? - P2]Y/2,

The determination of Py 1is thus accomplished by the separate
measurement of Py, and Pp and requires the use of a single analyzer. Once
the laser beam 13 collimated properly, the /2 plate is oriented such that
its optical axis is parallel to the electric fleld of the linearly polarized
light. Then a linear polarizer, employed as the analyzer, is set behind
the lens F, shown in Fig., 3.1, followed immediately by a power meter
(Newport, Model 81%), The intensity modulation M produced by the rotation
of the analyzer 18 measured for two cases: (1) setting of the A/4 plate
which produces minimum modulation and (il) setting of the i/4 plate which
produces maximum modulation.

The intensaity modulation M which is proporticnal to the degree of

linear polarization Py of the light lncident upon the analyzer is given by

M = (Imax - Imin}’Imax * Imin»

where Ipay and Iy, denote respectively the maximum and minimum

intensities of the light transamitted by the analyzer, This leads to the
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relation Py = Py, for case (i) and Py = Pr for case (ii). For our system we
found Py = 0,997 ¢ 0.005 and Py = 0.088 x 0.005, as a consequence Of which
we obtalned P, = 0,993 =+ 0.00T. During experimental operatlcon, the i/l
plate is first set for minimum modulation and is then rotated through
intervals of 909 with the use of a motorized drive under the command of a
computer, as described In Secticn IV, The A/2 plate, equipped with a
similar rotatlonal drive, s driven back and forth through 459 at less

frequent intervals, In this manner the helicity of the 1light, and

therefore the electrons, are flipped by twe lndependent operations.

C. PGLARIZED HYDROGEN ATCM BEAM LINE

High purity hydrogen meolecules from a gas handling system, shown in
Fig. 3.4, are fed intoc an rf dissociation tube shown 1n Fig. 3.5. Hydrogen
atoms, produced by dissoclation in discharge, leave the tube through the
nozzle and are formed into a beam by a sklmmer apertuwe pricr to entrance
into a pair of hexapole high-field state selectors as illustrated by Fig.
3.2, A3 described in detall 1in Apendix B, the mg = + !/, atoms are
preferentialy tranamitted by the hexapole magnet pair and are focussed at
the interaction point after paasing thrcugh a 6 mm dlameter aperture which
defines the radial extent of the beam just upstream of the jinteraction
point as shown in Fig. 3.6. Downstream, a Stern-Gerlach magnet and a
quadrupole mass analyzer are used to measure the polarization of atoms and
the fraction of components, H, and H,. As shown in Fig, 3.1, several sets
of solenoid coils and one helmholtz c¢oll are employed in the hydrogen beam
line to prevent Majorana (nonadiabatic) apin depolarization. One pair of
solencids 1located inside the scattering chamber, provide longltudinal

magnetlc field of - 100 mG which defines the direction of the hydrogen
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polarizaticon vector.

It should be noted that in principle the rf discharge can produce ions
and electrons, as well as excited states of hydrogen and both Balmer and
Lyman series photons, In order to test for the presence of these
contaminants, the discharge tube was moved slightly upsatream, and a pair
of electrodes 2 cm long and ' ¢m apart was temporarily (nstalled between
the nozzle and the skimmer. With 500 V applled acrosa the plates, 25
atoms should be quenched, most Rydberg states should be ionized, and all
charged particles should be swept ocut of the beam, In fact, regardless of
the plate voltage status, the hydrogen related background signal on a
channel electron multiplier (CEM) located downstream of the interacticn
point, as shown in Fig. 3.6 remained unchanged, having a typical value of
0.5 to 3 counts per second whenever the rf dissociator was on, Under the
operating condltions of the source, such a background appears congistent
with Lyman-o emission,.

The characteristics of the polarized atom beam are listed in Table
3.2, and as already has been indicated, a detailed desription of the beam is
presented in Appendix B. In addition to descriptions of the operation of rf
discharge and the disaoclation fraction, the polarization, and the atom
density, Appendix B contalns a description of a Monte Carlo analysis of the
polarized hydrogen beam as well as analyses based upon an optical model of

the state-selecting hexapoles and separately on phase space conslderations.

D, INTERACTION CHAMBER
With the use of Mu metal shlelding inslide the interaction chamber, the
residual magnetic fleld at the {nteraction region can be malntalned at

about 5 mG downstream and 20 mG laterly with respect to the hydrogen beam
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direction. As shown (n Fig. 3.}, an electron monochromator, a Faraday cup
and an ion detector are lncorporated around the scattering point, the first
of these tc be used in future elastic and inelastic scattering studies, and
the second employed as an electron intensity monitor. Since thermal lons
produced by low-energy electron impact at the Interaction point are very
sensitive to stray electric fields, the interactlon region must be well
shielded electrostatically from its surroundings. A detalled picture of
the lon detector and its assoclated shleld in Fig. 3.6,

The thermal ions produced at the scattering point travel along the
direction of the hydrogen beam within a cone angle of 909, The collection
cone of the CEM 1ls biased at =700 V, resulting in a detection efficiency of
- 12%, the low blas value chosen to avoid fleld perturbationa at the
interaction region. In additon, two meahes, each having a 90% transparency
intercept the thermal ions before they reach the entrance to the CEM, as
shown ln Fig. 3.6. The overall detection efficlency of lons created at the
interaction point {s therefore oniy 10%.

For electron energles above 10,2 eV, excitation of 25 and 2P s3tates
can cecur. While the 2P state quickly decays to the ground state, the 25
state is metastable, and 25 atoms can easlly travel the short distance
between the interaction point and the entrance to the CEM, where they will
be quenched in the fleld created by the cone blas., Thus, in the immediate
vicinity of the ionization threshold, where the lonization cross section is
very low, 28 excltation can create an unwanted background which must be
treated with care for high preclsion measurements particular 100 meV near

the threshold region.
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TABLE 3.1 Vacuum Chambers and Typical Operating Preaaure {(beam on)

Chamber

H, Reservolr

RF Discharge Tube
H Source

Hexapole Magnhet
Interaction Reglon
e~ Snource

Stern-Gerlach

QMA

Preasure {Torr)

0.4
0.2
2x10°7
3xt0™"*
4x10"*
1x107?
107"
Py = 1x107*
Py = 1071

Pyz = 1077



TABLE 3.2 Typlical operating conditions at interaction region

Electron beaa

Intensity(a) 100 na
Polarization, Pg 0.35

i/ 2
Emittance 25 mrad cm eV
Energy resolution(b) <100 meV (FWHM)

Hydrogen beam

Density 2x10° atoms/cm?
Electronic polarization, Py 0.515
Mclecular fraction G.02

Residual gas pressure 4x10°" Torr

(2) The quantum yield of the GaAs crystal decays with an e-folding lifetime of
12-24 h.

(v) The electron monochromator was not operated at its ultimate design
resolution of 30 meV full-width-at-half-maximum (FWHM), in order that high

currents be maintalned,
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Figure 3.1 - Schesmatic Layout of Experiment
RF Hydrogen Source
Hexapole State-Selecting Magnets
Hydrogen Beam Chopper
Sclencoldal Hydrogen Spin Rotator
Hydrogen Polarization Vector
Hemispherical Electron Monochromator
Channeltron Ion Detector (see Fig. 3.6 for details)
Rotatable (20° - 105°) Hemispherical Electron Spectrometer
Hydrogen S5Spln Guide Solenoid
Tranaverse Hydrogen Spin Rotator
Stern-Gerlach Pclarimeter
Quadrupole Masas Analyzer
Circularly Polarized Laser Beam for Photocemlsslion
{GaAlAs 787 nm Diode Laser)
GaAs Crystal Mounted on Saphire Block
Electreostatic 90° Spherical Bender
Solenoldal Electron Spin Processor
Electron Polarlzatlon Vector
Rotatable (20° ~ 105°) Lyman-Alpha Detector

Movable Faraday Cup

To Mott-Scattering Electron Polarimeter (not used in these studies)

GaAlAs Diode Laser
Lenses

Quarter Wave Plate
Half-Wave Plate
Laser Beam Flag

Vacuum Window



Fig. 3.1 Schematic Layout of Experiment
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Figure 3.2 - Vacuum Systems

Vacuum chamber layout of beam line showing conductances between
chambers for molecular hydrogen, typlcal pressures under operating
conditions, and effective speeds of pumping modules for both hydrogen
and air, the latter enclosed {n parentheses, The numbered elements

shown are:

Hydrogen Source Chamber
Diffusion Pump Port
Turbomolecular Pump Port
Hexapole Chamber
Hexapole Magnets

Beam Chopper

Beam-Line Gate Valve
Ion Pump Port
Interacticn Chamber

Ion Pump Port
Stern-Gerlach Magnet
Cryopump Port
Quadrupole/Dump Chamber

Quadrupole Mass Analyzer

Not shown are bypass pumping lines and valves between the hexapole
and hydrogen source chambers and Dbetween the quadrupole and
fnteraction chambers, Note that conductances for alr may be obtalned

by multiplying the hydrogen conductances by a factor of 0,27,
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Figure 3.4 - H, Gas Handling System and Reservolir

Palladium Leak Finger

Metal-Glass Joint Seal

Metal-Glass Joint Seal

Pumping Line Ccnnecting to Hexapole Chamber
Thermocouple Presaure Gauge

Pumping Line Connecting to Hexapole Chamber
S.5. Mini-Gate Valve

Dry N, Line for Venting

Nupro 5,5, Valve

Exhausting Line to Qutside of Room

2 liters H, 5.5. Tank

Regulators

Research Grade H, Gas Tank

To Bellow Pump
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IV, EXPERIMENTAL PROCEDURE

A. GENERAL DESCRIPTION

In this chapter, a description of the data acquisiticn procedure ls
presented for the measurement of the total cross section asymmetry, Af,
for fonizattion in the near threshold region, The experimentally determined
quantity Ay 1s related to A via an equation involving the degrees of
polarization of both the electron and hydrogen beams, as well as the
relative orientation of both polarization vectors. Specifically, 1in the

data acquisition procedure a relative ionlzation rate asymmetry,

Ap = [R(#+) = R(++)]/[R(*+) + R(#+], (4.1)

1s measured for incident and target electrons spin antlparallel (++) and

parallel (++*), In general Ay can be expressed as

A1 = PgPR(1-F,)|cosslAg, (4.2)

where 39 and ﬁu are the polarization vectors of the electron and hydrogen
beams respetively, F, 13 the fraction of events attributable to hydrogen
moleculea, 6 13 the angle between the two polarization vectors, For the
range of energies between 13.6 and 15.0 eV which spanned the measuwements,
F, can be taken to be effectively zero, since the ionization threshold for
hydrogen molecules is 15,4 eV,

The counting rates, R'(*+) and R'(t+), actually measured, must be
corrected for background and noise effects and further must be normallzed

to both incident beam fluxes in arder to generate the rates R(++) and R{++)
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that appear in Eq. {(4.2). Asymmetry effects not related to spin dependence
are called systematic and can be probed through the examination of various
false asymmetries as described in Chapter V, For the most part,
systematic effects can be eliminated, at least at the precision of this
experiment, by the frequent reversal of the direction ¢f the electron
polarization vector,

The quantities P,, Py, F,, and cos@, appearing in Eg. (4.2), can be
measured independently as described in Secticon IV,B. Alsc described in
Section IV.B s the calibration procedure for the incident electron energy.
The determination of background effects such as detector dark current,
residual gas acattering, ion-pump charged particle contaminaticn, and
Lyman-a contributlions are described in Sectlon IV.C. Also described in

Section IV.C is the normalization of the event rates to the incident beam

intensities,

B. DETERMINATION OF F,, Pg, Py,|coss|, AND E,

For the purpose of the measurements described in this theslis, F; is
taken as zero, as already Indicated. The values of P, and Py are taken
respectively as 0.35 + 0.07 and 0,515 + 0.005, based upon measurements that
will be described shortly. It should be noted that P, and Py were
measured geveral times and displayed 1little variation within the
uncertainties of the measurement,

From Hall probe magnetometer measwements inside the interaction
chamber, carried cut before the asymmetry data-taking began, fleld values
of 100 + 5 mG along the directicn of the hydrogen atom beam and 20 + 5 mG

transverse to the beam were obtalned, leading to a value of 0.98 + 0.01 for

[cose|. However, from a comparison between the value of the asymmetry at
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14,0 eV determined Iin this work and that determined by Fletcher et al,, a
value of 0.70 is obtained for [cose|. The discrepancy between these two
values can De explalned by stray magnetic flelds assocclated with coupling
between the magnetic shielding and the current leads for the internal
solenoids. As a result of a wirlng error, an accidental current loop was
created around the shielding with the consequence that a large transverse
fleld was produced following multiple reversals of the solenofdal fields.

Subsequent to the acquisition of the data presented in this thesls,
the current loop was elimlinated, and the fields were found to remaln
constant after many reveraala. Since intereat Iin the lonization threshold
region centers around relative rather than absolute asymmetries, the
reduced value of |cose| is not too significant except for 1ts effect on the
ultimate precision with which the asymmetry 1s determined,

The absolute electron impact energy at the scattering point, Eg, ts
most easlly determined from known features of either e-H or e-H,
scattering. Although the crystal bias voltage is used to scan the electron
kinetic energy at the scattering point (as described In Appendlix D), the
blas voltage reading is an undependable absoclute measure of the beam
energy. In general, the energy of the electron beam at the acattering
point {s different from that one would deduce from the applied potential
at the a3source, such a difference resulting from contact potential
differences, work function differenclies, or even unanticipated stray
alectric fields,

In order to calibrate the beam energy we chose to measure the lmpact
lonization rate for both hydrogen atoms and hydrogen molecules as
functions of the source bias voltage, The differences between the bias

voltage and the 13,595 eV threshold energy for atoms on one hand and the
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15,4 e¥ threshold energy for mclecules on the other hand provide two
independent calibration points for the beam energy, The measured
lonization rates as functions of the source bias voltage for atoms and
molecules are shown in Figs., 4.1(a) and (b) respectively., Characterized in
precision by the 100 meV full width at half maximum (FWHM} energy
resclution of the hemiapherical electron monochromator, The typleal
voltage offset as indicated in the flgures was 2.60 eV: that ls, the actual
beam energy was lower than the blas voltage. We attribute this difference,
principaliy, to the work function difference between stainless sateel, which
characterizes the environment of the interaction reglon, and activates GaAs
which characterlizes the source.

In the absence of Mott polarimetry measurements, the value of Py was
determined from a comparison of a measurement of A7 at 23.0 eV incldent
energy with the value of Ap measured by Fletcher et al. at the same
energy. For this purpose Py was taken as 0,515 :+ 0,005, as already
indlcated, and |[coss| was taken as 0,99 ¢ 0,01, since the induced fleld
problem was not present during this measurement, Fellowing the methods
outlined by Fletcher et al., F, was determined to be 5% at the 23.0 eV
incident energy. The uncertalnty of + Q.07 in the value of 0.35 that we
quote for Pg ls heavily dominated by the uncertalnty 1n the value of Ap
quoted by Fletcher et al., as well as by the 3 eV FWHM energy resolution
characteristic of the Fanc type polarized electron beam that was employed

by Fletcher et al.

C. DATA ACQUISITION: SIGNALS AND BACKGROUND
The asymmetry Ay defined by Eq. (4.1) assumes that the rates R{++) and

E(t+t) are free from all backgrounds. In fact, the directly measured rates
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R*(++) and R'(+*) include effects due to detector dark current (about 0.05
counts/s); ton-pump charged particle contamination {about 0.3 counts/s);
photon contributions, predominantly Lyman-a eventa (0.5 to 3.0 counts/s);
and lons resulting from electron colllsions with the residual gas in the
interaction chamber (30 to 200 counts/s),

For purposes of real-time background substraction, the hydrogen beam
is equipped with a mechanical chopper locat#d between the two hexapole
magnets and capable of operating at a frequency of 10 Hz. Since the
characteristic e-folding pumplng time for the interaction chamber 1s 0.3 s,
a rate measurement made when the chopper as in the "closed" position of
its cycle correctly accounts for resldual gas effecta that include beam
loading of the interactlion chamber pressure. In fact, the chopper "closed"
rate measurement, B closed, on, with the electron beam "on" accounts for
the sum of all backgrounds, except those related to the hydrogen beam
itself and lts accompanying contaminants, the latter potentially cocmprising
of HRydberg atoms that might be fleld ionlzed near the lon detector,
metastable atoms that might be quenched in the vicinity of the {on
detector, H* ions that would mimic the real signal, and photons that might
enter the channel detector after several reflections.

In order to search for the firat three of these beam contaminants we
installed a pair of electrostatic plates on either side of the beam at the
exlt of the nozzle of the hydrogen source, With an electric fleld of 250
V/cm applied across the beam over a length of 2 cm, we saw no change in
the "chopper open” background rate obtalned with the electron beam "off",

Based upon the beam geometry illustrated in Fig. 3.2, we therefore
conclude that except for some low-lying Rydberg states, the hydrogen beam

is mainly contaminated by photons, We conflrmed this hypothesls by
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temporarily shutting the gate value in front o¢f the lon pump, turning off
the electron beam, and applying a positive bias to the entrance cone of the
ion detector. Under these conditions, we observed a "chopper open" count
rate Bpnoron ©f 3 counts/s above the normal detector dark current. Note
that Bphoton can be expressed in terms of the chopper "closed", electron

beam "off" signal, Bglosed,orr, and the chopper "open", electron beam “"off”

signal Bgpen,off aS

Bphoton = Bopen,off ~ Bclosed,off- (4.3}

It is tempting to define a total spin-independent background rate

Brotal a3

Btotal = Bpnoton * Belosed,on, (4.4)

assuming the residual gas is unpolarized. However, Eq. {(4,4) lgnores the
contributions of electron excitaticon cf the hydrogen beam atoms to the
observed lon signal, As in the case of scurce-related beam contamination,
metastable atoms resulting from electron beam 25 excltation can be
quenched in the presence of the electric fleld of the lon detector, thereby
liberating a Lyman-a photon which can be detected, albeit with a reduced
efficlency. 3imilarly Rydberg excitations can produce signals if the atoms
undergo fleld ionlzation near the ion detector, Although both of these
effects are 3amall, they may effect the measured value of A; at lncident
energies very close to the ionization threshold where the impact lonization

is very small, We will return to this point in Chapter V.
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In order to reduce the [nfluence of systematic effects the direction
of the electron polarization was reversed at frequent intervals (typically
every 30 8), Two reversal devices were employed in the coptical train -- a
half-wave plate (4/2) and a quarter-wave {i/4) plate as illustrated in Fig.
3.3. With the use of a stepping motor, the A/4 plate was rotated through
360C in steps of 90° while the A/2 plate was rotated back and forth
between two positions 45° apart. In this way, eight combinations of A/4
and A/2 plate settings could be generated, with four corresponding to one
sense of clrcular polarization (photon helicity) and four to the other.

For the determination of the "real" asymmetry, 4, data were binned
according to the helicity of the light Incident on the GaAs crystal. Data
were separately binned to generate a set of 18 false asymmetries, aIFi {i=
1,2.,.,18), for comblnation of i/4 and A/2 settings that should yield
asymmetrlies equal to zero in the absence of systematic effects, In all
instances, the measured rates were corrected for background events and
normalized to collision fluxea, as described in Chapter V.

The data acqulsition was controlled by a PDP 11/23 computer wWith
appropriate electronic interfacing and software as described in Appendix C.
For a single acquisition cycle the control functions were applied in the
following command sequence:

1. Set the lnitlal posaition of the A/2 and i/Y4 plate,.

2. Open the mechanical chopper (open time 500 ms),

3. With & ms time delay after chopper open completely, count ion
events and monitor the Faraday cup for lncldent electron Intensity
as well as the QMA for H, H, and mass 6 intensities,

y, Close the mechanical chopper (close time 500 ma},
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5. With 5 ma time delay after chopper c¢lose completely, count ion

events and monltor the Faraday cup and the QMA for H,, H; and mass

6.
6. Repeat step 2 through 5 three times,
7. Accumulate the total of time Intervala, 1lon events, integrated

electron intensity, and integrated H, and H, intensities separately
for chopper open and closed, Display data in a digltal fermat on
the computer screen and write onto floppy disk.

B, Compare the integrated electron intensity to a preset value, If the
intensity exceeds the preset value proceed to step 9; otherwise
repeat steps 2 through 8,

9. Change the posaition of the A/4 and A/2 plates in conformity with a
sequence which is programmed in a preselected comblnation of A/U
and /2 positions {(see Table u4,1) for each combination of the Ai/§
and A/2 plate, repeat step 2 throughs 8,

10. At concluslion of A/4 and A/2 random sequence, terminate run and
clasoce data flile.

Note that each data file comprisea several hundred lines of data with
a c¢ode number 1a assigned to each line, The code number indlicates the
experimental conditions: the setting positions of A/4 and i/2 plate,
scattering point magnetic gulde field orientation (parallel and antiparallel
to beam direction) and QMA mass setting,

Data points contained a maximum of about 10* events for energles near
i5.9 eV and a minimum of about 10 events flor energies near 13.6 eV,
Signal to background ratio varied from a maximum of 2.5 at an incident
electron energy of 15,0 eV to a minimum of 0.2 at 13.6 eV, Maximum signal

rates at these energies were 500 and 10 lonsa/s reapectively. Data flles
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were ultimately transferred to magnetic tape and analyzed off-llne on a
Vax 11/780 computer, The data analysls s described in Chapter V which

rollows,



TABLE 4.1 Feeding Program of 1/2 and /¥ Plate Setting Posaition

POLOB.DAT POL16.DAT POL32.DAT
A/2 A/ U4 A2 A/ A2 A4
2 2 2 2 1 3
) 3 2 2 1 3
2 1 2 3 2 3
1 Y 2 3 2 3
1 1 1 3 2 Y
2 4 1 3 2 y
1 2 1 2 1 1
2 3 1 2 1 1
1 4 2 2
1 4 2 2
2 4 1 4
2 4 1 y
2 1 1 2
2 2 1 2
1 1 2 1
1 1 2 1

1 4
1 4
1 1
1 1
2 2
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V. DATA ANALYSIS AND RESULTS

In accordance with the experimental procedure described in Chapter IV,
once a computer run was completed, a data file was generated and stored on
a floppy disk. The files were then transferred to magnetic tape, and
analyzed off-line with a VAX 11/780 ccmputer, For a given direction of
hydrogen polarization, the data analysls was performed for each data file

(one computer run) according to the following procedure,

1., Discriminate Data From Electronic Nolse

Print hard copy of data and display histograms of the data on the
computer screen. Review hlstograms for evidence of non-statlstical
benaviour, as evidenced by ion event rates or electron and atom monitering
rates that deviate from the respective norm by more than 4 standard
deviation, These occurences, accounting for 0.5% of the data acquired and
attributed to burats of electronlc nolse, were rejected as spurious in
accordance with Chauvenet's criterion [5,1],

2. Calculate the Net Signals (Real Signals)

Sum signal events over the same code number to generate for a given
atomic polarizatlion direction 16 lines of sum of data, 8 associated with H,
monitor and B associated with H, monitor, with each of the eight sums
corresponding to one unique combination of A/4 and i/72 plate settings.
Calculate net lon signal Rpe¢ (assuming equal chopper open and closed

times) according to the relaticn

Rnet = Bopen,on - Btotal:
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where Ropen,on is the noise-free 1ion signal with cheopper "open" and
electron beam "on", and Bpgora] 18 the background rate defined by Eqs. (4.3)
and (4,4), Calculate net ("open" minus "closed") signals for mass ! and 2
QMA monitoring, total time intervals, and Faraday cup current. Form data
files for all net integrated signals according to code numbers.

3. Normalize Data

Apply two normalizaticon techniques. irst, normalize to integrated
net incident electron intensity and integrated H, QMA monitoring signal.
Second, normalize to integrated net incident electron Intensity only.
Compare both normalization approaches for non-statistlcal fluctuations.

4L, Calculate Real Asymmetry Ag

Re-aort data from the eight combinations of A/4 and A/2 plate for
each normalization procedure according to direction of electron spin, Sum
data for each direction of electron spin to obtain R(++) and R{(++) for each
normallzation method, Examine all results for non-statistical behaviour,

Calculate A7 from Eq. {4,1):

Ay = [R(*+) = R(++))/[R(*+) + R(++)].

Also calculate the statlstical wuncertainty in Ay according teo standard
practices. For a given colllsion energy, calculate the real asymmetry and
its assoclated uncertainty via statlstical welghting procedures from all Aj
values obtained at that energy.

5. Correct Data for 25 Contamination (Where Necessary)

For the data points corresponding to incldent electron energles of
13.6 eV, apply corrections for the presence of 25 contamination as follows.

Assign the notation Ayg.5g and o01g-pg respectively to the asymmetry and
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total cross section asscoclated with 25 excitation, and let ¢ be the overall
detection efficiency for Lyman-a photons relative to lons (H'), Express

the measured asymmetry Apsasuyred @3

Ameasured = [ € 015-25 Ars-25 *+ o1A1)/[e o0y5-25 *+ o1l, (5.1)

thereby reflecting the statistical welght of both contributions., Recaat Eq.

{5.1) into the form

Ayg-2s

i_““"_‘—)] = K:Ameasured (5.2)
measured

Al = Ameasured [! *+ «,(1

where x, is glven by

€ 915-
K, = ——15728 (5.3)

o1

and «,, is given by

Ayc-
xy; = 1« K](‘ - IM—}- (5.4
measured

From knowledge of the theoretical values of the differential asymmetry
Aig-25(8) [5.2] and the spin-averaged differential and total cross
sections, gy5-25(8) [5.3] and oy5-25 [5.4] respectively, calculate Ajg-2s

aceording to the prescription
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o15-25(8)
Ayg-og = j Als—gs(e) —'—_-SA“—GQ. {5.5)
015-25

Assume absolute detector sensitivities of sy = 0,05 for Lyman-a photons
and sy = 0.12 for H' jons, ln accordance with published data [5.5] for the
Mullard channel electron multiplier (CEM), and thereby obtain a value of ¢
= (8y/s1) (AQ/4n) = 0.024, where AQ = 0.72 sr is the detector acceptance
for assumed isotropic prompt Lyman-a emission induced by the spatially
varying electric field asscciated with the cone of the CEM, In acgcordance

with the form of Eq. (4.1}, express Apcasured a9

Ameasured * (ﬂmeasur'ed)/(PePH|C°33| ) (5.6)

where F, 1s jmplicltly taken as zero, Py is taken as 0.35, Py as 0.515, and
|cosel as 0.70. Finally combine Eqs. (5.2) - (5.6) with the measured
asymmetries (H, normalization excluded) obtained by the procedures already
described t0 generate the results given in Table 5.1, Note that this
procedure lgnores corrections due to cascade from higher P-states, which
might affect {(x, - 1) at a level of about 10% of itself, thereby making

the ilmpact rather minor.

5. Calculate False Asymmetries

Define a quantity called a false asymmetry for combinations of /4
and A/2 settings that produce the same sense of electron polarization and
have a predicted zero asymmetry, For each data file corresponding to a

glven normalization procedure, generate 18 such false asymmetries (AIF)l.



A6
For each energy and each normalization procedure obtain weighted averages
of all 18 false asymmetriea with corresponding statistical uncertainties,
Having carried out the procedure cutlined above, we then display the
asymmetries as generated, Table 5,1 as before summarizes the asymmetry
results Ay without H, normalization. Table 5.2 summarlzes the asymmetry
results with H, normallzation. Fig. 5.1 and 5.2 are graphlcal displays of
the tabulated results, The vertical error barsa are one standard deviation
uncertainties (including all uncertainties), while the horizontal error bars
indicate the energy spread of the beam. Table 5.3 is a summary of the
false asymmetries (41F); along with thelr chi-squares per degree of freedom
x20)/d.f. and x*arg)/d.f. respectively about zero and thelr corresponding
average valuea, where the averages are taken over runs Irreapective of
energy. Such averaging 1s Jjustified since the parent distribution
distribution for 3% Q) should be the same over the entire energy range if

systematic effects are absent.



Table 5.1 Lyman-o 1S-25 Correction to Ionization Asymmetry
(H, Normalization Excluded)

(a) (b) (c) (d) (e)

E(ev) a15-25{ma,?)  oy(%a,’) A1s-2s  Bmeasured Ameasured <1 K2 Al

13.6 0.154 0.002 0.4 0.0403 (421)  0.322 (336) 1.85 1,044 0.336 (351)
13.7 0.152 0.005 0.1 0.0501 (218}  0.400 (124) 0.73 1.017 0.407 (175}
13.8 0.152 0.010 0.4 0.05%20 {215) 0.416 (172) 0.36 1.008 0.%19 (173)
13.9 0.151 0.015 0.41 0.0686 (187) 0.548 (149) 0.24 1.012 0.554 (151)
14,0 0.150 0.025 0.4 0.0521 (116) 0.617 ( 92) 0.14 1.007 0,420 { 92)
14,1 0,149 0.033 0.41 0.0482 ( 39) 0.386 ( 79) 0.1 1.007 0.389 ( 79
14,2 0.149 0.040 0.1 0.0538 ( 93) 0.430 ( 74) 0.09 1.001 0.430 { T¥)
14.3 0.148 0.048 0. 0.0545 ( 58)  0.436 ( 46) 0.07 1.000 0.436 { 46}
14.4 0.147 0.055% 0. 41 0.0515 ( 73} 0.M12 ( 58) 0.06 1.000 0.4112 ( 58)
14.5 D.147 0.063 0,41 0.0462 { 42} 0,370 { 33) 0.05 1.000 0.370 ( 33)
14.6 0.146 0.071 0. 41 0.0466 ( 29}  0.373 ( 23) 0.05 1.000 0.373 ( 23)
14,7 0.146 0.078 0.4 0.0424 { 29) 0.339 ( 23) 0.04 1.000 0.339 ( 23)
14.8 0.145 0.086 0.41 0.0470 ( 29) 0.376 ( 23) 0.04 1.000 0.376 ( 23)
14,9 0.145 0.094 0,41 0.0470 ( 28) 0.375 ( 23) 0,04 1,000 0.376 ( 23)
15.0 Q.14 0.105 0.4 0.0497 ( 33} 0.398 ( 26) 0.03 1.000 0.398 ( 26)

(a) see Ref. [5.4)

(b) see Ref. [5.6)

(¢) From Eq. (5.5) and the data of Refs [5.2] - [5.4] A1g->g remains almost constant between 13,6 and 15.0 eV,

() 1n Eq. (5.4), Ameasuyred 19 taken as a running 5-point average over adjacent data points in order to smooth
cut statistical fluctuations. For the cases of 13.6 and 13.7 eV, the average is asymmetric with respect to

the nominal energy.

(e) The uncertainty in Apaasureq dominates the uncertainty in «,.

L9



Table 5.2 Lyman-& 15-2S Correction to Ionization Asymeetry
(H, Normalization Included)

(a) (v) (c) (d) (e)

E(eV) 018-28{"302) or(na,?) Ay5-25 Ameasured Ameasured K Ky Al

13,6 0.154 0.002 0. 41 0.0376 (421)  0.300 (336) 1.85 1.024 0.307 (344)
13,7 0.152 0.005 0.4 0.0489 (218) 0.3%91 {(124) 0.73 1.009 0.393 (175)
13.8 0.152 0,010 0. 41 0.0527 (215}  0.113 (172) 0.36 1.005 .15 {(173)
13.9 0.151 0.015 0.4 0.0680 (187) 0.543 (149) 0,24 1,009 0.548 (151}
14,0 0.150 0.025 0. 41 0.0538 (117)  0.430 { 92) 0.14 1.005 0.432 ( 92)
14.1 0,149 0.033 0.1 0.0458 ( 99) 0.366 { 79) 0.11 1.001 0.370 ( 79)
14,2 0.149 0.040 0. 41 0,0645 ( 93)  0.515 ( TH) 0.09 1.000 0.515 ( T4)
14,3 0.148 0.048 0.1 0.0579 ( S8)  0.463 ( 46) 0.07 1.000 0.463 ( 46)
14,4 0.147 0,055 0.41 0.0599 ( T4)  0.478 ( 58) 0.06 1.000 0.478 ( 58)
14,5 0.147 0.063 0.1 0.0408 ( 42) 0.342 ( 33) 0.05 1.000 0.342 ( 33)
14.6 0.1ub 0.071 0.4 0.0433 ( 30) 0,346 ( 23) 0.05 1.000 0.346 { 23)
14,7 0.146 0.078 0.41 0.0426 ( 29) 0.340 ( 23) 0.04 1.000 0.34%0 ( 23)
14,8 0.145 0.086 0.4 0.04B2 ( 29) 0.385 ( 23) 0.04 1.000 0.385 { 23)
14.9 0.145 0.094 0.4 0.0462 ( 28) 0.369 ( 23} 0.04 1,000 0.369 { 23)
15.0 0.144 0.105 0,41 G.0481 ( 33)  0.384 ( 26) 0.03 1.000 0.384 ( 26)

(a) see Ref. [5.4]

(b) see Ref. [5.6)

(€) From Eq. (5.5) and the data of Refs [5.2] - [5.4] Ayg-p5 remains almost constant between 13.6 and 15.0 eV.

(d) 1n Eq. (5.4}, Ageasured 13 taken as a running 5-point averag. »rver adjacent data points in order to smooth
out statistical fluctuations, For the cases of 13.6 and 13.7 eV, the average is asymmetric with respect to

the nominal energy.

(€} The uncertainty in Apeasured dominates the uncertainty in .

BG
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10

11

13
14
15
16
17

18

1.3343
1.5466
11,1584
1,u5041
1.4480
1.1445
1,4923
1.5856
1.81u1
1.,1997
1.8111
1.3837
1.0156
1.4090
1.7228
1.2686
1.9657

1.8u94

Table 5.3 False Asymmetries

iz {0)

1.4464
1.6060
1.1930
1.5733
1.U4Y5
1.1736
1.6319
1.6696
1.8208
1.3570
1.7916
1.3933
1,034
1.3961
1.8678
1.2844
2,0418

1.9816

(b)

1.4516
1.6561
1.3898

.2L8Y
1.6972
1.2210
1.6306
2.2276
1.7532
1.5163
1.7599
1.6736
1.6166
3.0327
1.5366
1.9157
2.1430

1.8890

1,416
1.6802
1.3823
1.2143
1.7268
1,207
1.5158
2.2255
1.7818
1.4049
1.7764
1.6997
1.638
2.0590
1.4463
1.9444
2.1492

1.7973

(d)
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(a) chi-square calculation with respect to average A (H, normalization excluded)

(b) chi-square calculation with respect to zero {H, normalization excluded)

{c) With respect to zero (H, normalization included)

{(d) With respect to average (H, normalization included)
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VI. CONCLUSIONS AND IMPLICATIONS FOR THE FUTURE

From the false asymmetries shown Iin Table 5.3, we find that the case
with H, normalization excluded produces a set of (A;F)| values that are
generally more consistent with zero than the cerresponding set generated
with H, normalization Iincluded. Moreover the reduced chl-square,
x2(o)/d.f., is also smaller for the case of with H, normalization excluded,
thus implying that the QMA beam mcnitor suffered from Instabllities or
electronlic noise that was vialbly greater than the instabillties In the
hydrogen beam ltself. Detailed studles of the QMA performance, carrled out
after data taking had been completed, revealed thermal instabilities in the
UMA that were related tc ambient temperature. Fluctuations in the
laboratory, thua confirming this conclusion,

For the purpose of the data presented In this thesis, the results
obtalned with the H, normalization excluded are deemed more accurate. It
should be noted that although the reduced chil~square for this case still
reveals substantial non-statistical behavior (as might be expected for an
atomic beam treated as unmonitored), the values of the various false
asymmetriea are consistent with zero at a level that is S to 10 times
smaller than the measured values of Aj. For the statistlcal uncertalnties
of the data presented, the quallty of the false asymmetries may be
regarded as qulte adeqguate, For future, more preclise measurements
however, it 1s clear that the H, normalization must be included, and that
the stabtlity of the QMA signals must be Ilmproved. Such an Improvement
has In fact already been achieved with the removal of the Stern-Gerlach
magnet and 1ts small aperture defining slits. The removal made possible

by the completion of the detalled hydrogen polarfization studies described



in Appendix C,

Our 1initial asymmetry measurements are {n the near fonization
thresnold reglon, Within the accuracles of the measurement, the results
show no evidence of the modulation predicated by the Coulomb-dipole model
[6.1]. We therefore conclude that elther the model is incorrect or its
narrow feature appear 3o cloae to threahold that they are not visible
under our present operating coonditions. The relative high energy
resolution require to observe such narrow features and the low cross
gection characteristics of threshold regicn combine to produce low counting
rates, thereby making such measurements extremely difficult. The problem
is compounded by the presence of contaminants such as 25 states or excited
state cascades, Furthermore, the Coulomb dipole model contains several
unknown parameters, which theoretically may have values that cause the
oscillation frequency to be high, Llts amplitude small, and its region of
applicabllity 8o c¢lose to threshold that experimental probes are all but
ruled out on technologlieal grounds, It would appear that future work
might be best directed elsewhere.

Qur crossed pelarlzed beams machine can in fact be used to perform a
variety of "second generation" [6.2] asymmetry measurements, in which the
interference of the direct and exchange channels play a prominent role,
With the apparatus 1t 13 possible to examine different reaction channels in
electron-hydrogen atom scattering. In view of the existing theoretical
data base, It would appear that the experimental emphasis should be placed
on the elastic resonance region, the elastic intermediate energy (10-50 eV)
reglen, 15-25 execltation, and 15-2P excitation, the last incorporating

colneldence techniques.
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It should be noted that the asymmetry meaaurement for the 15-25
exclitation channel will complement the r~-asurement of the exchange
amplitude |g|? which was measured some years ago [6.3]. The combined
knowledge of A, |g|? and § will then complete a "perfect" [6.4] experiment,
It should be noted furtrer, however, that an ambigulty in the sign of 8
still remains Iif only two polarlization devices are employed as in "second
generation" experlments, An additional experiment 13 required 1in which
these polarization devices are employed such an experiment might be called
*third-generation" experiment,

In the case of e-H scattering, where the spin orbit interaction can be
neglected, such a "third generation" experiment can be viewed as follows.
Consider the situation of a longitudinally polarized electron beam incident
along the =x-axis and a longitudinally polarized hydrogen beam Lncident
along the y axis with an electron polarimeter employed to determine the z
component of the scattered electron, The polarization component (P'plz of
the scattered electron 1s then related to the incident electron
polarization, ﬁe = (PglyxR, and the incident atom polarization, EH = (PH)y ¢,

according to the expresslon

(P'e)z = PePH Ip(f'g) (g—g‘)-' {6.1)

or alternatively

(P'e); =~ PePy || |&| sine (%g). (6.2}
Thus the determination of sing from such a measurement together with the
previocus determination of cosd serves to specify 6 completely. A compact
and high efficlency of sapin polarimeter [6,5] will make "third generation”

experiments poasible in the future,
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The improvement in polarlzed beam and polarimeter technologies, which

has taken place over the last twenty years has made posslible access to the
detalls of the scattering process, Further advances in such technologies
hold great promise for the future, For the present, the results of this
thesls work should provide greater insight into the dynamics of the double

escape process in the simplest of all atomic configurations,
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ABSTRACT

We report on the development of aeveral operating procedures that promise
to make GaAs photoemlission electron scurces easter to construct, more reliable
to coperate, and more amenable to use in dynamic vacuum systems. We describe
in particular a method for "ohmically"” heating a <100> c¢rystal of GaAs under
vacuum te approximately 600 ©C. We also discuss cur observaticns of the role
of oxygen In the activation of the orystal surface, the use of continuous
ceslation, and of the performance of the c¢rystal under varying vacuum

conditions,

(To be submitted for publication )
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I. INTRODUCTION

In 1975, succeeding by one year the suggestion of Garwin, Plerce, and
Siegmann,' Pierce Meier, and Zilrcher reported®’ the development of an intense
source of polarized electrons based upon photeoemission from a p-type crystal
of GaAs that was activated to negative electron affinity (NEA) by coadsorption

of cesium and oxygen.™?® With the electron currents Io polarization Py combined

to form the customary figure of merit®’ Pe/f',;, the GaAs source represented a

substantlal 1mprovement over a variety of other sources.® ' The wideaspread
use of the GaAs source during the last ten years, encompasssing many areas of
research,'*” %' bears ample testimeny to its advantageous performance
characteristics that include high-brightness and narrow energy spread as well
as a very favorable figure of merit.

Nonetheless, the source 13 not without drawbacks: its polarizaticn faces a
fundamental restriction of 5 0.5 due to e¢rystal symmetry considerations; its
intensity degrades with time as a result of surface contamination; and ita
construction involves certaln complexities, due (n part to the need for heat-
cleaning and activation of the crystal. In recent years, much effort has been
devoted by various research groupa to eliminating these drawbacks and to
generally facilitating the use of the GahAs source.'!™!'%32%"2%  (an excellent
summary of the fleld can be found in the review article by C.K. Sinclair.?@)
While some progress has been made, much more remains to be realized. In this
paper we present information which we believe simplifies the construction of
the source, diminishes 1{ts senaltivity to contaminants, and extends Iita
applicability to vacuum conditions ordinarily thought to be incompatible with

effective operation. OQur conclusions are based upon experience gained during



approximately one year of operation of our source, iIn the course of which we
have worked with more than ten crystal samples. Although our tests are not
yet complete and certalnly are not as detalled as they eventually will be, we
have cheosen to publish our findings at this time because we believe that they
may be of help to other researchers,

While only lncidental to the information presented in the paper, we point
out that we developed our source asapecifically for the study of 3pin-tagged

electron-hydrogen scattering,®

the motivation of which is discussed at length
in a recent paper treating a serfes of first-generaticon experiments in this
field,® As a consequence, some of the design characteristies, particularly
those associated with the extraction electron optics, were dictated by the
needs of the hydrogen a3acattering experiment and, in fact, may not be entirely
appropriate to optimal source performance,

The principles that govern the operation of GaAs pelarized electron
sources have been described In a number of papers, with the greatest detail
appearing in the reports of Pierce and his coworkers'!* "’ and Lampel and his
coworkers,?? Electron polarization s achieved through the pumping of the
conductlon band by clrcularly polarized near Ir laser 1light, while
photoemission {3 enhanced through the activation of a negative affinity
surface? by the application of cesium in conjunction with 0,. {More recently
NF, has been employed in place of 0,* ') For the GaAs polar{ized electron
sources currently In use, most of which now employ <100> crystals, typleal
values of photoemiasion polarization range from a low of 0.35 to a high of
0.45, with 1liquid nitrogen cooling of the crystal required for the latter
case.?%%% "  ynile quantum ylelds aa high aa 20% have been observed’ more

typical values lie Iin the 1-10% range.

78
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The lifetime of an activated cryatal 1s limited by a degradation in the
quantum yleld that results from alterations in the surface conditionza. Such
alterations, in turn, may result from asurface depcsition of contaminants
present In the residual atmosphere of the vacuum system, from cesium migration
off the crystal surface, or from bombardment by backstreaming lons produced
when the photecelectrons collide with residual gas molecules or nearby
surfaces. Aa a consequence, great pains are usually taken to malntain a
vacuum of $ 107! Torr?' and to extract the photoelectrons with a minimum of
aperture scraplng. The latter 13 particularly important for extracted beam
energies that exceed several keV.

During the course of our work we have developed technigues that appear to
minimize the degradaticn of the crystal surface, thereby extending the lifetime
substantially. We have achieved this improvement under vacuum conditions in
which the base pressure has been a3 high as 3x107* Torr and under
circumstances where the operating pressure has risen to 10°% Torr. In the
following section we present the deslign details of our scurce and describe the

operating procedures we customarily employ.

II. EXPERIMENTAL DESIGN

The CCNY source i3 c¢ontalned in a commercially avallable six-way
stainless ateel cross,'® shown schematically in Fig. 1. Pumped by a 150 i/s
conventional diode-type {ion pump with assistance from a mini Ti-ball?*
sublimator, the vacuum system typlcally achieves a base pressure of 107! Torr
after a 4-day bakeout at 2509C, Pressurea are measured by a nude lonization
gauge?® that (s separated from the various components in the vacuum system by

a fine grounded stainless steel mesh. The lonizatlion gauge 1s equipped with
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dual thoria-coated iridium filaments instead of a tungsten fllamenta as a
precaution against the formation of CO, a contaminent known to be harmful to
the surface of the GaAs cathode.

All components contalned in the source chamber are fabricated from
materials that are ultra-high-vacuum compatible and free from potentlally
damaging contaminants. With the use of low-conductance apertures (< 1 2 s77%),
the gas load (dominantly molecular hydrogen)} from the experimental chamber
adjacent to the source (s maintalned below 2x107° Terr % =2~'. In the adjacent
experimental chamber, the same stringent materials standards are applied as in
the case of the source. In view of the low conductance between the source and
experimental chambers and the nature of the conducted gas, we believe that the
Influence of the experimental chamber on the operation of the source (s almast
nil.

In all of our work we used <100> p=type crystals that are ZIn-doped to
provide a carrier concentration of -~ 10** em™. The wafers, purchased from
Laser Dlode Laboratories (Metuchen, NJ) with a thlickness of 0.325 mm, are
cleaved outside the vacuum system to provide rectangular samples, each
measuring 0.7 e¢m x 1.0 cm. The quoted etch pit density (EPD) characterlizing
the wafera ranged from 6,000 - 10,000 in our earlier measurements to less than
5,000 In our later studles.

Inside the vacuum system the GaAs sample is attached to a sapphire holder
by means of two tantalum clamps, 75 um thick, as shown In Fig. 2. The
sapphire, in turn, 1s fastened to a molybdenum bar that couples the holder to
a linear motion feedthrough,” used to move the crystal between i{ts activation
position in front of a cesium dispenser® and ita operating position i{n front of

the beam-forming extraction optlics, as shown in Fig. 1.



31

The cholce of an electrically insulating sapphire mount permits the Gals
eryatal to be heated "ohmically" by passage of an electrical current through
the sample ltself. To this end, electrical contacts are made through the
tantalum clamps, a4 mechanlam that produces extremely even heating of the
crystal as observed visually from the uniformity of the rolor temperature,
"Ohmlie-heating"” of the c¢rystal avolda the complexity of electron-bombardment,
as well as the temperature non-uniformity across the c¢rystal surface that
often accompanies such a heating process, As constrasted with radiative
heating, "ohmic-heating" ensures that the crystal remain the hottest object In
the vacuum system, thereby minimizing the deposition of contaminants on the
crystal surface during the heat-cleaning proceas. While the crystal Iis
undergoing "ohmic-heating", i{ts temperature is monitored continuously by a
chromel-alumel thermocouple®? that makes contact with the crystal from the
rear through a hole in the sapphire.

The geometry of the tantalum clampsa is critical to the reliable operation
of the heating method. The hairpin spring shape, ashown in Fig. 2, provides
excellent uniform electrical contact with the c¢rystal without creating undue
rmechanfcal stress, and represents the most succeasaful ©of a number of designs
tried. The low profile of the clamps also produces a minimum amount of
electric-fleld distortion In the diode extraction configuration, While not
specifically related to the c¢ryatal holder {tself, it should be noted that
when the position of the linear motion feedthrough is adqjusted for activation,
the crystal faces a molybdenum pin 4 em away that serves as an electron
collector,

As a final point, 1t can be seen that the sapphire mount shown in Fig. 2
contains a groove around 1its perimeter, In the future, small diameter

stainless steel tubing will bte Iinserted In this groove to provide the
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possibility for cooling the GaAs crystal with 1liquid nitrogen, at the
temperature of which sapphire 13 a relatively good thermal conductor.
Presently, the source s operated at room temperature with cool-down from the
~ 600°C heat cleaning temperature facilitated by the use of an OFHC copper
strap connecting the molybdenum transition bar to the vacuum chamber flange.

During activation, cesium 13 supplied from a commerclal dispenser®! that
{s mounted approximately 5 cm away from the crystal surface, as shown in
Fig. 1. Ordinarily used for commercial gettering, the dispenser produces
ceafum vapor {almost totally free of contaminents}) when {t {3 resistively
heated by the passage of current through it. As contrasted with the
combination of a glass ampoule and a valved, externally-heated cesium vapor
line (an approach used in several other laboratories!*'”?%), the dispenser
provides a simple method of cesiation in wnich the evolution of cesium can be
precisely controlled as well as rapidly terminated.

Oxygen used during activation is provided by a conventiomnal gas handling
system employing the research grade (99.99% pure} oxygen, The leak rate into
the polarized scurce chamber {3 accurately controlled by a Granville-Phillips
variable leak valve,*' bakeable to 4509C., It should be noted that for maximum
protection against leaks to the atmosphere, all joints on the oxygen syatem
are either welded or closed by means of stainless steel Conflat flanges.

The optical aystem employed in the studies comprises a 1-mW GaAlAs
infrared diode laser"" operating at 787 nm and a 1.6-mW HeNe laser used for
alignment and activation, as well as standard circular polarizing elements,
mirrora, lenses, and alignment apertures. With all of the optical elements in
place, the attenuation loases result in approximate maximum powers of 0.34 mwW
and 0.45 mW incident on the crystal from the GaAlAs and HeNe lasers

respectively. At 0.34 mW fncident power, the GaAlAs 787 nm light is Jjust
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visible to the naked eye provided the room i3 darkened.

II1. EXPERIMENTAL PROCEDURE

In order to prepare a crystal sample, a p-type <100> GaAs wafer, 0.325 mm
thick, purchased from Laser Dicde Laboratories in a 25 cm? format, {3 cleaved
to form pleces, each measuring 0.7 ¢m x 1.0 em, The pilece to be used Is then
chemically etched to remcve all carbon traces from Its surfaces. Contained in
a Pyrex beaker, the etching solution conaists of a mixture of H, 30, (981), H,0,
{30%), and diatilled water in an 8:1:1 ratioc by volume.

The crystal sample i3 supported in the beaker by a glass holder and is
exposed to ultrasound for approximately 10 minutes, at the end of which time
the acid i3 flushed off the crystal with distilled water in a 3eguence of 5
ultrascund rinsing baths, each lasting 8 minutes, At no time during the
etching and rising process is the sample exposed to air. At the conclusion of
the final rinse, the sample is removed from its holder with a pair of clean
astalnless tweezers and qulckly inserted into the mount shown in Fig., 2. The
flange to which the c¢rystal aasembly is attached 1s bolted into place,
resulting in the configuration shown in Fig. 1. Typically, the crystal {s under
vacuum at a presaure of < 5x107* Torr within 40 minutes of its removal from
the beaker,

Following a preliminary helium leak check, the source chamber is wrapped
with heater tapes and insulation, and a bakeout of the system 13 begun. The
bakeout 13 mailntained at 250°C for 2 to U4 days, depending upon how long the
vacuum chamber was exposed to air prlor to the Installation of the c¢rystal.
Upon completion of the bakeout, the aource chamber {s pumped for an additional

day at room temperature before c¢cryatal studies are begun,



Once the vacuum falls below 107" Torr, crystal heat-cleaning can be
started. First, however, the ceslum diapenser I8 outgassed by resistive
heating at currents of 3,0 A and 4.5 A for periods of 10 minutes and 3 minutes
respectively. According to the manufacturer,*® at these levels CO evolution,
whizh is very harmful to the crystal, {8 below 0,1 Torr % s”?,

Crystal heat-c¢leaning 13 accomplished by passage of a current directly
through the crystal. Although elther ac or dc¢ may be used, there la some
evidence that the former may provide a alightly more uniform temperature
across the ¢rystal urface and thereby yield better performance
characteristics if a large area 1s used for photoemission. During the cleaning
progess, the chamber pressure and the crystal temperature {(measured by the
chromel-alumel thermoccuple} are monitored continuously on a strip-chart
recaorder. The heater current is ramped up slowly t0 ensure that the chamber
pressure never rises above 7x107°* Torr. Typically, the current is increased in
ateps of 0.25 A every 3 or 4 minutes until the crystal reaches a temperature
of ~ 630°C, At this temperature the equilibrium current is between 2.5 and 3.0
A, and the crystal sample, now dark red in appearance, is characterized by a
resistance of approximately 3 {.

The crystal {s maintained at full heating current for at least 20 minutes
during which time the surface is frequently (nspected for aigns of roughness,
an indication that arsenic evaporation might have begun.** Arsenic depletion,
which severely degrades the photoemliasion properties, 1a also accompanled by a
Jump in the chamber preasure and can be observed on the strip chart recording.
If any sign of incipient local evaporation (a detected, the heating current is
immediately reduced.

The heat treatment i{s completed by a slow reduction of the heating

current to zero. Cooldown to S50°C, the highest temperature at which cesfum



has been successfully applied during activation, typizally, requires about 15
minutes. Crystals that have the best ultimate performance characteristica are
those that achleve the greatest uniformity in color temperature and reach at
least 630°C,

Once the crystal heat cleaning 13 completed and a corystal temperature of
< 509C, achieved, the a. -ivation process is started as illustrated graphically
in Fig. 3. The source chamber pressure at this point 13 usually < 2x107!° Torr.
At the outset of activation, a current of 4,5 A |s passed through the cesium
dispenser, and the photocurrent is monitored*’ while the crystal is illuminated
by white light from a projection-lamp operated at 35 W.*® Typically, within 10
minutes a rapidly rising photocurrent (s aobserved at the nancampere level.“?
As can be seen from Flg. 3, the current reaches several hundred nanocamperes by
the time 15 more minutes have elapsed, At this point, a HeNe laser Iis
substituted for the white light source, bringing the wavelength of the incident
light closer te that of the near ir required for producing polarized electrons,
while still providing an easily visible 1llumination spot on the crystal
surface, The former allcws reasonable cptimization of the Ir quantum yield
during the balance of the activation procedure, and the latter allows
different regicons of the cryatal surfae to be probed with ease.

Cesiation i3 continued in the presence of HeNe {llumination until a peak
in the photocurrent 13 reached, typically at -~ 1 pA for - 0.4 mW of incident
light, as shown in Fig. 3. The photocurrent is allowed to pass its peak and
drop by 10 - 20%, at which peint the cesiator current is turned off and oxygen
{s allowed to enter the syatem. Ordinarily, the oxygen leak rate i3 adjusted
until the chamber pressure reaches - 2x10-* Torr, although some activations
have been carried out at oxygen partlial pressures as high as 1x107* Torr

without appreciable differences Iin ultimate performance. Under the application
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of oxygen, the photocurrent begins to rise and reaches a second peak that 1is
higher than the first c¢esium peak. Az in the case of c¢ealaticon, the
photccurrent is allcowed tco pass its peak and drop by 10 - 20% before the
oxygen supply is turned off. Despite the fact that the oxygen is admitted to
the asource chamber at a port some distance away from the eorystal and l2 not
directed toward the crystal surface, the response time of the photocurrent and
chamber pressure to the removal of oxygen ila sti{ll very rapid (of the order of
seconds}, reflecting the good oxygen pumping qualities of ion pumps.

The alternation between ceslation and oxygenation is continued for a
number of cycles, as fllustrated In Fig. 3, until the differences between
succeasive photocurrent peaks become small., At this polint the activation
proces3 i3 terminated, and the GaAlAs circularly polarized ir laser light is
subatituted for that of the HeNe laser in order to produce polarized electron
photoemission. (The peak to valley appearance c¢f the photocurrent shown in
Fig. 3 leads to the use of the terminolcgy "yo-yo method" to describe the
activation process in which the cesium and oxygen are applled sequent{ally.}
It should be noted that in most of our work, oxygen was used to provide the
final surface layer, rather than ceslium, as i3 the practice in other

laboratories,
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IV. OPERATING CHARACTERISTICS

With the use of the operating procedures described {n the previous
section, the CCNY source has produced quantum ylelds, as high as 11% for HeNe
(623.8 nm) 1lluminati -1 and 6% for GaAlAs (787 nm) illumination. The ratio of
these yields appears to be consistent with observations made elsewhere.?®:?? In
the absence of any additional cesium depcsition following the termination of
the activation procedure, the typlcal e-folding lifetime for the crystal is 12
h, although for several samples lifetimes as short as 4 h were observed. The
dramatic difference in lifetime appears to be related variations in the quality
of the crystal samples, since handling and gperating procedures were the same
in all cases., All lifetime studies were carried out for constant dc emission
at. typical photcoelectron intensities of - 10 yA.

Under thne influence of low level continuous cesiaticn, the c¢rystal
lifetime changes considerably, as indicated by the study illustrated in Fig. 4.
In this study, the cesium dispenser {3 turned on and operated at a low heating
current of 3.2 A after the final oxygen layer hasa been applied in the
activation proceas, The photoemlssion current, Io, grows essentially
monotomically for approximately 80 h, at the end of which time (t peaks and
begina to fall., The rapid rise of I, at a clock time of 93 h, coincident with
the cessation of cesiation, indicates that the earlfier fall {3 symptomatic of
over ceslatifon. Indeed, this conclusion is borne out by the decrease In I, at a
clock time of 96 h, initiated by the resumption of cesiation. The rise and
fall of 1Ig, colncident respectively with elimination and resumption of
cesiation 1s again evident in the time period 115-118 h, At 140 h, when the
cesium {3 turned off permanently, I, increases rapidly and then flnally falls

monotonically, indicating in thia last stage the absence of sufficlent cesium.
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When ceslation is adjusted properly, however, the lifetime of the ¢rystal
appears to be essentially without limit.

The role played by cesium in the constant cesiation mode 1s somewhat
uncertain. It may he needed to replenish cesium that migrates off the crystal
surface, or 1t may be needed to balance the deposition of additicnal oxygen
that slcwly outgasses from the chamber walls., It may also simply act as a
getter for contaminants, such as CO, that also out outgas from the chamber
walls. However, this last hypothesis Is at variance with the observation that
the beneficial effects of the low-level cesiation are largely mitigated when
the c¢rystal is not within line-of-sight of the dispenaer.

Conventional wisdom holds that GaAs electron sources musat operate under
vacuum conditions in which pressures are maintained on the 107!'° Torr scale.
For the activ-tion and photocurrent studies shown in Figs. 3 and 4, these
conditions indeed were met, as [ndicated by the respective pressure curves
plotted in the flgures. Whether these stringent vacuum requirements still
need to be met under the condition of c¢onstant cesiation, however, demands
exploration., Flg. 5 illustratea the response of the c¢rystal when the lon pump
in the 3source chamber is turned off and the ambient pressure is allowed to
rise to > 10~" Torr, As can be seen, the photocurrent remains essentlially
constant for pressures as high as Sx10™" Torr. As might be expected, the
behavior of the photocurrent is critically dependent on the level of cesfaticn.

Further pressure studies are shown in Fig. 6, in which instabilities {n the
photocurrent become apparent only after the chamber pressure rises above
5x10”* Torr. The curves in Flg. 6 indicate the need for an increasing amount
of cesium as the pressure I(ncreases, a result that 13 consistent with the
oxygen-balance hypothesis mentioned earller., From a comparison of the HeNe

curve and the 1sclated GaAlAs crosses in Fig. 6, it can also be seen that the
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photocurrent behavior for HeNe {llumination 13 mimicked by =hat for GaAlAs
illumination: the ratio of the quantum yields for each illumination remains
essentially constant cover the wide range of presasures displayed. (It should be
noted that for the data shown in Flg. 6, the GaAlAs 1incident power is not
known absolutely: however, 1t 13 substantially bhelow the maximum 1 mW
available.}

The pressure studies discussed thus far for operation under constant
cesiation were all carried ocut with the presasure of the source initlally at
- 2x107'° rollowing bakeout. Since the effects of higher base pressures aire
clearly Important for determining the ultimate utility of the constant
cesfation method, additicnal investigations were made (n which the source
chamber was pumped down from atmosphere to a base pressure of only - 2,5x107°
Torr. The activation and long-term performance of the crystal under these
less than favorable conditicns are {llustrated in Fig. 7. As can be seen, the
behavicor of the photocurrent is not inconsistent with that found for the more
traditional, low base-pressure conditions.

During the source studles a quadrupole mass analyzer®® was used to
monitor the constituent gases in the system at various times during the source
astudies. Although the analyzer was approximately one meter away from the
source and connected to i1t through a vacuum pipe 3.5 cm in diameter, thereby
making absolute partial pressure readings unreliable, the relative partial
pressures measured for the residual gas still have some validity. Mass
analyzer measurements taken for a baked aystem [nvariably showed that mass 2
(H;) and mass 28 (CO and N,) overwhelmingly dominated the system, with the
former approximately 2 times the latter. These results are conalstent with
standard observations made for a clean, baked stalnleas sateel ayatem, for

which it 1s known that H, and CO dominate the outgassing.
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Recently, 1in conjunction with our electron-hydrogen collision work, we
have been able tc make preliminary measurements of the electron polarization
for the CCNY GaAs source. By referencing ionization asymmetry measurements to
values obtained in earlier studies,’ and from our knowledge of the
polarization of the hydrogen beam used In cur present studies, we obtalned a
polarization of 0.35 for the GaAs photoelectron beam. We wish to stress that
this value i3 preliminary and that we wlll carry out more complete

measurements Iin the future,

V. CONCLUSIONS

Based upon our cperating methods and our measurements we arrive at the
fellowing primary conclusiona for GaAs photoemission aources:

T. Direct heating of the c¢rystal using the c¢lamping arrangement shown in
Fig. 2 provides a simple method for heat cleaning in which uniform
temperatures are achieved acress the crystal surface and in which the
erystal {s the hottest object in the vacuum system.

2. The yo-yo activation method provides an easy, reproducible means of
preparing negative electron affinity surfaces with high quantum yields.

3. Although requiring more time than the simultaneously cesium-oxygen
activation method and producing slightly lower init{al guantum yields,
the yo-yo approach, using oxygen as the final layer with subsequent
low-level continuous ceslation, results [n extremely stable crystal
performance with virtually infinite lifetime and final guantum ylelds
comparable to those obtained with the simultaneous activation method,

4, With the use of the operating procedures described in Section III, GaAs

photoemi{ssion can be achleved under vacuum conditions often considered
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to be incomparable with stable, high-yield source performance.

In the course of our studles we have also made the following
observations:

1. In the absence of continuous <¢eslation, where the quantum vyield
steadlly decreases with time, the photocurrent, I., can be restored to
its original value s3clely by the application of cesium, provided the
system pressure is § 107* Torr. This procedure can be used many times,
but ultimately heat cleaning becomes necessary to fully recapture the
initial value of Igs.

2. In the absence of continuous cesiation, the e-folding lifetime for
GaAlAs 1llumination i{s approximately 20% shorter than that for Hele
illumination,

3. Should the vacuum system require backfilling to atmospneric pressure,
the use of dry nitrogen in combination with prier cesium deposition on
the crystal surface preserves the crystal for future use.

4, If the crystal is activated at =~ 4x107* Torr {n an unbaked system, the
quantum yleld is reduced by about a factor of 10 and c¢ontinuous
cesiation (s required for any useful performance.

As we 3atated at the outset of this paper, our studiea are by no means
complete. For example, we have not yet atudied the polarization of the
photoelectrons {n much detail, nor have we determined the energy spread of the
extracted beam. We will investigate both of these properties in the near
future, the former with the use of a spherical mini-Mott polari{meter®' and the
latter with a hemispherical energy analyzer.®? We will also investigate the
operation of the source with the crystal cocled to liguid nitrogen temperature
as well as with the asurface prepared for positive electron affinity. In spite

of the incomplete nature of our work, however, we hope that the information



reported in this

ources.

paper will be of significant

aasistance

to users of GCaAs
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to eliminate all magnetic matertals.

SAES Getters (Colorado Springs, CO) CS/NF/3.9/12 Ti4 + 14,

Potentially, the thermocouple can give a spurioualy low temperature
reading for the crystal as a whole, aince thermal conductivity along the
wire 1leads c¢an reduce the temperature at the point where the
thermocouple comes into contact with the crystal. In order to minimize
this effect, amall diameter (0.125 mm} bare leads were used., From a
comparison with readings made with an infrared thermometer {(Ircon series
G), we believe that the thermocouple provides a reading accurate to
within 20 ©C,

Granville=-Pnillips model 203-022.

Mitsublishi model 4102, rated for 3 mW maximum power.

P. Della Porta, C. Emili, and S.J. Hellier, SAES Getters Technical Report
TR 18. All specifications provided by the manufacturer assume that
dispensers are not exposed Lo water or any cleaning solvents prior to
use. In our case dispensers are stored in dessicators and are handled
only wlth gloves and c¢lean instruments free of hydrocarbons.

Note that for <100> GaAs, the maximum congruent evaporation temperature
of Ga and A3 is 663°C, according to B. Goldstein, J. Szestak, and V.S,
Ban, Surface Sci. 57, 733 (1976).
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collector bias is high enough {(from perveance conslderations) on one
hand, to capture all of the current, and low enough, on the other, to
prevent crystal damage due to lon backatreaming. For currenta up to 20
uA and for the geometry shown in Fig. 1, a collector-cathode bias

voltage of 60 V suffices for 100% collection, provided the crystal
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cathode {3 maintained at -30 V with respect to ground. If the crystal is
grounded, however, a bias of =~ 500 V {s required for complete collection,
In either case the crystal performance characteristics (quantum yleld
and lifetime) are the same, Implying that ion backstreaming dcoes not
pose a problem within these bias limits.

Sylvania/GCTE 300 W model ELH.

For the geometry used, backgrounds due to the lon pump and ionization
gauge are negligible at least the level of 0.1 nA. At the subnancampere
level, however, a background asscciated with high=-current (> 4.5 A)
operation of the cesalum dispenser {3 visible. This ©background s
believed to be produced by a satripping reaction that affects a small
fraction of the cesium atoms as they emerge trom the hot slit of the
cesium dispenser. It can be observed ag either a positive current at the
cerystal cathode or a negative current at the c¢ollector pin, thus
suggesting that both electrons and Cs” ions emerge from the dispenser
under normal operating condlitions.
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FIGURE CAPTIONS

Scale drawing of the sasource showing (1) GaAs c¢rystal, (2)
sapphire mounting block, (3} titanium sublimation pump port, (4)
solenoidal electron spin-precessor, (5) beaﬁ pipe to interactlion
chamber, (6) electron beam, with horizontal arrows indicating
transverse polarization, (7) electron transport opties, (8) 90°
spherical bender, (9} {n situ GaAlAs laser beam, (10) vacuum
window, (11) activation HeNe laser beam, {12) cesium dispenser,
(13} electron collector, (14) electrical feedthrough, (16)
sublimation pump baffle (17) roughing line port, and {18} oxygen
line port. HNot shown is 150 /s conventional ion pump.

{(a) Top and side views c¢f sapphire mounting block for GaAs
¢crystal showing (1) milled slot for c¢rystal, (2} channel for
platinum thermometer {(not used), and (3) machined step and hole
for mechanical support. (b) Top and side views of clamp
assembly showing (4) GaAs crystal and (5) tantalum clamps.
"Yo-yo'" c¢rystal activatlon process shewing the photeoemission
current I, as a function of time and status of incident light,
cestator current Igg, and oxygen flow. Also shown as a function
of time ia the chamber pressure P. The dip in the photocurrent
occuring at 3% min and {ts subsequent rise are related to
changes Iin laser alignment.

Photoemission current I, and chamber pressure P of an actlivated
crystal as functions of time and cesiation current Igg, during a
150-hour tesat, Note that during this "continuoua"™ cesaiation
test, Icg was set at 3 A, a3 contrasted with a value of 4.5 A,

typical of the crystal activation process i{llustrated in Fig. 6.
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Fig. 5 Photoemission current I, as a function of increasing ambient
chamber pressure resulting from shut-down of chamber pumpsa.
Note that the crystal was activated at a base pressure of
2x107'% Torr. The correlation between I, and the cestator
current Ics 1s clearly visible for the time period 20-45 h,

Fig. 6 Dependence of photoemission current I, on <esliation current Icg
and chamber pressure P spanning six orders of magnitude in P.
The solid curve for I, corresponds to HeNe 1llumination, while
the crosses correspond to GCaAlAs 1llumination, the latter used
periodically as a check on proper operation. Note that the
chamber base presasure was < 5x107!° at the start of activation,

Fig. T Photoemission current I, a3 a function of time for activation at

a base pressure of - 2xi0~? Torr.
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APPENDIX B

A POLARIZED ATOMIC HYDROGEN BEAM

N. Chan, D, M, Crowe, M, 5, Lubell, F, C, Tang, and A, Vasllakis
Department of Physics, City College of CUNY, New York, NY 1001

and
F. J. Mulligan and J, Slevin

Department of Experimental Physlies, St. Patrick's College,
Maynooth, Co. Kildare, Ireland

ABSTRACT

We deacribe the design and operating characteristics cof a aimple
polarized atomlc hydrogen beam particularly suitable for applications to
crossed beams experiments, In additicn to experimental measurements, we
present the results of detailed computer models, using Monte-Carlo ray
tracing techniques, cptical analogs, and phase-apace methods, that not only
provide us with a confirmaticn of our measurement, but also allow us to
characterize the density, pelarization, and atomic fraction of the beam at
all points along (ts path, As a subaldiary result, we also present
measurements of the relative and absolute efficiencles of the V/G Supavac

mass analyzer for masses 1 and 2,

{ To be submitted for publication )
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I, INTRODUCTION

The uniquely simple 3atructure of atomlc hydrogen makes it an lideal
system for the theoretical and experimental study of fundamental physlics.
Whether used as a probe of the weak lnteraction,'! as a testing ground for
quantum electrodynamics,® as a laboratory for metrology® and the
determination of the values of fundamental constants,* or as a target for
the study of basic atomic collisions,*”® the hydrogen atom has continued to
play a central role in ow attempt to understand physlcal phenomena at
their most basic level. A3 a consequence, much effort has been devoted Lo
the development of atomic hydrogen beams, both gound 3state and excited
state, both polarized and unpolarized.,* !* Since the late 1960's a large
fractlion of this effort has been directed toward the producticn of
polarized proton, deutercn, and H™ beams for applications to nuclear and
particle physics.'” Recently, substantial attention has also been given to
the development of extremely cold, intense neutral beams!® for use as
internal targets in high-energy storage rings, as polarized proton scurces
for accelerator injection, and as the central element in hydrogen masers
for time and frequency atandards., Many of the hydrogen beams described in
the literature, whether polarized or unpclarized, are large, complex, and
costly devices that are not particularly sultable for small scale
laboratery physics. In this paper we descrlibe the characteristics of a
relatively compact and lnexpensive polarized ground-state atomlic " -drogen
beam that we developed for crossed-beams studiea of low-energy electron-
hydrogen scattering. We present the results of detalled computer modeling
of the beam, as well as measurements of operating parameters,

The principal properties of a polarized hydrecgen beam comprise its

dissoclation fraction or purity, 1ts wuseful density and flux, and its



polarization or state selection parameter., Such factors as its o¢operational
duty factor, its long and short-term stabllity, and its ease of operaticn
are clearly important also. All of these characteristics depend upon the
met hod used for producing the atoms, the technique employed for polarizing
the atoms, and the specific details of the beam-line geometry.

Ground-satate beams of atomlc hydrogen are almost universally
generated through the dlssociation of hydrogen molecules by dc (Wood's),!*
rf, or microwave discharges,* or alternatively by thermal methods that
employ high-temperature tungsten or tantalum ovens,%!' Regardless of the
methed c¢hesen, each beam design must confront vacuum needs, chofce of
materiala, heating cor cooling requlrements, and the gecmetry of skimmers
and collimators, all of which have a direct bearing on the densities,
fluxes, and dissoclation fractions that will be achleved, in addition to the
cverall performance reliability of the beam. Often the cholce of source
technique will be dictated by the specific requirements of the experimental
application,.

In spite of thelr more speclalized application, polarized hydrogen
beams have been the aubject of extensive development, although mosat of the
attention they have received has been directed toward thelr use In
polarized proton sowrces for high-energy and nuclear physles, as we have
already noted., For these purposes, the spin of the proton s of paramount
importance, and hence the neutral beams from which they derive must have a
nuclear as well as an electronle polarization, The methods used to achieve
the nuclear polarization vary depending upon whether metasatable beams or
ground state beams are the starting polnts. In virtually all cases,
however, apin filters involving rf transitions are employed. By contrast,
for our application, where the electron spln 1a of prime importance, we

elected not to incorporate any rf apin-filtering, at the loss of some
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polarization at low magnetic field, but with the consequent gain in
simplicity and beam intensity.

in Section II of the paper we review the experimental details of the
hydrogen beam line including the rf souwrce, the hexapole state selector,
the Stern-Gerlach polarimeter and the quadrupole beam analyzer, In
Section [II we discuss the operating principles of the beam and the
techniques we employed to determine 1{ts salient characteristics of
polarization, density, and dissociation functicen., In Section IV we explore
three methods of computer modeling of the beam including Monte-Carlo ray
tracing, an optical approach that treats the hexapole magnet as a thick
lens, and a Carteslan phase 3apace technique thnat vyields approximate
information for axially symmetiric beams, Finally, In Section V we dlacuss
the results of ocur measurements, summarize the properties of the beam, and
briefly compare our beam with several other polarized hydrogen beams

developed elsewhere,
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1I. EXPERIMENTAL DESIGN

A, Overview

The ©beam 1line comprises [ive stainless steel vacuum chambers
separated from each other by collimating apertures or conductance limiting
tubes, as shown in Fig. 1. The locations and critical dimensions of the
componenta and apertures encountered by the hydrogen beam are shown
schematically In Figs., Za and 2b.

High-purlity hydrogen, having entered the souwrce through a heated
paliadium finger, 1s dissociated by an rf discharge ln a water-cccled Pyrex
tube.* The atoms and molecules effusing from the 1 mm diameter nozzle of
the source are formed fnto a beam by a stainless steel akimmer, 1.4 mm in
dlameter, located 16.5 mm away anrd mounted on a stalnlesas steel bulkhead.
Slightly further downatream, 25.4 mm from the skimmer, the beam enters a
pair of state-selectlng hexapole magnets®® each 152 mm long and each having
a pole gap of 6.4 mm. The magnets, which tranamit atoms in the mg = + 1/,
state anda deflect those In the mg = - !, state, as deacribed in Section
IIIC, are separated by a gap of 19 mm to facllitate pumplng. A Dbeam
chopper, driven by a stepplng motor that 1s capable of modulating the beam
at a maximum frequency of 10 Hz with typlcal open and closed times of &0
ms each, i3 mounted In the gap between the two magnets. The position cf
the hexapole palr I3 chosen on the basis of a computer analysls that
optimizes the density of the beam at the interaction region for a room-
temperature v3-Maxwellian velocity distributlon, as described In Sections
IIT and IV.

Upon leaving the downstream magnet, the beam first passes through a
small gate valve that serves to lsolate the source and magnet chambers

from the rest of the beam line and then through a small conductance
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limiting aperture and tube around which 13 wound a spin-guiding solenoiq,
as shown in Fig. 2b, The so0lenoid, together with two additiconal ones
mounted inside the interacticon chamber, serves to transport the atoms into
the interaction reglon in such a manner that the spins are adlabatically
rotated® and maintalned either parallel or antiparallel to the direction of
the beam by the 100 mG longitudinal magnetic field that is present at the
center of the interaction reglon. A clrcular aperture 6.0 mm in diameter
and located 38 mm upstream from the center of the interaction region
serves to define the dimension of the beam.

At the exit of the interaction chamber, the beam agaln passes through
a conductance limiting tube and aperture as shown in Flig. 2b. Magnetlic
guide flelds (not shown in the figure) again aserve toc adlabatically rotate
the atomic spins, this time into the tranaverae orientation, in preparation
for polarization analysis by a Stern-Gerlach dipole magnet.® [n front of
the Stern-.erlach polarimeter are a pair of slits each 0.7 mm wide by 9.5
mm high, that are externally movable while the sysatem is under vacuum,
For purposes of polarimetry, where acattering from the Stern-Gerlach pole
tips poses a problem, the salits are 1nserted; for purposes of beam
monitoring, where maximum signal atrength 13 of paramount importance,
however, the s3lits are removed, Since the dimension of the collimator
associated with the Stern-Gerlach magnet is only of order 2.5 mm at a
location where the beam diameter 1Is approximately 10 mm, the vacuum
chamber directly upstream of the entrance to the polarimeter effectively
serves as a "dump" for at least half of the hydrogen beam.

The atoms and molecules that are accepted by the Stern-Gerlach unit
enter the final beam 1line chamber whnich contains a Vacuum Generators
Supavac quadrupole mass analyzer (QMA). Immediately in front of the QMA

is a third movable slit 0,5 mm wlde that (s also externally accessible
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while the system is under vacuum. A3 with those upstream, the QMA slit is
Inserted for polarizaton measurements and removed for normal beam
monitoring. The QMA and 1ts slit are both mounted in a vacuum pipe that is
attached to a horizontal translator, thereby permitting the profile of the
beam transmitted through the Stern-Gerlach magnet to be scanned as part of
the polarimetry procedure, as described in Section III,

For each section of the beam line, vacuum pumps were chosen that met
the specific experimental requirements of the particular section and also
minimized the cost per unit pumping speed. The hydrogen source chamber is
pumped by a high-speed oil diffusion pump?® and the hexapcle chamber, by a
turbomolecular pump,?? with each backed by a dedicated mechanical pump.
Immediately beyond the hexapole chamber and mounted directly in the beam
line is a low-conductance frecon-cooled tube that protecta sensitive
downstream pumps and experimental compcenents from any accidental upstream
release of hydrocarbon contamination. (In thla context, however, it should
be noted that in more than four years of operation, there has not been a
single instance of such a release,) For purposes of meeting ultra-high
vacuum requirement? and maintalning a hydrocarbon-free environment, the
interaction chamber {s pumped by an ion pump?®* deslgned for hydrogen use,
An optically opaque "splral staircase"™ baffle effectively eliminates
charged particle backgrounds resulting from {on and electron backstreaming.
The Stern-Gerlach 13 pumped by another ion pump,?® also deslgned for
hydrogen use, but in this case in an unbaffled configuration. At the QMA
location, where greater precaution must be taken agalnsat lon backgrounds, a

closed loop hellum cryopump?® is used,
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B. RF Hydrogen Source

Fabricated in Scotland and essentially a dupllicate of a source
previcusly described® (a version of which is now available commercially),?’
the rf dissociator utilizea a water cooled Pyrex discharge tube operating
in a coaxial cavity with 15 W of power at 35 MHz, With standard
precautions taken to avoid ground loops in sensitive amplifliers throughout
the experimental apparatus, the source, shown 3schematically in Fig., 3,
produces minimal rf interference., The stability of the discharge and the
degree of dissoclation are critically dependent upcn both the steady flow
of bubble-free ccocoling water and the cleanlineas of the Pyrex surface,
The former condition i3 easily achleved if the cooli:g water ls turned on
several hours before the source i3 to be used. The latter conditicn {3 met
through careful cleaning of the Pyrex tube (as described in Ref. 9) prior
to installatlon of the sowce and through the use of a heated palladium
leak to provide high-purity hydrogen durlng operation.

High purity hydrogen gas 1s provided by the gas handling system shown
in Fig. 4. Pre-purified grade hydrcogen at a supply pressure of 15-20 psig
is allowed to enter a pallag¢ium finger, Under normal operating conditions,
the finger 1s resistively heated to a temperature of about 150° C, an
operating polnt that produces a pressure of U400 mTorr in the 0,3 £ ballast
cross plece shown in the flgure. In order to preclude contamination of the
palladium finger, care {s taken to maintain the hydrogen supply line at a

positive pressure with respect to atmosphere whether or not the source ls

in use.

C. Hexapole Magnet

The permanent hexapole maghet, a cross section drawing of which is

shown In Flg. 5, consists of two ldentical uni*3, each 152 cm long and
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separated from each other by a gap of 19 mm. The design of the magnet is
based upon that used in the first polarlized electron scurce installed at
the Stanford Linear Accelerator Center?®® and produces a pole-tip fleld
strength H(RM) of 0.79 T with a pole gap 2RM of 6.4 mm, An alternate
appreocach that achleves simllar operating characteristlies, atill wlith
permanent magnet construction, involves the wuse of sSamarium-ccobalt

elements that serve as integral drivers and pole tips.?*??

D. Interaction Region

The crossed beams interaction region contalns many c¢ompconents that
are specific to the spin-tagged electron-hydrogen collislons studies belng
carried out and are not germane to this paper, The only elements that are
pertinent to the hydrogen beam are the apertures and spin-guiding field
colls shown in Fig. 2b, the dimensicna and operating conditions of which are
given Iin the figure. At the Interaction reglon center, the influence of the
earth's magnetic fleld is maintained below 10 mG with the use of a single
layer of u-metal shielding 1.5 mm thick., The shielding, in the shape of a
capped cylinder, located just inside the vacuum chamber walls, is equipped
with coils that permit the u-metal to be degaussed 1ln situ, a prccedure
that obviates the need for any annealing of the material. When the gulde
fields are on, the magnetic fileld at the center of the Interaction chamber
is approximately 100 mG oriented either parallel or antiparallel to the

direction ¢of the hydrogen beam line,

E. Stern-Gerlach Magnet

The Stern-GCerlach magnet,*' employed for polarimetry measurements,
consists of an electromagnetlic driver located outslde the vacuum System

and low-carbon magnet iron pole faces placed inslde the vacuum system, Of
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a standard "two wire" geometry, the pole faces, 101,66 mm long with a
minimum horlizontal gap of 3.18 mm, are shown in c¢ross sectlon In Fig. 6,
producing a field to gradient ratloc of - 6 mm. The entrance to the magnet
13 masked by a collimating aperture 2.5 mm in height in combination with a
single knife edge that extends horlzontally into the gap a distance of 0.7
mm from the leading edge of the convex pcle tip. Such a conflguration on
one hand provides reasonable throughput during ordinary beam 1wensity
monitoring and on the other hand, In conjunction with a pair of movable
upstream slits, minimizes pole tip scattering durlng beam polarization
measurements, In the latter application, the magnet Is energlzed with a
maximum current of 5.5 A, which produces a pole tip field strength H{ ) of
approximately 0.33 T. For beam Iintensity monitoring, the energizing dc
current (3 turned off, the magnet 1s degaussed, and the pair of upstream

glits, 0.5 mm wide by 9.5 mm high, are removed from the beam path,

F. Quadrupole Mass Analyzer

The quadrupole mass analyzer (QMA) 1s a Vacuum Generators Supavac
model that uses a Faraday cup and a high-galn amplifier for lon detection.
During polarization measurements, the analyzer entrance i{s masked by a slit
0.5 mm wide, With the slit removed, as (3 the case during beam intensity
monitoring, the analyzer presenta a circular entrance aperture 6.4 mm in
dlameter, a dimenalon that effectively characterizes the entrance helght
when the slit 1s in place.

The analyzer, having a maximum sensitivity (defined by a signal to
noise ratio of 2:1) of 2x107 ! mbar, produces typical readings of 3,0 x 107%
mbar and 1.3 x 107! mbar respectively for H, and H, detection when the rf
source ls operating under standard conditions and the beam line alits are

removed for intensity monitoring, When the rf power is turned off, the H;
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signal drops to 3 x 107! mbar and the H, signal rises to 4,3 x 10! mbar.
In the polarization measwement mode, with the alits Inserted and the
lateral position of the QMA adjusted for maximum signal, the typlcal H, and
H; readings for rf power on are 4 x 107!! mbar and 5 x 10™Y mbar
respectively, With the rf power turned off the corresponding readings are
1 x 107" mbar and 1.3 x 107'* mbar. The signals measured by the QMA
during the horizontal translational scans that are lIlntegral to the

polarimetry method are discussed in greater detajl in Sectlon IV.
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III. OPERATING PRINCIPLES AND EXPERIMENTAL METHODS

A, Basi¢ Concepts

The principles of astate-selected neutral atom beams are well
understood and have been discussed a number of times.’ When restricted to
the case of electronic state selection, these principles can be understocd
with ease and require only a brief account of the behavior of an atom in an
inhomogeneous magnetic fleld, As the Brelt-Rabl dlagram of Flg. 7
demonstrates for ground state atomlc hydrogen, the hyperfine asubstates,
characterized at low magnetic fleld by the total angular momentum qQuantum
numbers F and m, are aplit and regrouped at high magnetic field according
to the electronlc and nuclear 3spin quantum numbers mj and mp. At fields
sufficiently high to decouple electron and nuclear spins (but not high
enough to decouple spin and orbital angular momentum), the magnetic energy

of an atom, AW, in an external magnetic field g is given by?¥

aH-uBHmJgJ*AmImJ, (1}

where up is the Bohr magneton, gj 1s the Lande g-factor, and A 13 the
hyperfine contact energy, with the nuclear multipole Interactions with the
external fleld being neglected., The atom then has an effective magnetic

moment uarr given by

Weff = ~— ug Mjgj. (2)

In a non-uniform magnetic field, a ground state hydrogen atom will

thus experience a force F glven by
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- -

F = - $(aw) = + ug VH, (3)

for mjy = mg = + 1/2, where g; is taken to be equal to 2. From Eq. (2) it
i3 obvious that in principle any Inhomogeneous magnetic fleld will create a
spatial separation between atoms in the mg = + 1/2 state and those in the
mg = - 1/2 atate, In practice, two fleld geometries afford the greatest
advantage. For polarized beam generation, hexapole magnets provide the
geometry of choice, while for polarimetry appllications, both hexapcle and
two-wire dipole fields can be used with success.

in tnhe former Iinstance, the hexapole fleld, which has a radial

dependence glven by

Hr) = 555 H(RW) ()
TTT Ryt M

with r the radial coordinate, 2RM the pole gap, and H(Ry) the pole tip
field strength, causes the mg = + 1/2 atoms tc oscillate with elliptical
trajectories about the beam axis and the mg = - 1/2 atoms to be deflected
cut of the heam entirely. Thus for mg = + 1/2 atoms, a hexapole state-
selecting magnet preserves the cyiindrical qualities of the entering beam;
morecover, 1t acts as a lens for these atoms, albelt with chromatic
aberration, as has been discussed in detall elsewhere,’* For a given
field strength, the length of the magnet, and 1its position relative to both
the atom scurce and the downstream Iinteraction point therefore can be
chosen to optimize the atom density at the interaction polint, In the case
of the atomic hydrogen beam desacribed in this paper, the field strength of
the hexapole was actually chosen to be the highest that could be achleved

with permanent Alnico magnetic drivers, the objective being generation of



maximum mg = + 1/2 state selection, The pole gap dimension was then
chosen together with the remalning parameters to maximize the atom density
for a 6.0 mm beam diameter at the interaction point, in accordance with the
computer projections described in Sectlion IV,

9y constrast with the upstream pclarlzer, the downatream Stern-
Gerlach polarimeter was designed around a dipole geometry, an approach
that permits detailed scanning of the beam profile, In addition, while the
hexapole uses a permanent magnet design, which minimizes cost and space,
the Stern-Gerlach polarimeter employs an electrcmagnet approach, which
allows the device to be demagnetized, an essentlal condition for both beam
intenaity monitoring and centrcid determination. In the polarimetry
process, the latter is an integral step, as explalned In Section III C.

Throughout the preceding description, the high-fleld approximation has
been assumed for magnetic substates. While this condition may be met in
the Stern-Gerlach magnet, given 1its narrow acceptance slit and its
operating pole tip field atrength, the assumption certainly needs further
Justification for the hexapcle magnet. Moreover, an approach is required
that relates the state selection achleved and measured at high flelds to
the electronic polarization that s applicable at the low [flelds
characteristicas of the Interaction region,

For any field strength, H, the energy, AW, assocliated with a magnetic
substate {8 found from the dlagenallzation of the energy matrix. In
particular, for 23,,, terms, which comprise the ground state hyperfine 2S,,,
multiplet of hydrogen, the secular determinant i3 of second order, and AW

can be shown to be?!

_ &W L) 4m 2
AW See1l 32 J1 Y 3T KX (5)
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for m = + (I+'/,), + (I-Y),evsy - (I=Y,), = (I+'/,), Wwhere [ is the nuclear
spin, W = (2I+1)A/2 is the zero field hyperfine structure splitting between
the

F = I-', and F = I+,

and y I8 a dimensionless ff{eld varlable defined by

X = gjupH/&W, (6)

the nuclear multipole interactions with the external field belng neglected
throughout. Now the effective magnetic moment of the atom must be defined

through the relation

a(ANW)
Heff = ~ TR (7)

For the maximum and minimum values of m; namely, m = 3 (I+'/,), werr is

independent of yx and is given by

berp [m = ¢ (I+'/ )] = + % &) WB. (8)

For hydrogen, where l=!/, and gj = 2, Eq. (8) reduces to
Hefr (M = 1) =  up. (9
For other values of m, perr depends upon x in a complex fashion, as

suggested by Fig. 8 which 1llustrates the behavior of uepf as a function of

H or y for the ground state of atomic hydrogen. A3 can be seen from the
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figure, the limiting values of Lere fOor m = O are given by ugpr = 0 for y =
0 and paer (Mg = £ 1/2) * ¢ pg for y-=e,

Conventicnally, the polarization 5' of a collection of electrons ls
defined*' as the ensemble average of the expectation value of the Paull

spin operator &:

By virtue of the relationships

B~ - geupl/h = - geupds2, (11)

where g is the spin ¢operator and g ~ 2 is the electron g-factor, }3 can

also be expresased as

B = - </upd. (12)

For an atomlic beam which has undergone high-fleld state selection with mg
= + 1/2 substates equally sharing one population and all mg = - t/2
Substates equally sharing another population, it is therefore reasonable to
define a field-dependent quantity r{x), conventionally called the hyperfine
coupling function,® by applying the concepts embodied in Eq. (14) to the
expression for ugrp derived from Eqgs. (5) and (7). Specifically, with P

replaced by f{y) and i replaced by ueffr, We obtain the result
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I+3

f(x) = 211*'1 z {verr/upl, {13)
m= -1+

which has the limiting values of (0) = 1/(2I+1) and f(=) = 1, For

hydrogen, Eq. (13) reduces to

1 + X _ (1)

a graphical display cof which i3 shown in Fig. 9. If at high-field, a state

selection parameter 3 is deflned by

NQ-N—
N, eNZ'

(1%)

where N, and N. are respectively the number of atoms in the mg = +1/2 and

mg = -1/2 states, then the electronic polarizaticon P(y} {3 given by

P(y) = s f(yx). (16)

For the case in which the mg = : 1/2 substates have differing populations
after high-field state selection, P(x) must be calculated from the weighted
average of (ugrr/pp) over all the substates, the statistical welght, of
course determinent from the relative populaticn of the reapective 3substate
in the usual fashion,

In carrying out the design of the beam and 1in determining Its

propertiea, we applied the principles developed In the foregoing paragraphs
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in two significant ways. First, using Eq. {(6) and the radlial reductions of
Eqs. (2) and (7), we developed the computer models described (n Section IV
to determine the behavior of the hydrogen beam as ({t traverses the
hexapcle and Stern-Gerlach dipole magnets, with partlcular attention paid
tec tests of the valldity of the high-field approximation. Second, from the
results of the computer modeling, we related the high-field Stern-Gerlach
polarization measurements to the value of the low-fleld polarlzation
applicable at the Iinteractlion reglon, These applications will become

clearer in the descriptions of the succeding sections.

8, Polarization Determination

From the concepts set forth in the preceding sectlon, it 13 obvious
that a dipole magnet with a cross section and orlentation shown in Fig, 6
will cause a beam of atoms that (3 traveling outward from the plane of tne
figure to be deflected to the right or to the left depending upon whether
verr 13 positive or negative respectively. In other words, atoms in the mg
= + 1/, state will be deflected to the left while those I{n the mg =~ - !/,
state will be deflected to the right, With the magnet power turned off
and the pole tips degaussed, atoms in elther state will pass through the
unit undeflected,

The high-field polarization of the beam at the Stern-Gerlach magnet is
thus determined as follows. From appropriate readings of the QMA and with
appropriate settings of the source rf power, the net mass-one signal, 13
measured as the QMA is scanned horizontally across the beam. Based upon
the beam profile when the Stern-Gerlach field is set at zero, a centroid x¢
is established, in terms of which a right-left asymmetry can be defined for
all non-zero 3settings of the Stern-Gerlach fleld. The high-field

polarization is then given by the high-fleld limit of this asymmetry a3 the
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Stern-Gerlach fileld 1s steadlly increased.

Fig. 10 provides a plctorial representation of the profile generated
when a motorized translator under the control of an LSI 11/23 computer
drives the QMA horizontally across the beam in steps of 0,125 mm, During
acquisition of the polarization data, all three c¢ollimating slits are
inserted into the horizeontal positicon, as described in Section I1.A. At each
horizontal positicn, up to 9,000 samples are taken of the QMA output
voltage, with the actual number entered as input {nformation to the data
acquisition preogram,

as {llustrated in Fig. 10, the profile cobtalned with the rf source
power on and the GQMA tuned toc mass one can be divided into four regions,
two central ones on either side of the centroid containing signals related
to both the beam and the molecular background, and twe outer reglons
containing signals related toc the molecular background alone, In all four
regions, the background i3 found to vary linearly with poaition., Thus, in
the central regions, the QMA signal can be characterized by three separate
contributions =-- first, a pedestal due to dissociative lonization of the
molecular background by the QMA electron bombarder; second, a portlon (not
labeled in the Tfigure) due to dissoclative {onilzaticon of the molecular
component c¢f the beam; and third, the net mass-one signal, which (3 the
quantity of interest. The analysis procedure begins with the determination
of the firat two contributions and concludes with the subtraction of these
from the total signal to generate the net mass-one signal,

At the cutset of the procedure, the boundaries xp and xp, between the
central and outer regions on the left and right sides of the centroid
respectively, are chosen by visual inspection. A standard regresslion
analysia {s then performed in the outer regions to determine the pedestal

function yP(x), which enables the areal contributions of the pedestal, A;P
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and APp, to the left and right central reglons to be calculated according
to the prescriptions APy = (y P + ycP) (xc = x )72 and ARP = (ygP + yoP) (xR
- xo)/2. It should be noted that the varlance calculated by the linear
regression from the reduced chi-square is used as the variance of each
point of the profile in all subsequent treatment of the data,’™

The determination of the areas A_° and AgP, associated with
contributicns from molecules in the beam, requires the acqguisition of three
additional profiles corresponding to rf off with mass-one tuning [(Q,)°ff],
rf off with mass-two tuning [(Q,)°ff], and rf on with mass-two tuning
[(Q°N]. In each case, the pedestal 19 subtracted from the total signal in
accordance with the procedures described for the case of {{(Q,)°"], thereby
producing a net signal that is propertional to the molecular content of the
beam for each case, As a consequence, lt is easily seen that ALD and AHD

are given by

AL(Qz)°N]
AL RP = ————— &, gl(QOf1], (17)
AL(Q)0f 1]

where A[(Q)PM°ff] = A [(Q)°M0OfF] + Ap[(Q,)°M°ff] and where all three
profile areas are calculated from simple Riemann sums, Empirically It was
found that ALD and ARD remained constant for at leaat a twelve-hour perlod
while the source was operating. Thus the (Q)¢ff, (Qpoff, and (Q,©"
profiles were measured only once a day, and the values of AP and ARD
determined from them were applied to all (Q,)°" profiles measured that

day.
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Once AL,RP and AL.RD are determined, they are subtracted from the
respective areas, A;, and AR, corresponding to the total signals in the left
and right central regions of the (Q,)°" profile. In this way the net areas,
AL, RMeY, are obtalned, (n terms of which a right-left asymmetry, Ay, can be

constructed according to the presacription

ARnet - JALI‘]et i (AR-ARP_ARD) - (AL*ALP-ALD)
Apnet  (Ag-agP-AgD) « (ap-a P-AL D)’

Ay = {18}

ARnet "
It should be noted that throughout this discussion it has been assumed that
the Q, and Q, signals and hence all the areas used in Eq, (18) are related
to QMA readings obtalned with the hydrogen beam chopper fixed in the open
position.

The wvalldity of the foregelng analysis rests atrongly on the proper
ldentification of the profile centroids that corre3apond te the Lrue beam
center when the Stern-Gerlach field 1ls set at zero. Unless the hexapole
magnet {a perfectly aligned, it is clear that the centrolds of the {QJOff
s{ignal and the determination of the true centrold of the net (Q,)°R signal
for zero lield thus requires that x: be varled until Ay 1s minimized, The
value of xc so obtained then serves as the centrold for all calculations of
Ay corresponding to non-zero values of the Stern-Gerlach fleld,

With Ay determined for a number of fleld settings, a plot can then be
made of Ay as a function of the Stern~Gerlach driving current. As the
current 1ncreases and Mg = : 1/2 states are separated from each other
further ln space, Ay lncreases continuously until, under ideal conditicna,
the separation is complete, at which point Ay remains constant for all

further increases in current. The saturation value Ax™3X {3 then taken as

the high-fleld polarlization of the analyzed portion of the beam,.
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C. Density Determlinaticn

Information about the density of the hydrogen beam at the i{nteraction
region can be gleaned from several sources, Probably the least accurate
determination, but by far the e<asiest one to make, results from the
preasure increase, Ap, measured at the interaction chamber pump when the
hydrogen beam chopper 13 opened and the beam i3 fully dumped in the
interaction chamber, If the chamber {s pumped with an effective speed S
{2/3), then the number of atoms of gas N entering the chamber per unit

time 1s given by?™

o220 (19)

where T 13 the Kelvin temperature of the gasa, k 1s Boltzmann's constant,
and the factor of two reflects recombination of the atoms prior to entry
into the pump, Now for a radius Ry characterizing the cylindrically
symmetric, c¢ollimated beam at the interactlion region, an average atom

density o can be deflined as

5 E J p(r) 2nrdr, (20)

where p(r}) 1s the atom density of the beam in the Interactlion reglon at a
radius r, It should be clear that E and dN/dt are related to each other by

the expressicn

dN
FEI (21)
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where v 13 the average atom velocity in the interaction region, and f is

the fraction of atoms in the beam falling within a radius Ry. From Egs,

(19) and (21) it then follows that ;-) {3 glven by

- 2f 3
p - 2L 22p (22)
TRYAvKT

It should be noted that v is not the customary velocity obtained from
kinetic theory, since the hexapole magnet {3 a 3strongly chromatic lenas,.
The only easy access to v ls galned through computer modeling, as will be
discussed in Sectlon IV D. Of the other guantities {n Eq. (22), all are
known either by gapecification or measurement except for the fraction f
which depends upon the shape of the beam profile at the interaction reglon.
As with ;', the experimental determination of [ cannot be made wlth ease,
as a consequence of which the value must be calculated from the profiles
generated by the computer models described in Section IV, With these
caveats, the density 5 ia thus determined experimentally from a
measurement of Ap, ln accordance with Eq. (22).

A second determination of E results from the computer models
themselves. This approach, however, relies not only on the validity of the
tranaport modellng, but also on the specification of the initial flux of
the beam as it leaves the nozzle of the socurce. Unfortunately, this
specificaiton contains substantial Inherent uncertalnties, as will become
clear during the discussion of the Monte-Carlo ray tracing computations
presented in Secticn IVB.

A tnhird approach to the density determination Involves the

measurement of the angle integrated lon production rate, I, that results

from electron impact ionlzation. In some sense this determination has the
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greatest relevance, since the polarized hydrogen beam line was designed
specifically for studies of crossed beams electron-atom scattering.
However, the density so obtained ls an effective density, pefrf, specific te
the geometry of the crossed beams interaction, which can be related to E
only through detailed knowledge of the interaction volume and the variation
of p(r) within the volume, This point can be illustrated for a cholce of
coordlnates in which the hydrogen beam lies along the z axls and the
electron beam lies along the y axis, with both beams assumed to have
cylindrical symmetry. In this case, the total number of atoms, N', In the

interaction volume, V, can be expressed as

N' = pare V (23)

or more specifically as

Re Y X
N' = B J dz J dy J dx p(r), (24)

where Rg Is the effective radiua of the electron beam, r = /x!+y’ is the
radial coordinate applicable to the hydrogen beam, and the upper limits, X

and Y, are glven by X = VRg-2® and Y « /RyT-Rei*z2., In terms of the

electron current density, Jo (expressed in electrons-cm”*s37'), the lon

productlon rate {(expressed in ifons-s™ !} can now be written as

I = eoN"Ja, (25)
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where € 13 the overall experimental efficiency and oy is the total
lonization cross section.

From Eqs. (23) and (25) it is clear that even If o1 18 known, pere can
be cbtained from measauwrements of I and Je, only if ¥V and & are known as
well, The volume V, as 1llustrated by Eq. (24), depends not just upon Ry
but also on Rg, a dimension that unfortunately cannot be determined with
great accuracy. The efficiency ¢ also suffers from some uncertainty as
will be seen I{n Section V. A comparison of Eqa., (20), (23) and {24) shows
moreover that the dependence of p on r must indeed be specifiled, If E is to
be obtalned from a measurement of parr.

All three methods of denslty determination are thus frought with
deficlencies. Consequently, confidence in a quoted value of 5 requires
reasonable consistency among the various results, an issue that will be

addresased further in Sections IV and V.

D. Disaociation Fraction Determination and QM4 Calibration

The mass one and masas two signalas produced by the QMA for an incident
mixture ¢f hydrogen atoms and hydrogen molecules can be written In terma
of four response functions, ay;, a;z, az2;, and a,,. For incident densities p,9
and p;9, corresponding to atoms and molecules respectively, the apecific

relations for the mass one and mass two signals are given by

Q) = a0, 9+ aypal (26)

Q; = 0210|q + Gzapzq. (27)

where Q, and Q, In this sectlon are understcod to be beam related signals

derived from chopper-open minus chopper-closed readings.
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From the form of these equationa, it {3 clear that a,, characterizes
the mass one response of the (QMA to atoms, while a,;, characterizes the
mass two response to molecules. The function a,,, which produces a mass
one response to lncident molecules, results from dissociative ionization
processes In the electron bombarder of the QMA, The function a,,, which
produces a mass two response to incident atoms, by contrast, results from
recombination processes in the QMA and, for the geometry and atom
densities involved, in fact may be neglected.

If the rf power at the hydrogen source i{s turned off, dissoclation

ceases, and the QMA signals become

(QOFT = g, ,(p,4)0ff (28)

(Qpoff -« 4, (p,Q)0ff, (29)

with the consequence that the ratio a,;/az;, can be found from measurements

of (2,0°ff and (Q)°ff according to the relation

(@27 aze) = (QOFT/(Q0ff (30)

Note that Eq. {30) 1s applicable to any portion of the beam profile sampled
by the QMA. If, however, measurements are restricted to the center of the
profile, the dissoclation fraction, FO, at the 2ource can be determined,

where FO is defined as™

(p,@)0n

o 9~
F> = (p,2)°N + (po,0n (31)
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for respective atom and mclecule densities (p,9)°" and (p,°2)°7 at the exit
of the source nozzle when the rf power 1s on. An expression for FO |in
terms of measuraple QMA aignals follows from the observaticon that when
the rf power 13 turned on, the decrease in the Q,; signal 1is directly
attributable to the dissoclatlion of each molecule into two atoms, Since
the temperature of the source remains practically conatant when the rf
power is turned on, the molecular transpert efflclency from the source to
the QMA remains essentlally unchanged. As a consequence, the ratic of

densities (p,2)9N/(p,°)°" for rf power on is given by

(p,0)on (szJOff‘ - (p,0)0D (pRQ)off - (p,q)0n (Qz)‘)ff - (Qyon
—_— = 2 =2 -2 —32)
(p,0)0N {p,0)0n (p,9)00 (Q,on N

where (Q,)%" and (Q,)°ff are understood to be QMA readings in the central
reglon of the beam profile, From Eqs. (31) and (32) 1t is clear that F@ can

be written as

2(Rz=1)
FO = —e—r, (33)
2R,,-1
where the ratio R,, ia given by
Rap = (Q0TT/(q,)0n0, (3%

Conslder now a corresponding ratio

ra = ()00f/(q,)0n (35)
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for QMA signals (g9 and (q.)°ff obtained in the extreme wings, where, as
in the case of signals taken from the central section, (q,)®" and (q,)°ff
are understood to be derived from chopper-open minus chopper-closed
readings. Unlike those taken - o>m the central section, however, the mass
two signals obtained from the wings contaln contributions from
recombination of atoms that nave struck the walls of the beam pipe In the
vicinity of the QMA. Thus If §, and B, represent reapectively the transport
efficlencies from the source to the QMA for atoms and molecules, (qp)°0 and

(q)°ff can be written as

(q)90 = a,, [% 8; (p,9)00 + 8, (DZO)OH:I {36}
and
(Clz)orf = Oy By (p,0)°ff - 2 B, [(Dzo)on * % (Dlo)on]- (37)

where the right side of Eq. (37) presumes no loss of atoms during the
dissoclation process, Through the combination of Eqs. (32) and (34)-(37),

the ratio of transport efficlencles §,/8, ¢can be expressed as

B, Rz = Paa (q)°n(Q0ff - (guoff (Q,°n
B2 Taa (RepmD) (q)°ff [(Q0Ff - (,)°n]

. (38)

Finally with the ratio (Q,)CN/(Q,)°" written as



(Ql)on Clnﬂl(D;OJon + alzsz(pzo)on

= ' (39
(Qz)on “zzﬂz(Dzo)on

it can be shown with the assistance of Eqgs. {30}, (34), (35) and (38) that

the QMA response functions a,, and a3, are related by

1 (qz)off(ql)on - (ql)off(qz)on
VP 2 (Qz)on(Qz)Off - (qz)off‘(qzjon'

(4o

Thus, Eqs. (30) and {(40) provide access Lo the relative calibration of the
JMA for masses one and two, while Eq. (38) provides access tc the relative
transport efficlencies from the source to the QMA for atoms and molecules.
Finally, Eqgs. (33) and (35) provide the necessary relations for the

dissorlation fraction FC at the source to be determined.
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IV, COMPUTER MODELS

A. General Conslderation

As suggested in Sectlion III the determination of hydrogen beam
density, polarization, and dissocliation fraction cannot easily be made by
experimental measurement alone. This is particularly true if the beam
parameters need to be known at the Interaction region, a location at which
the requlsite measurement devices c¢annoct be placed without causing severe
disruption of the beam line itself, Thus, detalled theoretica. nodeling of
the beam becomes an integral part of the measurement process, placing
great fmportance on the confidence with which the calculational results
are held.

In order to increase the rellablility of cur results, we therefore used
three different modeling methods: (1) a Monte-Carlo ray-traclng analysis,
{2) an ipproach that treated the hexapole state selector as a thick lens,
and (3) a Cartesian phase space calculation. All three techniques relled
on the application of atandard kinetic gas theory to establish the
operating densi{ty of the sowvce In terms of the ballast volume pressure,
In the following sections we will review the principal elements of the

calculations and present summaries of thelr predictions.

B. Source Density and Gas Kinetics

All three calculaticonal methods require specification of the hydrogen
density either 1inside the source or immediately outsaide the discharge
nozzle., Since direct measurement of the diacharge pressure 13 precluded by
the deaign of the source, the kinetlc theory of gases must be used to
extract the information from pressure measurements carrled out at the

hydrogen ballast tank.?'+?? Unfortunately, the conditions under which the
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source operates makes thls extraction very difficult and lsads to some
uncertainty in the effective operating pressure,

The nature of the difficulty ls besat lllustrated wlth the ald of the
schematic diagram shown in Fig. 11, which deplcts the ballast tank, the
discharge volume, and the di{scharge nozzle, a3 well as the connections
between the elements, The connection between the bailast tank and the
discharge volume can be reasonably characterlized by an effective diameter
Dtg =~ 6 mm and an effective length Lyyg = 800 mm. The nozzle, however, is
more complex, having an entry section, with a diameter Dgg = 3 mm and a
length Lggq = 25 mm, and an exit section, with a dlameter Dgpr = 1 mm and a
length Lgp = 25 mm, Separating the two sections (s a kink that reduces
the Lyman-a emisalon of the source, and 1t 13 this kink combined with the
operating pressure of the source that creates the major difficulty,

At the operating ballast tank pressure py = 400 mTorr, the mean free
path of molecular hydrogen, AHZ, 1a approximately 0.2 mm, which places the
molecular gas transport from the ballast tank to the discharge volume in
the intermediate flow regime.' The conductance of the transport tube, C,

must then be expreased in the form

C = (c,0% + cDN/L, (41)

where B is the average pressure {n the tube; where the parameter ¢,
depends aimply upon the viacoslty of the gas, n; where the parameter ¢,

depends in a complex fashion upon the molecular weight, M, and the Kelvin
temperature, T, of the gas in the combination T M, as well as upon the

ratic D:—)/n; and where the subscripts on C, D, L, and ‘[-J are implicit. The

limiting condition of molecular flow occurs when the pressure and
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temperature of the gas are such that the mean free path A satisfies trlre
inequality 1/D > 1, In this case, the term c,D' dominates in Eq. (41)., On
the other hand, when the conditlon /D < .01 obtains, the limiting case of
viscous flow 13 achleved, and it s the term (ﬁD"E that dominates in Eq.
(41).

Although the intermediate flow regime 13 somewhat complicated to
handle, it is nonetheleas amenable to analytic calculatlion, It applles
along the entire length of the transport tube between the ballaat tank and
the discharge volume, since the pressure gradient along the tube ia qulte
small, and AY, consequently remains close to 0,2 mm throughout. The
situation In the nozzle, by contrast, i{s far more complex, since not only
must the intermediate flow regime be anticlpated, but also some turbulence
must be assumed because cof the presence of the kink.

Regardless cof the detalls, however, it 13 clear from the relative
dimensions of the nozzle that the conductance of the nozzle, Cgp, 18
considerably smaller than that of the transport tube, Cyg. Moreover, the
difference 13 only enhanced by the presence of turbulence in the nozzle.
Under these circumatances, the pressure pg in the discharge tube can be

eatimated from the throughput relations

Zis = Ces (pp - ps) (42)

and

Zsr = Car (Ps - Pr)s (43)

where g and gp are the throughputs in the transport tube and the nozzle

reapectively, and p. (3 the vacuum chamber residual gas pressure. If the
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the full length of the nczzle, and the usual expreasion for the number of

atoms leaving the nozzle

S TTEe (7

37

does not apply,® where <v> is the mean velocity of atoms in the source,?!

Rgp 13 the effective radius of the nozzle and < 13 given by
L
3 “sr
K = S (u8)
8 Rgp

with Lgpr the effective length of the nozzle. A more reasonable
characterization of the nozzle, perhaps, reliles on an assumption of
intermediate flow up to the kink, a twbulent condition at the kink with a
congsequent small {(~ 10%) reducticn of pressure, and flnally an approach to
effuaive flow very close Lo the nozzle exit, Given the uncertalintiea in
the model, we simply assume an approximate hydrogen gas pressure pgg Of
350 Torr near the nozzle exit, and with iy - Rgr we accept the effusive

flow relation for beam formation at an aperture; namely,?H?’

83 2
) <v>nR
¢° - " (49)

We further asaume the normal cos8 distribution associated with effusive
flow, We note finally that in terms of Q, the density of atoms just

cutside the nozzle, p,9, can be written as
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dissociation fraction F@ i3 taken to be approximately 0.85, consistent with
measurement, it follows that g4» = 1.75 pg, in which case Eqs. (42) and

{43) lead to the expression

y C 1T
sr
Pa = [7 Er-,; + 1J Pt (ul)

where use has been made of the relation pg »>> p-. Bounds on the ratlo
Cgp/Crs can be found from the limiting cases of purely viscous flow and
purely molecular flow, with turbulence neglected. For these two cases the

conductance given .y Eq. (41) can be written as?®
C = 3.27 x 1072 [D*/nl)1p Viscous (45)
and
C = 3.81 (T/M)V2 (D¥/L), Molecular (46)

where dimensions are expressed in cm; n, in polse; B, in Torr; and C, in
/3. It is clear that Eq. (46) leads to the upper bound on the ratic
Cgp/Ctss, and with appropriate values used for M, D, and L for the nozzle
and the transport tube it follows that Cgn/Cgg < 0.2, assuming constant T
throughout the system, Application of Eq. (44) immedlately leads to the
condition py > pg > 0.9 pg. For purposes of further estimation, we
therefore use the approximate value of 380 amTorr for pg.

In order to model the flow out of the nozzle, we first observe that
at a pressure of 380 mTorr, the mean free path of atomic hydrogen, iy, 18

of the order of 0.5 mm. Thus, effuslve flow conditions do not apply along



p:° <V>:Rsr‘ (50)
a8 a consequence of which p,O 1s given by

p,0 = p,3874, (51)
For an assumed pressure pgg -~ 350 mTorr, the ideal gas law leads to a

density p,53 - 10'* atoms/cm® just before the nozzle exit and conaequently

to a density p,0 ~ 2.5x10'® atoms/cm?® just outside the nozzle.

C. Monte-Carlo Ray Tracing

Using the value of p,© for normalization and assuming the <cos@
distribution characteristic of an effusive flow scurce, we carried out a
Monte-Carlo analysls of the hydrogen beam. In termsa of the coordinate
system and angles shown in Flg, 12, we specifled initfal conditions for each
trajectory as follows: ag, Bg B e and v, where the ifnitial velocity ¥,

{s given by

Yo = volSing, [cos(a,*ﬁ,)ﬁ + sln(ao+80)§] + C0S8, 21. {52)

and the initial radial coordinate r, {3 related to the initial cartesian
coordinates by the usual expressions x, = ry,coaB, and y, = rg3ing,.
Employing the subscript zero to denote the Initial value of the relevant
quant{ty at the start of a computer step, we can summarize the equations
of motion as follows:

(1Y In drift regions,



X = %o + (2720} 5 lo (53)

y = ve + (zm2za) .. (54)

(2) Inside the hexapole magnet,? with My the mass of the hydrogen

atom, v = v, the velocity of the hydrogen atom, and K defined by

H(Rpy) 7
K= 1 [_—__T__“eﬂ” “] , (55)
H Rm
{(a) for Harr < O
1 dx
X = %, cos (Kz) + ¢ ﬁl" sin {Kz) (56)
1 d
Y = yo CO8 (Kz) + X Eé“’ ain (Kz); (57)
(b) for uerf > 0
X = xo cO8' (Kz) + & ﬂ| sinh (Kz) (58)
o K dz!®
y « yo cosh (Kz) + :—( %—EL, sinh (Kz). (59)

(3) Inalde the Stern-Gerlach magnet?®' with & the radius of the convex

pole piece and with the fleld and ita gradient given respectively by
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TRRE: ST ) (60)

and

aH b x
W ° T T G B, (61)
d Heff 8H [%472 :
py A%y 1 Feff o °
X = X, + (Z 2u) dzlo 2 HH ax [ v ] (62)

(63)

For many trajectories, the magnitude of the fleld inslde the hexapole and
Stern-GCerlach magnets remains sufficiently high that within these regions
Heff remains constant and equal to +up. As a consequence, for these
trajectories the computer step size 18 irrelevant, and Egs. (56) - (59},
(62), and (63) may be regarded as analytic equations, with the subscript
zero denoting the value of the relevant quantity at the entrance to the
particular region, For other trajectoriea, however, the step slze i3
eritical and must be examined with great care. For all trajectories, the
drift region behavior described by Egs. (53) and (54), clearly satisfies the
requirement for analytic treatment,

Regardless of circumsatance, the characteristics of the beam at any
location, z, along the beam line requilres a tally of the trajectories
arriving at that polnt. To that end, we 3set up bins of dimension Ax and Ay
and calculated the density p,2{(x,y), the low-field polarization PZ{0;x,y),
and the high-field state-selection parameter 8Z(x,y) according to the

respective prescriptions



z . 1 nZ(x,y)
p12(x,y) Mot Ax Ay ‘"'Rsr plu’ (64)
Nee Z0x,¥y) = naZ{x,y)
PZ(0;x,y) = 2t by (65)

nZix,y)

and

z z
(Nee {X,¥) *+ N7 (x,¥y)) = (4 Z(x,¥y) + n__Z(x,y})
3Z(x,y) = XY y m * d Y R (66)
nZ(x,y)

where nysy 18 the total number of trajectoriea astarting from the source,
nZ(x,y) is the total bin tally, and n,,Z{x,y) is the bin tally corresponding
to the high-fleld spin assignments (mg, wmp) = (+',, +'/,), with the
remaining n's correspondingly defined,

The results of the Monte-Carlo computations, based upon a sample of
10'° atoms effusing from the source and reduced by the conservative solid
angle acceptance of downstream beam elements to 4.6 x 10* interrogated
trajectories, are summarized in Figa., 13-18 which 1llustrate the beam
characteristies at the Interaction reglon, at the entrance to the Stern-
Gerlach magnet, and at the entrance to the QMA, the last two of which
assume the insertion of all collimating slita, It should be noted that in
obtaining these resuits we treated both magnets as ideal systems with all
fringe fields completely neglected. As can be seen from Fig, 13, the low
field polarization, P(0), and the high-rield state selection parameter s,
vary only slightly over the wvolume of the interaction regicn, the former
remaining close to 0.5 and the latter, close to unity throughout., With the

uncertainty reflecting counting atatisties only, the average value P(0) of



the low-field polarization at the interaction reglon is 0,515(2), while the
average value of the state selection parameter 3 13 0.99102(4). It should
be noted that if u {s improperly treated as a constant =zpg, the radial
dependence of 3§ changes its character, as shown Ln Fig., 13(b), and the
value of s becomes 0,99758(3). With the application of Egs. (14} and (16),
P(0) becomes 0.49879(2). The discrepancy, while small for s {s larger for
P(0) and should be of more than passing interest to other groups working
with hexapole state selectors,

Fig. 14 illustrates the varlation of P(0) and 3 with the horizontal
position of the flrat entrance slit of the S5tern-Gerlach polarimeter,
Representing convelutions over the 0,7 mm-wide by 2.5 mm-high acceptance
dimensions of the polarimeter, the data polints In Fig, 14 continue to
reflect (with scme enhancement) the same amall decrease on axis for both
P(0) and s that ls visible In Fig, 13. The presence of the axial dips plays
a significant role in the interpretation of the polarization measurements
described In Section V.

For the purpose of relating the actual measurements carried out with
the Stern-Gerlach polari{meter to the low-fleld beam polarization present
in the Interaction reglon, we propagated the trajectories downstream
through the polarimeter and Into the QMA, convoluting the binned results
with a horizontal window 0.5 mm wide which aimulates the true acceptance
slit of the mass analyzer, Fig. 15(a} 1llustrates the Monte-Carlo beam
profile obtained when the Stern~Gerlach magnet 13 deenergized and when {ts
collimating aperture is centered on the beam axis. For completeness we
have shown separately the four hyperfine magnetic sublevels labeled In
accordance with their {(mg, my} high-field designations. As the energlzing
current lncreases from zero, the ++ and +- profiles shift toward the right

and the -- and -+ profiles shift toward the left, so that at a current of
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5 A, the combined profile takes on the appearance shown in Fig, 15(b). The
peaked structures appearing in the profile are real and are related to the
velocity classes that are preferentially transmitted by the hexapole
magnet,

For each of Ffifteen settings of the Stern Gerlach driving current
between 0 and 6 A, we divided the proflle area into regions to the right,
Ag, and to the left, A;, of the beam axis, and, by analogy with the
procedures described in Section III.B for the reduction of the laboratory

data, we formed the asymmetry Ay according to the prescription

AR — AL

m. {67)

AH =

The dots and the curve connecting them in Fig. 16 {illustrate the results
for the Monte Carlo asymmetry 5o generated. The high-field state
selection parameter s, obtained from the Monte-Carlo analysls when the
Stern-Gerlach polarimeter (s centered on the beam axis, 13 given by the
asymptotic limit of Ay, which has the value 0.9821(4).

As last {llustration of the output of the Monte-Carlo
computation, we present in Fig, 17 plots of the radial dependence of the
total atom denslty at the Interaction reglon for two casea: a fleld-
dependent ugpp and a constant uarr = + ug. The plots are truncated at a
radius of 3 mm in accordance with the cutoff impoaed by the collimating
aperture located 38 mm upsatream from the crossed-beams interaction center,
The Monte-Carlo computation for the fleld dependent ¢y case predicts an
average density o of 9 x 10° atoms/cm® over the approximately 7 mm

diameter beam present at the interaction region,



D, Optical Model of Hexapole Magnet

With the use of Eqs. (55) - (59) it ls possible to develop a model of
the hexapole magnet In terms of an optical analog. This approach, which
has been described in detall elsewhere,™* assumes the high-field
approximation for j.rr and determines the densaity and state-selection
parameter of the beam from the spectral transmittance 2,(K) of the magnet
for atoms {n the mg = :+ 1/2 state and the v*Maxwelllan distribution
function Fy,(K) expressed in terms of inverse veloclty parameter defined by
Eg. (55), The number of atoms reaching the Interaction reglon within a
radius Ry located a dlstance L, from the exit of the magnet 1s then glven

by

Ny = (const) ] Fy, (K} Q¥(K,L,,Ls,Ly,Ry)dK, (68)
0

where L, {8 the distance from the socurce to the entrance of the magnet,
and Ly 1s the length of the magnet,
For atoms {n the mg = - 1/2 state, (4. can be shown to he given by

(- = wRy?* ((L,LK+1/K)sinh(KLpy) + (L;+L,Jcosh(KL)]72, (69)

Similarly, for atoms in the mg = + 1/2 state, I, can be shown tc be glven

by

Qe = wRy? [(L,L,K-t/K)sin(KL) - (Ly+La)cos(KL)1™2, (70)

provided the result does not exceed the acceptance angle 0,3¢C of the



magnet i{tself. The latter is also a function of K and depends upon
whether the trajectories are still diverging at the exit of the magnet, as
is the case for high veloclty, or whether they are bent toward the axis
inside the magnet at radial distances less than or equal to Ry. The value
of K, denoted by K', which 3eparates these two regimes can be found from

the sclution of the equation

cot (K"Ly) = &*L,, (71}

in which case 0.3CC can be obtalned frem one of two relations:

Q,3CC w aRWIK? [1+ (KL)?]7! for K > K (72)

or
2,3C¢C = nRM*K? [sin{KL) *+ KAcos(KL)]™? for K < K", (13)
The results summarized by Eqa. (68} - (73) apply to a point source of
atoms. However, as has been explalined elsewhere,'™ ™ the model can be

corrected to include vignetting, penumbra, and magnification losses that
may ccour for extended sources, In the case of the hydrogen beam under
discusasion, for which the source diameter 13 amall compared to the magnet
pole-gap, the correcticns are amali and amount to changes of no more than
a few percent of the values calculated.

We employed the optical model of the hexapole magnet, including the
effects of vignetting, peneumbra and magnification, to obtain values of Q»
in accordance with Egs. (69) - (73), and used these results together with

Eqs, (15) and (68) to obtain the state selectlion parameter 3, as a function
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of radius at the interaction region, as shown 1In ¥Fig. 13{b). The results
are in reasonable agreement with those already presented Iin Fig. 13(b) ror
the Monte-Carlo computations carried out with conatant + ug. Moreover the
value of 0.998 obtained for 3 from the optical model agrees well with the
value of 0.99758(3) obtained from the constant t ug Monte~Carlo analysis,

The results of the optical model comblned with the relations

n - [ FoaK) 7 180 (K) + - (K))dK (74)
0
and
- 0,°%QRgp?
b (Lybaslp i) =~ (75)

lead us to a value of 1 x 10! atomsa/cm? for the average density of atoms
in the interaction region, which {3 also in reasonable agreement with the
value obatined from the Monte-Carlc analysis. However, the dependence of
the density on the radlal position at the interaction reglon ahows some
amall disagreement between the two methods, as illustrated by a comparison
of the curves In Fig. 17. For completeness, it should be noted that in
aobtaining the results from the optical model we treated the palr of
hexapole magnets as a single unit 323 mm lcong without any gap between
them. In addition we treated them as ideal hexapoles without any other
moments being represented and with fringe fields neglected, as was the

case for the Monte Carlo calculations described in the previocus section,
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As was suggested in the previous section, the chromatic properties of
the hexapole magnet lead to the assignment of a common focal plane for a
series of velocity classes of mg = + !, atoms. This point is well
11lustrated by Fig. 18(a), in which the spectral transmittance function
2,(K) is plotted versus K for atomsa reaching the interaction region. With
the use of the v¥*Maxwelllam distribution function, F,2(K), shown in Fig.
18(b), the corresponding spectral transmission functicn Q.(K) Fy2(K)can be
obtained, as dipicted in Fig., 18(c). The three peaksa visible in Fig, 18(c)
correspond t¢ the three peaks in the beam profile of Fig. 15(b}. From a
comparison of Figs. 18(b) and (¢) 1t is apparent that the average value i_(
associated with the spectral transmission 13 shifted upward from the
average value <K> assoclated with F.,z(K} alone, Hence, as we stated in
Section III C, the average value v that characterizes the beam at the

interaction region 1is 1lower than that ordinarily assoclated with the

vi-Maxwelllam appropriate to density calculations; namely, <v> = _._...E:;

For completeness, we have included a plot of the apectral transmittance

1-(K) Fy2(K}), shown in Fig, 18(d).

E,. Cartesian Phase Space Calculation

The phase space method has been succeaafully employed?'» a number of
times to calculate intensities and peolarizations of state-selected and
focused beams of atoms and moleculesa. In fact, the technique has been
speclifically applied to the case of magnetically state-selected hydrogen in
a situation not too different from ours.? The parameterization of the
problem derives from the harmonic equation of an atom Iin a hexapole magnet
which lcal. ko Egs. (56) - (59}, Specifically, in any direction, x,

perpendicular to the beam direction z, the equation takea the form
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E.E! + Wyt = O' (T6)
where w 13 given by
l/z
veff HR

w = VK = I:W] . (17

With py = My vy, Eq. (76) can be recast as

pxz MHufx‘
2V, + > = W, (78)

where W {3 a constant, Using the paraxial approximation, we can express D,

as

dx dx dz
Px = Mi gr = Mi o, qr - MHVztanex = Myvey, (79}

where ¢, 13 the angle that the tangent to the trajectory makes with the z

axis, Then with £, and ny defined respectively by £y xRy and ny

¢x/KRM, Eq. (78) can be rewritten in dimensionless form as
Exa + nx: - Hl (BO)
where w 1s given by

W
W o= W. (81)
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Thus 1n the phase space described by (£4, nxJ), the trajectories inside a
hexapale magnet are circles of radius Yw centered at the origin. For a

magnet of length Ly, the effect on an ensemble of atoms In (£y, ny) space
1s a rotation of all polnts counterclockwise about the origin through an
angle KlLp.

In a field free region, the equations of motion for y and ¢, have the
obvious forms ¢y = (¢y), and x = x, *+ ¢y 2z, where the subscript zero
denotes the initial value of each parameter., Thus in terms of £y and ny,

all trajectories satisfy the relations

ng = (nglo (82}

Ex - (Ex)n + K 2z Ny (83}

where {nylo and (£,), are constants related to (¢y)e and x, respectively
through the definitions of £, and ny. Therefore the effect on an ensemble
of atoms undergoing field-free motion 18 a shearing action in (§y, ny!
space, with polnts above the horizontal €, axis displaced to the right and
those below the £, axla displaced to the left, all displacements belng
proportional to the distances of the points from the £, axis,

Following the appllicatfon of Liouville's theorem and the phase 3apace
arguments presented elsewhere, it can be ashown that the total number of
mg = + 1/2 atoms per second passing through a regicn of interest of area L

along the beam line downstream from the hexapole magnet as glven by
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Fl = = S o Ry J [AL(K)]* K? Fya(v) dv, (84)
0

where AE(K), the evolved phase space area intercepted by [ is simply

AL(K) = J dEyxdny. (85)
E

Similariy, the denslty of mg = + 1/2 atoms at the region of Interest

is given by

L

0,° Ru* [
oL = 31?{ - L J [AL(K))? K?Fya(v)dv. (86)

It should be noted that the phase space procedure we have just outllined is
rigorously appliicable only 1in Carteslan coordinates, For beam geometries
contalning clrcular cross sections, such as those 1in our hydrogen beam
line, the circular apertures must be bounded from below by i{nscribed
squares and from above by circumscribed saquares, the former leading to a
lower limit for p,,I and the latter, to an upper limit,

We applied these Carteslan phase space proceduresa to ouwr beam llne
and obtained the apectral tranamittance values Q,.(K) shown in Fig. 18(a)
for atoms reaching the Interaction reglon. As can be seen by comparing the
phaae apace result with the function Q.(K) obtalned from the optical model,
also shown in Fig. 18{a}, the agreement between the two methods i{s quite

good, In view of the approximations made for the c¢lrcular apertures,
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however, the phase 3space methods suffers considerably in accuracy, as
conaequence of which the phase space values of s and E are of diminished

significance.



V. RESULTS AND CONCLUSIONS

Following the experimental procedures described In Section III, we
investigated the polarization, density and dissociation fraction of the
hydrogen beam, and as a ccrrollary, several calibration parameters of the
Vacuum Generators Supavac quadrupole mass analyzer (QMA) as well,. The
determlination of both the low-field polarization, P(0), and the high-fleld
state selecticn parameter, 8, requires the measurement of hydrogen beam
profiles by the QMA for various settings of the Stern-Gerlach magnet
driving current with the QMA alternately tuned for mass-oneé and mass-two
observation and with the rf power applled and removed from the discharge
tube, In Figs, 19(a) and (b) we display two sample mass-one profiles for
Stern-Gerlach driving currents of 0 and 3 A respectively, both taken with
full rf power applled to the dlscharge tube.

Under conditions of no driving current, the beam profile should be
perfectly symmetric about the centrold, but as Fig. 19(a) shows profile
actually measured was asymmetric, suggesting some amall degree of
misalignment of either the hexapole or the Stern-Gerlach magnet. While
not of great consequence for beam operation, such a misallignment has some
significance for the peclarization measurement, as will become clearly
shortly, Examination of the profile measured for the 3 A driving current,
{llustrated in Fig. 19(b}, reveals not only an exaggerated asymmetry in the
shape, a3 would be expected for a beam characterized by an asymmetric
Maxwellian velocity distribution, but also a development of a amall bump
on the right aide of the profile., Although reduced In prominance by slit-
scatte: ing and pole-tip scattering of the beam periphery, this bump is
suggestive of one of the peaks present in the Monte-Carlo profile shown in

Fig. 15(b)} and no doubt (s related to the chromatic properties of the
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hexapole magnet indicated by the characteriastica of the sapectral
transmittance ,(K) and the spectral transmission Q.(K) Fy2(K) shown 1n
Figs. 18{(a) and (¢) respectively.

As i3 evident from Flgs, 19{a) and (&}, the linear and quadratic terms
present In the pedestal function YP(X) are both small, as a consequence of
which the pedestals (thus dominated by a conatant offset term) can be
determined with good accuracy. Therefore we were able to apply the data
reduction procedures summarized in Section III.B to obtaln Ay for Stern-
Gerlach driving currents between 0 and 3.5 A, At currents above 3.5 A,
scattering of the low velocity components of the beam from the pole tips
of the Stern-Gerlach magnet introduces substantlal uncertainties into the
determination of ay. Unfortunately, as i3 evident from the Monte-Carlo
analysis shown in Fig, 16, 4y is far from saturation at a driving current
of 3.5 A and indeed achleves saturation only when the current reachea
approximately 20 A.

Faced with the inabllity tco carry out measurements at saturation, we
attempted to fit the measured values of Ay to those predicted by the Monte
Carlo analysis. To thils end, we used standard magnetlce elrcuit techniques
{n order to relate the magnetic field, ||, and its gradient, 4, in the
"two-wire" geometry!* to the applied driving current, thereby providing a
commen horizontal scale for the laboratory measurements and the Monte-
Carlo results, We then found that the laboratory values of Ay agreed
remarkably well with the on-axis Monte-Carlo values, shown {n Fig. 16,
provided for the former were scaled uniformly by a factor of 0.98. Indeed
this downward scaling 13 entirely consistent with the slight beam
misalignment {ndicated by the asymmetric profile shown in Fig. 19(a)

combined with the positional dependence of the high-fleld atate-selection

parameter, 3,
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As 1llustrated 1in Fig. 1u4(b), the wvalue of s at the Stern-Gerlach
entrance slit, achleves a minimum of 0.975 on the beam axls and increases
to more than 0.990 within a 4 mm horizontal offset, 1In other words, a
amall beam misalignment c¢ould easily require the applicatlon of a scale
factor, of 0.985 to the measured values of Ay for purposes of comparison
with the on-axis Monte-Carlo predictiona., The remaining 0.5% discrepancy
between the two 3sets of wvalues falls easily within the experimental
uncertainties., Thus we feel cconfident in asaserting that the Monte-Carlo
values of s and hence P(D) are veriflied by the experimental measurements
of Ay, Based upon the various uncertainties that ari{se {n the measurements
and the analyses, we conclude that at the interaction region, the hydrogen
beam is characterized by the Monte-Carlo valuea of 0.99 + 0.0 for the
high-field state-selection parameter 3 and 0.515 t+ 0.005 for the low-field
polarization P(Q), the precision having been allghtly degraded from that of
the actual Monte-Carlo results.

The validity of the Monte-Carlo modeling receives further ennancement
through a comparison of the measured and predicted beam densitles, 5.

although experimental measurement of p 13 frought with substantial
uncertalnty. As explained in Section III C, E can be determined
experimentally either by beam loading pressure measurements or
alternatively by electron-impact {onization rate measurementa. We carried
out both sets of measurements and applled Eqa. {22) - (25) to obtaln values
of E.

For the beam loading pressure determinaticon of E: we make the
following assumptions: effective pumping aspeed S = 530 R/s for hydrogen
molecules in the interaction chamber, as suggested by the pumping 3speeds

and conductances given (n Fig. 1; average veloclty v » 6.5 x 10* cm/s, based

upon an analysis of the transmission functions shown In Fig. 19{c); fracticon
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of atoms f =~ 0,4 falling within 3 mm radius, based upen Monte-Carlo
modeling; gas temperature T = 300 K, based wupon an assumption of
thermalization of molecules; and lonlzation gauge converaleon factor of 2.2
for hydrogen molecules, based upon manufacturer's apecification,*® With
these assumptlions and from the measured pressure rise of 7.4 x 107* Torr
in the interaction chamber when the hydrogen beam is turned on we aobtaln a
value of 6 (#3) x 10 atoms/cm? for p, the large uncertalnty resulting
dominantly from an impreclse knowledge of the effective pumping speed for
the c¢omplex pump baffling goemetry used. The result 13 1n resaonable
agreement with the value of 9 x 10® atoms/cm® calculated from the Monte-
Carlo analysis.

For the electron impact {onizatlion rate determination of 5 we carried
out measurementa at an lncldent electron energy of 15 eV, a value below
the threshold for ionlzation of H, molecules, In applying Eqs. (23) - (27},
we assume an electron beam radius Rp, of 1.5 + 0.5 mm and an overall
experimental efficiency € of 0.10, the latter resulting from the
combination of two 90% optically transparent meahesa, as shown in Fig. 2(b),
and a proton impact energy of 700 eV on the cone of a Mullard*' channel
electron multiplier for which researchers* have measwed a detection
efficlency of 0,12 with an unknown absolute preelsion, In light of the
uncertainty Iin the equlvalence between optical and charged particle
transparency for the two meshes, and with some reascnable assumptions
about the efficlency curve provided by Mullard, we asslgn a conservative
value of 1+ 0.025 to the uncertainty in e,

For the total lonization cross section, o7, we use the value of (0,762
+ 0.038) x 107" em? recently determined by Shah, Elliot, and Gilbody.*' We
note that this value i3 consistent with that obtained from the earllier

absolute measurement of Fite and Brackman"* at 20 eV and scaled downward
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to 15 eV in accordance with the relative measurements of McGowan and
Clark.” With an ionlzation rate of 450 protons/s for an {ncident electron
intensity of 10 nA, we obtain a value of (1,9 + 0.7) x 10!° atoms/cm?® for
Peff, wWhere we quote an overall uncertalnty that includes the effect of
the - 100 meV resclution (full width at half maximum) of the electron beam
and the uncertalnty 1In 1its energy centroid, as well as the specific
uncertainties in e and o7y and to a minor degree Rg., Using the radial
dependence of p from the Monte-Carlo analysis, shown in Fig., 17, we finally
obtain a value for p of (1.7 + O.7) x 10" atomsa/cm®, the slightly inecreased
relative uncertalnty arising from the uncertainty in Rg. The result again
{8 in reasonable agreement with the Monte-Carlo value of 9 x 10* atoms/em?
and in slight disagreement with the value of (6 + 3) x 10* atoms/cm’
obtained from the beam loading pressure measurements,

We conclude the presentation of experimental results with a summary
of the determination of the dissoclation fraction at the source, F?, defined
by Eq. (31); the QMA calibration parameters a,;/a;; and a;,/a;, defined
through Eqs. (26) and (27); and the relative beam transport efficiency 8,/8,
for atoms and mclecules reaching the QMA from the source with the Stern-
Gerlach magnet turned off and all slits removed. Following the procedures
described in Section III D, we carried out measurements that under typical
operating conditions lead to the following results upon the application of
Eqa. (26) - (40): FO = 0.831 & O.004, a,/az; = 0.033 t 0.006, a,,/a,;, = 0.6
+ 0.07, and B,/B, = 0.32 + 0.03. Since the dissoclation fraction is really
quite sensitive to the actual operating conditions (pressure and rf power)
of the source, we belleve that the scurce should be characterlzed by a
nominal dfssocilation fraction, F°, between 0.8 and 0,85,

We conclude our paper with a brief comparison of our polarized beam

to hydrogen beams developed at other laboratories, As we suggeated at the
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outaet of the paper, many hydrogen beams, some polarized and some
unpolarized, have indeed bheen consatructed throughout the years, and some of
these surpass our beam in one or more of their operating characteristics,
As a rule, however, the superior beams are far more massive and far more
costly in conatruction and often make use of complex and expensive
technologles.

In order to lllustrate these polnts, we cite several typlcal examples,
Employing a water-cooled rf (500 W, 20 MHz) dissociator and a palr of large
bore hexapole electromagnets, Dunham et al.'!" developed a polarized jet
atomic beam for use as a gas target., While the density of the beam was
found to be quite high, (2~6) x 10'' particlesa/cm?, the polarization at low
fleld, measured by a-p scattering, was observed to be, only 0,25 - 0.33.
The 1low value of the measured polarization 1s attributed to a large
molecular fraction produced during the formation of the hydrogen jet.

The performance of the Jet source is thus not much better than that
of a more conventional one manufactured by ANAC,*® the characteristics of
which were reported by Haeberll et al.' in the context of a colliding beam
source for polarized ion production. The ANAC souwce also employs an rf
dissoclator and contalns two large bore high [rield gradient hexapole
magnets, one wilth a tapered bore and one with a fixed bore, Although
achleving a high fleld state selection that apparently 1s close to unity,
the ANAC source, as reported by Haeberli et al,, delivers a beam whose
density by contrast with the Jjet source i{s only about 8 x 10!'% atoma/cm? at
a location approximately 25 cm away from the exit of the downsteam
hexapole, The dissceclation fracticn of the ANAC source, however, can be
expected to be quite high.

The design geometry of the ANAC source does not differ greatly from

those of a similar source developed scme years earlier by Risler et al.'?
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which also uses an rf discharge (4 kW, 27 MHz) and a large bore hexapole
electromagnet contalining both a tapered and a parallel section, Operating
with a discharge tube pressure of - 7 Torr and employlng three stages of
high-apeed pumping (500 &/a, 50.00 £/8 and 5000 %£/8), the source described
by Risler et al., produces a beam density of about 8 x 10'° atoms/cm?
within a 10 mm beam diameter at a diatance of 55 cm from the hexapole
exit. No figures were quoted by Risler et al. for dissoclation fraction or
polarization, although both should be quite high.

Within the last few years, conventional jet beams, as well as effuslive
beam3, have been eclipsed to some extent by the application of liquid
helium technology to hydrogen atom beam production, Motivated by the well
known enhancement In hexapole solld angle acceptance a3 the beam
temperature decreases,* the cold hydrogen sources employ "accommodators'
that c¢ool the atoms in preparation for hexapcle injectlon. Designed for
ult{mate use at the Brookhaven AGS accelerator, the scurce developed by
Herachcoviteh, Kponou, and Niinikoski,'® for example, produces*’ a flux of
9,4 x 10' atoms sr~! s7! with a most probable velocity of about 6.8 x 10"
cm/3 at an accemmodator temperature of 5.8 K or alternatively a flux of U
x 10'* atoms sr”! s~! with a velocity of 9.8 x 10" cm/s at a temperature of
26 K. While these parameters are quite impressive -- at a distance of 5 cm
from the exit of the source, the latter operating condition corresponds to
an atom density of 1.6 x 10'* atoms/cm® -- the cold hydrogen sources remaln
very much in the development stage. Use with high-field state selectors is
5till under investigation, and dissociation fractions are not well known,

By conatrast with the complexitlies of hellium cryogenics, the
massiveness of high-gradient hexapole electromagnets, and the large
inveatment in the use of high speed pumps, the source we have described 1In

this paper 13 quite simple and Lnexpensaive, By comparlson with other
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simple designs,'*' {ts operating parameters are very favorable and as we
have 3shown, well understood. It {3 eminently suitable for amall

laboratory physics and with additional effort directed toward nozzle

ceoling can .. obably be improved further,
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Fig. 1.

Fig. 2(a)

(b)
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FIGURE CAPTIONS

Vacuum chamber layout of beam line showing conductanceas
between chambers for molecular hydrogen, typleal
pressures under operating c¢ondltions, and effective
speeds of pumping modules for both hydrogen and air, the
latter enclosed In parentheses, The numbered elements
shown are (1) hydrogen source chamber, (2) diffusion pump
port, (3) turbomolecular pump port, (4) hexapole chamber,
(5) hexapole magnets, {(6) beam chopper, (7) beam-line
gate valve, (8) fon pump port, (9) interaction chamber,
(10 lon pump port, {11) Stern-Gerlach magnet, (12)
cryopump port, {(13) quadrupcle/dump chamber, and {14)
quadrupole mass analyzer. Not shown are bypass pumplng
lines and valves between the hexapole and hydrogen
sour ce chambers and between the gquadrupcle and
interaction chambers. Note that conductances for air
may be obtalned by multiplyling the hydrogen conductances
by a factor of 0.27.

Schematic diagram of beam-line components in the source
reglon showing locations and critical dimensions of (1)
nozzle, {2) skimmer, and (3) hexapole magnet entrance,
All dimensions shown are in mm,

Schematic diagram of wmajor components of beam line
showing locations and critical dimensions of (1) nozzle,
(2} akimmer, {3) hexapole magneta, (4) beam chopper, (5)

spin guiding magnetic fleld ceils (transverse rotator
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prior to Stern-Gerlach magnet not shown), (6)
refrigerated tube and aperture, (7) Interaction region
beam collimator, (8) crossed beams intersection point,
{(9) channel electron multiplier, (10) polarimeter slits,
{(11) Stern-Gerlach entrance aperture, (12) 3tern-Cerlach
magnet, and (13) QMA entrance slit., All dimensions shown
are in mm.

Fig. 3. Artist's representation of the rf hydrogen sowce,

Fig, 4. Schematic diagram of the hydrogen gas handling system.
The numbered elements shown are (1) hydrogen ballast
tank, (2) palladium finger, (3) glass to metal break, (4)
exit to rf discharge volume (5) thermocouple vacuum
gauge, (6} electrical feedthrough for palladium heating
(7) source chamber bypass valve, (8) dry nitrogen
admittance valve, (9) hydrogen admittance valve, {10)
hydrogen purge valve, (11) low-pressure hydrogen holding
tank, (12) valves and pressure regulators, {(13) high-

pressure hydrogen gas cyllinder.

Fig. 5. Scale drawing of the hexapole magnet in croas sec¢tional
view,
Fig. 6. Scale drawing of the Stern-Gerlach magnet 1n cross

sectional view.

Fig. 7. Breit-Rabl diagram of ground atate hydrogen.

Fig. 8. Effective magnetic moments of the ground state hydrogen
hyperfine multiplet as functions of magnetic field H and
fleld parameter j.

Fig. 9. Hyperfine coupling function f(x).

Fig. 10. Pletorfal representation of the QMA proflle used in the
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peclarization determinaticon, with symbols as defined iIn
the text,

Fig. 11, Schematic diagram of the hydrogen gas transport aystem
ahowing ballast tank, connecting tubing, and rf dilacharge
volume with nozzle,

Flg. 12. Coordinate system and angles used 1in Monte-Carloc ray
tracing computation,

Fig. 13. Radial dependence of low-field polarization P{0) in {a)
and high-field state selection parameter s In (b} at the
ilnteraction region. Polnts with error bars reflecting
counting statistics were obtained from the [fleld-
dependent porr Monte-Carlo computation, while the solid
and dashed lines represent the results of the optical
model and Monte-Carlo analysls respectively for constant
beff = % uB-

Fig. 14. Results of fleld dependent Lgrf Monte-Carlo analysls for
the low=-fleld polarization P(0) in (a) and nigh-fleld
state selection parameter 3 in (b) aas functiona of the
horizontal position of the firat acceptance slit of the
Stern-Gerlach polarimeter, The data remresent
convolutions over the acceptance dimensions of the
polarimeter (0.7 mm wide by 2.5 mm high) with the error
bars reflecting counting statistics only.

Fig., 15, Monte-Carlo generated beam proflles containing
convolutions with the horlzontal acceptance window of
the QMA. The results in (&), obtalned with the Stern-
Gerlach magnet turned off, are shown separately for the

four hyperfine magnetfic substates and are labeled in



Fig. 16.

Flig. 17.

Fig. 8.
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iccordance with the high-field designations (mg, my).
The profile in (b) 1s the combined result for all
substates obtained with a 5 A driving current In the
Stern~Gerlach magnet,

Stern-Gerlach right-left profile asymmetry Ap. The
30lid dots are the results obtalned from the Monte-Carlo
analysls, with the 3c¢clid line connecting them drawn to
aid the eye, The data polints shown are scaled as
explained in the text based upon actual QMA measurements
carried out in accordance with the deacription in 5ection
IIT B. For the display of the Monte-Carlc results,
standard magnetic circult theory was used to relate the
Stern-Gerlach driving current to the fleld and fleld
gradient of the two-wire geometry (Ref, 15),

Atomic density p at the Interaction reglon as a functisn
of radlial position, The solid and dashed lines are the
reaults from the Monte-Carlo analysis for the field-
dependent jLerr and the constant pgprp = + pg cases,
respectively, as indicated on the figure, Alsc shown is
the result from the optfical model (dashed line with
dots)} which assumes a constant pgefe = + LR

(a) Spectral transmittance Q.(K) for mg =« + '/, atoms
reaching the interaction regilon, The resultsa are from
the optical model (solid line) and the phase apace method
(dashed line). {b) Maxwellian spectral density functlon
Fy2(K). {(c) Spectral transmission Q.{R) Fy2(K) for mg = +
i/, atoms reaching the interaction region, calculated

from the optical model, (d)} Spectral tranamission 0-(K)



Fig. 19.
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Fy2(K) for mg = - !/, atoms reaching the interaction
reglon, calculated from the optical model.
QMA beam profile scans carried out as described in
Sectlon III.3. The raw data shown are for the Stern-
Gerlach magnet ~urrent off in (a) and a 3 A driving

current In {b).
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APPENDIX C:COMPUTER SYSTEM AND ELECTRONICS

1. INTRODUCTION

This appendix describes the computer system used for the experimental
control and data acquisition In the 3tudy of spin-dependent collisions of
polarized electron and hydrogen atom beams. The description is divided
into two sections. The [First, dealing with the LSI 11/23 computer hardware
and interfacing used for data acquisition and control, contains descriptions
of the electronic modules, their addresases, and thelr bit assignments. The
second, a brief writeup of user's applied programs, concentrates on the
main control software., It should be noted that the communication between
the L3I 11/23 computer, used for acquisition and control, and the VAX
11/780 computer, used for off-line data analysis, is accomplished by means

of Kermit, a program provided by the Columbla University Computer Center,



2, COMPUTER HARDWARE AND INTERFACE

(a) Computer Hardware Specification

The experiment is controlled by a DEC LSI11 microcomputer supplied by

the ADAC Corporatlion and apecilfled as follows:

1000~-M~60-110

182344
1823KDF
1BMS /LK

840-2-120-60-5

880-3-D-61-1
17994
101 2EX-325E

1412DA-4-A-V-0-0

1604 OPI

166UATTL
1632

1604 POC

Data acquiszition system backplane

19" Subrack, !t10 volt PSU; 18 std half quad slots;
1t=full/22-half quad siots, 4 with interboard bus
Master panel unit -

11723 CPU beoard, lnes MM unit half quad

11/23 Floating polnt option -

MOS RAM, 256K half guad
8" Dual floppy disc unlt and half quad
interface
8" Winchester hard disc and half quad
interface
Asynch serial interface, 4 ports, half quad

RS232 only DC-DC converaion

A/D converter multiplexor half quad
(tc be added later)

D/A converter, 4 channel 2 x half quad
2 units

Pulse counter for use as scaler 2 x halr quad
2 units

4 x 16 Bit diglital 1/0 half quad

2 x 16 Bit gigital 1/0 half quad

Pulse ocutput controller half quad

194
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(b) Address and Bit Assignment Summary

The 1interfaces are arranged on the memory mapped principle. Interface
reglater contents may thus be addressed and processed in the same way as
memory data, using the full instruction set of the processor,

The memory map for devices and interfaces is as foilows:

Disk drive interface CHO 176500
CH1 176510

CH? 176520

CH3 176560

A-D Converslon 176770
" Vector 130
16040PI Pulse Counter 1 164400
16040PI Pulae Counter 2 164410
1604POC 64600
1601GPT Real time clock 164700

1601 Vector 310

142 Digital to Analog 1 176750
1412 Digital to Analog 2 176760
1664TTL 64 Bit digital 1/0 164100
1632TTL 32 Bit digital 1/0 167770

{(¢) Interfacing

The LSI-11 microcomputer has a 38 BIT asynchronous processor bus for
addreas, data and control lines. The address and data lines are multiplexed
and most lines are bidirectional. Asynchronous bus operation 1s not usually

found on microcomputersa, but it does ensure bus operation at the maximum speed
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possible with each memory and interface device, Address decoding, async bus
protocol, and all bus level interfacing functions are provided by thne ADAC
cards,

For interfacea of this type of system operation there are three general
levels of hardware as shown 1n Fig. C.1. They may be summarized as follows:

System bus - Processor bua, asynchronous memory mapped operation

TTL - Parallel digital signals at standard levels

User - Laboratory signal input/outputs toc sult the application.
For such a system, interfacing from the sysatem bus to the TTL level 1is
provided by DEC compatible ADAC modules, while interfacing from the standard
level cutputs of the ADAC modules to the labecratory requirements 1s performed
by an interface built at 5Stirling University.

In general, any Interface system must provide the Tfunctions of
synchronizaticn and slgnal level translation. In this system, these functions
are provided by the combination of ADAC and Stirling hardware, with certain
aynchronization and timing functions implemented in scoftware, The interfaces
have been designed mainly with TTL 74 low power Shottky logic, and the modules
are powered by a local 5 volt regulator on each module, operating from NIM 6
volt or 12 volt lines,

Interconnections for digital signals are provided on flat cables,
termlinated in insulation diaplacement crimped connectors, The assignment of
signals on the flat cables had to be fixed to sult that of the ADAC interface
connectors, and in some cases this led to difficulties in distributing the
signals to the Stirling modules. All flat cables are reversible, end tc end.

The layout of system 13 as in Fig. C.2,
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listed below:

1312
1412
1604 /P0OC

1664

1632

interconnections between

ADAC

A-D conversion

b-4 conversion

Pulse generatcr

64 bit digital
Input/Output

Register 0
Reglater 1

Register 2

Register 3

32 Bit digital

Input/0ut put

Reglster ©

Register 1

2 x 16040PI Pulae Counters

197

ADAC modules and Stirling interfaces are

The layout of the experimental system

STIRLING
Patch Panel
Patch Panel

Not used

16 Bit output to Qvt
16 Bit lnput from Qvt

10 Bit cell select to Qvt, 3 bit
memory guadrant select 3 bit
digital output.

3 Bit Qvt control, 8 bit digital
out put,

Scaler channel

selection

multiplexor

8 Bit control of metor position

Scaler multiplexor outputs

iz given in Fig. 3, and system

control and monitor are given Iin Table C.1 and C.2,
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3. USER'S APPLIED PRQOGRAMS

The computer chosen to perform the tasks of controlling the apparatus
and data acquisitlon for the system i3 a DEC PDP 11/23, running the RT-11
operating system. The user applied programs are written as a series of small
modules, in both FORTRAN and PDP 11 assembler, with each module designated to
perform a particular task.

Some of those modules are grouped together and are called by higher
level programs which execute the sequences assoclated with a particular event.
The higher level programs eventually reach the penultimate level of all the
major subroutines, any of which may be initiated by entering a command at the
termlinal.

No attempt has been made here to deacribe the detalls or to explain the
subroutine programs. Most of them are contained In manual documents and lab
files. The princlipal subroutine used for data acquisition {(Subroutine DA) 1is
based upon the followling sequence chart and conforms to the timing fllustrated
in Fig. C.3.

Subroutine DA Sequencing

Oata Signal Chopper Gate
1 Ion Open 0
2 Icen Close 2
3 Electron Open 6
4 Electron Close 8
5 H, Open 10
6 H, Close Y
T H, Open 10

B H, Close 4
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The open or closed posaition of the mechanical chopper generates a signal
which {3 sent to the computer, After a time delay t, the computer starts the
data taking. As Indicated in Fig, C.3, T4, and T, are the time intervals during
whlch computer ccllects the data (ion events, incident electron current, and
QMA H, and H, signals) and stores the (nformaticn in blind scalers separately
for chopper open and closed.

The signal response time from the QMA Faraday cup electronic circult is
about 150 ms on the 107° mbar pressure scale, a value which Is much langer
than the movement time of the mechanical chopper, the latter being ~ 2 m3s, In
order to avoid any confusion of the QMA signals, the chopper (s left in a given
state for 500 ms, and an intermediate mass state (mass 6), for which na input
is present, is inserted in the mass sequencing between H, and H, as shown above
and in Fig. C.3. While in the mass 6 state the QMA Faraday cup discharges, and
the instrument s then ready for the next mass signal (H, or H,). The
oscilloscope displays of the H, and H, are shown in the bottoem of Fig, £.3. (It
should be c¢lear that the gates 10 and 4 have to be long enough to cover the

entire response time of the QMA signals.)
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Parameter

Eg

Chopper

Masa 1,2,6

Hll Hz
Beam
profiles
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TABLE C.I - Syatea Control

Deacription

Electron energy at scattering
point with reaclution AE ~ 100 meV,

Electron polarization direction,
determined by the position of
A/4 and A/2 plates, moved by
stepping motor

Hydrogen atom polarization
direction determined by current
direction of solenoid.

Open or closed, controlled
by stepping motor.

Selection of mass detection of
QMA, controiled by voltage sent
to QMA corresponding to Mass 1(H,}
Mass 2 (H,), and Masas 6.

QMA scanning, controlled by
stepplng motor.

Device and Module

DAC
Programmable
power supply

TTL 1/0
Stepping motor
controller power supply

TTL 1/0
Switching box
Regular current
supply

TTL I/0
Stepping motor
controller power supply

DAC

TTL 1I/0
Stepping Motor
controller power supply



Physical
Parameter

Chopper

AU and a/2

¥oltage

Ian

Electron

H, and H;
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TABLE C.II - System Monitor

Description

Status open or closed

Positlon of A/4% and A/2 plates

Bias voltage on cathode

Ion signal

Electron current

H, and H, signals

Device and Module

LED and circuit
Schmit trigger
TTL I/0

LED and clrcuit
TTL 1/0

ADC
Voltage divider

Channeltron and pulse
forming circuits

Scaler

Counter

Faraday cup
Electrometer
UFC

Counter

QMA Controller
ADC
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Fig. C.1. TIMING
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11/ 23 :-li:; POWER
ADAC /DEC 256 K SUPPLY
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2 ’ COMPUTER LSI-1] BUS {(DATA.ADDRESS,CONTROL.POWER) )
-‘a .
= P 3
= = = =
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SYSTEM CONTROL AND DATA ACQUISITION
USER CPERATION
; INTERFACE INTERFACE PULSE MPYX DIGITAL SCHMIT
: ADC DAC GENER-LOUNTER 1/0 TIMER [TYIGCER
(17999)
ATOR
[1Y] [7%] e 2‘
— -
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PRINTER TERMINAL DRIVER INTERFACE PANEL
-
—
-1
-
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APPENDIX D:ELECTRON OPTICS

The electrostatic electron-optics system consists of a dicde
extractor, a 909 bender, a stralght transport section and a hemispherical
monochromator, The voltages of all the elements "flcoat" relative to the
voltage of the crystal cathede which is biased negatively with reapect to
ground. The energy of the electron beam at the grounded interaction region
is therefore determined by the potential of the cathode. In order to
provide computer controlled fine adjustment (with resclution 10 meV) of the
beam energy from 0 to 1 keV, twe power supplies were used (n serles for
the cathode blas, One, a Kepco power supply (model APH 1000M) was
manually adjustable from 0 to 1 V. The second, a3 Lambda power supply
{model LD5-X-01) was computer controlled and provided a 10 meV resolution
with the use of a 12-bit DAC.

Resistive potential dividers, connected to a Bertan (model 230-03R)
power supply that "flcats" relative to the cathode, provide the voltages to
the various lenses and deflectors. The final lens in the system, a "zoom
lens" {3 provided with {ts own computer-controlled power supply. The
design values <f the voltages and dimensalon are shown {n Fig. D.1.

From the operation of the electron beam transport system, we found as
expected, that work function differences between the cathode and the
interaction region boundaries as well as the monochromator were easily
discernable, although posing no impediment to proper performance. Several
design errors, however, did c¢reate problem3 that made operation
unnecessarlily difficult.

Firat, the c¢rystal t¢ anode dlatance 13 fixed, and the transport

system does not contain an input lens. This configuration requires precise
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positioning of the cathode, since an error cannot be corrected electron
optically. (Any movement of the focal plane at the lnput of the transport
aystem naturally propagates throughout the entire length of the system.
{Thus the commercial manipulator {(V/G model LMD 950}, used for moving the
crystal from its activation to its operation location, had to be modilied
to improve its positional accuracy to #0.1 mm,

Second, the calculation of lens system L, was not adequately carried
out. As can be seen from Fig, D.!, the length of L, is only about 2!/,
times lts diameter, while the calculation upon which the design was based
assumes tube lengths greater than 5 times their respective diameters, In
order to overcome this design error, a set of practical operating voltages
had to be found semi-empirically. (The up to 1.5 times the design values
of Fig. D.1, are practical operating values, given in Table D.1).

Third, the 1loading and resistive heating of resistoras in the divider
circuitry can cauwse small drifts in the supply voltage. The 909 bender and
monochromator regiona are particularly sensitive to such drifta, Thus care
had to be taken tc minimize beam loading and to allow for thermal
atablilization.

In the summary of the calculations that I will present shortly, the
following references will be useful.

861. 90° Bender: H.J. Drouhin and M. Eminyan, Rev. Sci. Instrum. 57, 1052
{1986).

2. Herzog Correctlon: R.F. Herzog, Z. Physlk 89, 447 (1934); Arch,
Elektrotech, 29, 790 (1935); Z. Physik 97, 596 (1935).

3. Transport Optics: E. Harting and F.H. Read, Electroatatic¢ Lenses
(Elsevler Sclentific Pub, Co., Amsterdam 1376).

4, Monochromator: C.E., Kuyatt and J.A. Simpscon, Rev. S¢i. Insrum. 3_8,
103 (1967).
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5. Input and Output of Monochrcmator: E. Harting and F.H. Read, op.
cit,

——

It should be noted additionally that the computer program for three or two
cylinder lens systems, used to calculate focal lengths and electron
trajectories, was taken from E, Kisker, Rev. Sci, Instrum. 53, 114 (19823,

In the Following summaries, all the voltages are given with respect
to the cathode potential, The various sections of the opties are - the
diode extractor, the 90° Dbender, the straight transport, and the
hemispherical monocchromator with ita own input and ocutput optics -- are
treated as discrete components, and the calculations are carried out
accordingly. In view of their relative complexity, the 90° bpender and
monochromator designs were specified first with the diode extractor and

stralght transport dimensions and voltages chosen afterward.

1. 90C SPHERICAL BENDER

(a)Voltages of Inner Bender, Vggpi, and Outer Bender Vgg(

The voltages applied to inner bender EBI, and outer bender EBO are
given by the equations

VEBI = VgEa (2 Rg/pp - 1), (D.1)
and

Vero = VEa (2 Ro/po - 1) (D.2)
where Vg,, the energy centroid of the beam In the bender, is the voltage
(100 V as shown in Fig. D.1) applied to the anode, DI and DO, are the inner
and outer radii of the bender, and Ry = {DI + DD)/2, is the mean radius of
the bender, For the design dimensions of 19,0 mm feor 0l and 31,75 mm for
DO, Egs. (D.1) and (D.2} yield the values Vggr = 1.671 Vgp and Vggp =

0.984EA, or with EA taken as lts nominal value of 100 V, Vggy = 167.1 V and

Vgpo = 98.4 Vv,
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{b)Herzog Correction for 90° Bender Input and Output Plates

If an electron near a fringe fleld region i3 curved rather than
straight, the geometric correctiona ({called Herzog corrections) are
generally applled which allow standard focusing formulas to be applied to
the electron optical element in question. For example, the regions near
the input plate EA and output plate EP (shown in Fig. D.2) require Herzog
correctiona, which are achieved with the proper chcice of apertures In
these plates and the proper spacing of these plates from the bender. For
input and output apertures charecterized by radli b, and b, reapectively,
both chosen as 5.4% mm and with the 90° bender gap ¢ = (DO-DI)/2 given by
6.4 mm, the Input and output plate spacings, 4, and d, respectively, must

be chosen as d, = d, = 0,1 ¢ = 0,64 mm according to the Herzog analysis.

(c) Determination of Cathode (Crystal) Positlon

The image of the cathode produced by the cathode-extractor diode lens
system (crystal and anode plate) 1s the object of 90° bender. The object

and lmage locatlons are related by the standard lens equation,

(D.3)

=
| —
el B

where [ 13 the focal length of the lens, X ia the object (crystal) distance
from the anode, and Q is the image distance from the anode, For the
operaticnal configuration employed, which asasumes that the extractor
produces a virtual Iimage, the dlode lens focal length f 1is chosen for

convenlence to be -4X. The frem Eq. (D.3) Q i3 given by
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Q= - = (D.u)

(d)Object and Image of 90° Bender

The lens characteriatics of a 90Y bender follow the relaticn

Xo Ro = Roz

where X, is the distance of object to the entrance of 909 bender, Q. {3 the
distance of image to the exit of 90° bender, and R, is the mean radius of
90° bender. With R, chosen as 25.4 mm, as already indicated, and with Qg
taken as 64,5 mm for mechanical reasons, X, becomes 10.0 mm in accordance
with Eq. (D,4), Since the anode {3 3.0 mm thick and the input plate, EA, is
0.86 mm thick, and since the input plate i3 located a distance d, = 0.64 mm
from the 9%0° bender entrance, |Q| is given by |Q| = Xg - (3.0 + 0.86 +
0.64) mm or IQI = (10.0 - 4,5) mm = 5.5 mm. Then by virtue of Eq. (D.4), X,
the distance from the crystal cathode to the anode, i3 determined to be 6.9

mm.

2., STRAIGHT TRANSFORT
The straight transport provides a focused beam into the Iinput of
monochromator system, It consists of lens 3ystems L,, L, and L,: L,, a
two-cylinder {mmersicn lens with accelaration; L, a three-cylinder elnzel
lens; and L, a three-cylinder immersion lens with deceleration, The

spacing between pairs cylinder elements is one tenth of a cylinder diameter
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according to the prescriptions of Hartung and Read. In our design the

eylinder diameter, DIA, is taken as 15 mm,

iaj Lens L,

Lens element voltages: Vgi»o = 100 V, Vg3 = 500 V
Acceleration ratio: VEL3/VEL2 = 5-
Object distance cheosen: X, = 15 mm.

from the above data, with the help of Harting and Read, we obtain the
image distance Q, for lens L;: Q, =-1.45 DIA =«21.75 mm, the minus sign
sienifylng as wsual a virtual image. Since the lmage of the 309 bender
ser've3 as the object of lens L,, the geometric relatlons among Q,, X,, and

Q, are as shown in Fig. D.1.

(b) Lens L, (Einzel Lens)

Lens element voltages: Vgi3 = Vg = Vppp = 500 V.
VL = 1200 V,

VTL3 = 500.
Acceleration ratio: Vroe/Vrey = 2.4
Deceleraticn ratio: VTL2/VTL3 = 2.4

Object dlistance chosen: X, = 142,2 mm

From the above data and with the help ¢f Harting and Read, we obtain

the {mage distance for lens L;: Q; = 9,48 DIA = 182,2 mm = X,,

(o) Lens L,
Lens element voltages: Vpp = Vrpy = 500 V
VTLS = 100
VTL.f) = 25,
Deceleration ratios: VTL”/VTLS -5

Vrus/Vrie = 4
Object distance chosen: X, = 120 mm

From the above data and with the help of Harting and Read, we obtain

the image distance for lens L,:Q, = 39,15 mm,



As already indicated at the outset of this appendix, the length of the
elements of lens L3 did net meet the criteria ¢of Herting and Read, For
optimal operation we found that all voltages in the transport syastem had

to be scaled up by a factor of 1.5 as shown in Table D,1,

3. HEMISPHERICAL MONOCHROMATOR
The hemlspherical monochromator, shown In Fig. D.3 provides a
reproducible narrcow energy spread for the transmitted electron beam based
upon the dispersive properties of spherical electrostatic elements, The
monochromator consists of a set of input, a 180° hemispherical bender, and

a set of output optics.

{a) 180° Hemlspherical Bender

{i) Applied Voltages Lo Inner and Outer Hemlspheres

The relationship between the applied wvoltages and the geometric

dimensions of the hemispheres is illustrated by the following equation:

Vi -V, = AV = Vo [Ry/R, - Ry/g, L (D.6)

where R, and R, are the inner and outer radius respectively, V, and V, are
the voltages of the inner and outer hemispheres reapectively, and V5 la the
voltage asacclated with the centroid trajectory. With Ry the mean radius

definetely R, = (R, + R,)/2, the applied voltages V, and V, are given by

Vy = Vv, [3 -2 {RI/RG)] (B.7)

and
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Vi, = Vo [3 - 2 (Ry/Rg) ] (D.8)

From the monochromator used, the radii R, = 13,0 mm and R, = 31,75 mm.

(ii) Energy Resolution AE,/.

As shown by Kuyatt and Simpson, the full width at halfl maximum (FWHM)

energy resolution, AE,,,;, of the moncchromator follows from the equation

.ﬁEu; . W (0.9}

where w is the dlameter of the anuglar stop denoted by AS1T in Fig. D.3, and
E, = eV, 18 the centroid energy of the beam in the monochromator. For an
angular stop with w = 1.8 mm and for a centrold energy of 2 eV, the
resolution aE,,, is 70 meV according to Eq. (D.9); for an angular stop with
w = 0,8 mm and for a centroid energy of 2eV, AE,,, {3 30 mev, During
actual operation, the 1.8 mm stop was employed but the beam energy was

raised to 3.0 eV resulting in a resolution AE,,, of ~ 100 meV.

(1ii}) Input and Output Current

Space charge effects ultimately limit the energy resolution AE,,, of a
monochromator. Therefore the maximum input current I;, Is limited and as
shown by Kuyatt and Simpson, ts determined by the relation

Iin = 19.3 Eo'/2 aE,,,, (D.10)

where E, and AE,,, are in eV and 1i, Is in uA. The output current, Ig,e, in



turn is gliven by

Tout = lin (AE,/2)/(AEg), (D.11)

where AEg s the energy spread of the incident beam in eV, For a pass
energy E, of 2eV and an energy spread AEg = 130 meV (characteristic of a
GaAs polarized electron source), the space charge limiting i{nput and output
currents are linp = 1.91 pyA and Igyy = 1.03 pA for AE/, = 70 meV and Ij, =
0.82 wA and I5y 0.19 pA for AE,,, = 30 meV, At the pass energy of 3.0 eV
and the correaponding FWHM resolution of 100 meV the conditicns under
which the asymmetry data were obtalned, the limiting input and output
currents from Eqs. (D.9) and (D.10) should be Ij, = 3.34 pA and Iy, = 2.57
ul, Kuyatt and Simpson polint out however that experimentally, values a
factor of five lower than those glven by Egs. (D.9) and (D.10) are usually
observed, Under our running condlitions, we used a maximum input current of
approximately 0.7 pA for which we obtained an output current of

approximately 100 nA,.

(b) Input Optics

The image position of the transport optics section (denoted by CAS?! in
Fig. D.3)} i3 the object of the monochromator input optles section, An X-Y
deflector palr (denoted by D, in Fig. D.3) is used for incident angular
adjustment.

The image of transport optics ({denoted CAS1 positlon in Fig. D.3) is
the object of input optiecs and be focused inte the entrance of
hemispherical sphere, A palr of X and Y direction deflector (denoted D, in

Fig. D.3) 1s used for angle adjudgment.



As shown In the figure, the electron beam 1s c¢ollimated by CAS1 and
analyzer stop AS1, and focussed Into the entrance of monochromator by the
three aperture aperture lens system denoted by AL2(1), ALZ2{(2) and AL2(3).

{The objects labeled 51 and S2 = gecmetric spacers).

Lens element voltages: VAL2(3) = 3 V = ¥,
VAL2(1) = 37.5 V
VAL2{(2) = 18 V
Deceleration ratio: VAL2(1)/VAL2(3) = 12.5
Deceleration ratio: VAL2(2)/VAL2(3) = 6
Inner diameter of lens aperture: d, = 5 mm
Object distance chosen: X, = 5 d;, = 25 mm

Note that eV, = 3 eV {s the predetermined incldent electron energy for
monochromator input. From the above data and with the help of Harting and

Read, we obtain the image distance for input lens: Q, = 15 mm.

(c) Output Optics

The purpose of the output section 1s to focus the electron beam
emerging from monochromator to a fixed point {(the scattering point) for
variable energy., First, the electron beam {3 focussed at the location of
angular stop Al (with inner diameter 0,18 cm)., Then it is focussed at the
scattering point by a three element 2zoom lens system (ALt1), An x-y
deflector pair (denoted by D1 In Fig. D.3) {s used for output angular

adjustment.

(1) Lens System (LIA, LIB(1), LIB(2}, (LIC))

Depending on the applied blased voltage, the four-elements can be
combined a3 three-element or a two-element lens system, the cholce

determined by the range of energies desired at the scattering point.
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Case I: Three-Element Lens System

Lens elements voltages: VLIB(1) « VLIB(2) = 16,5 V
VLIC = VLIA = 3 V¥
Acceleration ratio: VLIB{1)/VLIA = 5.5
Deceleration ratio: VLIC/VLIB({2) = 5.%
Inner diameter of lens cylinder: d; = 4.8 mm
Object distance chosen: X,y = 3 d, = 14,4 mm
Magnification: M= 1
From the above data and with the help of Harting and Read, we obtaln

the image distance for ocutput lens: Q; = 14,4 mm.

Case lIA: Two-Element Lena System (VLIC = 30 V)

Lens element voltages: VLIA = VLIB(1) = 3 V
VLIB(2) = VLIC =~ 30 V

Acceleration ratio: VLIC/VLIA = 10

Magnification: M = 0.6

Under these conditions, Q4 is again 14,4 mm when X4 13 chosen as 14,4

mm,

Case IIB: Two-Element Lens System (VLIC = 0.3 V)

Lens element voltages: VLIA « VLIB(1) = 3 V
VLIB{2) = VLIC = 0.3 V¥

Deceleration ratio: VLIC/VLIA = 10

Magnification: M= 1,66

Under these conditiona, Q4 is again 14.4 mm when X, I8 chosen as 5 mm.

Thus the element LIC can be operated at voltages of 0.3, 3.0, and 30
V, to provide low (S 10 eV), intermediate (10 eV S E, £ 100 eV) and high (2
100 eV) electron collision energy capabilities. We operated with Case I in

our study for intermediate enecrgles.



(i1} Zoom Lens (ALI{1), ALI{2}, ALI(3))

The function of a zoom lens (s to keep the image at the same point
even though the electron energy (3 varled, The object distance X, = 28.3
mm and image distance Qg = 28,8 mm chosen and the diamter of the lens
aperture is taken as 4.8 mm, With the help of Harting and Read, the values
of (Vy,/V, + 1) and V,/V, can be deduced from a zoom lens operating plots,
where V,,V,, and V, are the voltage of first (ALI(1)). Second (ALI(2)) and
last elements (ALI(3)) respectively. Now V, 1ls determined by VLIC, V, is
determined by the desired ocutput electron energy, and V, 13 adjusted to
keep the foecal polnt fixed when V¥V, is varied. It should be emphasized once
again that, elements ALt, C1-2 and €1 indicated in Fig. D.3 are grounded,
and the voltage V, ia the floating voltage respect to the crystal cathode,
which itself 1s blased at a negative voltage. The three poaslible
operational modes discussed under the Output Optiecs allow V, to cover a
wide range of voltage, thereby permitting the apparatus to operate at beam

energies between 1 eV and 1 keV,



TABLE D.1 Operating Voltage (1.5 x Design Value)

Element Voltage (Volts)
EA 150
EBI 256
EBO 92
EP 150
EL1 150
ED1 149
ED2 149
ED3 152
EDY 146
EL2 149
EL3 767
ELY 767
TL1 767
TL2 1800
TL3 726
™ 335
TD2 716
TD3 732
TD4 718
TLU 726
TLS 250

TL6 55



EAEBI EBO EP ELI €D EL2 EL}  EL4 T
L Il 1

TLY {ELEMENT}

T2
| | il [ T0 | TL4 | Tus | Ti6 ) {ELEMENT)
DL A L L DL R | 1 [ soo || 500 [ oo | 25 Ttvoutased
WO 166 6 10 100 100210 100 500 500 500 1200 300 (VOLTAGE} 50

LASER L, L,
Ly
$2 Y1 ]
= Jepl: T o [ T
.2\:\ Y=y Bz__f__n _J-'(-.._ﬁ!
) m [ 1{r =
:?"——-' A =)= L
h
1
Gaks ! 1 .
CRYSTAL —T9.5mm L 120.5mm P_" IZUH‘IH‘I—'_—"’"Ql }r?ml,?
-—00-64 53— ——P s 13 mm
DO= 32 mm mm '
DI |19 mm — -——O'-ZI.?Smm 4
Py 142 2mm— - 0, 142 2m ¥y "0 028100 Ls 3" Otdred
#,*00290a L, .
. 2 .
TIr, ™. 1. ¥leetron Optics

81¢



219

CRYSTAL

VIRTUAL 'MAGE
ANODE 90° BENDER
v $=Imm

]

— —40¢
'_Zbl_'l

-©-
<
Yol
O
IIN
i
- 6.9¢ ~2by~ T
'-)((,=I()qb"
6.0¢—
—d =064 ¢

—~ p-0.86¢

FIG. D.2. 90° Bender



FROM
POLARIZED €~ SOURCE H BEAM
l E;;;MJQ;EB
————ALITTT_
~CASI AL
XCaS) A2
(a) 52 o)
ASI Al
D2
LIC
L AL2LL J
Ay 2431 {uBle [
a2 A3l [Cif)e ")
S LIA [
I e —

2cm

Fit:. D.3., Monochromator

0zZ¢



APPENDIX E

Spin-Tagged Electron-Hydrogen Scattering:Ionization {in the Near
Threshold Reglon

F. C. Tang,(8) D. M, Crowe, M. S. Lubell, K, Rubin, and A, Vasilakis
Department of Physics, City College CUNY, New York, NY 10031

J. Slevin
Department of Experimental Physics, St. Patrick's College, Maynooth, Co.
Kildare, Ireland
M. Eminyan
Unites d'Eseignement et de Recherche de Physique, Universite Paris VII, F-

75221 Parlis,
France

ABSTRACT

Using a polarized electron beam, obtained from a GaAs photcoemiasion
source in conjunctlon with a hemispherical monochromater, and a high-fi=1d
state-selected atomic hydrogen beam, obtained from an rf discharge source
in conjunction with a permanent hexapole magnet, we performed croased
beams studies of the spin-dependence in angle-integrated ionization for the
near-thresheld region, Speciflically, we measured a relative lionlzation
rate asymmetry, Ar = [R{t#)-R(++)]/[R(*+)+R(++)], for Incident and target
electrons apins antiparallel (++) and parallel (+t*t) cver the energy range

13.6 to 15,0 eV,

( to be submitted for publication )
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In the realm of electron-atom scattering, the electron-hydragen
collision system has long been accorded special status.! By virtue of its
simplicity, it has served as the principal testing ground of the
approximation methods that are used to make electron-atom scattering
amenable to theoretical analysis. Yet In spite of its relative simplicity,
this 3-body (or perhaps more appropriately 2/, body) problem has continued
to defy an elementary approach that has broad kinematic range,

The deficiencles and strengths of the varicus theoretical attacks are
illuminated most clearly when comparisons are made with experiments that
provide access to the collision system at the most rudimentary level, in
which scattering amplitudes can be examlined unencumbered by averages over
momentum, energy, angular momentum, spin, or posltion. The measurement of
differential cross secticons,? the observation of narrow resonances,’ the
Study 2f angular correlations,* and at least the partial separation of
exchange effects® are examples of the experimental techniques that have
enabled such comparisons to be made, In this Letter we report new
measurements of spln-dependent asymmetries for impact lonization in the
near threshold region,

We began these studies as a sequel to earlier investligations of impact
ionization,®”” which today must be regarded as exploratory in nature as a
consequence of the limitatlons placed on them by the technologies available
at the time, The advent of the GaAs polarized electron source® in
particular has now enabled us to make a substantial {mprovement in the
quality of the measurements and has opened up the opportunity for
obaerving effects previocusly obscured either by poor energy resolutlon or
by poor astatistical accuracy. In addition to¢o addressing the need for

generally more preclae spin-dependent data, we were motivated In our



present studies by a desire to shed further light on the nature of
ionlization threshold laws which have been developed in two competing
theoretical forms -- the <classical Wannier® model with its quantum
mechanical extensions due to Rau,'®!! Ppeterkop,'* Roth,'?, Klar, '"!®
Schleent,'™ and Greene'! and the Coulomb-dipole model due to principally to
Temkin.'® Unfortunately, analyses of the Coulomb-dipole model now suggest
that its modulation signature may only be visible within 100 meV of
threshold, a prediction that makes its experimental investigation extremely
difficult, if not impossible, within the confines of technology.

The general methodclogy of the present experiment follows that of the
earlier work® 7 in that the guantity of interest is the ionization asymmetry

A1 defined by

gr{*+) - gp(++)}
Ar op(t+) + oy(++)’

where or{++) and gyp(++) are respectively the total lonization cross sections
for the antiparallel and parallel spin configwations of the incident and

atomic electrons. Alternatively, Ay can be expressed as

Ar = (1 = rp)/(0 + 3r1), {2}
where rr i3 the ratlio of triplet to singlet total lonization cross sections,
As in the previcus work the quantity actually measwed 13 the experimental

counting rate asymmetry A7 defined by

oy [R(++) = R(++)I/[R(*+) + R(+*)], (3)
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where R{++) and R(++) are the .>n counting rates for the respective 3apin

configurations, The quantities Ay and Ay are related by the expression

A1 = PgPy (1 - F,) |cosala,

where Py, and Py are the polarizations of the electron and hydrogen beams
respectively, F, {s the fraction of events attributable toc hydrogen
molecules, and a i3 the angle between the two polarization vectors,
Although completely redesigned for more precise measurements, the
present experiment retains the crossed beams feature of the earlier work,
as illustrated in Fig. 1. In brief, polarized electrons are produced by
photcemission from a single crystal of <100> CaAs that has been prepared
for negative electron affinity by appllcation of Ts and 0, to its surface.
The operating principles and characteristics of the source have been
described in detail elsewhere.!” Suffice to say that the incident radiation
is provided by a GaARAs laser operating at 787 nm with a maximum specified
cWw power of 15 mW (a factor of 5 higher than the rating of the laser
originally wused!”), The hellcity of the electrons extracted from the
crystal is dependent on the helicity of the lnecident radiation, which In
turn i3 controlled by the rotation of elther a quarter-wave or a half-wave
retardation plate in the coptics train, as shown In the figure, A beam flag
allows the light t¢ be blocked periodically for background measurements.
Before reaching the Interactfion reglon, the extracted Dbeam passes
through a set of eleg¢tron optical elements containing a 909 spherical
bender and a 180° hemispherical monochromator,'® in additlon to standard
electrostatic lenses and ateering elements, A movable Faraday cup located

Jjust beyond the interaction region serves as a beam monitor for purpcses of
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3ignal normalization. Although not wused in the present studies, the
apparatus also contains a hemispherical Mott-scattering polarimeter'® to
which the beam can be routed after it has passed tnrough the Interaction
region, The entire electron beam lilne i3 swrcunded by Mu-metal shielding
except In the region of the GaAs photocathode where optical aceess s
necessary. For the interaction chamber, where a magnetic field of 100 mG
or less is required to be along the directicn of the hydrogen beam, special
care is taken with the shielding, which reduces the influence of the
earth's magnetic field to 5-10 mG after in situ "degaussing.”

The polarized atomic hydrogen beam originates in an rf dissoclation?®®
source and undergoes high-fleld state selection In a pailr of permanent
hexapole magnets. Following the magnets, the spins of the hydrogen atoms
are rotated adlabatically into the longitudinal direction by a small
solencidal ceil as illustrated in Fig, '. Additional solencids, not shown
in the figure maintaln the longitudinal direction of the field and trim it
to the 100 mG required at the crossed-beams interaction site, Downstream
from the interactlon region additlional colls are used, inltially to maintain
the axial frield symmetry and somewhat further downstream to rotate the
aplns adlabatically Ilnto a transverse horizental directlion 1n preparation
for high-field state analysis by a Stern-Gerlach polarimeter, At the end
of the line, the beam {3 sampled by a quadrupcle mass analyzer {(QMA)} that
serves as an intensity monitor as well as an Integral component of the
hydrogen pclarimeter, the latter application requiring the use of a
horizontal mechanical translator for beam profile scanning. For purposes
of real-time background subtraction, the hydrogen beam i3 equipped with a
mechanical chopper located between the two hexapole magnets and operating

at about 10 Hz with a duty factor of 50% and a dead time of 2%. The
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properties and operating characteristies of the polarized hydrogen beam
line are described in great detail in a separate publication.?' The salient
operating parameters of both the hydrogen and electron beams are
summarized in Table I.

As in the earlier work, systematic effects were reduced by frequent
reversal of the electron polarization, but in this case, a half-wave (i/2)
retarder was employed In the optlcal traln {n addition to a quarter-wave
{a/4) retarder, thereby providing two independent means of polarization
reversal. The /2 plate was rotated back and forth through U459, while the
A/4 plate was rotated thnrough 360° in 900 steps, as a consequence of which
8 unique comblnatlons of /4 and A/2 plate settings were obtained. For the
determination of the "real" asymmetry, Ay, given by Eq. (3), data were
binned according to the helicity of the light incident on the GaAs crystal,
Data were also separately binned to generate a 3sSet of 18 false
asymmetries, ﬂIpi (i = 1,2...,18), for combinations of A/4 and i/2 settings
that should yield asymmetries equal to zero In the absence of systematic
effects, In all instances, measured rates were corrected for background
eventa, due to detector dark current, residual gas scattering, lon-pump
charged particle contamination, and Lyman-a contributions produced by the
rf source. Signal to background ratics varied from a maximum of 2,5 at an
incldent electron energy centroid E = 15,0 eV to a minimum of 0,2 at E =
13,6 eV. Maximum signal rates at these erergies were 500 and 10 ions/s
respectively. The rates decreased in time as the quantum yleld of the GaAs
crystal decayed with an e-folding time of 12-24 hours. Since the maximum
energy examined, 15.0 eV, was 0,2 eV below the threshold for H, ionization,
no correction for molecular background was necessary. Thus, with Pga, Py,

and [cosa] constant Ay can be plotted directly against E, although for ease
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of comparison, the results in Fig, 2 are shown normalized to earlier
measurements® of Ay at E = 14,1 eV,

For purposes of ion detection, a Mullard channel multiplier (Model
X91932) was used, with (t3 cone biased at - 700 V relative to ground. The
multipller, 1located 3.3 cm from the interacticon region and facing
perpendicular to the hydrogen beam line, was enclosed in a stainless steel
electroatatic shlield that extended upstream along the hydrogen beam line
and completely 3surrcounded the Interaction reglon, save appropriate
apertures for the electron and hydrogen beams. The shleld, containing two
grids, served on one hand to maintain the interaction region at ground
poctential, independent of the voltages applled to the multiplier, and on
the other hand to prevent stray lields from affecting the trajectories of
the ions progressing downstream from the interaction region at the thermal
velocities characterizing the neutral hydrogen beam,

All signals, including those from the ion detector, the Faraday cup,
and the QMA, as well as indicator for the status and polarity cof each
beam, were routed through standard electronics modules and stored in
digitized form on disk by an LSI 11/23 processor. The entlre experiment
was controlled by the computer with operator intervention minimized during
data acquisition to avoid human blas, Data files were ultimately
transferred to magnetic tape and analyzed off-line on a VAX 11/780
computer.

The results of the measuwrements of the "real" asymmetry are shown in
Fig. 2, in which A} is plotted against E over the range 13.6 - 15.0 eV In
steps of 0.1 eV, Corrections, which increased Ay by 1% to 4%, were

o

applied to the six lowest energy points to account for the effect of 15-25

excitation on the detected ion signal. At each energy shown, the 18 false
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asymmetries, AIFi, were found to be conaistent with zero within errors, and
with the deviation of each 3uch asymmetry considered with respect to zero
for all 15 energies measured, the reduced chi-square with reapect to zero,
x¥(0), ranged from 1.03 to 2.04 for S8 degrees of freedom. Prior to
calculation of the asymmetries, the data set was examined for evidence of
non-statistical behavior, as evidenced by ion event rates or electron and
atom monitoring rates that deviated from the respective norms by more than
4 standard deviations., These occurrences, accounting for 0.5% of the data
acquired and attributed to bursta of electronlic noise, were rejected as
spurious in accordance with Chauvenet's criterion.

In agreement with spin asymmetrles in electron-alkali scattering,??
the results of our experiment show no evidence of the modulation predicted
by the Coulomb-dipocle model, We therefore conclude that either the model
is lncorrect or its features appear so close to threshold that they are not
visible under ocur present operating conditicna.
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TABLE I. Typlical operating conditions at interaction region

Electron beam

Intensityta)
Polarization, P,
Emittance

Energy resolution(b)

Hydrogen beam
Density
Electronic polarization, Pj

Molecular fraction

Realdual gas presaure

100
0.3%
25
<100

2x10'°
0.515
.02

Tx107¢

nA

W2
mrad cm eV

meV (FWHM)

atoms/cm?

Torr

3l

(@) The gquantum yield of the GaAs crystal decays wlth an e-folding lifetime

or 12-24 h,
(b) The electron monochromator

was not operated at its

ultimate design

resolution of 30 meV full-width-at-half-maximum (FWHM), in order that

high currents be majintained,
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FIGURE CAPTIONS

Schematic layout of the crosaed-beams facility showlng (1) rf

hydrogen source; (2) hexapocle magnetic high-field state
selector; (3}  hydrogen beam chopper; (4) post-hexapcle
solenoidal spin precessor; (5) direction of electronic
polarization vector of hydrogen atoms; {6) molybdenum

hemispherical electron monochromator; (7) channel multipller icon
detector; (8) mclybdenum hemlapherical electron spectrometer
not used in these studies; (9} post-interaction apin-gulide
aolenold; (10} pre-Stern-Gerlach tranverse adiabatie spin
rotator; {11) Stern-Gerlach polarimeter; (12) quadrupcle mass
analyzer; {(13) clrcularly polarized 787-nm laser light for
photoemission; {(14) GaAs crystal mounted on sapphire block; (15)
copper G0O-spherical ©bender; (16) solencidal electron spin
preceasor; (17) direction of polarization vector of electrons;
{18) channel multiplier Lyman-a detector, not used in these
studies; (19) movable Faraday cup; (20} electron beam exiting to
Mott polarimeter, not used in these studies; (21} GaAlAs diode
laser; (22) lenses; {23) quarter wave plate; (24) half-wave
plate; (2%5) laser beam flag; (26) vacuum window,

Ionization asymmetry, normalized to the 14,1 eV value of Ay in
Ref. 5, as a function of incident electron energies. The
vertical error bars are o¢ne standard deviaton uncertainties,
while the horizontal error bars indicate the energy spread of

the beam.
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