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Three apparatuses have been designed and
built in conjunction with this grant.
The first, which is now'operative, was
designed to study the details of positron
thermalization in solids and the subse-
quent emission of the low energy positrons
from moderating foils. The ejection of
low energy positrons from the moderator
surface has now been studied for the
krylon covered Co source. The positrons
emitted from this surface are primarily
in a narrow peak 0̂.2 eV FWHM while posi-
trons coining either from mica or gold or
mica-gold combinations show considerable



structure. The narrow, single peak from
the krylon moderator is excellent as a
source of e for scattering experiments,
while the identification of a rich spec- .
trum of structure in the emitted positrons
represents the beginning of a new solid
state spectroscopy which reflects infor-
mation from the bulk solid, the surface
and most likely gases bound to surfaces.

The second apparatus now under test is a
positron bottle similar in design to the
electron trap used by Demelt and his
associates. This apparatus was built to
store positrons at a fixed energy and to
look at the number of stored positrons
(storage time) as a function of a scat-
tering gas in the vacuum chamber. It is
the eventual plan to scatter positrons
from H atoms.

The third apparatus is a crossed beam
apparatus where e+, alkali scattering
will be studied. Much of the apparatus
is now under test with electrons. In
fact, it is our intent to scatter posi-
trons and electrons from the same target
and to get the ratio of the two cross
sections as a function of the electron or
positron energy. In the alkali systems,
the P formation channel is always open
and in the case of (e+,Cs) scattering
P *(n=2) is preferred. This system is to
receive primary attention.

The experimental work is complemented by
an extensive theoretical program supported
entirely by NEC.



1. INTRODUCTION

For years theory has been generated describing positron

scattering from atoms, however, until recently, very few

reliable experimental results were available to test this

theory. Perhaps the most exciting results to date reflect

the good agreement between theory and recent experiments for

the (e ,He) system. The present state of agreement is re-

viewed in a recent paper by Costello et al and recent

2
experimental and theoretical reviews by McGowan and

Drachman.

The future of positron scattering from atoms and mole-

cules hinges largely upon the development of the low energy

positron sources of sufficient strength to allow for scatter-
4

ing. These are presently being developed in our laboratory.-

The program underway at the University of Western Ontario is

a natural extension of work initiated at Gulf General Atomic

but, instead of a LINAC as the source of high energy posi-

trons, radio active sources have been effectively used.

In the first experiment, a study of the moderating pro-

cess has been effectively undertaken and is reviewed in

Section 2. Not only have we been able to produce a reason-

ably intense, highly resolved beam of positrons which is

effective for positron scattering experiments at low energies,

but we have been able to identify, for some materials, a rich
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spectrum of structure in the emitted positrons which apparently

reflects information from within the solid or from the surface

of the moderating solids. We believe that we are now on the

threshold of developing a rich, new spectroscopy of solids.

It is the primary purpose of our study to investigate

elastic and inelastic scattering of positrons from atoms in

an attempt to test in detail scattering theory. Already,

with the completion of the first (e ,He) experiment, we have

learned that virtual positronium and the polarization of

positronium are sizeable effects in positron-atom scattering.

Theoretically, the most tractable positron scattering

system is (e ,H), a system we plan to study in a few years'

time. Towards that .end, two aparatuses are being built. The

first is a Penning electromagnetic trap similar to that used

at the University of Washington by Dehmelt and his associates.

It is the purpose of this experiment to bottle low energy

positrons and subsequently scatter them from the trap, and to

obtain, from a measurement of the loss of positrons, some

information on the total scattering cross section. In time,

it is hoped that hydrogen atoms can be used as the scattering

medium. :

With the completion of the test, most likely helium or

H2 will receive first attention. (There are some theoretical
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studies of these systems presently being carried out here.)

The present state of the experiment associated with the first

scattering apparatus is reviewed in Section 3.

In Section 4 we describe in detail the positron alkali

atom crossed beam apparatus which is being completed. Experi-

ments have been focussed on the alkalis since they are hydro-

gen-like and since, unlike hydrogen, the positronium formation

channel is always open. The first experiments will be associ-

ated with positron cesium scattering. The choice of cesium

reflects our ability to produce very dense atom beams of

cesium in our apparatus. It is.one of the prime interests

in this experiment to identify the Lyman-alpha of positronium

due to the charge transfer mechanism. This channel is

energetically preferred.

In Section 5 we describe the theoretical studies which

accompany the experiment supported by NASA. In Section 6 we

roughly outline the plan for continuing study. In the

Appendices we have 'included copies of"the papers published

and submitted for publication, as well as copies of abstracts

which have been submitted for publication during the past

contract period. Also, in the Appendices we have included

short paragraphs describing other atomic physics experiments

here which complement our work.



2. SOLID STATE STUDIES

2.1 Positron Sources

The need for sources of very low energy positrons with

narrow energy distributions cannot be overemphasized. Some

applications to atomic physics where are being examined in

this laboratory include positron-atom scattering at low

energies and studies of excited states of positronium by

photon emission (these aspects are discussed in Section 4).

The use of positrons in solid state spectroscopy, a totally

new application, is clearly emerging from the present studies.

This is discussed at length in Section 2.3.

22
Emission of slow positrons below 10 eV, using Na and

a mica moderator coated with a film of chromium, was mentioned

by Cherry in his thesis. Their existence was subsequently

4 '6confirmed by Groce et al ' using bremsstrahlung from a

LINAC to produce (e ,e ) pairs which were subsequently slowed

to eV energies with the use of moderators.._Similar results -

have been reported using radioactive sources by Madey and

8Jaduszliwer et al. In the present experiments the yield of

low energy positrons from a radioactive positron source using

different solid moderators is being investigated. Also in-

cluded is a detailed study of the production mechanism, as

well as the energy and angular distributions of the slow

positrons. This is done in an attempt to optimize the pro-
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duction of slow positrons by understanding the processes

involved in their formation.

A 180° electrostatic analyzer, suitable for energies in

the range of a few eV, similar to the one discussed by Kuyatt

9and Simpson, has been built and is operating. A block dia-

gram of the detection system is shown in Fig. 2.1. The

geometry of the source and moderator is shown in Fig. 2.2.

The source and moderator are separated by about 75 microns.

Results have also been obtained with the moderator directly

on top of the source in an attempt to measure any effects due

to the solid angle of emission.

The studies to date have dealt with different thickness-

es of mica, gold, aluminum or copper on mica, self-supporting

gold films, and the problems of self-moderation by the

4
source. The thickness of mica typically is 1 to 10 nm.

Results obtained so far are* discussed in Section 2.4.

2.2 'Negative Work Function

An electron in a solid (usually a metal) can be removed

only by supplying a positive external energy (or by thermal

excitation) because of the binding of the electron to the

solid. This external energy /is referred to as the "work

function" in the case of metals. However, a positron therma-

lized in a solid is thrown out with a non-zero kinetic energy
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characteristic of the solid. No external energy is required.

This kinetic energy has been named the "negative work function"

The work function of a particle with reference to a solid

is the difference between the energy of the particle when it

is in the solid and when it is removed to infinity. If this

difference in energy is negative, the work function is positive,

In this case, the particle (here a negative electron) cannot

escape from the solid without the supply of external energy.

However, if the difference in energy is positive, the work

function is negative, and no external energy is needed for

the particle (here a positive electron) to leave the solid

(it should be noted, however, that most of the positrons which

enter the solid usually annihilate there) .

The work function, $, is given by the expression

p P$ = A$ - y
p

where A$ is the lowering of the mean electrostatic potential

P
across the solid surface and u is the chemical potential of

the positrons. In the case of a thermali zed positron, the

chemical potential is the correlation energy of the positron

with the electrons of the solid.

In the random phase approximation (RPA)

P = -2.68r eV
o

e e
A<!> is approximately equal to -A$ . The values of A$ are

estimated by Smith, and Lang and Kohn. These concepts
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have been well discussed in two recent papers by Costello

4 12et a!L and Tong. The values of negative work function for

various metals are given in Table I of the paper by Tong.

(See appendices.)

2.3 Positrons and Solid State Spectroscopy

Use of positrons in the study of solids is traditionally

confined to the investigation of Fermi surfaces in metals.

The angular distribution of y-rays due to free annihilation

of thermalized positrons with core and conduction electrons

is studied to obtain values of electron momenta. The life

times of positrons and positronium in liquids and nonconductors

are studied to obtain information on electron densities,

clusters and various defects in solids.

In the present experiments, for the first time, fine

structures have been observed in the energy spectra of the

slow positrons coming from the moderating foils. The reso-

lution of the analyser is 0.5%, i.e. about 0.05 eV at the

median energy 11 eV. Energy spectra from various moderators

are shown in Figs. 2.3, 2.4, and 2.5. The energy spectrum

from the source with no moderator is shown in Fig. 2.3. In

addition to the main peak, there is a real, very weak peak

at the higher energy side of the main peak. The spectrum of

mica with no gold film (position 6 in Fig. 2.2) has consid-

erable structure, Fig. 2.4.
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In addition to this peak attributed to the mica, we

observe the increase in intensity of a peak, ̂ 2.9 eV above

the main mica peak, as the thickness of gold is increased

in steps from 20 nm to 320 nm. The peak due to gold also

shows pronounced fine structure. Fig. 2.5 shows the results

for 160 nm of gold.

The data so far obtained enables us to reach the follow-

ing conclusions:

a) The auxiliary structure in the source spectrum is rela-

tively weak, suggesting perhaps the Krylon spray (most

probably an amorphous coating) on the source is acting

as a moderator. The full width of the peak at half

intensity is ̂  0.2 eV, excellent for e scattering.

b) The copper disc is not acting as the moderator for the

Co atoms diffused into it. The Co is electro-

deposited on the surface of the Cu disc. The disc is

then annealed at 900°C in an atmosphere of hydrogen for
c p

two hours. We expect very little diffusion of Co into

the Cu disc as a result and the single energy peaks of

the emitted positrons is consistent with our expectation.

Substantial diffusion would have resulted in double

peaks as in the case of mico-gold moderators. One would

be due to Krylon and another due to copper, assuming that

the peak energies are well separated. This assumption

will be checked by a study, now in progress, of the

spectrum of.the source without Krylon.
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c) Although the peak due to mica comes very close in energy

to that of the source, it has been found that this peak is

not due to the slow positrons from the source. A bias is

applied between the source and the mica-gold moderator

which should produce a shift in the position of the gold

peak (Fig. 2.5) from the source peak. No shift has been

found. This implies that the slow positrons from the

source are annihilated by the thick mica and the residual

fast positrons emitted by the source are moderated in

mica-gold moderator.

d) For the first time, positrons have been detected by a

secondary-emission process. We are able to infer from

our .data that single particle detection of positrons by

secondary-emission devices (in the present case a Bendix

Spiraltron - see Fig. 2.1) is preferable to the conven-

tional 2y detection in terms of signal-to-noise ratio,

cost, and efficiency. The efficiency of the 2y detector

is limited by the size of the detectors and the solid

angle they subtend.

e) From these results the attenuation length, the thermali-

zation length, and hence the thermalization time for

slow positrons in gold (and similarly for other materials)

can be obtained. This is the first direct measurement of

the thermalization time of positrons.

f) Results of attenuation lengths for slow positrons will

be compared with that of electrons in gold and other
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materials. This will enable us to understand the differ-

ences and similarities in the interaction of slow electrons

and positrons with solids.

g) Through these experiments the secondary-emission co-

efficients will be determined for positrons, electrons,

and positive ions for the material used in the Spiraltron.

The ratio of the secondary-emission coefficient for posi-

trons and electrons from the experiments will be compared

with the result obtained by Cherry. The positions of the

peaks are relative to the positions of positive ion peaks

of 1, 2, 3, and 4 eV.

2.4 Status of the Development of an Operational Positron Beam.

Concurrent with the work aimed at understanding the nature

of the emission process and its implications for the physics

of the solid state, we are involved in a search for the

material with the largest yield of slow positrons. So far we

have examined only the source itself and the mica-gold system.

We expect that what we learn about the physics of slow posi-

tron production should enable us to find the most efficient

production system without an aimless trial-and-error hunt.

In the present configuration the amplitude of the mica

peak is 94e /eV-min for a 2mCi source of fast positrons.

Since the width of the peak is approximately 1/2 eV we can

estimate approximately 50 e+ min" in the entire useable peak.
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The transmission of the transfer lens has been measured for

electrons at >60%, and the estimated detection efficiency

is 50%. Thus the total flux at the source is approximately

—1 —8
3 sec . This means the conversion efficiency is ̂  4X10

for fast into slow positrons. Much improvement can be expected,

as it is unlikely that the first choice of moderator material

and thickness would be the optimum.

2.5 Future Studies

2.5.1 The further development of the low energy, mono-

energetic, high intensity sources of positrons will

require a continuation of the present plan to lopk

at the energy and angular distribution of the

emitted positrons as a function of moderator compo-

sition, thickness, temperature and geometry. Also,

now that we find that the energy distribution of

the emitted positrons is quite narrow (̂ 0.2 eV FWHM)

it is important to determine if surface contamina-

tion varies the energies of emitted positrons with

time. .

2.5.2 The implications of structure in the energy spectra:

a) At this stage it is not possible to explain the

origins of the structure mentioned in Section 2.3.

Analysis is being carried out to establish the

nature of the structure.
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b) Inelastic scattering effects of the slow posi-

trons leading to both plasmon and phonon excitation

are important. In the case of insulators excitonic

transitions induced by positrons cannot be ruled

out.

b) Tharp and Sheibner as well as several other

workers have observed inelastically scattered

electrons from metal surfaces. The loss peaks have

been clearly identified as due to bulk and surface

plasmon excitations. Nothing precludes one from

assuming that positrons in solids and at solid

surfaces suffer characteristic energy losses.

Indeed, if this is so, perhaps a new chapter in

the solid state spectroscopy will be opened up and

the traditional role of positrons for the investi-

gation of solids will be expanded.

2.5.3 Further studies will be made to establish the extent

°f surface and bulk contributions in various mater-

ials. To eliminate surface contaminations, self-

supporting metal films will be made in the experi-

mental chamber at UHV conditions. The present

experiments are carried out in a vacuum better than

10 Torr. This has to be increased to 10 Torr

or better.
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2.5.4 It should be noted that for a monoenergetic incident

beam of positrons the inelastic structure occur at

lower energies, whereas in the present case the

structure is seen on the high energy side of the

main peak. The structure cannot be explained by a

simple picture of thermalization of positrons in a

3 9solid nor by the "negative work function" model. '

Therefore, a new theory for the nature of thermali-

zation has to be developed. Tong has obtained the

values of work function in the Jellium model. A

more rigorous theory is being developed to include

lattice-ion interactions in the Wigner-Bardeen

model.

2.5.5 Positrons should be a powerful method of investi-

gating the electric dipoles on insulator surfaces.

14Muller, for instance, made LEED observations of

electric dipoles due to fractional monolayers of

potassium ions on the cleaved surface of mica.

Due to polarization fields .in an insulator and

the associated long relaxation times, it would

appear that positrons should not be emitted by

non-conducting surfaces. The present experiments

indicate that this is not the case. Positrons from

insulators need to be investigated more thoroughly.
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It should be possible from these experiments to

assess to what extent the positron results comple-

ment the results obtained by interactions of electrons,

photons, and electric and magnetic fields with solids.

3. POSITRON STORAGE TECHNIQUES

3.1 Introduction

One method of making fullest possible use of the low

flux of positrons presently available from thin-film sources

is to store the positrons in a "trap" which has a lifetime

much longer than the time interval between emission of part-

icles. H.G. Dehmelt and his students have shown that a

Penning configuration can contain electrons for several days,

and we are in the process of applying this technique to posi-

trons. A Penning trap (see Fig. 3.1) uses an electrostatic

quadrupole field to limit the extent of motion of the part-

icles parallel to the z-axis and a homogeneous magnetic field

along the z-axis to provide containment in the perpendicular

plane. We plan to store and detect the positrons in a manner

identical to that used for electrons, but the problem of

introducing positrons into the trap is more difficult than

the corresponding process for electrons.
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3 . 2 Experimental Apparatus

The Penning trap has been constructed and is presently

undergoing initial testing. It consists of a machined aluminum

hyperboloid of revolution with radius approximately 1 cm.

The magnetic field is provided by a long solenoid which can

maintain a field of approximately 600 G. The motion of charged

particles in the region of interest is a combination of three

motions. The electric field gives an harmonic motion parallel
2

to the z-axis of angular frequency w = (2eV /mr ) where V
Z O O O

is the well depth in volts and r the trap radius. The mag-

netic field leads to cyclotron orbits of angular frequency

a) = eB/mc, and the combination of electric and magnetic

fields provides a magnetron drift of approximate frequency
2

w = u /2w . In the present case the frequencies are approx-

imately w /2ir = 36 MHz, to /2iT = 1.8 GHz, w /2i\ = 360 kHz.
Z O TH

The trap is contained in a bakeable ultrahigh vacuum

system pumped with a 100 1/s Orb-Ion pump. Mild baking has

—9
allowed 10 Torr to be reached, but with baking to 300 °C

it should be possible to reach the low 10~ Torr region to

remove all effects of background gas on positron lifetime.

Electrons are normally introduced into such a trap by

directing a beam of electrons into the trap. This beam

ionizes residual gas atoms, yielding electrons which are

trapped. The trapping of positrons is more difficult, but
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should be possible through a two-stage process. The positron

5 8source, a radioactive Co emitter covered with suitable

moderator, is located on one trap end cap, electrically in-

sulated so that it may be biased at will. The positrons

enter the trap with approximately 1 eV kinetic energy, slightly

inclined to the z-axis. As Dehmelt has shown, the motion of

charged particles in the z-direction may be "cooled" by mak-

ing the two end caps part of an LC circuit tuned to the z-

axis oscillation frequency u . See Fig. 3.2. The motion of
2

the charged particles causes currents to flow in the parallel

resonant circuit which are damped out by the high impedance

of the circuit at resonance. Walls shows that the time

constant for this thermalization of z-axis motion to the

2 2
temperature of the external inductor is 16md /3e R where d is

the separation of the end caps and R is the impedance of the

circuit. By correctly designing the external inductor this

time can be made approximately 0.2 sec. This is much too

long a time to allow initial trapping of the electrons, but,

fortunately, it is possible to trap the particles condition-

ally by transferring some of their momentum into the x-y

plane where the phase space provided by the magnetic field

is large. Walls also shows that the time constant for coulomb

collisions to effect this momentum exchange (T ) is in-
i Z

versely proportional to the density of trapped particles,

and is a few milliseconds for 10 particles. Other methods

of increasing this coupling between motions along the z-axis
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and the transverse plane are the injection of untrapped

electrons and the inclination of the injected positron beam

to the z-axis.

One feature of low-energy positrons that should aid

trapping is observation in the General Atomic work that low

energy positrons are repelled from metals. ' This effective

"negative work function" will aid by erecting higher potential

walls than would be the case for electrons. It also makes

possible an alternative injection scheme. A thin wire placed

along the conical surface asymptotic to the trap surfaces

could be coated with a slow positron source. While in an

electron trap such a wire would intercept a large number of

electrons, the work function barrier should merely add one

more randomization mechanism to positrons.

Detection of the positrons involves the same LC circuit

that provides thermalization. See Fig. 3.3. At resonance

the charged particles in the trap load the LC circuit, caus-

ing an impedance Z to appear across the circuit inversely

proportional to the number of particles. Since the noise

power is proportional to the effective resistance, a receiver

which is sensitive to the integrated noise power can give a

dc level proportional to this noise, and thus related to the

number of charged particles in the trap. The receiver used

includes a MOSFET preamplifier stage, a SP-600 receiver, with
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a low-pass filtered dc amplifier connected to the output of

the diode detector. It should be possible to detect approxi-
4

mately 10 positrons by this method.

There is an alternative method of positron detection

available. One end cap of the trap can be made of 90% trans-

parent copper gauze, and the trap can be dumped through this

gauze, sending the accumulated positrons downstream to a thin

annihilation foil. The two 0.511 MeV gammas detected in co-

incidence record the number of positrons in the trap. This

scheme has the disadvantages of being destructive measurement

of limited (1%) detection efficiency, and of being specifically

for positrons, i.e. excluding testing with electrons.

3 . 3 Planned Program

The initial experiment which will be done with the trap

is simply to first trap electrons, then positrons. The various

time constants will be measured and the operation of the trap

explored.

The lifetime for positrons as a function of residual gas

pressure will then be measured. Providing the trap is deep

enough to contain elastically scattered positrons, this can

provide a measurement of annihilation cross sections for

thermal positrons. By progressively reducing the trap depth
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to allow collisionally heated positrons to escape, it should

be possible to obtain some information about elastic scatter-

ing processes. The trapped positrons can be heated by applying

power at the cyclotron frequency to reach energies up to about

20 eV for both elastic and inelastic studies.

18
Another experimental method is that used by Fortson

with electrons. He measures the equilibrium temperature at

a given pressure of one noble gas, then, after filling with

another gas, finds the pressure which gives the same tempera-

ture. He claims that this gives a measure of the relative

scattering cross sections of thermal electrons by the gases.

Such studies should be equally applicable for positrons.

4. CROSSED BEAM EXPERIMENT

4.1 Positron Transport and Analysis

To study the interaction of low energy (1-20 eV) posi-

trons with atoms using the crossed beam technique, an electro-

static lens system has been built and is being tested with

electrons. The lens system (see Fig. 4.1) is enclosed in a
_7

vacuum chamber which is pumped to 10 Torr. The chamber

construction allows lead shielding to be placed between the

source and the detector thus reducing background counting due
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to gamma rays. Magnetic shielding has been built and is ready

for installation.

The positrons are transported from the moderating foil

to the deflector by the transfer lens. The positrons are

initially given 200 eV additional energy to make the transfer

more efficient. The beam area is defined by the slit aperture

in the transfer lens.

The cylindrical deflector is adjusted to transmit the

low energy positrons while blocking fast positrons and gamma

rays. It was built for maximum transmission .rather than for

good energy resolution, since the energy spectrum of the posi-

trons emitted by the foil has a narrow peak (FWHM <v 0.2 eV)

at low energy (1 eV).

The decelerating lens focuses the positrons as they

emerge from the deflector, decelerates them, and directs them

across the collision chamber. The final lens accelerates the

transmitted positrons and transports them to the Bendix

Spiraltron electron multiplier.

The voltages for the entire lens system are furnished by

one power supply used with a voltage divider assembly. To

study atomic interactions as a function of incident proton

energy, the voltage applied to the positron source and moder-
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ating foil is varied. The collision chamber is held at true

ground potential. The positron beam remains in focus because

the varying potential is also the floating ground of the lens

system.

The lens system has been tested for electrons and operates

satisfactorily.

4.2 Alkali Beam System

An alkali oven is being designed to utilize the low

energy positron beam in atomic collision studies.

Of immediate interest are the elastic and inelastic

scattering cross sections of low energy positrons by cesium

atoms. A comparison of positron cross sections with electron

cross sections could be difficult because there is consider-

able disagreement in both theory and experiment concerning

19the elastic scattering cross section for electrons.

Therefore, measurements of both electron and positron scatter-

ing cross sections will be made.

Subsequently, the charge exchange reaction

+ ' * +e + Cs -»• Ps (n = 2) + Cs AE = -2.2 eV

will be investigated. We are particularly interested in

attempting to detect 2430& radiation (Ps Lyman-a) from the

decay of excited positronium. In their attempts to measure
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the 2430& radiation, previous investigators have used high

pressure gas to stop the positrons. ' The failure of

these attempts is likely due to de-excitation of the positron-

21lum occuring by collision rather than by radiation. The

cesium density in the crossed beam region of the present

experiment is low enough (10 atoms/cm ) so that 24308 radi-

21ation should be the dominant de-excitation mechanism. This

experiment is unique in that a large probability for positron-

ium formation is obtained by using low energy positrons rather

than by using a high density of atoms.

Cesium was chosen for the first set of experiments be-

cause of its properties which include:

a) Cs is atomic hydrogen - like and therefore ammenable to

calculation in a way similar to three body systems.

b) Cs has a large atomic radius (2.67A) which should result

in a large scattering cross section for positrons.

c) It has a low ionization potential which increases the

probability of charge exchange with positrons, i.e., the

Ps formation channel is always open and the formation of

excited positronium is energetically preferred.

d) Cs has a low melting temperature which makes it possible

to keep a high density of atoms localized to the collision

region by using surfaces at liquid nitrogen temperature

to condense the vapor.
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14 3An intense (̂ 10 atom/cm ) cesium beam will be formed

with a supersonic nozzle or a calibrated hole structure at

the mouth of the oven. The oven will be initially charged

with 30 grams of cesium and a simple recirculation system

will extend the operation time. The flux of cesium atoms will

be measured with a hot wire detector.

5. ASSOCIATED THEORETICAL STUDIES

5.1 P.A. Eraser (Applied Mathematics) and Associates

Recently Y.F. Chan completed a thesis entitled "Scattering

of Positrons by H Atoms" where he calculated the R matrix for

S-wave scattering in the region 1/2 to 3/4 Ry kinetic energy.

His study was in essence a close coupling approach with cor-

relation which has satisfactorily satisfied the bound princi-

ple. B. Page is continuing work on (Ps,He) scattering where

he is presently extending the early static exchange results

of Fraser for this system.

5.2 D.F. Gallaher (Physics) and Associates

An investigation of (e ,H) elastic scattering below the

Ps formation threshold in a pseudo-state expansion formulation

has been carried out with Y.C. Fon for the s, p, d partial
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wave phase shifts. The results are found to be in good agree-

ment with those of long range force oriented models. A natural

extension of this work requires the incorporation of short

range effects due to virtual positronium formation in suitably

chosen pseudo states of positronium.

5.3 B.Y. Tong (Physics) and Associates

Further consideration is being given to the theory of the

negative work function, bulk effects and surface contamination

effects in order to help interpret recent results.

5.4 J. Nuttall (Physics) and Associates

Work in progress consists of rigorous discussion of behavi-

our of scattering amplitudes of a three-body threshold in the .

case of short range forces; study of convergence of Kohn method

in more general cases; investigation of asymptotic form of wave

function for three charged particles; further study of complex

energy method for atomic scattering and attempts to apply it

to excitation and ionization in e-H scattering; investigation

of further applications of analyticity to atomic scattering, in

the hope of proving convergence of Born series at high energies

and deriving non-singular integral equations for three-particle

scattering; calculation of neutron-deuteron scattering by the

complex coordinate method.
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6. ROUGH OUTLINE OF PROGRAM

Provided funds are available, the three apparatuses will

be operated simultaneously, with the solid state experiment

serving to study in detail e source properties, while the two

different scattering spectrometers are tried.

a) Source Experiment - The purpose of this experiment is

to learn in detail how the thermal!zation process works

by studying some different moderators as a function of

moderator thickness, surface contamination, temperature,

etc.

b) Positron Bottling Experiment - With the completion of the

trap tests with electrons, attempts will be made to trap

measurable numbers of electrons. Once successful attempts

to scatter electrons then positrons will be made. Prob-

ably H9 or He will be used as the first scattering gas.
£.*

c) Crossed Beam Apparatus - With the completion of the lens

tests with electrons, positrons will be used in the trans-

fer system and analyser. The first positron tests will
< +

be used to check shielding and the efficiency of e de-

tection. After these tests, the Cs beam system will be

installed. Cs and other alkalies will be first tested..
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TWO EXPERIMENTAL APPROACHES TO THE STUDY OF INTERACTIONS.OF

LOW-ENERGY POSITRONS WITH THIN TARGETS1"

E. L. CHANEY, P. W. ZITZEWITZ, J. Wm. McGOWAN

The University of Western Ontario, London, Canada.

I. A Positron-Atom Crossed Beams Apparatus

An intense Cu6 ** source (^ tens of Curies), with an

energy moderating foil in front of the source, provides the

low-energy (^ lev) positrons.1 An electrostatic lens sys-

tem with a cylindrical mirror deflector transports the pos-

itrons to the interaction region in a separate chamber

where the positron beam is crossed by an intense beam of

atoms, which emanate from a specially designed oven incor-

porating a collimated array of capillaries. A commercial

channel electron multiplier is used to detect the positrons.

Due to its hydrogenic character, very low ionization

potential and ease of handling, cesium has been chosen for

the first set of experiments. We will attempt to observe

the charge transfer reaction which leads to excited

positronium

e+ + Cs -f Ps{2P) + Cs+ (1)

by looking for the Ps(2P) Lyman-ct radiation. A solar-blind

detector with a peak sensitivity near 2430A will be used.

Figure 1 shows a schematic of the apparatus, which will

be described in detail. Preliminary measurements will be

presented.

Work supported by the N.R.C. of Canada and the U.S.

N.A.S.A. under contract number NCR 52-009-006.
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Fig. 1. A - Cu61t source and moderating foil; B - electro-

static transfer lens; C - cylindrical-mirror deflector;

D - accelerating lens; E - Cesium oven; F - hot-wire detec-

tor; G - solar-blind detector; H - channel electron multi-

plier.

II. A Trapped Positron Apparatus

A method to provide an alternative to a high intensity

positron beam is to use an electro-magnetic trap to contair.

a low-level positron flux for a long time. Using a Penning

configuration, a 500G axial magnetic field provides radial

confinement while a DC electric quadrupole field limits the

axial motion. A small Co58 source (^0.1 Curie), and an

energy-moderating foil,1 plated consecutively on a fine

wire located on the V = 0 surface of the trap, provides the

low-energy positrons. The number of positrons in the trap

is determined by dumping the positrons out through a high-

ly transparent metal gauze end cap. The positrons are the.-,

transported to a thin foil qn which only slow positrons

will annihilate. Standard coincidence counting techniques

are used to detect the positrons. A schematic of the ap-

paratus is shown in Figure 2.

The cross sections for positron annihilation on varicr-J

gases can be measured by determining the number of positrc.-.J
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trapped as a function of gas pressure. By making this

measurement as a function of trap depth the momentum trans-

fer cross sections can also be determined.

H,.

Fig. 2. A - Co58 source and moderating foil; B - Penning

quadrupole field; C - Gauze end cap; D - Annihilation

foil.
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MEIBE* PROGRESS

R.K. CACAK, R. CAUDANO, T.D. GAILY, J.Win. McGOWAN
The University of Western Ontario, London 72, Canada

Electron-ion recombination and detachment processes
in the energy range 0.0 to 20 eV are being studied in a
merging electron-ion beam experiment (MEIBE - pronounced
maybe) . Among the reactions presently under study are

H2
 + + e~ -»• 2H°

•*• H+ + H° + e~

-*• H| + hv

H" + e~ •*• H°4 2e"

and recombination and detachment of various other ions of
atmospheric and bioiuedical importance. The MEIBE is unique
for several reasons besides being one of the few merged
electron-ion beam apparatuses. At the high ion energies
used (^ 400 keV), the reactants may be detected using
standard nuclear particle techniques. The experiment is
controlled and calculations are made by a small on-line
computer. Finally, this is the first merging electron-ion
experiment where the effective resolution of the interactic:
energy is increased by the high laboratory velocity of the
electron beam. For 400 keV ions, ^ 110 eV electrons yield-
ing an interaction energy of 1 eV, the energy spread in the
center-of-mass is expected to be of the order of 0.1 eV.
The ions are formed in an RF discharge ion source and are
accelerated to an energy of 400 keV (Figure 1) by a
Van de Graaff accelerator (1) . After momentum analysis (2)
the beam is focused by a magnetic quadrupole lens (3) and
is positioned with a set of steering plates (4) before it
enters the interaction chamber. Further electrostatic
deflection of the ion beam (5) as it enters the interaction
chamber removes the charge-transferred neutrals. The ions
then enter the center of a long, axially symmetric, sole-
noidal magnetic field. The field is created by a solenoid
(6) approximately 75 cm long, constructed to give uniform
fields with small radial components near the center of the
coil and a rapidly diverging magnetic field near the ends.
The end-field guides a beam of electrons from a ring-shaped
electron gun (7) into the ion beam, which passes through
the center of the ring. The electrons enter the ion bean
from all sides in a conical sheet. The laboratory energy
of the electrons for a fixed ion energy determines the
center-of-mass energy of the reactions.

During alternate half cycles of a 10 kHz chopped volt-
age applied to a grid (8) around the interaction region (9-
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the electron beam is accelerated to a center-of-mass velocity
where the cross section is known to be negligible. Using
this modulation technique, the signal may be distinguished
from the background of neutrals formed by charge-transfer
processes in the interaction region. An interaction region
pressure of about 5 x 10~10 Torr further reduces the back-
ground to an acceptable value. At the end of the 40 cm.
long interaction region, unreacted Charged particles are
deflected into Faraday cups (10,11) while the energetic
neutrals are undeflected and are detected by a lithium-sili-
con solid state detector (12). The energy resolution of
the detector is sufficient to discriminate monatomic
(^ 200 keV) from diatomic•neutrals (^ 400 keV).

The overlap integral of the electron and ion beam
densities is measured in three dimensions with a rotating
wheel (not shown in Fig. 1). This wheel, in which a spiral
arrangement of small holes is drilled, intersects and moves
parallel to the beams as it rotates. Each hole allows a
different portion of the two beams to pass through, and by
simultaneously measuring the two currents, the overlap,
intergral, an important experimental parameter, is determined.

The signals are amplified, analyzed, and digitized and
then ultimately collected by a small on-line computer (13)
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which gates the information into the proper storage buffer
in phase with the chopped electron beam. The computer
retrieves the signal from the background and makes'a
statistically-based decision when to advance the electron
gun voltage to the value corresponding to the next center-
of-mass energy.

Merging Electron-Ion Beams Experiment. The authors
wish to express their gratitude to the National
Research Council of Canada for support of the project.

Departement de Physique, Facultes Universitaire N-D
de la Paix, Namur, Belgium.
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Canada.

The study of slow positrons emitted from the solids used
to moderate several hundred keV positrons holds the interest
of both atomic and solid-state physicists. The use of
these positrons in collision experiments attracts the .form-
er, and the elucidation of the mechanism of their production
is an interesting problem for the physicist interested in
the properties of solids and their surfaces.

Although Madanski and Rasetti1 failed to find low energy ,
positrons from various materials, Cherry2 did observe them
with energies under 10 eV in 1958. In both these studies
a radioactive source provided the fast positrons.. Groce et
al3 obtained positrons from pair-production by brehmsstrahlung
radiation emitted by stopping high energy electrons produced
in a linear accelerator. They observed a sharp peak in the
positron spectrum near 1 eV and a narrow angular distribution
of the slow particles. Paul and co-workers'* using a radio- .
active source, reported emission between 300 and 1500 eV, and,
more recently, Jaduszliwer et al5 have reported the very low
energy positrons with narrow energy and angular distributions.
About one slow positron is produced for each 107 fast positrons.
Madey6 has also observed slow positrons .from dielectric films.

Following independent suggestions by Kohn7 and Ca-llaway8,
Tong9 has recently described a theoretical model which suggests
that the fast positrons may be thermalized in, and then "thrown"
from, the moderating material with an energy equal to the
positron or "negative" work function. This model implies that
the thin gold foil evaporated on the moderators used by Groce
does more than simply provide an equipotential surface.
Similarly, it indicates the importance of the chromium coating
on the mica in Cherry's experiment and the aluminum film'on •
Madey's polyethylene. However, the model does not predict
a peaked positron spectrum.
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The present experiment is designed to study the low
energy positrons with a view towards understanding the
processes of moderation and emission in the foils. In
view of the previous experimental results and the theor-
etical suggestions, we have built our apparatus to allow
positrons from a radioactive source, either Cu6 "* or Co58,
to fall upon moderator foils in a movable holder. This
enables us to vary the type of material, its thickness,
and the angle between the normal to the foil and the axis
of the analyzer. By means of a helium cold-finger the foil
can be cooled to 4°K. In addition, a vacuum deposition
chamber can be attached to the system so that fresh sur-
faces may be prepared, annealed, and used without exposure
to air. The electrostatic 180° spherical analyzer has been -.
designed with small angle and energy acceptance. Both the
standard 2-y coincidence detection scheme and a Mullard
channel electron multiplier are used.

The vacuum chamber is stainless steel with copper and
greaseless Viton-A O-rings. We have avoided organic mat-
erials within the vacuum system and have used oil-free
pumping by adsorption fore-pumps and an Orb-Ion electrostatic
titanium pump. The system can be baked to 150°C. Currently
the pressure is just under 10~7 Torr.

In the present experiments a strong Cu61* source .was used.
After transport from the Chalk River Reactor the strength
was near 1 Ci. The surface of the copper appears bright
and clean, but we plan to make more detailed studies of its
microscopic condition. In future runs a Co58 source with
strength near 10 mCi will be employed. Aluminum, copper,
and gold moderators of .001 to .020 in. thickness have been
used in the holder described above. In addition, since the
surface of the Cu6 ** source should provide self-moderation for
positrons created within the metal, some runs have been made
with no additional moderator.

The lenses and spherical analyzer were built of OFHC
copper following a design by Chris Kuyatt. They accelerate
positrons from the source to 11.2 eV for analysis then trans-
port them to the detector. By maintaining the source at
ground potential and placing the analyzer on a voltage ramp
between ^15 and 0 V, any positron with kinetic energy
between 0 and 15 eV can be studied. The energy resolution,
AE, was designed to be 50 meV. Because of low counting rates
it was found to be desirable to broaden this resolution for
early experiments. Since AE/E is a function of geometry
alone, this broadening can be achieved simply by increasing the
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energy, E, at which the analysis is done. A width of
approximately 1 eV has been used. The entire source and
analyzer is surrounded by two concentric magnetic shields.

The transfer lens was originally 12" long, but this
allowed only a half inch of lead shielding around the
photomultiplier tubes, and the background rate was excessive.
The most recent run is being made with a transfer lens twice
that long. There is at least 4" of lead around the tubes
and 16" b.etween the source and detector. The 2-y detection
system uses Nal(Tl) scintillators and 56AVP photomultipliers
in a fast-fast coincidence circuit. The positrons are
accelerated to 1 KeV and focussed on the cone of a Mullard ,
channel electron multiplier10 placed between the two
scintillators. Secondary electrons produced, by the collision
on the cone should provide a high-efficiency detection
signal. It is hoped that this much simpler detector will be
found suitable for future positron-atom collision experiments.
It is also of interest to confirm Cherry's result that the
secondary electron production for positrons is only 40% that
of similar electrons. To provide a check on this method of
detection we can monitor not only the counting rate for the
multiplier, but also the coincidence between these counts and
the 2-y coincidence events.

A Kicksort multichannel analyzer allows events from any
one of these three detection modes to be recorded as a :
function of ramp voltage, and thus positron energy.

Two runs have been completed .and the third is now underway,
with results to be presented at the conference. In the first
run we were unable to identify a positron signal because of
the high background rate and the low signal caused by the
narrow analyzer resolution. In the second, which used the
broadened resolution, a few positrons were observed despite
electronics problems. Although the energy distribution could
not be measured, the signal to background ratio (S/B)
increased during the run as the source died, supporting the
conclusion that true events were observed. The source of the '
high background rate is not completely understood. The inc-
rease in S/B suggests accidental coincidences between one
annihilation gamma and either another annihilation gamma or • ,
a degraded or partially stopped 1 MeV gamma from another
branch of the Cu6 "* decay scheme. The great increase in the
amount of lead shielding should reduce both these.sources.

/
There is another possible cause of background,which should

not decrease faster than the signal,caused by the large flux
of unmoderated positrons produced at the source. Positrons
may have a small, but finite, probability of bouncing off
metal surfaces and thus a few may reach the detector without
being selected by the analyzer. While these positrons cannot
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be completely contained without reducing vacuum pumping
speed to zero, it is hoped that the longer transfer lens
will also help to eliminate this source of background.

* Supported by the National Research Council and the
(U.S.) National Aeronautics and Space Administration.
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A PSEUDOPOTENTIAL APPROACH
:ALCULATION OF POSITRON ANN]

IN METALS AND SIMPLE SUBSTITUTIONAL ALLOYS.
TO THE CALCULATION OF POSITRON ANNIHILATION*

M.M. Pant, Subrahmanyam Pendyala
and J. Wm. McGowan

Department of Physics
University of Western Ontario

London, Ontario, Canada

Positrons annihilating in solids have been

found to be a useful probe for obtaining information

about the momentum distribution of the electrons. For

pure metals however, this tool cannot compete with other

more precise methods of measuring the Fermi Surface

parameters. Because the techniques of measuring positron

annihilation angular correlation curves do not require

specimens with long electron mean free path, it is expected

to be a more fruitful way to examine the Fermi Surface

and electronic structure of alloys. Another interesting

feature of positron annihilation is that although many

body effects are important to explain the positron life

times reasonably, they influence the angular distribution

of y-rays much less appreciably. It is the study of this

correlation curve that yields information about the Fermi

Surface.
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1 2 3There have been a few simple minded ' ' and

some rather detailed calculations for the angular

distribution curves .of annihilation gamma rays for metals

and semiconductors.. Here we describe a scheme based on

pseudo wave functions and the positron wave function as

a single plane wave. This approximation is reasonable

for most of the angular distribution because the positron

is largely excluded from the core, where the pseudo wave-

function is not correct. This scheme can be easily

extended to simple substitutional alloys using approximations

similar to those in the pseudo-potential theory of
(4 \

alloys. We plan to carry out such calculations for

a series of metals and alloys where the constituents have

small core.

General Theory for Metals^

The probability that an annihilation with

valence electron will yield two photons of total momentum

'P' is given by ' . ,
L i3- r"

and the counting rate measured by the standard parallel-

slit apparatus is proportional to

-oO -00
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where C7 - -— ) "**M 7k ^"^ represents

the conduction electron wave function and fy" CC) is
"̂ *

the positron wave function.

We use the form

u (»•)- z t>r ̂ x^^-fi-r)
V^ L~ > - ^-, ^

for the positron wave function and

•Cr) = Z a

whgife a dendte^the core states and Ri the lattice sites-.

In the present calculation we approximate

for the pseudo wave function of the conduction electron. (

The actual conduction electron wave function is related

to this pseudo wave function and the wave functions for

the core electrons, D \> the relation

,

and later se'e if the core orthogohaU'ti^ term is heede'd

fo'r better agreement- of our calculations with the experiments-

TH§ cbeffici-eht-s Q, C *& k\ ^n (4) for %T 4. o are
Vi; *** I Sw J I

given frcjift the perturbation theory by
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where VO (^) is the pseudopotential. The matrix

elements for the pseudopotential may be factorized

into a structure factor and a form factor to give

with

-U Z

where is a reciprocal lattice vector and

where the integration is over the volume v-l-o of a

single ion.

Therefore ^ (fa

Cn is a normalization constant which we set equal to

unity for the present. Substituting (3) and (9) for

iL (iC) and t/- f £) respectively into equ (1) and
T<- k
simplyfying gives

b , WC'1-O

ot 5- ̂  -1!«-«-



One Plane wave Approximation for t/<

We now make a simplifying assumption that -

bf ̂ ~ O for all G and b = I/ which implies that we
*^ z o **+ ^

are treating the positron wave function to be a constant.

That this may not be a very unrealistic assumption, is

(2)
seen from the work of Stroud and Ehrenreichv ' where they

found that *^ \ t> \ <^0- I • With this assumption

we have

.„ • ,* . . 2. . r \* \ C1*")

and

.-, zr

The core electron contribution is included in
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the usual manner by taking the normalized atomic

functions centered on the lattice sites Ry in the tight-

binding approximation.

In the present approximation *.&. Ĵ o - *•

0*)
•fl.J. "

It should be noted here that the core contribution is

overemphasized by taking the positron wave function to

be constant throughout the crystal/ whereas an exact

evaluation of positron wave function should exclude it

from the core region.

The total contribution to the counting rate

is proportional to

-. f
Application to alloys. <

In this section we briefly consider the

application of this method to simple substitutional

alloys, where there are no structural changes. However

the method is not restricted because of the above limitation.

Equation (6) is now modified due to different ions at

the different lattice sites. The matrix element
H

of (6) will become

"' °Wo
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when ^L. is a reciprocal lattice vector/

where c is the concentration of ions of type 2 > t/» is

\ll) it*> ~reciprocal lattice vector and W and W are

the ionic potentials of type 1 and type 2 ions. When

y is not a reciprocal lattice vector we have

Since we only need the modulus square we are not

concerned about the phase of the matrix element. The

angular correlation curve for a substitutional alloy

is obtained by using (6a) and (6b) for the matrix element

of (6).

Substituting (6a) and (6b) gives

F "O)-- If 2- C'") < fe I " 1 &- S >* c '<>!*" I'

- - \ h- ̂
where G is any reciprocal lattice vector.

The form factors I*J Clf) are given by Harrison and

several other authors ' . As a check we propose to

study the Li Mg system whose angular correlation curves
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have been determined by Stewart . It has been found

that the Alkali-Noble metal systems show metallic to

semiconductor transition as the alkali constituents

become heavier. We feel there is a good scope to the

study of these systems to confirm other calculations.

*
Partially supported by NASA (U.S.) and National
Research Council (Canada)

t On leave of absence from Tata Institute of Fundamental
Research, Bombay, India
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I ABSTRACT
i • .

A simple calculation is made of the effect of

positrons annihilating at color centres on the angular

correlation curve,, There is reasonable agreement with

reported experimental data for additively colored KCl,
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There has been considerable recent interest in the

problem of positron-annihilation in alkali halides, with

color centres [1], Dupasquier [2] has measured the life-

time spectra of positrons annihilating in .additively

colored KC1 single crystals, and Herlach and Heinrich [3]

have measured the angular distribution of photons due

to the positrons annihilating in pure and additively

colored KC1 crystals. Herlach and Heinrich report a

'large effect of coloring on the angular distribution,

and these changes are most pronounced at small angles.

Because of the small momenta of F-centre electrons, the

experiments clearly suggest that a large number of the

positrons are trapped and annihilated at the F-centres.

We were therefore prompted to do a simple calculation

of the contribution to the correlation curve due to the

positrons annihilating with the F-centre electrons.

We use the standard expression [4] for the proba-

bility that a positron will annihilate with an F-centre

electron to give photons of total momentum p,

= | U+f(p) = +(r)^e(r)e~dr , (1)

and the counting rate in the usual parallel slit geometry
/

is therefore

N(0) = jjdPx
dPy f (p)
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where 0 = hp /me »and ij> (r) and i|> (r) are the positron
Z T G

and F-centre wave functions respectively. Since the

coulomb potential of the vacancy is screened by the

F-centre electron, the positron wave function ^ (r) was

taken to be a constant for simplicity. For the F-centre

electron we chose a hydrogenic wave function of the form

* (r) = /I£e vv IT

The angular distribution curve is then given by

N(6) = " *—^ - ~ ' ' (4)

for P < Z and zero for P > Z . The one parameter Zz o z o o

that we have in the calculation can be obtained most

simply by relating it to the absorption energy [5] by

C 647T 2 Z 0
5

3

1

(P 2 + Z 2)3 ' 1
U Z O

I
37 6

o

Z = /8 E . /3 and using the experimental results of

Gebhardt and Kuhnert [6]. The curve thus obtained with C

normalized to the peak value of the experimental dif-

ference curve (c) is shown as (e) in Fig. 1. It is seen

that the shape of the curve is quite similar to the dif-

ference curve of Ref. [3]. However, the cutoff value is

considerably smaller than the experimentally observed

one. Since the cut-roff in the curve is also given by

Zo alone, we did.another calculation by choosing Z to

produce the experimentally observed cut-off at 5.5 mfad.

As shown in curve (d) of Fig. 1 in this case the calcu-
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lated curve falls almost exactly on the experimental curve,

It therefore seems that this simple minded calculation

gives a good qualitative description of the angular cor-

relation of y-rays produced by positrons annihilating at

F-centres.

The authors wish to thank Professor P.W.M. Jacobs

for a useful discussion.
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FIGURE CAPTION

Angular correlation N(6) for KC1. (a) Colored

crystal (b) pure crystal (c) difference curve. For

(d) and (e), see text.
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The total scattering cross section for e+ in He has been measured through two energy intervals, 1 to 4 eV
and 17 to 26 eV. Through the lower elastic-scattering interval our results are consistent with the calculations
of Drachman. From below the positronium formation threshold, at 17.8eV to above the He ionization
threshold, our results agree qualitatively with the calculations of Kraidy, who includes in his model virtual
positronium and positronium polarization. Just below 17.8 eV the cross section is 0.35 ± 0.047ia0

2. In these
experiments a high-current linac has been used as a source of positrons and total beam attenuation has been
used to determine the cross section.

La section efficace totale de diffusion dee+ dans He a et6 mesuree pour deuxintervallesd'energie: 1 a4eVet
17 a 26 eV. Dans I'intervalle le plus bas, les resultats obtenus pour la diffusion elastique sont compatibles avec
les calculs de Dreckman. A partir d'au-dessous du seuil de formation du positronium, a 17.8 eV, jusqu'au-
dessus du seuil d'ionisation de He, nos resultats s'accordent qualitativement avec les calculs de Kraidy, qui
inclut dans son modele le positronium virtuel et la polarisation du positronium. Immediatement au-dessous
de 17.8eV la section efficace est de 0.35 ± 0.04na0

2. Dans ces experiences un linac a fort courant a ete
utilise comme source de positrons, et 1'attenuation total du faisceau a ete utilisee pour determiner la section
efficace.

Canadian Journal of Physics, 50, 23(1972)

1. Introduction the bombarding electrons and the electrons in
Studies of electron scattering have progressed the tarset atom since the incoming electron and

to the point where detailed elastic- and inelastic- those in the tariet are indistinguishable. There
scattering measurements and theory not only are several ways to test the effect of electron
successfully examine simple systems like (e, H) exchange: (1) to label the electron by polarizing
where the conditions for theoretical investiga- ll and observing the change in polarization after
tion are ideal and experimentation awkward, - the scattering, and (2) to replace the electron
but also systems like (e, He) and (e, Li) where with a P°sitron which is readily distinguishable
experimental conditions are less difficult but from the electron. It is this latter approach to the
theory is less precise. Throughout all of the study of elastlc electron scattering which we
studies there has been no way to separate from nave cnosen here.
other forces, such as Coulomb and polarization, In the elastic-scattering region and below the
the effects of the electron exchange force bet ween onset of an> inelastic process, one primarily

tests exchange when the negative electron is
replaced with a positron. However, even this is

1 Work carried out at Gulf Energy and Environment, Inc., somewhat complicated theoretically by the fact
San Diego California, and supported, in part, by-KA. S A h fa u interaction of an atom with
Goddard Space Flight Center under contract NAS5-11116. . . , . , - , , , .

2A11 enquiries or correspondence to be addressed to the a pOSl tron IS repulsive while long-range polanza-
above. tion is attractive so that the two effects oppose
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rather than combine as in the case of electron
scattering. Furthermore, near the first inelastic
threshold, virtual positronium formation must
be considered as a real effect although the recent
theoretical studies (Pels and Mittleman 1967;
Drachman 1968a), suggest that in the case of
the (e + , H) system at least resonances (com-
pound states) are not important even though
other work suggested they might be (Bransden
and Jundi 1967). However, in an earlier study,
Cody et al. (1964) proposed that virtual posi-
tronium formation is much less important than
is polarization.

Theoretically, the most tractable system is
(e + , H); experimentally something like (e+-, Ar)
has proven more manageable. For the moment
(e+, He) has become the compromise system for
which considerable theory and complementary
experiment is now available.

Drachman (1966, 19686) has applied a modi-
fied adiabatic method to (e, H) scattering with-
out the inclusion of virtual positronium forma-
tion and has assumed, by comparison with the
(e, H) system (Schwartz 1961), that if the effective
short-range polarization is suppressed nearly
exact agreement with the variational s-wave
phase shifts should be obtained. Like Drachman,
Massey et al. (1966) also used a variation of the
polarized-orbital (Temkin and Lamkin 1961)
approximation developed for electrons while
Callaway et al. (1968) made an attempt to adjust
the polarization for the kinetic energy of the
incoming positron. Kraidy (1967) and Kraidy
and Fraser (1967) in the same way essentially
have examined the effect of virtual positronium
formation as well as polarization.

Using a variational technique similar to that
used by Chen and Mittleman (1966) where only
the elastic scattering and positronium formation
channel are considered, Fels and Mitt leman
(1969) also derived cross sections above the
positronium threshold as a function of the
induced polarization.

No experimental values of (e + , H) scattering
cross section are yet available and unti l this
report no single collision studies of the(e + , He)
system were reported. However, positronium
annihi la t ion studies have been carried on in a
drift tube filled to several atmospheres pressure
along the axis of which an electric field is applied.
From an analysis of the swarm data one can try
to extract the momentum-transfer cross section

just below the first inelastic threshold. But re-
member, when the high-energy tail of the swarm
begins to affect the region just below the
positronium formation threshold 17.8 eV, the
breadth of the swarm is large and the average
positron has an energy below 10 eV. Conse-
quently, the estimates of cross section must be
inaccurate compared with others at low energies
where the swarm is narrow.

The first experimental result to be reported by
Marder et al. (1956) lies between 5 and 10 times
below all theoretical predictions (refer to Table
1). More recent experiments have shown these
measurements to be in error by more than a
factor of 5 (Lee, Orth, and Jones 1969; Leung and
Paul 1969). However, the complexity of the
analysis and the need for some detailed informa-
tion on the nature of the interaction place strong
limitations on this experimental method for
obtaining elastic (or momentum-transfer) cross
sections. Rather, it is suited to determining the
consistency of calculated cross sections with
the results of annihilation experiments at low
energies. It cannot readily be used to give unique
results. Even the more sophisticated swarm ex-
periments by Lee, Orth, and Jones (1969) and
Leung and Paul (1969) cannot actually obtain
the cross section at the positronium threshold,
yet they both indicate that results by Marder
et al. (1956) are much too low.

Under normal conditions, beam experiments
should measure the total scattering cross section
without reliance upon the theoretical model.
However, through the low-energy range of the
experiments reported here, the use of a time-of-
flight spectrometer with an axial magnetic field
makes it necessary to depend upon the theoret-
ical model for complete analysis. But this is the
exceptional case rather than the rule.

2. Experiment
In this paper and in conference proceedings

(Groce, Costello, McGowan, and Herring 1969)
we report the results of a time-of-flight scattering
experiment (see Fig. 1) where the positrons were
produced in a 0.04 in. tantalum target by the
bremsstrahlung radiation resulting from the
interaction of a 20 ns 55 MeV 1 A peak beam of
electrons in a 0.055 in. tantalum converter. The
energy of the resulting positrons was then
moderated by one of a number of metals and
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FIG. I. Scattering chamber and time-of-flight energy
analyzer shown with details of positron-source region and
positron annihilator.

nonmetals. In Fig. 2, we show the case where a
150 A mica slab 0.005 in. thick and gold-coated,
is used(Costello, Oiroce, Herring, and McGowan
1972). The bulk of the positrons which came
from the moderator have an energy near 1 eV
which could be changed by biasing the moder-
ator with respect to the 3 m time-of-flight
collision chamber.

A solenoid was wound along the length of the
collision region to assure that very-low-energy
positrons are not disturbed by stray AC or DC
magnetic fields as they traverse the length of the
tube. Those positrons which traveled the length
of the collision 'region were detected with a 1.3%
efficiency when the two 0.51 MeV annihilation
y rays, which are 180° out of phase, were counted
in four-way coincidence upon annihilation in a
thin aluminurh foil. To eliminate the effect of the
after-pulsing resulting from the gamma flash
from the source, the coincidence of two dis-
similar phototubes looking at each fast liquid
scintillator was required. In order to determine
where to pla.ce the annihilation foil in order to
optimize the coincidence counting, 22Na was
moved up ;and down the flight path. The foil
was placed where the coincidence count rate
peaked.

The tota'l scattering cross section in helium gas
was obtained by sequentially measuring the
number of positrons traversing the collision
region evacuated to 2 x 10"7 Torr. and then the
number when the pressure in this region was
increased, to ~10~3 Torr. Because the cross
section for helium is smaller than for most im-
purities, it was necessary to use the boil-off from

liquid helium in a continuously pumped system
in order to eliminate an observable effect of
contamination. The helium gas came to thermal
equilibrium with the room as it passed through
at least 3 m qf copper pipe before entering the
3 m long collision chamber. No rapid cooling of
the gas occurred as it entered the collision
chamber.

The attenuation of the 2 eV positron beam is
shown in Fig. 2. On the low-energy side of the
peak, notice that as the pressure is increased,
the number of scattered positrons is apparently
larger than the number of primary particles.
This is due 10 the spiralling of the scattered
positrons giving rise to a longer flight time and
apparently increased number at lower energies.
Consequent!}*;,!at low energies only the high-
energy side of the peak was analyzed. Only for
positron energies in excess of ~10eV was
downscatter riegligible. The linearity of positron
attenuation as a function of He pressure is
demonstrated; on a semilog plot in Fig. 3. From
the slope of this curve one is able to obtain
directly the total scattering cross section.

POSITRONS
PER eV

0001 I
TORR

FIG. 2. Dependence of the energy spectrum of positrons
which have traversed the collision chamber filled with
helium to various pressures.
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17 eV
Helium

collision-chamber pressure (torr)

FIG. 3. Decrease in number of positrons reaching the
annihilation foil as a function of the helium pressure in the
scattering chamber.

Attempts to reproduce results from different
runs, however, showed variations of the positron
intensity that were considerably outside statis-
tics. A test was devised to assess if these varia-
tions were in the electronic equipment used in the
experiment. Weak 137Cs sources were placed
near each detector. The counting rate of these
sources was low enough so that accidental
coincidences from the two detectors during the
positron arrival time were negligible, resulting in
l i t t le or no increase in rate. During an accelerator
run the pulses from each detector could be
routed into a sealer for a period of time when no
positrons were present. In this way it was
possible to continuously monitor the gain and
discriminator level of the detectors during a run.
Although small variations (~2%) in the two
detectors were noted, there appeared to be no
correlation between the variation in positron
intensity and changes in the detector system.

The other possible sources which could con-
tribute to the observed variations are the
positron source or the electron-current inte-
grator. At this point it appeared that an extensive
investigation would be necessary to determine
and eliminate this source. Neither time nor
funds permitted such an extensive investigation;
it was therefore decided to live with the problem,
if at all possible. The rate of variation of positron
intensity is relatively slow; large changes take
place in a time span of 30 min to an hour. If

gas-in and vacuum runs are made in time inter-
vals short compared to the above time then the
effect of the positron-intensity variation can be
reduced. On two different dates data were
obtained with short running times («15 min).
Furthermore, by making runs in the following
order—vacuum, gas, vacuum—and then com-
paring the two vacuum runs, variations in
positron intensity were detected and those runs
with large variations were discarded. This, of
course, is not a very efficient system of data
collection.

On the final accelerator run a much improved
system was used. An electrically operated valve
was installed in the gas flow line. This modifica-
tion permitted a much faster cycling of the gas
which did not necessitate shutting down the
accelerator during the cycling of gas, so that
much more uniform beam conditions were
possible. The runs were of about 2 min duration.
Data collection was discontinued during the
time required (~30s) for the vacuum system
to reach stability after a switch. Fortunately,
equipment used in neutron-capture work was
already available so that the data collection
could be automated. Two banks of sealers, as
well as two different multichannel analyzer
memories, were used. One set was used to collect
data from the vacuum runs and one from the
gas-in runs. This proved to be a much superior
system over the previous manual operation of
the gas cycling. Over a long time the variations
in positron intensity did average out between
gas-in and vacuum data if many of the short
2 min runs were added together.

3. Results and Discussion
In this paper we have chosen two energy

intervals for consideration. The first lies between
1.0 and 4 eV which overlaps the region where
theory predicts a minimum in the total cross
section and where the swarm experiments can
be used most effectively to verify calculated
cross sections. The second which is between
17 and 26 eV includes the onsets of positronium
formation in the ground and excited states,
He excitation, and ionization. These intervals
are discussed separately below.

Cross Section Between 1.0 and 4 eV
With no accelerating potential on the con-

verter foil the positrons are emitted from the



28 CANADIAN JOURNAL OF PHYSICS. VOL. 50, 1972
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FIG. 4. Positron energy spectrum with no converter-target biasing, using gold-plated aluminum as moderator.

converter with the energy spectrum shown in
Fig. 4. This distribution for an aluminum mod-
erator (oxided covered) with a 200 A gold film
is peaked at approximately 1.5 eV and has a
full width at half maximum greater than 1 eV.
After background subtraction (the background
appears to be due to accidental coincidence
from after pulsing of the detectors) there are
few positrons above 4 eV in the low energy
spectrum.

Because the positrons are in a solenoidal
magnetic field the analysis of the experimental
data is not simple. A positron may be elastically
scattered and then trapped by the magnetic
field, and still arrive at the annihilation foil at a
later time. This effect, illustrated in Fig. 2, which
we have termed "downscatter", can cause an
apparent negative attenuation, i.e., in the low
energy region more positrons may be detected
with gas in the flight path than under vacuum
conditions. To obtain the correct attenuation
this downscatter must be calculated and re-
moved from the gas-in runs. This calculation,
however, requires a knowledge of the angular
distribution of the scattering which implies a
knowledge of the total cross section, the quan-
tity which we wish to obtain from the measured
attenuation.

A much simpler approach is to calculate the
yield curve from various assumed sets of phase
shifts and for a given gas pressure compare the
calculated yields with those obtained experi-

mentally at the same gas pressure. (This ap-
proach, like swarm studies, simply verifies the
consistency of our data with various theoretical
calculations.) These comparisons should in-
dicate which set of phase shifts fit the experi-
mental data best, then the total scattering cross
section can be calculated from the phase shifts.
No information is lost in this method, as a
matter of fact we gain information about the
angular distribution of the scattering. Informa-
tion concerning the angular distribution, of
course, is contained in the downscatter part of
the yield.

A simple calculation assuming only one
collision with a He atom before detection may
not be of sufficient accuracy to yield the desired
results. This can be seen from the following
argument. A reasonable running time (~1 h)
for a gas-in run typically yields from 10 to 15%
counting statistics over the peak of the distribu-
tion. For reasonable tests of excellence of fits
the attenuation needs to be at least 2 times this
statistical uncertainty. The gas pressure should
be adjusted so that the positrons are attenuated
by 20 to 30%.

Now, if we consider a positron travelling down
the flight path in the direction of the magnetic
field, and then consider a collision with an atom,
this collision changes its direction with respect
to the magnetic field and the positron's path is
now a helix. Because of this helical motion, the
distance the positron travels in the gas before
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FIG. 5. Positron time spectrum with no converter-target biasing and under vacuum conditions, using gold-plated
aluminum as moderator.

it reaches the annihilation foil may be many
times the straight-ahead path length; it will
thus be almost assured of having a second
collision. It is apparent then that the calculation
should include the possibility of multiple col-
lisions.

A simple way in which this problem can be
solved is by the use of a computer Monte Carlo
program in which multiple collisions may be
very easily taken into account.

A brief description of the computer program
which was used in the analysis follows. Since
the experimental data are in terms of positron
flight times, it was decided to perform the
calculation in terms of time rather than energy.
In this way the output of the program can be
compared directly with the experimental data.

The assumed phase shifts are fed into the
computer memory as tables of phase shifts versus
the energy of the positron. The present calcula-
tions include phase shifts for / = 0, 1, 2, and 3.
Higher values of/ could be included but for the
present energy range higher values are probably
not needed for suitable accuracy. The shape of
the positron yield under vacuum condition is
also needed. This was obtained from the smooth
curve drawn through the data points after back-
ground subtraction as shown in Fig. 5. This
curve was fed into the program as a table of
vacuum yield versus the channel number of the
multichannel analyzer. Channel number was
selected as a convenient unit of time so that the
program output could be more easily compared
with the experimental data.

The pressure was also entered in the input
information to calculate the yield for the various
pressures. The computer calculates the energy
corresponding to the first channel numbers
considered, then the phase shifts 60, <5,, 62, and <53
are determined at the channel energy by a simple
interpolation from the input phase-shift tables.
The angular distribution of the scattering as well
as the total cross section for the time channel
can be calculated from the set of phase shifts
corresponding to that channel. The program
then follows a positron with an energy corre-
sponding to the time channel down the flight
path. The computer is asked to supply a random
number X^ between 0 and 1 from a uniform dis-
tribution. The path length S the positron will
travel before a collision with a gas atom is given
by

where <TT is the total cross section and N is the
number of atoms per cm3.

The distance Z travelled down the flight path
is given by

--
cos 0

where 0 is the angle between positron velocity
vector and the magnetic field. If Z is greater than
the length of the flight path then a count which is
weighted by the vacuum yield is recorded in the
appropriate time bin. If Z is less than the flight
path then a new angle 0 is selected by two ran-
dom numbers in such a way as to give the proper
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angular distribution which was calculated from
the input phase shifts. A new S is found and the
computer goes through the above process unti l
the positron is either lost from the system by
being scattered backwards to a point past the
source or is counted. If it is counted, a weighted
(weighted according to the vacuum yield curve)
count is stored in a time bin which corresponds
to the total flight time of the positron. After the
positron is counted or lost from the system
another positron is followed through the system.
The present program followed 1000 positron
histories for each input time channel. In this
way a yield curve can be obtained for a given set
of phase shifts and pressure.

The input phase-shift information to the pro-
gram was taken from calculations by Drachman
(1966). The results of these calculations are given
in terms of two parameters, a and C. The use of
the more recently calculated phase shifts (Drachr'
man 19686) to correct for positron backscatter
tends to decrease the cross section at low
energies but not change a. and C. Any increase in
these phase shifts will increase the cross section.
The changes will be within the estimated errors.
The parameter a measures the amount of
monopole correlation retained in the scattering
wave function, and would be the only parameter
in the theory if it were possible to use an exact
wave function for the helium atom.

The parameter C is selected to give the mea-
sured polarizability once an approximate wave
function is selected. Drachman has calculated
four sets of phase shifts corresponding to the
extreme values of a and C (a = 0 or 1 and C = 1
or 1.24). The difference in the phase shifts is not
great between the two values of C for a given
value of a. Between the two values of a, however,
there is a much larger difference, especially in S0.
The correct value of a, for this reason, should be
more easily obtained than the correct value of C.

Figures 6, 7, and 8 show the comparison be-
tween the Monte-Carlo calculations and the ex-
perimental data. Only at the highest pressure
shown in Fig. 8 is there sufficient difference in the
two values of a to make a good judgment by the
fit. In the cases studied here it is evident that the
value a = 0 gives the best fi.t to the data. The
difference in the two valules of C was not
sufficient to make an accurate: judgment with the
present experimental data< ailthough the value
C = 1 seems to give the best fit.

220 260
CHANNEL NUMBER

FIG. 6. Positron time spectrum for 1 x 10 3 Torr He
gas pressure. Solid curve is the Monte Carlo calculated
curve for a = 0 and C = 1.

220
CHANNEL NUMBER

FIG. 7. Positron time spectrum for 1.5 x 10~3 Torr He
gas pressure. Solid curve is the Monte Carlo calculated
curve for « = 0 and C= 1. Dashed curve is calculated curve
f o r a = l and C= 1.24.

The fit to the data for the two higher pressures
in the energy region below about 1 eV (time
channel 220) is not as good as above 1 eV. The
measured number of positrons below 1 eV are
considerably above the calculated curves. The
reasons for this are not known. Two assumptions
were made in the calculations to try to explain
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FIG. 8. Positron time spectrum for 2.2 x 10~3 Torr He
gas pressure. Solid curve is the Monte Carlo calculated
curve for a = 0 and C = 1.24.

this result. First it was assumed that those
particles which collide with the walls of the
flight path are not lost but bounce off the wall
or continue down the flight path. This assump-
tion was put into the calculations. There was a
slight increase in the yield but it was not enough
to explain the measured results. The second
assumption, which also failed, was to assume
that there was an initial angular spread of the
positrons leaving the converter. No change in
the yield curve was noted with the second
assumption. The lack of agreement between the
calculated and experimental results in Figs. 7
and 8 associated with longer flight times might
also reflect a need for an increase in the cal-
culated scattering cross section at lower positron
energies. Allowing for the downscatter as a
result of the collisions of these positrons would
lead to an increase in the theoretical curve in
better agreement with our experimental results.

The conclusion of the analysis from the fits to
the experimental data is that the value of a, the
monopole correlation, is a ^ 0. The parameter C
in Drachman's calculations for a = 0 is C= 1.
The calculated curve for this set of parameters is
shown in Fig. 9, marked D (for Drachman
(1966)). Some values are given in Table 1. The
cross-hatched portion of the curve indicates the
region of fit with experiment, with an estimated
error of ± 30%. These results are consistent with

the swarm data by Lee et al. (1969) and Leung
and Paul (1969).'•

Two sources of systematic error must be
considered which are associated with the large
gamma flash accompanying the linear-accel-
erator pulse. They come from the production
of ions and electrons in the bulk of the helium
gas and the production of secondary, electrons
from the wall of the time-of-flight tube. Because
of the large cross sections associated with
charge-charge scattering, 1 % ions could give
rise to a cross section a factor of 2 too high.
However, estimates based upon 1 J energy
dumped into the gas per pulse lead to ion-

0.01
10 20

POSITRON ENERGY (eV)

FIG. 9. Experimental results shown in comparison with
the various calculated total scattering cross sections for
positrons on helium. The results marked "CLPD" refer to
Galloway, LaBahn, Pu, and Duxler; "MLT" to Massey,
Lawson, and Thompson. Those marked "D" refer to
Drachman (for o = 0 and C = 1.24). "FM" refers to Pels and
Mittleman and "K" to Kraidy. The uncertainty bars
identify the experimental results at high energies while at
lower energies the hatched line superimposed on the
Drachman results identifies the region over which our
experiments agree reasonably well with theory.
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electron pair densities «0.01% of the helium-
atom density. The more serious problem appears
to be associated with the secondary electrons.
If one assumes a 1 % yield of electrons along the
walls of the chamber, immediately after the
pulse, the density of electrons in the gas will be
less than 108 electrons/cm3 which even without
diffusion is «0.01% of the helium-atom den-
sity. One estimates that the total systematic
error associated with this effect is < — 2% of
the total cross section.

Cross Section Between 17 and 26 eV
When a positive potential is applied to the

converter foil, those positrons which are formed
in the converter-moderator sandwich are accel-
erated to higher energies. These positrons then
may be used to investigate the cross section at
higher energies than the region offered by the
low-energy distribution. For He one energy
region is of particular interest, namely above
17.8 eV, where positronium formation is pos-
sible. A series of short runs were made with a
+ 15V bias on the converter-moderator foil.
This bias produced a beam of positrons with
energies near 16 eV (15 V accelerating potential
plus initial energy of the positrons from the
moderator surface). Six or more different gas
pressures were used in these runs with vacuum
runs interspersed with the gas in runs so that
changes in the positron intensity could be
detected. The logarithm of the ratio of a gas-in
yield to vacuum yield was plotted versus the
pressure of the He gas (example Fig. 3).

The cross section was found from the slope
of a straight line fitted to the points using the
method of least squares. Leaving out three
points which were in doubt because of variation
in intensity during the run, the cross section was
found to be 0.346 + 0.035 in units of na0

2 at a
positron energy of 16.5 eV, which is just below
the positronium formation threshold.

A series of runs were also made at positron
energies above the positronium formation
threshold, 18.5, 19.3, 21.3, and 26.1 eV. Un-
fortunately, during these runs there were large
changes in positron intensity leading to the
assignment of large errors to the data points.
These changes could be detected by the changes
in the intensity of low-energy positrons which
were not accelerated, since they originate at
points other than the converter (accelerating

grid, flight path walls, etc.). The shape of this
low-energy distribution was calculated for differ-
ent gas pressures in a manner similar to that in
the previous section. By normalizing the low-
energy peaks one could minimize the fluctua-
tions in the high-energy peak. Once this was
done a cross section was obtained again using
the method of least squares. Table 1 and Fig. 9
give the results of the analysis.

The increase in the cross section above 18 eV
is unequivocally associated with the onset of

e+ + He-»Ps + He+

but the triplet systems cannot be excited through
exchange and the possibility of excitation
through magnetic or electric-multipole inter-
action is small. The first state which may be
excited with reasonably large probability is the
21S state with an onset at 20.6 eV. The sharp
onset in our data is below this point.

It was hoped that our experiments would
allow us to unequivocally pick the best the-
oretical model for positron scattering just below
the positronium formation threshold. However,
as can be seen in Fig. 9 and Table 1, the in-
clusion of virtual positronium with the polariza-
tion of helium as calculated by Kraidy (1967) is
nearly equivalent to the results obtained by
Callaway et al. (1968) with their extended
polarization-potential approach where virtual
positronium is not explicitly included. Judging
from a comparison with Armstead's (1968) work
for hydrogen, Drachman's phase shifts for <50 are
likely to be too small near the Ps threshold; this
may be due to omission of virtual Ps in these
states.

However, just above 17,8 eV only the cal-
culations of Kraidy, who includes the polariza-
tion of the positronium, show the proper trend,
though they are a factor of 2 higher than the
experimental values. The addition of He polar-
ization tends to drop his values in this region.
The shape resonance in the 'P channel predicted
by Kraidy was not found. More data are neces-
sary to tell conclusively whether or not it exists.
At threshold the experimental values agree with
the best of Pels and Mittleman (1969); however,
their slope is unquestionably wrong.

4. Concluding Remarks

We have been able to demonstrate clearly
that the positron scattering cross section is
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decreasing in the interval 1-4 eV in agreement
with the Drachman model, where the amount
of monopole correlation retained in the scatter-
ing wave function is characterized by a = 0 and
the approximate ground-state target wave func-
tion is best represented by C = 1. This is con-
sistent with the conclusions drawn from swarm
measurements.

Just below 17.8 eV, the positronium formation
threshold, our experimental value is 3 times
higher than the lower bound set by swarm
studies. It also exceeds the Drachman value by
a factor of 2. The inclusion of virtual positronium
by Kraidy (1967) tends to give results in agree-
ment with experiment. Effectively, the same
thing is found in the Callaway et al. case, where
the approximation is quite different and the
individual phase shifts disagree. Above the Ps
formation threshold the Kraidy calculations
which include the polarization of Ps show the
trend we find, but tend to lie a factor of 2 above
our results. This disagreement would seem to
disappear when some He polarization is in-
cluded. His predicted p-wave shape resonance
was not found. Our data are sparse in this
important region.
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Theoretical study shows that thermalized positrons are thrown out of a metal with an energy
of the order of several eV. This phenomenon is shown to be closely related to the electron
work function of metals. Since energy is emitted when positrons leave the metal surface, it
is named "negative work function." The negative work function of thermal positrons is **
«* A$e— p£ + O(Np/N), where N/, and N are the total number of positrons and electrons, respec-
tively, in the metal. Atf/* is the electrostatic potential across the metal surface due to the dou-
ble layer taken from the electron work-function calculation, and p£ is the correlation contribu-
tion to the positron chemical potential at the mean electrostatic potential.

Recently observations of low-energy positrons of
several eV emitted from metallic surfaces when a
high-energy positron source is directed onto the
other side of the slab were reported!I|Z Up to now
the accuracy of such experiments2 only allows us to
take these results as qualitative indications of the
existence of such low-energy positron sources.
Metals and dielectrics like mica or polyethylene
were used. Without realizing that such emission
is mainly a surface phenomenon, in nearly all cases
the material has been coated with a layer of metal,
usually gold; or chromium. The only quantitative
measurement is reported in Ref. 1.

It is well known that high-energy positrons are
easily thermalized in metals after a few collisions.3

The low-energy emission of several eV, which is

much larger than the kinetic energy of thermal pos-
itron (~0.025 eV), must therefore be related to the
energy that a positron receives when it leaves the
metallic surface. We call this the negative work
function of the thermal positrons in metals. It is
qualified by the word "negative" because unlike the
electrons, energy is emitted on leaving the metal.

Let us first return to our understanding of the
ordinary work function of a metal. The jellium
model used in such theory says that the positive
ions are replaced by a rigid uniform positive jelly.
The electron cloud fills up the whole interior of the
metal but it spills over a little near the edge [Fig. 1
(a)]. This leakage of electrons and the excess pos-
itive background form a double layer [Fig. l(b)]
first suggested by Frenkel4 and used by Wigner and
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(a)

Charge distribution

(b)

E
- r •

FIG. 1. (a) Charge distribution of a semi-infinite met-
al with surface at z = 0 in the jellium model, n + is the posi-
tive background and n is the electron density, (b) Double
layer. The field at z\ is zero because there is no net
charge inside the box ABCD when zj »0. At a point z2
close to the surface the net charge in the box AEFD is
positive. The double layer attracts an electron but re-
pels a positron.

Bardeen.5 The thickness of the double layer is only
a few A.

The double layer attracts an electron when the
electron is very close to the surface. This can be
seen if we use Gauss's theorem [Fig. l(b)]. This
attractive potential of the double layer is only
one of the contributions to the work function of an
electron. Fermi statistics and exchange and cor-
relation effects must be included in a good self-
consistent calculation. Only in recent years have
techniques been developed to successfully calculate
the work function. 6~9 Values obtained from a full
theoretical calculation and from experiment are in
good agreement (5-10%).

A positron, on the other hand, is repelled by the
double layer near the surface. There is no exchange
effect of the positron with the electron. Of course,
Fermi statistics and exchange and correlation .ef-
fects among the electrons are still the major con-
tributors in determining the true electron-density
distribution in the metal.

Let us now examine the above statements more
quantitatively. We refer to Lang and Kohn9 for the
proof of an exact expression of the work function *"
of an electron in a metal:

*«=A0«-M
e , (1)

where A$e is the rise in mean electrostatic potential
across the metal surface (double layer), and /i" («)
is the bulk chemical potential of the electrons at the
mean electron density n of the metal interior rela-
tive to the mean electrostatic potential. \f consists
of three terms: the Fermi energy kp/2m, the ex-
change V-Kn), and the correlation M|(") contribu-
tions. In all metals, the work function *e is posi-
tive.

We can derive a similar expression for the posi-
tron work function:

*>= A0>'- p."', (2)

where A0* is the lowering of the mean electrostatic
potential across the metal surface as described
above, and // is the chemical potential of the posi-
tron in the metal interior relative to the mean elec-
trostatic potential. This is valid in the small (nf/n)
limit, where np and n are the positron and electron
densities, respectively.

It should be emphasized here that in these ex-
pressions, all many-body effects including the image
forces have been taken into account.9

In the evaluation6"9 of A$e
j the only parameter .

entering the calculation is the mean electron density
n in the bulk. In the positron case, n is not changed
much since the mean density of positrons, nt, is of
the order np/n =* l/N. We can talk of mean density,
of positrons, because we know both from experi-
ments and from theory that at metallic densities
positrons do not form bound states with elec-
trons. 10~13 It is quite true that electrons crowd
around a positron locally, but this does not affect
the "mean" electron density in the bulk. Neglecting
all contributions coming from terms proportional
to np as compared to those containing n, we find
A<£*(n) ^ - A$"(n). Another way of saying the same

TABLE I. Negative work functions for thermalized
positrons in metals. For the sake of reference, we give
here a list of common metals and their revalues: Al
(2.1); Mg(2.7); Cu(2.7); Au(3.0)a; Na(4. 0); K(4.9); Cs
(5.6).

rs A^NeV) ('''(eV) $ * (eV)

2.0
2.5
3.0
3.5
4.0
4.5
5.0

^6.80
-3.83
-2.32
-1.43
-0.91
-0.56
-0.35

-1.89
-1.69
-1.55
-1.43
-1.34
-1.26
-1.20

-4.91
-2.14
-0.77

0
0.43
0.70
0.85

a<?>* for gold is -2.26 eV. If we use Smith's value for
A0e, then #*~ - 1. 93 eV. It may be of interest to com-
pare these theoretical values with the measured value
reported in Ref. 1.

"From Table I in Ref. 9.
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thing is that neglecting corrections of O(1/JV), the
chemical potential of an electron ^e(n) is not
changed. w Since \ie(n) is a unique functional of the
density n, it means that to OU/A7), n is not changed,
implying

A0e(w) have been calculated by various authors7"9;
a listing of values calculated by Lange and Kohn9

are shown in Table I. They are of the order of
several eV.

We shall now estimate the chemical potential V?
of positron. The kinetic energy of the thermal posi-
tron is taken to be zero. Again neglecting terms pro-
portional to tip, wehave //(M)~ M?(«)- Toget arough
estimate of /LI* , let us evaluate the ring diagram
(Fig. 2) with screened potential

v=-(ez/r}e-" r , (3)

where the screening constant a can be chosen15 as
either the Thomas-Fermi value a~0. 81rJ/2 kF or
the random-phase-approximation (RPA) value a
~ 0. 353 r\'2kF. We shall use the former to get an
estimate of the magnitude. In addition to the small-
momentum-transfer approximation, we shall as-
sume np approach zero. This gives the correlation
energy

13.6
ZTT

-=-2.68r;1/2(eV), , (4)

where r, is the dimensionless parameter a^1 (3V/
477A0173 and afl is the Bohr radius. Now

for small np. The RPA (static) estimates are listed
in Table I. In real situations as compared to the
jellium model, there is a local concentration of
electrons near a positron.

Even if we suppose this local concentration in elec-
tron density is as high as 100 times greater, the
above estimates in the static contribution to tif

c can-
not be off by a factor more than 3. The small-
momentum-transfer approximation, however, over-

FIG. 2. Ring diagram. The
double lines are positron and
positron-hole lines, the solid
lines are the electron and elec-
tron-hole lines, and the broken
lines represent the screened in-
teraction [Eq. (2)J.

estimates the value. A more accurately calcula-
tion of uf has been made by Bergersen and Car-
botte,18 and their values are close to these esti-
mates. Because of the arbitrariness in both esti-
mates of v? and A0", the values in Table I should

: only be taken as an indication of the existence of
negative work function for thermal positrons in
some high electron density metals.

To this date, experiments yielding definite results
were carried out at room temperature and pres-
sure.1'2 As has been indicated in this theoretical
study, such observed low-energy positrons of sev-
eral eV are most likely to be related to the "neg-
ative work function. " It is a surface phenomenon.
We learn from the work-function physicists that
surface phenomena are very sensitive to the surface
condition, to the purity of the metal, as well as to
the presence of absorbed impurities and gases.
High vacuum and low temperature are required.
Measurements by Pendyala, Orth, Zitzewitz, and
McGowan are being carried out under conditions
closer to these requirements.17
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Evidence for the Negative Work Function Associated with Positrons in Gold^
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Positrons which have been thermalized in various moderators and coated with ~200-A gold
leave the gold surface with an energy which peaks between 0.75 and 2.90 eV. This energy is
thought to be associated with a positron or "negative" work function of gold.

INTRODUCTION

Until we reported1 our observation of low-energy
positrons, the negative results of Madanski and
Rasetti2 had been widely quoted as evidence for the
lack of emission of low-energy positrons from sur-
faces of various materials. In their experiments,
they used a 64Cu positron source and looked for
the emission of positrons with energies less than
150 eV from various metallic and dielectric ma-
terials. Later, in an unpublished thesis, Cherry3

did observe positrons from a 22Na source with en-
ergies less than 10 eV transmitted through mica
which had been coated with a thin conducting layer
of chromium. Following the method of Cherry,
Madey4 found emission of slow positrons from poly-
ethylene with energies peaked near 20 eV. He
speculated that the emission process was enhanced
by an electric field built up within the dielectric
by stopped positrons and their annihilation y rays.

Our interest in the problem of emission of slow
positrons first came from a desire to use them as
projectiles in a study of positron-atom-scattering
cross sections. On the basis of the experiments
on the slowing-down spectrum of positrons with
energy above 10 keV of Birkhoff and Wilkie5 and
the "continuous-slowing-down" theory of Spencer
and Fano,6 it was felt that, with a moderated high-
energy source, one might be able to produce suf-
ficient flux with energies below 100 eV to measure
total scattering cross sections for various target
gases.*

Repeated attempts to observe positrons in the
interval 10-100 eV were unsuccessful although
Paul et al."1 using a very similar approach, found
a signal associated with positrons between 0. 3 and

1. 5 keV. Following the independent suggestions of
Kohn8 and Callaway9 that the positrons may be
thermalized and then "thrown" from the material
with several eV, attention was focussed on the en-
ergy interval ~1. 0-10. 0 eV. It was in this interval
that we did find positrons, all in a peak near 1 eV.
We associate this energy with what we call the
positron work function or "negative" work function.
This is the energy of the positrons which has been
thermalized in the moderator and thrown out of a
material. Detailed calculations of the mechanism
have recently been completed by Tong.10 A com-
parison of our results with his theory follows.
More recently Jaduszliwer et al.11 have verified
the existence of this low-energy peak.

EXPERIMENT

Rather than using a radioactive source as our
source of positrons, we used a 1-A peak current
55-MeV electron linear accelerator (LINAC). The
positrons were created through pair production by
the bremsstrahlung from a 20-nsec burst of elec-
trons, at a repetition rate of 500 Hz. Energy anal-
ysis of the positrons was accomplished by fast time-
of-flight techniques using a 3-long flight path.
The coincident y radiation from annihilation in a
metal target at the end of the flight path determined
the time of arrival of a positron. A schematic dia-
gram of the source and flight path are shown in
Fig. 1.

The bremsstrahlung target consisted of a water-
cooled 0.3-radiation-length-thick tantalum target
within a lead collimator. The forward-directed
bremsstrahlung radiation impinged on the converter
where the positron-electron pair was formed. This
normally consisted of a "sandwich" of tantalum, in
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FIG. 1. Scattering
chamber and time-of-
flight energy analyzer,
shown with details of
positron-source region
and positron annihila-
tor.

which positrons were born, and a low-Z material,
in which the positron energy was moderated and
from which they were emitted. Several materials
have been used for the moderator: aluminum (with
an oxide coating of undetermined thickness) with a
200-A gold coating; mica with a 150-A gold coating;
a CsBr crystal with a 150-A gold coating. It was
our thought at the time of the experiment that we
were dealing with a bulk process and that the gold
coating simply gave a gold equipotential surface.
To make sure this was so, the coating was made as
thin as possible so that it would still have a good
uniform-conducting surface but not appreciably
thermalize the positrons coming through it. How-
ever, Tong10 has shown that the negative work func-
tion is largely a surface process. Thus we would
expect all of our results to be somewhat similar •
and to reflect primarily the gold coating. ',

Because the positrons leave the moderator withV
essentially one energy, the converter-moderator \
sandwich could be biased at various potentials with
an external power supply (refer to Fig. 2 for an
example). A grounded aluminum plate immediately','
behind the converter target served as part of a 20- \
pF vacuum capacitor to prevent fluctuations in the \
potential on the converter target due to Compton
and/or photoelectron currents. A grounded gold-
plated copper grid was placed on the downstream
side of the converter target. With this arrangement
it was possible to accelerate or decelerate any
positrons coming from the surface of the converter
target. However, many of the positrons (between

30 and 60%) which appeared in the low-energy peak
(near 1 eV) came from the gold-coated copper grid,
perhaps the end of the flight tube, and other sources.
For this reason, we separated the positrons coming
through the gold-plated moderator from the others
by appropriately biasing the target.

In Fig. 2, we show the positron spectrum when
+ 15. 00 V were placed on a tantalum converter with
a gold-coated mica moderator. When one sub-
tracts 15 eV from the energy of the distribution,
a few positrons appear to come from energies less
than 0 eV. This reflects only the resolution of the
time-of-flight apparatus. It was unfortunate that
we had to bias the converter moderator with respect
to the grid, since in the time-of-flight experiment
the resolution of the emitted positrons was approxi-
mately 25 times worse at 15 eV than it was just
below 1 eV.

Although the flight path was magnetically shielded,
a weak solenoidal field was required to prevent any
residual ac or dc magnetic fields from deflecting
the low-energy positrons into the walls of the flight
tube. The annihilation target at the end of the flight
path was also biased with respect to a grounded grid
at its upstream side. This bias was required to
drive the positrons into the surface of the annihila-
tion foil. The target was an aluminum foil with a
thin coating of gold black used to minimize back
scattering. High-energy positrons, y rays, neu-
trons, etc., could pass through the annihilation foil
and proceed into a beam dump downstream.

The vacuum along the flight path was maintained
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TANTALUM-MICA-GOLD (BOA)
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FIG. 2. Average positron energy distribution coming
from a tantalum-mica-gold moderator sandwich biased 15
V with respect to the collision chamber. The error is the
standard deviation associated with the average of eight
runs.

at 2 xiQ-7 Torr or better. Large amounts of lead
and heavy concrete shielding separated the converted
end of the flight path and the detectors. Each de-
tector was a 6-in.-diam x6-in. -long Ne 211 fast-
liquid scintillator that was viewed by both a 56 AVP
and a 6810-A phototube. The multiple phototubes
were required to suppress the effects of spurious

• "after pulses" from the prompt bremsstrahlung
flash. The detectors had an efficiency of 1.3% for
annihilation radiation for fourway phototube coin-
cidence.

RESULTS AND DISCUSSION

As has been seen in Fig. 2, the energy at which
the plot of the number of positrons/eV peaks with
a 15-V bias on the moderator corresponds to a
negative work function peaking near 1 eV. When
displayed as a function of the time of flight, the
number of positrons/time interval peaks closer to
2 eV. This apparent discrepancy originally led to
some confusion.1 The values from many runs for
various (gold-coated) moderators are summarized
in Table I in comparison with other calculated and
measured values. The agreement for gold is good
when one allows for the incomplete thermalization
of the positrons in the thin gold layer.

In essence, the simple theory of the "negative"
work function, which is discussed in the following
paper, lo describes the surface of the metal as a
dipole layer with the electron density extending

beyond the surface, resulting in residual positive
charge within the surface. As the positron is
brought from infinity into the dipole it eventually
feels only the residual repulsive potential, which ...
primarily sets the value of the "negative" work
function. In the treatment by Tong,10 allowance is
also made for electron-positron correlation. It is
important to realize that the value for gold can be
related to part of the electron work function for the
same material. This fact allows us to separate the
electrostatic part and perhaps some of the electron-
electron correlation parts of the work function from
other quantum effects such as electron exchange
which does not exist for positrons.

It has also been observed experimentally by us
that the angular distribution of the positrons leaving
the surface appears to be less than ±2°, much less
than the (l/40)l/a[ = (kT/\ eV)1/2] rad one might ex-
pect for electrons in thermal equilibrium with the
solid and "thrown" from it with an energy of ~ 1 eV.
This limit follows from experiments where the axial
magnetic field was changed drastically without
changing the time-of-flight distribution of the trans-
mitted positrons. If the positrons had a larger an-
gular distribution, then the transmitted peak would
shift towards lower energies with increased mag-
netic field strength. This results from the fact that
positrons which would normally be lost to the walls
of the time-of-flight spectrometer would now
spiral down the tube and be collected. This was
not found. The reason for the small angle of emis-
sion is not yet understood.

The energy distribution of transmitted positrons
near 1 eV is ~1 eV full width at half-height with a
tail on the high-energy side. This width, unlike the
case where the positrons are accelerated to higher

TABLE I. Values for gold-coated moderators in
comparison to calculated and theoretical values.

Material
Values of negative work functions <&

Experimental (eV) Theoretical (eV)

Gold
Mica (150 A) gold

CsBr (150 A) gold
Al (200 A) gold
Mica-chromium
Polyethylene
Cu

-0.771

-0.75±0.5b

<5C

— 2.90 ± 1.0b>d

-1.25 ±0.5"
<5e

-20.7'
-1.8a

*B. Y. Tong in Ref. 10.
"This work.
CD. A. L. Paul (private communication).
dThe accuracy of this measurement is small due to .

experimental factors. However, the higher value may
reflect the CsBr substrate since the gold foil is thin.

eW. H. Cherry in Ref. 3.
fj. M. J. Madey in Ref. 4.
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energies, is not likely to be instrumental since at
1 eV the resolution of the spectrometer is very
much smaller than the measured width. One can
deduce a width of this magnitude if one assumes that
the positrons leave an oscillating platform with a
mass near that of the electron and with an energy
near 1/40 eV. Then in the laboratory frame, the
energy of the positrons would be ~ 1 ± 2 (1 x o. 025)1/2

eV. Accurate measurements of this width, the an-

gular distribution, and the energy as functions of
the source temperature and film thickness are
needed. Since the negative work function is largely
a surface effect, extreme care with surface condi-
tions will have to be taken.

The yield of positrons was between 1 and 10 posi-
trons/sec, or between 10'7 and 10"6 of the total pos-
itron yield from the source. This is in essential
agreement with the unpublished results of Cherry.3

tWork carried out at Gulf Energy and Environment,
Inc., San Diego, Calif., and supported, in part, by NASA,
Goddard Space Flight Center under Contract No. NAS5-
11116.

*A11 enquiries or correspondence to he addressed to the
above.
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Positron-hydrogen elastic scattering with inclusion of
long range effects via a pseudostate expansion
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Abstract. A complete calculation of positron-hydrogen elastic scattering in a pseudo-state
expansion formulation is made and results obtained for s, p, d, etc., partial wave phase
shifts. Good agreement is found between these calculations and those of long range force
oriented models for energies below the positronium formation threshold.

1. Introduction

The positron-hydrogen collision is an atomic collision as fundamental as that of the
exhaustively investigated electron-hydrogen collision but because of the opposite sign
of the projectile charge it has notable differences and in some ways may be a more
complex system to analyse. Positronium formation in either the ground or excited
states as either a real or vir tual process is the analogue of electron exchange in the
electron-hydrogen problem and should be included in some manner in any complete
formulation; for energies below the positronium formation threshold as is the case here,
this is clearly a vir tual process. There is an excellent review article by Drachman and
Temkin (1971) which includes an extensive discussion of positron-hydrogen scattering
and may be consulted with profit.

The other important effect which requires incorporation into the model is that of
the distortion of the target state by the electric field of the incoming positron. A special
difficulty which is present in the positron collision and not in its electron counterpart
is that in the adiabatic approximation appropriate at low energies where one neglects
the kinetic energy of the incoming positron, the effective potential seen by the positron
consists of two parts; a static potential and a polarization potential which, in this case,
have opposite signs, tending to cancel one another, and demanding great delicacy in
the choice of an expansion basis for the total wavefunction; in the electron case these
potentials add and are further masked at short-distances by the dominant effects of
electron exchange. One would ultimately like to include these two important effects
of virtual positronium formation and atomic distortion as fully as possible. The
distortion or polarization effect is a long range effect and we attempt to include it by
expanding the total wavefunction in a pseudo-state basis with the pseudo-states chosen
to account for the polarizability of the target as proposed by Damburg and Karule (1967)
and recently applied to the elastic electron-hydrogen problem by Burke et al (1969).

In the results obtained here we have incorporated only the long range effects in
this manner; the important short range effects associated with virtual positronium
formation are being currently studied and will be reported on in a subsequent paper.

MS. 130
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Table 1. S-wave e~-H phase shifts in various approximations

K
0-1
0-2
0-3
0-4
0-5
0-6
0-7

0-1483
0-1877
0-1677
0-1201
0-0624
0-0039

-0-0512

0-151
0-188
0-168
0-120
0-062
0-007

-0-054

-0-0580
-0-1145
-0 1682
-0-2181
-0-2635
-0-3042
-0-3400

0036
00137

-0-0352
-0-0939
-0-1539
-0-2112
-0-2638

0-0072
-0-0251
-0-0748
-0-1295
-0-1829
-0-2317
-0-2746

0-07990 0-128
0-0745

-0-011

-0-1252

0-0826
0-0459

-0-0073
-0-0654
-0-1225
-0-1756

0-15S
0-135
0-OS9
0-034

-0-022
-0-074

0-163
0-213
0-201
0 164
0-115
0-067
0-020

0080
0-085
0-053
0-005

-0-048
-0-099
-0-147

0-0996
0-1187
0-0938
0-0488

-0-0043
-0-0540
-0-103S

(a) Rigorous lower bound results of Bhatia et al (1971)
(b) Variational results of Schwartz (1961)
(c) Static approximation (Hartree)
(d) Extended polarization (Callaway et al 1968)
(e) (ls-2s-2p~3s-3p-3d) close coupling (McEachran and Fraser 1965)
(f) (ls-2p'-3d')pseudo.-state results of Perkins (1968)

(g) (ls-2s-2p-2p-3d) pseudo-state results of present work
(h) Rigorous lower bound results of Drachman (1968)
(i) Adiabatic (monopole + dipole + quadrupole) results of Bransden and Jundi (1966)
(j) Dipole potent ia l results of Cody et al (1964)
(k) Optical potent ial formulat ion of Matese and(rund)(l971).

Table 2. P-wave e + -H phase shifts in various approximations

0-1
0-2
0-3
0-4
0-5
0-6
0-7

0-009
0-033

- 0-065
0-102
0-132
0-156
0-178

0-008
0-0289
0-0548
0-0801

. 0-0994
0-112
0-119

0-0073
0-0263
0-0518
0-0764
0-0952
0-106
0-109

0-0072
0-0226
0-0370
0-0458
0-0468
0-0408
0-0290

0-0083
0-0281
0-0513
0-0714
0-0848
0-0912
0-0922

0-0054
0-0162
0-0257
0-0300
0-0282
0-0210
0-0102

0-007
0-030
0-058
0-084
0-103
0-115
0-119

0-0086(1)
0-032(1)
0-066(4)
0 - 1 1 ( 1 )
0-14(1)
0-17(2)
0-19(2)

(a) Variational results of Armstead (1968)
(b) Rigorous lower bound results of Klcinman et al (1965)
(c) Rigorous lower bound results of Drachman (1968)
(d) Extended polarization results of Callaway et al (1968)

(e) (ls-2s-2p-2p-3d) pseudo-state results of present work
(f) (ls-2s-2p-3s-3p-3d) close-coupling results of McEachran et al (1965)
(g) Adiabatic (monopole + dipole + quadrupole) results of Bransden and Jundi (1966)
(h) Extrapolated values of Kleinman et al (1965)

and 3 hearten us where comparison is made with other theoretical calculations. Suppose
we include the short range efTects via, for example, virtual positronium pseudo-states
to allow for polarization of the positronium atom by the proton. Considering our
long range results we may expect this to enhance our values to close agreement with the
variational values.



where

m i m z

and in which the $„,(>•) are radial pseudo-state functions to be specified later; introducing
a projection operator P,(r, x) with the property that

(7)

and multiplying (2) by O*(r, x) and integrating over the coordinates r and x, we obtain
the final radial equations £.£.

Pv(r, x)T(r, x) = <J>v(r, x) J <D*(r', *)4V, x) dr' dx

I (-a'iWi;W.(s,,,,s,,T,J)ivM (I)
v-

= -2x
-* v - c

(1C stands for incident channel) where we have imposed the two conditions

r M£-^)+;K''wdr= -2-'A"
as in Burke et al (1969) on the radial pseudo-sta^sSnl(r), introducing the pseudo-
thresholds €„,,, and where the functions /; and/^jwere first defined by Percival and
Seaton (1957). '

We have left the total wavefunction unexpanded on the right hand side of (8) under
the integral sign. Using the property (7) of the projection operator and the ortho-
normality of the basis one can see that if ¥(r, x) is expanded again as in (4) the second
term on the right hand side of (8) (that is, the term involving the projection operators)
will vanish and we recover the usual pseudo-state expansion equations. It is these
equations which have been solved here and give us our present long range results.

3. Results and conclusions

We have presented our calculated results for the s, p, d etc phase shifts in ls-2s-2p,
ls-2s-2g-2p, ls-2s=2p-3d and ls-2s-2p-2p°-3d expansions wherein the pseudo-
states 2p, 2p and 3d are those employed by Burke et al (1969). It must be at once
emphasized that these are purely long range results and so ought not to be expected
to approach the accurate variationally obtained values for small L. Rather, it is hoped
to demonstrate here how important is the influence of the neglected short range effects
mentioned above, and to show how far long range forces can carry one towards a
•complete solution.
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Their inclusion will be critical towards increasing our present phase shift values towards
accurate variationally calculated values. Even so, the s, p and d etc phase shifts shown
graphically in figures l(a), (b), (c) and 2(a) and (b) and in tabulated form in tables 1, 2
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Figure I. ls--2s-2p;- ls-2s-2p-2p: •

ls-2s-2p-3d; ls-2s-2p-2p-3d! (a) curve A, rigorous lower bounds (Bhatia et at 1971);
curve B, static + polarization (Cody et at 1964); curve C, 6 states coupling (McE;ichran et al
1965); curve D, static (Cody et al). (b) and (c) f , extrapolated estimates of Kleinman et al
(1965); curve A, variational (Armstead 1968); curve B, rigorous lower bounds (Kleinman
et a/); curve C, 6 states coupling (McEachran et al).

0-2 0-4 0-6

Figure 2. ls-2s-2p; ls-2s-2p-2p-3d. (a) and (b) curve A. 3 states
coupling (repeated by ourselves).



Table 3. D wave e*-H phase shifts in various approximations

0-1
0-2
0-3
0-4
0-5
0-6
0-7

0-0012

0-01181

0-03134

0-05700

0-0013
0-0050
0-0109
0-0175
0-0242
0-0299
0-0337

0-0009
0-0038
0-0082
0-0134
00186
0-0231
0-0265

0-0014
0-0055
00123
0-0215
00326
0-0447
0-0578

0-001 3(0)t

0-014(1)

0-046(5)

0-1(1)

(a) Rigorous lower bound results of Kleinman et al (1965)
(b) Extended polarization (Callaway et al 1968)
(c) 6 state (Is-2s-2p-3sr3p-3d) close coupling (McEachran and Fraser 1965)
(d) 5 state (ls-2s-2p-2p-3d) pseudo-state results of present work
(e) Extrapolated values of Kleinman et al (1965)
t The numbers wi th in the brackets are the uncertainty values of the last digits

2. Theory

Following Fon (1970), we discuss briefly the derivation of the scattering equations.
All equations are written in the usual atomic units. The target proton is assumed
infinitely heavy and fixed at the origin and we denote the position vectors of the positron
and bound electron respectively by x and r relative to it. Our total wavefunction
T(r, JT) satisfies the nonrelativistic Schrodingcr equation

-E \V(r,x) = 0

which we rewrite in the form

(-^
where

+ k2 + 2t o V(r, x) = - *)

(D

(2)

(3)

is the total energy, e0 being the ground state eigenenergy of hydrogen and k*/2 the
incident kinetic energy of the positron.

In the interests of simplicity and succinctness of notation we represent the channel
quantum numbers (n/i/2) and (n'l\l'2) by v and v' respectively. By expanding *¥(r,x)
on the left hand side of (2) in a complete discrete orthonormal set as

(4)

with

(5)



Numerous previous calculations of this process exist so that we have, in an endeavour
to be fairly comprehensive, displayed the results graphically and also in tabular form,
including representative values on the curves of figures 1 and 2 and a fuller set in
tables 1, 2 and 3. These calculations embody a variety of approximations. For L = 0
we regard the recent rigorous lower bound calculation of Bhatia ec al (1971) as definitive,
superseding the earlier long standing result of Schwartz (1961). For L = 1 the varia-
tional result of Armstead (1968) is likewise regarded as definitive.

We note with encouragement that our purely long range results do not suffer too
greatly by contrast to these other calculations. All of our results provide lower bounds
to the true phase shifts and as tlie value of L increases the >]L improve accordingly.
This is simply a reflection of the fact that the calculation incorporates the correct
long range dipole polarization potential and the resulting phase shifts for sufficiently
large L will follow the effective range formula of O'Malley el al (1962)

fc2cot>7, = v ' ' A ' M ' ' + higher order terms (10)
7T2

which should be substantially exact for larger L values (L ^ 3).
For smaller values of L as in the case of L = 1, our best (ls-2s-2p-2p--3d) phase

shifts, though a long way from the exact values, however, agree reasonably well with
the rigorous lower bounds of Drachman (1968) and the adiabatic (monopole (tnj^""" P "V
dipole(Vn£?quadrupole) results of Bransden and Jundi (1966). Both of these calculations
are long range oriented models.

In the case of S-wave phase shifts, our best calculations are poor compared with
those of Bhatia et al (1971). However, it is instructive to compare our results with the
dipole polarization potential results of Cody et al (1964) as is shown in figure !(«)-
It is to be noted that these two sets of results tend to coincide with each other. We
observe with satisfaction that for low energies, the long range forces are predominantly
of dipole polarization nature and that inclusion of long range forces by the pseudo-state
expansion is essentially adequate.

The poorness of our results for small values of L can only suggest that long range
forces alone cannot give us the desired goal and short range attractive forces are needed
to bring us up to the exact results. Physically, we visualize the collision between a slow
positron and a hydrogen atom as follows. For low energies the incident positron at
larger distances experiences firstly an attractive force due to the long range polarization
potential; as it speeds up and approaches the atom it then (in a simplified picture)
encounters the repulsive static potential. These attractive and repulsive forces will
now compete and an equilibrium will tend to result describable in the language of
'virtual positronium formation'. The impact of this situation is most strongly reflected
in the case of a head on (S-wave) collision between e* and H.

In conclusion //we can make up for the loss of short range attractive forces while
taking care of the long range forces by the pseudo-state expansion, our model may
well prove to be a systematic way to attack positron-atom scattering problems.
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Considerable sophistication has developed in instrumentation asso-.'
dated with the swarm techniques which permit studies of the annihilation
of a free positron with a bound electron, ortho-positronium quenching,
measurements of the cross-sections for total momentum transfer at ener-
gies well below the positronium-formation threshold, measurements of
Zeff, a"d KO on- However, swarm techniques become less effective as the
velocity of the colliding positron approaches that for the formation of pos-
fitionium.

Recently, it has been shown that a source of positrons can be fabricated
which gives a narrow energy distribution [FWHM = 1.0 eV]. As a result,
complimentary beam experiments can be attempted. In this progress report
(c+,He) scattering experiments and -results are reviewed as an example of
work possible using both swarm- and beam techniques.

X

1. Introduction

'••'• One of the primary problems we have in electromscattering is to test the
• effects of the electron exchange force between the bombarding electrons and
the electrons in the target atom or -molecule, since these electrons are com-
pletely indistinguishable. One way to eliminate the problem is to replace one
electron with an anti-electron, i.e. a positron. This is perhaps most meaningful
in the elastic-scattering region, below the onset of any inelastic processes.
However, even this study is somewhat complicated theoretically by the fact
that the mean static interaction of an atom with a positron is repulsive while
the long-range polarization is attractive so that the two effects oppose rather
than combine as in the case of electron scattering. Furthermore, we do not
yet know if (e'.e"1") pair annihilation has a direct effect upon scattering cross-
sections. Although we have eliminated exchange, at higher scattering energies
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there are the unique problems of positronium formation both in the ground-
and excited state, and the formation of compound states which must be added
to those of excitation and ionization of the target atom or -molecule.

'-. Theoretically, the most tractable system is (e+,H) [1]; experimentally,
(e+,Ar) has proven more manageable [2,3]. For the moment, (e+,He) has be-
come the compromise system for which considerable theory [1 ] and com-
plementary experimental data are now available. It is this system which will
receive the most detailed review in this report. Limited work has been re-
ported on positron collisions with neon, krypton, xenon, nitrogen, hydrogen
and a large number of organic and inorganic compounds. See refs. [3-9] for
an introduction to this work. v-
'• Essentially, two types of experiments have been carried out. The first type
includes variations on swarm experiments which the atomic-scattering com-
munity readily associates with electron scattering. The second type is a beam :

experiment involving the collision of energy-resolved positrons with a gas
target. This is a new method, and while only one experiment is as yet re-
ported, several others will.be reported soon. Clearly, in the future, there will
be many more swarm- and complementary beam experiments covering ener-
gies from the elastic-scattering region, i.e., >•

*•« • " \

.-•: e++ He-* e++ He , (1)
x . ' ' • x
through the onsets of the inelastic channels (cf. fig. 1): •"
:-: . x
e+ +He-*Ps + He"1" — 17.8 eV (charge transfer or positronium , x
x formation) (2)
x • x
x -*e++He(21S)-20.6eV (helium excitation of first x

singlet state) (3)
v ' • . ' , X

-> Ps(«=2) + He+ (excited positronium formation) (4)

-> e+ + He+ + e - 24.6 eV (ionization), (5)

possibly: . . . . • •

e+ + He -» (He,e+) compound state -> He* + e+ , . (6)

and so on. Competing with all of'these processes is the direct annihilation of
the positron with the bound electron in the atom,
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e+ + He

SLOWING DOWN PROCESSES

momentum
tronsfer
to atomic
electrons

e++ He* +• e
e* + He*(2'S)
Ps + He+

eV-He

eV
I06

I05

I04

I03

I02

24.6
20.6
17.8

10'
10°

Fig. 1. Slowing down processes for positrons in helium gas, the energy ranges over
which they apply, and the threshold energies for the processes involved.

e+ + He -> gamma rays + He"1" .

2. Swarm experiments

x
(7)

x
X

X

X

•>: Conceptually, the electron- and positron swarm experiments are similar,
but as you will see, in many ways the positron swarm studies are much richer-
One may introduce a pulse of electrons into the typical gas-filled electron
drift tube [10] at / = 0 by flashing a photo-cathode or otherwise gating an
electron source. One then measures the time t it takes for the electrons to
traverse the gas cell, as a function of gas pressure,/?, and axial electric field,E.
In these experiments the drift velocity is proportional to E/p. Normally the
pressure range studied is 0.1 <p < 20 Torr.
: In order to determine the total momentum-transfer cross-section, Oj^y, it
is necessary to solve the diffusion equation,

(8)

where F refers to a complicated functional dependence, in order to determine
the electron-velocity (energy) distribution function/(u) and derive OTMT
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(a)

f = f(v)

BEAMS

•0 +
E «•

(b)

f X f ( v )

17.8

e* + He —«- e* + He

17.8

(c)

17.8

Positron energy (eV)

Fig. 2. Representative changes in energy (velocity) distributions of positrons as a func-
tion of the mean energy of the positrons (a) for swarms (b) for beams. In both cases, a
low and high energy case is shown. The predicted shape of the (e+,He) total momentum-
transfer cross section through the Ramsauer-like dip is given in (c).

from the analysis. At low mean velocities,/(y) is very narrow. As the electron
velocity is increased through an increase of E/p or of gas temperature,/(u)
broadens rapidly [10]. This behavior, shown schematically in fig. 2, repre- •'-
sents one of the prime characteristics of a swarm experiment. >•
x A variation on this type of experiment allows the study of the formation
and destruction of (X,e~) complexes as a function of E/p artdp [11]. In these
cases, the negative ions X~ are usually detected by means of a mass spectro-
meter and a gating system which enables an experimentalist to measure ac-
curately the number of ions present and their velocity distribution after a
given period of time, t. ' x

With positrons the situation is similar in that there is a drift tube with an
axial electric field E, but normally the pressure range covered is much higher,
1 <p < 100 atm. (Note: the unit used in positron drift experiments is the
amagat — 1 amagat = 1 mol/22.4 litre = 4.46 X 10"5 mol/cm3.) But unlike
the electron-swarm case, positrons do not come from sources which have a
reasonably narrow energy distribution or are convenient for drift studies as
far as their half-life is concerned (cf. table 1). Normally, they are obtained
from either long-lived natural radioactive sources like 22Na, 64Cu, 58Co, or
short-lived machine-made sources like 1' C, which has a 22.5 min natural life-
time toward [? decay, or from the conversion of bremsstrahlung into a (e+,e~)
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Characteristics of positron sources
Table 1

Source
\

»c ,
22Na
S5Co
S7Ni
58Co '

"Cu
68Ge-Ga
90Nb

Half life

20.5 min

7.6 yr

18.2hr

36.0 hr

7 1.3 days

12.7 hr

280 days

14.7 hr

Percent
(T1" decay

100
89
60
50
15
19
85
54

Method of production

»B(p^i)I1C,I2C(Tn)11C
27Al(3He,2«)"Na •:
S8Ni(p,o)S5Co, 56Fe(p,2n)55Co
S6Fe(3He,2n)57Ni
58Ni(n,p)58Co, 55Mn(a,n)58Co
63Cu(n,7)

64Cu ••
V

"ZrCjgnp^Nb, 90Zr(d,2n)90Nb

pair. The source of the radiation may be a LJNAC or an electron Van de/
Graaff. To-date and to my knowledge, no bremsstrahlung source has been
used in swarm studies. Shortly, other accelerator sources may be available
such as that proposed for Wayne State University, where proton bombard-
ment of 'I B will produce e"1" through the sequence

n C - » n B + n + e + + neutrino.

A From radioactive sources, let's say ^{sja for example, the energy distribu- ':

tion of e+'s is typically broad (FWHM>0.1 MeV) with a maximum energy of
0.54 MeV, a peak intensity near 0.17 MeV and a spectrum which reaches down
to very low energies. In other words, most positrons are produced with ener-
gies much in excess of those needed to study low-energy elastic- and inelastic
processes. As a consequence, the high pressures referred to. above are first
needed to moderate the positron energy. ':

The action of thermalizing high-energy positrons (fig. 1) requires many
collisions. From the MeV to keV range, slowing down is essentially described
by the Spencer-Fano [12] theory of momentum-sharing between the posi-
tron and atomic electrons. Below this, the various inelastic channels sum-
marized by eqs. (3) and (5), and perhaps (6), take over. Notice in fig. 1 that
elastic scattering is neatly separated from the positronium-formation thresh-
old and that there is 2.8 eV between the positronium-formation threshold
and the first allowed transition. (Note: the 23S state cannot be excited
readily, since there is no electron exchange possible). In cases like (e+,Li) the
positronium formation threshold is at 0 eV. For (e+,He) below 17.8 eV,
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positrons can only slow down through momentum-transfer collisions. Once
thermalized in dense gaseous targets in a time <10~1(^s, the positron can be
accelerated in the field £ in a gas chamber at pressure p, and the lifetime X of
the free positron can be measured readily.
. One danger with high pressures is that a large variety of processes that

have a second- or perhaps even higher-order dependence on gzst pressure, may
occur. The list of second-order processes known already includes the quench-
ing of excited positronium states due to electron-exchange collisions, (X.e"1"),
compound state formation- and destruction, etc.
. The usual positron swarm experiment calls for the measurement of the e+

destruction^or annihilation rate as a function of £/p, p^irnpurity content, etc.
If a 22Na positron source is used, accompanying the birth of each positron
and delayed by only 10~12s is a 1.28 MeV gamma-ray coming from the de-
excitation of the excited 22Ne which is formed during the /J* decay process,

'cf .f ig.3. ' ' x
• Also shown in fig. 3 is a very rough schematic diagram of the typical

swarm apparatus. Counter #1 is tuned to the 1.28 MeV gammas. When one is
detected, t = 0 is set in the time-to-amplitude converter. A time t later,
counter #2 detects a 0.51 MeV gamma-ray associated with the annihilation of
the positron in the gas. Nearly all the useful data are drawn from the analysis
of the resulting lifetime spectrum. x

SWARMS

E.H

Fig. 3. A schematic representation of a swarm apparatus in which a 22Na positron
22.emitter is used. In the baloon, the decay scheme for Na is given.
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Fig. 4. A representative time spectrum for positron annihilation in argon for E/p = 0 and
p = 8.9 amagat. I, prompt peak; II, shoulder region which is sensitive to E/p; III, annihila-
tion of the free positron with atomic electrons; the apparent annihilation rate is a func-
tion of E/p and gas temperature; IV, annihilation of 13S state of o-Ps; slope is a function
of p; V, background of random coincidences.

>: In fig. 4,1 show a typical lifetime spectrum for (e+,Ar). I chose this instead
Of the (e+,He) system because the usually recognizable features are more
pronounced. These features include: x
Region I: A prompt peak at t - 0 which includes a) annihilations in the source,
b) annihilations of fast positrons in the process of being slowed down by col-
lisions with gas atoms, c) unresolved two-gamma annihilations of para-posi-
tronium with electron- and positron spins anti-parallel, lifetime rp « 1.25 X ;

X 10~10 sf, and, d) possible annihilation of (Ar,e+) complexes. x
Region II: A broad shoulder which is sensitive to E/p and which reflects the
°TMT cross-section and the Ps formation cross-section. :•;
Region III: An exponential decaying section which is attributed to annihila-
tion of the free positron in flight through the gas cell. The apparent decay : .
rate (reflected in the slope of the exponential) is found to be both a function
of E/p and of the gas temperature.
Region IV: An exponential decay attributed to the annihilation of the l^S
state of Ps. Angular momentum considerations indicate that this is three-
gamma decay. The decay rate is pressure dependent and is thought to reflect
the guenching of ortho-positromium primarily through electron exchange
(o-Ps) + Ar -> (p-Ps) + Ar*.
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Region V: A background due to random coincidences of counts in counter -
• #1 and counter #2.

.. It is generally felt that the time spectrum associated with regions III, IV,
and V can be fitted with a curve of the formn = « J Q e x p ( — X j / ) + ,
•*-/J2o exp(—X20 + b, where «10 is the amplitude of free component extra-
polated to t = 0;/72rj is the amplitude of o—Ps extrapolated to t = 0; and b is
the constant background.
.x From the exponential portion III associated with the annihilation of the
free positron, if the spins of the free positron and the bound electron which
make up the annihilation pair are antiparallel, the free-singlet annihilation

1 i rate Xj is shown to be: x
12 x. - . x

X,= 4.51X10*(p/MA)Zeff(s-l)) , (9)

where Zeff is the effective number of annihilation electrons available in the
atom (or molecule) of molecular weight (mass units)MA. As expected, the
probability that the electron and positron are at the same point in the atom •
is zero when the gas pressure or density p is zero, cf. refs. [2,6,13-18]. The
results of various experiments for e+ in helium are summarized in table 2. As
too often is the case, the uncertainties associated with each experiment are
sometimes smaller than the variation between the different measurements.
This probably reflects a systematic error associated with impurities in the
gaseous targets which, through much effort, has been minimized in the most '
recent investigations, which tend to agree. • . ';

- It was not realized in earlier experiments in argon, as well as in helium, ":

that a shoulder was present (region II of fig. 4) in the time spectrum, so suffi-
cient care may not have been taken to account for the non-exponential charac-
ter of the curve in this region. x

'••• An unweighted average of the three most recent measured values [16—18]
of Zeff for helium at room temperature gives Zeff = 3.7 ± 0.1, in excellent
agreement with the variational calculation of Drachman [23], but in poorer
agreement with the most recent calculations by Houston and Drachman [27]
based upon the Harris method. A similar analysis of the last three measure-
ments for argon [2c,d,e] gives Zeff = 26.4 ± 0.5. As the energy of the positron
is increased, the value of Zeff must approach the number of electrons in the
atom. . ...

Calculated values of Zeff are very sensitive to the theoretical model used,
therefore a comparison of measured and calculated values of Zeft- is a good
test of the theory. It has been demonstrated both theoretically and experi-
mentally that Zcff is a decreasing function of E/p. Lee et al. [28] and Leung
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6
7

Ci

H)

X\ • • . - • • • Table 2
Experimental and theoretical (e+,He) scattering cross sections. OJMT is the total mo-
mentum-transfer cross-section and 075 the total scattering cross-section; both aie indi-
cated in units of ITOQ. The data are from the references indicated in the corresponding
column.

Energy
(eV)

\

X

Thermal
;;2
X
.4

io
14

16.5

X

19.3
X

21.3
v

26.1

V

Experimental

°TMT

[4,5] [19] [17]

1.05
0.10

0.13

. . 0.20
.; 0.22

0.023 ' 0.26 0.22
±0.006 ±0.03

°TS

[20,21] [22]

0.17
±0.06

0.12
±0.06

0.36
±0.04

0.35 0.36
±0.04 ±0.04

0.60
±0.16

1.0
±0.15

1.24
±0.27

Theoretical CT§
>^

Y

[23,24] [25] [26]

V

0.17 0.28

0.12 0.30

0.14 . 0.36
0.16 0.37

0.17 0.42 0.36
Upper
limit
s,p,d- 1.94
wave

2.22

2.2

V

and Paul [17] have shown that Zeff falls more than 10% as the average energy
of the positrons is increased to 1 eV. In the case of argon it has further been
shown [2f] that Zeff is a function of the gas temperature in a way which
suggests that the dependence is similar to that found when E/p is varied.
.-. One may also derive from a measurement of \j an annihilation cross-sec-
tion per atom:

(10)

where c is the velocity of light. This cross-section is seen to be small even for
positrons in equilibrium with liquid He. Near 4K, aa «* STSOQ.

Measurements of \2> the ortho-positronium quenching rate associated with
the portiorjbf the time spectrum labelled IV, arc a function of the pressure p
as one would expect. Upon extrapolation top = 0 one obtains values which ,
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are reasonably consistent from one experiment to another: X-> s 7.5 jus"1.
There is an exciting group of studies on o— Ps formation in high-density He
gas and in liquid He, associated with what is called bubble formation. For an .
excellent introduction to the literature of this field refer to the 1968 review
by Fraser [29] . :
x There has been some suggestion by Leung and Paul [17] that region IV of
the time spectrum may contain a third exponential term with a deactivation
rate Xj associated perhaps with the quenching of the long-lived 2s state of
ortho-positronium. This is an interesting possibility but, as the authors point
out, highly speculative.
. What is known of aT,v]T in the region below the threshold of positronium

formation, i.e. below 17.8 eV for the (e+,He) system, comes from the solu-
tion of the diffusion equation (cf. ref. [17] for example),

through regions II and III of the lifetime spectrum. Here the mean velocity v
is proportional to E/p, a. and /3 are complex functions of iJ and the total mo-
mentum transfer cross-section a-f.MT' ra ant^ rf are tne rates °f positronium
annihilation and formation which are zero for u <^ U, the threshold velocity
for positronium formation. x

x The values of a-pMj derived from an analysis of the diffusion equation for
higher velocities are very model-dependent. However, a detailed knowledge of
the general shape of the cross-section curve and its approximate magnitude
make possible a computer fit of the diffusion equation to the time spectrum.
This has effectively been done by Leung and Paul [17] for helium, while
Orth and Jones [2d] have analytically been able to derive the distribution

• function /(u) as a function of E/p for' argon. Leung and Paul used several
models. Their final results closely parallel but exceed the theoretical results
of Drachman [23] through most of the energy interval from the thermal
region to the positronium-formation threshold..

In table 2, 1 have listed the available experimental cross-sections avoiloblo-
for total momentum transfer, o-p^-j-, and for total scattering, o^, related
through the differential elastic scattering cross-section, a(0), in the following
way:

:: 0TS = 27r fo(0)sin0d0 . . (11)

and
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Fig. 5. Measured values of oj\jT where MHWB [4] and AJ [19] are dato/from similar
swarm experiments. In both instances the gray area is an indication of the uncertainty.
The afMT swarm data by LP [17] are also given. Measured values of 07-5 by CGHM
[20,21] (closed circles) and JKP [22] (open circles) are shown in comparison with two
very different theoretical results D [23,24] and K [26].

aTMT =27r f 0(0)0-cos0) sin 0d0 . (12)

In fig. 5,1 have plotted the experimental and some theoretical values of OTMT

and OTS. Note that the first data reported by Warder et al. [4], based on the
analysis of Teutsch and Hughes [5], are more than an order of magnitude
below theory and recent experiments at the positronium formation threshold.
This was a dilemma for many years. As time has passed, measured values have
increased, in fact theory and experiment are converging rapidly in the elastic-
scattering region [30].

It is not at all surprising that there has been difficulty, in obtaining good
values of o-p^jj just below the positronium threshold, since in the analysis of
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the diffusion equation one assumes that positronium formation and -destruc-
tion are negligible, thus restricting one to choose mean velocities correspond-
ing to *=5 eV, far removed from 17.8 eV. The number of positrons in the
high energy tail of the distribution is small so that the solution of the diffu-
sion equation must be relatively insensitive to the choice of CTX&IT at higher
energies.
\ The strength of the swarm technique lies in the determination of cross-
sections as a function ofE/p at low energies. In these cases the energy distri-
bution is narrow, the approximation that positronium production and -lossiS
negligible is strictly adhered to, and virtual positronium most likely makes as
insignificant contribution. As I will report below, it appears that both virtual
positronium- and positronium formation make a large contribution to total •
scattering cross-sections at higher energies. '•:
:; For (e^Ar), it is clear from the data of Jones and his collaborators, and of
Paul et al., that the variation of the shoulder width withE/p is consistent with
a OTMT function* which is somewhat similar in shape to that found for elec- •
tron-inert gas scattering i.e., it shows a Ramsauer character, with a minimum
in the cross-section at low energies.

••• Nearly all investigators of the (e+ ,He) system have remarked on the ex-
treme effect of impurities on their measurements of aTMT, Zeff,o-Ps lifetime
and shoulder width. It was also clear in the one beam experiment reported by
Costello et al. [20,21] that aTS was very sensitive to impurities. •"'•

\
\

3. Beam experiments

X For the purpose of this progress report, I have chosen as the primary charac-
teristic of beam experiments that the electron- or positron velocity distribution
function,/(u), is not a strong function of the energy of interaction of the
projectile and target (cf. fig. 2). Furthermore, one normally considers the gas
targets to be thin so that multiple scattering is not a problem. •:
.: In principle electron- and positron beam experiments are the same; the

largest difference lies in the electron- and positron sources. Relatively large
numbers of electrons of reasonable energy spread are readily available, where-
as positrons in small numbers come with an enormous energy spread. In 1958
W.H.Cherry [31] reported in his thesis that positrons from 22Na, when
moderated by mica with a thin layer of chromium, gave an apparently narrow
peak of positrons with energies less than 5 eV which could serve as an excel-
lent source of positrons for beam studies (cf. fig. 6). This lay dornant until
Groce et al. [21,32] re-discovered the effect for a number of moderating sys-
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' ' Table 3
Systems used to moderate positrons in beam experiments, a) A negative value corresponds
to a positron coming from the surface with energy; b) The accuracy of this measurement
is small due to experimental factors; however, the higher value may reflect the CsBr-sub-
strate since the gold-foil is thin.

x Material
x
V

'• Gold
•< Mica (150 A) gold
.;; (> 1000 A) gold
: CsBr(150A)gold

:': Al(200A)-gold
Mica-chromium
Polyethylene
Graphite

. Cu

Values of negative work function3

Experimental
(eV)

-

-0.75 ± 0.5
<0
-2.90 ± 1.0b

-1.25 ± 0.5
>-S

-20.7
~-1.5

-

Theoretical
(ev)

-2.26
-
-

-
-
-

—
-3.1

Refs.

[33] -
[32] •
[22]
[32]
[32]
[31]
[34]
[22]

[33]

terns where the source of positrons was pair production with a 35 Me V
LINAC as the source of bremsstrahlung (cf. fig. 7). :;

In table 3,1 have listed all systems thus far studied. Also given are values
of the peak energies of the positrons emitted from the surfaces plus some cal-
culated values [33]. In the experiments of Costello et al. [32], no positrons
could be found with energies in the interval 2-100 eV. The above findings
have now been verified by the group at the University of Toronto [22J_who ^ _
have used gold-covered mica as the moderator of 22Na positrons/Along with •*"* insert in
Tong [33] who has done the only theory, Groce et al. [21,32] have described paragraph:
the phenomenon as the "negative work function". The qroup at the

Now we have a narrow energy-band of low-energy positrons, but only a University of
few of them. Approximately one out of every 107 positrons born in the Western Ontario
source survive the trip through the moderator sandwich and emerge in the has further
low-energy bundle. These particles, because they are in a narrow-energy demonstrated that
bundle, can be biased to whatever energy is desired. The full width at half not only the
maximum is «1 eV, with the peak in thc.distribution coming between 0.5 mica-gold
and 5 eV (cf. ref. [32]). Laboratories at University College^London, Uni- moderator but
versity College, Swansea, University of Toronto, Wayne State University, and gold and
our own at the University of Western Ontario, are already designing, building aluminum moder-

ators work as
well while the

: efficiency for
copper now
appears to be
considerably
worse.
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: and even operating scattering experiments dependent upon positron sources
'?. based upon the negative work function. As scattering experiments proceed,
3 complementary experiments dealing'with the yield from the moderator, the
4 energy distribution of the positrons in the low-energy peak, the angular distri-
:' bution of the emitted particles, and the effect of moderator temperature on

- ;-. the energy distribution of the emitted positrons, etc., are under way.
7 x In the next few paragraphs, I have summarized some of the qualities of

and problems associated with positron beam experiments:
i; I. Long-term stability. There is definite merit associated with the elimination

i 0 of hot filaments from an electron scattering experiment, since filament "•
\} stability is often a problem. However, one replaces the problems of short-
1.": term stability of electron emitters with problems of very long term stability
! 3 of electronics, positron emitting surfaces, surfaces of lens elements, apparatus
!-'; temperature and so on. x
! .^ II. Detection of positrons. Because there are so few positrons, one would like
i'•> to detect them with high efficiency. At first one imagines thisLno problem
17 because so much energy (1.02 MeV) is available for detection when a positron
H annihilates. But there are problems:
!•' (a) Detection of annihilation 7-rays in coincidence [32]. To conserve mo-
-0 mentum, a ground-state para-positronium annihilates releasing two 0.51 MeV
- i y-rays which, when identified and detected in coincidence, provide a flawless
--- way to detect a positron. However, the efficiency is normally between 2 and •
»•'> 10 percent because of geometric effects and the finite thickness of the scin-
--•• tillators. Furthermore, it is necessary to drive the low-energy positrons into a
-5 surface to overcome the negative work function and to minimize reflection
-''•' which appears to be large. Two geometries have been used which preferentially
- •' detect low-energy positrons. In the first, an annihilation foil of aluminum is
-•':'• used with a thickness such that fast positrons pass through while low energy
--': ones are stopped in it. In the second, a biased rod is used to attract low energy
'•; ' positrons while allowing higher energy particles to pass by.
-"' (b) Well detector [35]. A higher-efficiency method of detection is the well of

scintillant like Nal, where the total energy associated with the annihilation
.;." 7-rays is absorbed-in the scintillator. The original efficiency is good, and the

; discrimination against degraded or infested 7-rays is excellent because one can
preferentially detect the 1.02 MeV peak. Well-type Gc(Li) detectors may be
available in the near future.

: (c) Electron multiplier. Peodyalajet al. [3^]^h^ve\unsucces8fu1iy^
.-•' •> /

the channel electron-rotfftiplier to detetft slow po^troosTFurther
CENns.extre/rielvxftsitive to/-rayf so that bacjcgreund is high/
wjiy they ha^ye-failed to observe'low energy positrons may be t!

(c) Electron multiplier, Pendyala et al [36] have
successfully used a channel electron-multiplier to detect
slow positrons even though the CEM is sensitive to ^-rays.
.The use of the CEM apparently increases the detection
efficiency by a factor of 10 to 20 over the detection of
annihilation y-rays in coincidence.
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the results of Cherry [31 ] who showed that the secondary emission for keV
positrons is less than half that of an electron with equivalent energy. This is
unfortunate since the use of the CEM would increase the detection efficiency
by a factor of 10 to 20.
III. Background. The gamma-ray background is one of the most serious prob-
lems in positron beam experiments. For long-lived sources, there are the
gammas which come from annihilation in the source or from cascade or other
decay modes in the source. In some machine sources, where time-of-flight
energy analysis is used, there is the problem of gamma flash [21,32]. Finally,
there is the problem of the reflection of positrons in the vacuum system with
subsequent annihilation near the detector. Large distance from the source,
sufficient lead shielding, care that positrons do not reflect freely throughout
the system, will minimize background. In pulsed high-energy electron systems
which produce short-lived sources like UC, one can carry on the experiment
in the time between pulses, thus eliminating the gamma flash [37]. -:

- Only (e+,He) total scattering through the energy intervals 1—40 eV and
17—26 eV has thus far been measured by beam techniques. For this experi-
ment, first reported by Groce et al. [21] and Costello et al. [20], a high :

current 55 MeV L.INAC was used in the pulsed mode (20 ns) to produce
bremsstrahlung which subsequently was used to produce (e^.e") pairs in a 0.04
inch tantalum targ.et (cf. fig. 7). As mentioned e^ily-in this report, several
moderators were used (cf. table 2), but for the final results a mica slab, 0.005
inches thick, with a 200 A gold coating, was used. The bulk of the positrons
which come from the moderator-gold sandwich have an energy near 1 eV
which could be ch.anged by biasing the moderator with respect to the 3 m
long time-of-flight. spectrometer which was filled with gas and used as the
collision chamber. Extreme care had to be taken to assure the purity of the
helium gas. •'•.

In the 17 to 16 eV energy interval, one obtains a spectrum simply and
directly by measuring the attenuation of the positrons as a function of gas
pressure, hi the energy interval from 1 to 4 eV, a correction had to be made
to allow for the trapping of particles in the axial magnetic field. As a result of
the trapping, they reached the annihilation foil at longer times corresponding .*.— . \
to losver energies.. The collection was made by using the scattering phase (_ tsefrA**^0** /
shifts reporteid by Drachman [24]. With these phase shifts, Costello et al.
[20,21] determined, as was suspected by Drachman, that the monopole term
had to be ccompletely suppressed. Further, it was demonstrated that Drach-
man's calculations of aTS at low energies are nearly correct, in agreement
with the re cent swarm measurements of aTMT reported by Leung and Paul
[17]. The^results are summarized in table 3 and fig. 5. At the positronium-
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formation threshold, th&Drachman calculations [23,24] are too low; however,
when this p- and d partial waves are scaled to the known excact (e+,H) case,
the agreement is excellent [38]. Above the positronium formation threshold
at 17.8 eV, the cross section begins to rise and at 19.3 eV it is nearly a factor
of two larger than that below 17.8 eV. At 26.1 eV it has increased by nearly a
factor of four. This is generally in accord with the calculations of Kraidy [26]
who has included the polarization of positronium by He+ as a primary factor
in his model. The p-wave resonance predicted by Kraidy were not found per-
haps because of the large energy intervals used in the experiment. The recent
and as yet unpublished data of Jaduszliwer et al. [22] support these results.
They are obtained with arnica-gold moderated 22Nasource where the esti-
mated low-energy positron yield was near 3 X 10~8 slow positrons per fast
2?Na positron. . • > ' .
\ x
\ ' • X

4. Future of positron scattering '•:

A Swarms. The near future should bring a reduction of the background with
an accompanying increase in the accuracy of low-energy measurements of
°TMT ani^ ^eff- There should be an accompanying increase in the accuracy of
o-Ps destruction measurements with a verification of the quenching of ex-
cited Ps. More sophisticated analytical and numerical techniques will also help.
Better time resolution will allow studies of p-Ps formation and -collisional
destruction. Swarm experiments will make major contributions in Ps collision .
studies, a field which may not be studied by beams for many years. -;

••' Beams. Positron beam studies are in the era analogous to the nearly Ram-
sauer studies of total electron scattering, i.e., equivalent to the early thirties.
One can predict that the next few years will herald the development of both
short-lived artificial and long-lived natural sources, and a more-tlww»gh«trt*
understanding of positron energy moderation. With more efficient sources
many atoms, X, and molecules, XY, will be studied. At first, total scattering
measurements, .

will be made through the onsets of inelastic thresholds. These, no doubt, will
be accompanied by positron energy-loss studies,

••- e + +X->e + +X* A£
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differential scattering measurements, ,
A

x e++X->e+(0) + X,
:< '
ground state- and excited positronium formation studies,

-» Ps* + X+ ,

;; attachment processes analogous to dissociative electron attachment,
10 x -

i.; annihilation,
N X ' " - ' . ;
) 5 \ e+ + X -> gamma rays + X+ ,

I" and so on.
i:; • All of the above beam- and swarm studies will give accurate information
• . ' • ' about target atoms and -molecules. In fact, with only a little imagination one

2-'.' can predict that e+ scattering will continue to develop as one of the basic
21 atomic and molecular spectroscopies. >

23 x
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APW Calculation for Band Structure of Cadmium1
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An APW calculation of the band structure of cadmium is reported. The calculated band structure is
similar to that obtained by others from pseudopotential calculations and explains some of the observed
peaks in the optical absorption spectrum in terms of direct transitions.

On rapporte un calcul APW de la structure des bandes d'energie du cadmium. La structure calculee est
semblable a celle que d'autres auteurs ont obtenue en utilisant un pseudopotentiel et explique en termes
de transitions directes certains des pics observes dans le spectre d'absorption optique.

Canadian Journal of Physics, 49, 2633 (1971)

The band structures of the hexagonal divalent
metals, zinc and cadmium, have previously been
calculated using pseudopotentials by Stark and
Falicov (1967), Katsuki and Tsuji (1965). There
has been a limited calculation by Mattheiss
(1964) for zinc by the augmented plane wave
method (APW), and it confirmed the free electron-
like character of the band structure of zinc.

We report here the results of a nonrelativistic
APW calculation of the band structure of cad-
mium. The APW method for energy band calcula-
tions has been described at length by Loucks
(1966) and will therefore not be discussed here.
The essential idea is to represent the solid as a
periodic assembly of spherically symmetric
potentials and represent the wave functions in
terms of plane waves outside the spheres, and
solutions of the radial equation inside. The
expansion in spherical harmonics within the
spheres was truncated at / = 12, and 31 recip-
rocal lattice vectors were used to construct the
plane wave expansion. The potential at a given
site was calculated by an overlap of charge den-
sities from atoms at neighboring sites. The
atomic charge densities were obtained from a
Hartree-Fock-Slater calculation using the pro-
gram of Herman and Skillman (1963). The over-
lap was carried out to fourteenth neighbors. To
calculate the exchange contribution to the crystal
potential, the Slater approximation was used
(Slater 1951). The lattice parameters, the choice
of reciprocal lattice vectors, and some other
quantities pertinent to the calculation are given
in Tables 1 and 2.

Energy values were calculated at the symmetry

'Partially supported by the National Research Council
of Canada.

2On leave from Tata Institute of Fundamental
Research, Bombay, India.

TABLE 1. Parameters used for cadmium

Lattice constant a =
c =

APW sphere radius R =
Muffin tin zero =
Fermi energy from our calculation =

2.97889 A
5.61765 A
1.489435 A

-1.0057Ry
0.63Ry

TABLE 2. Reciprocal lattice vectors for the hep structure
used in the APW expansion

(300)
(201) (210) (200) (2T1)
(TOI) (ITT) (110) (TOO) (TlO) (121) (III) (lOl)
(GOT) (OlT) (010) (000) (010) (021) (Oil) (001)
(101) (111) (110) (100) (110) (121) (111) (101)

(210) (211)

points F, A, L, H, K, and M, and along the
symmetry axes FA, AL, LM, FK, KH, HA,
HL, LK, and KM, thus covering l/24th of the
Brillouin zone of the hexagonal close packed
lattice shown in Fig. 1. With such a limited cal-
culation it is not possible to have a good calcula-
tion of the density of states. The metallic character

Y

FIG. 1. Brillouin zone for the hexagonal close packed
structure showing the symmetry points and lines.
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FIG. 2. Energy bands for cadmium calculated by the APW method.

K T M

of the divalent metals, like cadmium, arise due
to the overlap of the energy bands along different
directions. We therefore determined the Fermi
energy, by the requirement of equal hole and
electron volumes in k space and using the para-
bolic shape of the energy bands near the region
of overlap. The energy bands together with the
Fermi level are shown in Fig. 2. Not shown in
the figure are a set of d bands of width about 0.06
Ry and located 0.23 Ry below the bottom of the s
band. A similar structure was revealed in the
APW calculations of Mattheiss (1964) for zinc,
who found d bands of width 0.1 Ry lying 0.5 Ry
below the j-like bands. It is true that the relative
positions of the s and d bands will depend on the
choice of the crystal potential (possibly through
the use of different coefficients in the local density
approximation for exchange), and it is con-
ceivable that for some choice of the potential the
t/bands may overlap with the s bands, as observed
by Juras et al. (1971), in a Kohn-Rostoker type
calculation for zinc. In the absence of any soft
X-ray data for cadmium to locate the d bands
below the Fermi level, we made no further
attempt to investigate the dependence of the
energy bands on the choice of crystal potential.
Without experimental data to corroborate, it
would not be clear whether the position and the
shape of the d bands is due to arbitrariness in the
potential or a reflection of reality.

These energy bands calculated from first
principles are quite similar to those of Stark and

Falicov (1967), confirming the success of their
pseudopotential. Our results partially explain
the optical spectrum for cadmium. The optical
properties of single crystals of cadmium have
been measured by Lenham and Treherne (1964).
The absorption curves obtained by them show
structures with peaks around 1.05, 1.23, 1.50,
andl.90eV.

We attempt to correlate these peaks with
direct transitions only and note that for the case
of polyvalent metals, the critical points may
occur away from as well as at the symmetry
points (Ehrenreich et al. 1963; Harrison 1966).
The effects away from the symmetry points are
largest where the bands are parallel. In the
present case, we see that the second and third
bands are nearly parallel along FM, FK, and
LH. The energy corresponding to these transi-
tions along FM and FK is, however, very small
and is not covered in the range of experimental
observation of Lenham and Treherne (1964).
On the other hand, the bands along LH are
nearly parallel in two regions where the energy
separations are 1.24 eV and 0.9 eV. These transi-
tions, together with those associated with the
symmetry points L and M, corresponding to
gaps of 1.51 eV and 1.88 eV respectively, seem
to account reasonably for the observed experi-
mental structure. :

Acknowledgments

The authors would like to thank Prof. J.



PENDYALA ET AL.: APW CALCULATION FOR BAND STRUCTURE OF CADMIUM 2635

William McGowan for his interest. One of us
(MMP) wishes to acknowledge useful discussions
with Dr. G. E. Juras, regarding his calculations.

EHRENREICH, H., PHILLIP, H. R., and SEGALL, B. 1963.
Phys. Rev. 132, 1918.

HARRISON, W. A. 1966. Phys. Rev. 147, 467.
HERMAN, F. and SKILLMAN, S. 1963. Atomic structure

calculations (Prentice Hall, Englewood Cliffs, New
Jersey).

JURAS, G. E., SOMMERS, C. B., and SEGALL, B. 1971. Bull.
Am. Phys. Soc. 16, 313.

KATSUKI, S. I. and TSUJI, M. 1965. J. Phys. Soc. Jap. 20,
1136.

LENHAM, A. P. and TREHERNE, D. M. 1964. Proc; Phys.
Soc. 83, 1059.

LOUCKS, T. L. 1966. Augmented plane wave method
(Benjamin, New York).

MATTHEISS, L. F. 1964. Phys. Rev. A, 134, 192.
SLATER, J. C. 1951. Phys. Rev. 81, 385.
STARK, R. W. and FALICOV, L. M. 1967. Phys. Rev.

Lett. 19, 795.



APPENDIX 2

Within the Physics Department at the University of

Western Ontario, there are five experimentalists carrying

out atomic collision studies (T.D. Gaily, H.I.S. Ferguson,

R.P. Lowe, J. Wm. McGowan, S.D. Rosner) and two theoreticians

who are carrying out theoretical studies (D.F. Gallaher and

J. Nuttall). These people are complemented by P.A. Eraser

and T.M. Luke in the Applied Mathematics Department, and

J.W. Meath in Chemistry, all of whom are interested in

simple atomic systems.

Considerable work is focussed upon two, three and

four-body systems from the point of view of understanding

fundamental processes, and, in particular, the application

of detailed theories to experimental results. The program
i

is further complemented by theoretical work of B.Y. Tong

and his associates who are studying the nature of the

negative work function, the process whereby low energy posi-

trons are thrown from moderating surfaces.


