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ABSTRACT

The feasibility of using positrons to probe plasmas
is investigated. Analysis of the y rays resulting from thé
annihilation of positrons with plasma electrons may yield infor-
mation about the momentum distribution, temperature and number
density of thesé'e]ectrons.

A number of 'positron probe' success criteria are
introduced and a wide range of positron-plasma systems are
evaluated in light of these criterfa. 0Of special importance
are positron annihilation time (Ta) and thermalization time
(Tt) calculations, which indicate that the most important
success criterion, Ty < Ta,'is satisfied by the class of plasmas
characterized by kTe > 10 eV. Two potentia] fusion plasmas,
namely Tokamak and laser compression plasmas, belong to this
class (where some positron diagnostic techniques may be practical).
Detailed fractional thermé]izat{on calculations for_positrons
from a 22Na source in hypothetical, fully ionized H2 plasmas
of these types indicate that most positrons will thermalize

and annihilate while the plasma environment is in existence.
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Positron sources, including pair creation, which is
predicted to occur in both Tokamak and Taser compression
plasmas, and y ray detectors are discussed. Annihilation vy
ray countiné rates are estimated under a variety of circum-
stances for both NaI(T%) and Ge(Li) detectors to prepare the
way for the assessment of specific positron diagnostic tech-
niques. Four such techniques are evaluated with reference to
both Tokamak and laser compression plasmas.

It is conc]udéd that dfagnqstic techniques involving
measuremepts of shift and broadening of thé annihilation line
appear most promising in both cases. The measuremgnt of
positron lifetimes may be possible in some Tokamak plasmas,
but is not feasible in laser compression plasmas. 'Slow'
positron probing of plasmas would be ideai, but slow positron
sources of sufficient_intensity db not yet exist. Angular

correlation measurements do not appear feasible at this time.
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Chapter I

INTRODUCTION

"On 2 August 1932, Dr. Carl D. Anderson discovered
the positive electron." This is indeed, as Hanson (1963)
puts it, a statement whose "innocent, matter-of-fact tone con-
ceals one of the most intricate and interesting chapters in
the history of scientific discovery" - a chapter which is
still being acfive]y written. Anderson's 'positively charged
electron' was identified soon after 1t; discovery as the
'negative energy electron' of Dirac's hole theory (Dirac, 1930).
The new particle, or positron, as it was named, became the
focus of much basic research which continues even today'to be
fruitfu]! |

Initial experiments were designed to determine the

properties of the positron and in addition, to study its
unique interactfon with matter. Charabteristic of this inter-
action is the annihilation reaction (between a colliding
electron and positron) which generates one, two or three y

photons as illustrated schematically in Figure 1a.
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The momenta and energies of the annihilation y photons are
related, through the action of conservation laws, to thé energy
and centre of mass momentum of the pre-annihilation pair. It
is possible to determine the distribution of electron-positron
pair centre of mass velocities by observing the annihilation

vy photons which escape the sample under scrutiny. Such obser-
vations form the basis of a number of ﬁntriguing "positron
probe' diagnostic techniques which have been used to study

soTids, liquids and gases.*

b}
L

"1t should be noted that during the course of the
early positron experiments, a positron-electron bound state
was identified (Deutsch, 1951) and a new line of positron
research initiated. This bound state, whose existence was
originally suggested by Mohorovicic (1934) came to be known
as positronium (Ruark, 1945). In some cases positronium (Ps)
plays a part in the diagnostic techniques which utilize 'free'
or unbound positrons as probes.



The use of positrons to probe plasmas was proposed
initially by V.I. Goldanskii (1961) and independently by
B.P. Konstantinov (in Toptygin, 1962). However, with the
exception of the work of Lohnert and Schneider (1971) no
experimental investigations involving positrons and plasmas
have been carried out (based on a 1975 literature search).*

It is the purpose of this work to assess the feasibility of
using positrons to probe plasmas.

The recent interest in positrons has various causes:
first, the success of positron techniques in other states of
matter; secondly, the possibility that positron techniques
may be useful in the highly compressed laser plasma regime
where standard opticg] diagnostic techniques fail because the
plasma densities are greater than the cut-off densities for
visible radiation (annihilation gamma photons penetrate these
“dense plasmas easily); thirdly, the possibi]jty that positrons
may be produced through natural pair production in some plasma
devices (e.g. by run-away electrons in Tokamak type plasmas),
thus raising the question of whether these positrons (as
opposed to positrons introduced from an external source) or

their annihilation products could reveal any information about

“The work of Lohnert and Schneider does not con-
stitute a true positron approach because their technique
does not demand the use of positrons; in fact, it is complicated
by the use of positrons as opposed to electrons (to be discussed
in Chapter VII).



the plasma itself; and fourthly, the recent deve]opment-of
high resolution gamma ray!ana1ysis techniques.

In scope, this thesis is meant to be a survey, yet
it is also meant to present specific conclusions concerning
~the feasibility of using positrons to probe plasmas. It
reviews the necessary theoretical material and discusses the
basic aspects of plasma diagnostics using positrons, including
objectives, success criteria, positron sources and gamma ray
detectors. The feasibility of four positron diagnostic tech-
niques.(measurements involving: 2y angular correlation,
annihilation line broadening, positron 1ifetimes, and s]bw
positron beam spread) is studied in detail and counting rate
calculations are carried out for positrons annihilating in
Tokamak and laser compression plasmas. Results indicate that
specific techniques are feasible under certain plasma conditions.

See Chapter'VIII for a summary of the results.



Chapter II

POSITRON REVIEW

A. Positron Preview

This chapter details the physical characteristics
of the positron with a special emphasis on those aspects which
make it such a unique diagnostic tool. In this 1ight, some
established diagnﬁstic techniques are described and a number
of illustratory experiments cited. Those familiar with positron

techniques may bypass. this chapter without loss of continuity.

B. The Positron: Basic Physical Properties

The posftron is the antiparticle of the electron,
the anti-electron, thus annihilation can take place between
the two. This annihilation results in the emission of one,
two, or three y photons, depending on the relative sﬁin
orientation of the interacting partic]es.(Figure la). Various
conservation requirements gquarantee that annihilations where

the respective spins are antiparallel (total dngu]ar momentum:



Jd = O)-result 1nithe emission of an even number of gamma
photons (2y annihilation). On the other hand, éhe parallel
spin situation (J = 1) must be accompanied by the emission of
an-odd number of quanta (1y and 3y annihilation). One ¥y
annihilation can occur only in the presence of a third body
capable of absorbing the recoil momentum associated with the
emission of a single y phqoton. The annihilation process can
~be either bound annihilation (bound state formed between
the positron and the electron prior to annihilation) or free
annihilation (no bound state formed).

The first calculation of an annihilation cross-section
was carried out by Dirac (1930) for the 2y-free annihf]ation

case, with the result:

2 2
oy = ?ﬁf] [? P: fF]+ Loan(r + /f?‘?_T] - F+3:} (1)
: YT Z-1 ‘

where TI'= 1//1-v¥/c% v is the relative positron-electron
velocity (Dirac assumes the electron at rest); and r, = e?/mc?
is the classical electron radius. In the non-relativistic

case where v << ¢ expression (1) reduces to

2
- Try C

GZY v > (2)
Since annihilation is a collision induced process (the positron
and electron must be in the immediate vicinity of each other if

it is to occur), the cross .section can be written as



g = 2 (2a)

It follows that .the expression for the 2y annihilation rate,

sz, is energy independent:

1 2
v —— = Trgfcn (3)
2y TZY

where TéY is the time required for a 2y annihilation
to occur (positron lifetime)

and n is the electron nUmber density of the medium
in which the annihilation takes place.

The 2y annihilation mode is the most probable,
.therefoFe detailed discussion will be restricted to this mode.
(Specifically oY/q2Y is of order a* and 03Y/o2Y is of order
o where o = e?/fic = 1/137). A more complete discussion of
annihilation modes can be found in Appendix A.*

In the case of 2y annihilation from rest, the

spectrum is a delta function at a vy energy of E(y) = mc?,

L

“As previously indicated, in some cases an electron-
positron bound state (positronium) forms before annihilation
occurs. This 'hydrogen-like atom' has a binding energy of 6.76 eV

and exists in two states: singlet or para-positronium (particle
spins opposed; J = 0) and triplet or ortho-positronium (particle
spins parallel; J = 1). Although many factors can influence the

lifetime (annihilation time) of positronium, it does not, like

the free annihilation time (equation 3), depend on the electron
number density of the medium in a straightforward way. Additional
information can be found in Appendix A. '



where m is the positron or e]eétron rest mass.  Each y photon
carries away one electron rest mass energy and to conserve
linear momentum they exit from the annihilation site in opposite
directions (separation angle ¢ = 180° - see Figure 1b). This,
of courée, is a specific case; in general, the positron-
electron pair is moving when it annihilates. The c. of m. motion
is reflected in the motions of the annihilation photons in that
~it introduces (among other effects) a departure from collinear
emission of these photons; they exit from the annihilation
site separated by some angle ¢ < 180°.

| Consider Figure lc. As viewed from the laboratory
reference frame, jdst prior to annihilation the positron
and electron have a centre of mass momentum: pf(e

~

et 4 e ) = 2mc? + E(e+

E(e+) + E(e_) and a total energy et( ) +
E(e ), where P represents linear momentum and E, kinetic energy.
" After annihilation, the Yy photons exit with momenta E(Y1,2)

and energies E(Y1,2)' In most cases the magnitude of the centre
of mass momentum of the pair, p(e+ + e ) << mc and hence 9,

the angle of deviation from 180° photon separation is small.

In such cases, 1t is a good approximation to write p(y:) =

p(y2) = mc. Under these circumstances,

Rl(e + e ) = mc sin 8 (4)
or

RL(e + e ) = mc 6 (for small 8), (5)
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Fig. 1b. Annihilation from rest. Et(e*+e”)=2mc
! - 2 )
E(}i,z) mc
) P(%”z):mc
9=180
B = K

ple™)

p(e")
E(z ) =mc
Et(e*+e')=2mc2+ E(e*)+E(e) 1,2
| P(;:‘ 2) SMC

q

Fig.1c.  Annihilation in motion (not to scale).
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where giiis tHe magnitude of the combonent of Pem perpendicular
to the direction of emission of the y photon under considera-
tion (see Figure 1c). |
Both photon enérgies remain almost equal to mc?;
deviations result from the initial positron-electron kinetic
energy contributions: E(e+) and E(e” ). Additional details
and exact expressions for energy and momentum sharing between
the two annihi]atipn gamma photons can be found in Appendix B.
The energy spectrum associated with 3y annihilation
is shown in Figure 2 (Ore and Powell, 1949). (On this plot,
the 2y spectrum would be a delta function at E(y) = mc?).
In a 3y process, the energy divides three ways; any one given

photon can carry away an energy ranging from zero to mc?.

C. Established Diagnostic Techniques

Two diagnostic techniques become immediately obvious
from the previous discussion. Positron lifetime analysis
and 2y angular correlation techniques are being applied sucess-

fully to study solids, liquids and gases.

(i) 2y Angular Correlation

Measurements of the deviation angle, 6 yield infor-
‘mation about the positron-electron centre of mass momentum.
The 2y angular correlation technique involves 'coincidence

counting' photons that have originated from a single annihilation
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Single 7 energy (units of mc?)

Fig. 2. Energy spectrum of photons from 3y annihilation.
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as a function of the deviation angle of one detector from
colinearity with the othef detector. (A typiba] arrangement
is that of Lang and DeBeneditti (1957), see Figure 3). Note
that the apparatus does not measure the deviation angle 6,

but ez, the projection of 6 on the yz plane. This and the
vertical s1it geometry make the instrumént sensitive to oniy
one centre of mass momentum component of the annihilating

pair (in this case the z component, EZ)' If the relation
between‘fhe centre of mass momentum distribution in the z
direction (which should be directly reflected by the coincidéence
counting rate, c) and 6, is known, then N(p), the distribution
in magnitude of centre of mass momentum can be found. Here,

p = |p(e + e )|, the magnitude of the positron-electron centre

of mass momentum.
With the geometry sketched in Figure 3, the coin-
cidence counting rate can be written as the following one-

dimensional integral:
c(s,) o | o(p)p db, (6)

where p(p) is the probability of finding an annihilating pair
“with momentum p in dp. The distribution in magnitude of

momentum is usually expressed as:

N(p) = 4m p2 o(p) (7)
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Substituting for p(p) in (6) and differentiating with respect

li

to p yields:
dc(ez)
N(p) a p —dp
or :
dc(ez) .
N(p) o 6, 5 (8)
z

using expression (5) to relate p and 6. Thus, N(p) can be
calculated in a straightforward manner once c(ez) has been
measured.

In.meta]s, where electron energies are of the order
of electron volts, the deviation angle 6 falls in the milli- -
radian range. Even so, the 2y angular correlation technique
is powerful. An excellent example of the app]icatjon of this
technique is the early work of Stewart (1957) with metals.
Figure 4 shows some results of this work: p(k) and N(k)
curves for annihilations in Period IVb metals (k a p here).
Contributions from both Tow momentum conduction electrons
(narrow component) and high momentum core eﬁectrons (broad
component) are clearly visible. The Fermi energy, EF’ marks
the boundary between these two components as expected.* With

“The momentum scale in Figure 4 should be interpreted
as indicating electron momentum’, although, strictly speaking
it indicates positron-electron centre of mass momentum. This
is a very good approximation because the positrons thermalize
‘to mean energies of the order of 0.025 eV (at room temperature)
and annihilate with electrons of the solid which are hundreds
-of times more energetic, with the result that almost all of the
momentum passed on to the annihilation gamma photons comes from
the electrons. This is not the case in plasmas, essentially
because plasma electrons are not bound.



Fig. 4.
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Angular correlation results of Stewart (1957)
for some Period IVb metals.
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experimental results like these, Stewart and others have
established 2y angular correlation as a valuable diagnostic

technique of the solid state.

(i1) Pgsitron Lifetime Measurements

Dirac's expression (3) indicates that the positron
lifetime (annihilation time) 1§ inversely proportional to
electron density, thus positron lifetime measurements should
yield information about electron densities. Note that this
is so because annihilation is a collision induced process which
can be described by a cross section of the type defined in
expression (2a). The first lifetime measurements (Shearer
and Deutsch, 1949) and subsequent work (Deutsch, 1951)
established the multi-component nature of positron lifetime
spectra for a number of gases. One component was consistent
-wifh the Dirac expression (3) and was attributed‘to free
annihilations; the others were attributed to annihiiation of
various bound states.

Figure 5 shows Deutsch's apparatus (Deutsch, 1953).

A gamma photon emitted almost simultaneously with each positron

from the22

Na source was used to trigger the counting cir-
cuitry and a stop pulse was supplied by one of the annihilation

gamma photons. Deutsch employed a delayed coincidence counting

"1t s generally considered that this work verified
the existence of the bound state positronium.
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test gas

. F / : ] ©.,s0urce
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\ 13 MeV phosphor
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direct e* counting)
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Fig. 5. Deutsch's positron lifetime apparatus.
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technique to build up the l1ifetime spectra. With the advent
of improved counting techniques, positron lifetimes have been
measured in a very large number of éubstances in gaseous,
solid and liquid states. Although quantitatively, some correc-
tions have been applied to (3) to gain agreement with experi-
‘mental résu]ts (Chapter IV, Section C), qualitatively, life-
times do vary inversely with:the electron density. In solids
and liquids, free annihilation lifetimes are of the order of
10°%% sec as compared to 10”7 sec ih gases. A lifetime
listing can be found in Hogg et al. (1968).

A survey of techniques has not been attempted here.*
The techniques‘mentioned are by way of example: to illustrate
successful approaches and to establish physical éorre]ates
to the concepts introduced in Section B. Thése techniques
and others will be examined in terms of their usefulness with

respect to plasma diagnostics in Chapter VII.

“An up-to-date discussion of positron techniques being
applied to probe the solid state can be found in a review
~article by West (1973).



Chapter III

POSITRONS IN PLASMAS

A. Positron-Plasma Survey

What are the basic plasma measurement objectivés?
What conditions must be satisfied {f positrons are to be used
to help realize these objectives? What is the fate of a
positron in a plasma? Answers to these three questions form
the basis of this chapter.

If poé{trons could somehow be introduced into a
plasma (see Chapter V) their effective temperature (energy)
would, in most cases, be much greater than the‘plasma electron
temperature (energy). Thus, the positrons would be éxpected
to lose energy to the plasma and in so doing, to slow to
average plasma electron velocities in a characteristic
thermalization time Ty .The annihi]ation‘process, charac-
terized by an annihilation time, Ty wou1d”compete as an
energy loss mechanism with the thermalization process. The

1attef part of this chapter deals qualitatively and quantita-

tively with this multimechanism energy-loss process. A

19
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number of slowing down mechanisms are discussed and appro-

priate energy loss equations are introduced.

B. Plasma Measurement Objectives

Mean temperature and mean number density are the
two prime parameters which characterize a given plasma. Due
to the multicomponent nature of a plasma, there are in fact
three mean temperétures and densities that must be considered -
those describing the electrons, ions and neutrals. In some
cases ('well-behaved plasmas') the mean component temperatures
are identical, or almost so, and in others ('bad plasmas')
this is not the case. More complete characterizations include
information of varying spatial and temporal resolution
on component velocity distributions (or the deviation
thereof from thé ideal Maxwell-Boltzmann distributfons),
particle collision frequencies (collision cross-sections)
~and some macroscopic properties (e.g. pressure).

Although it is not inconceﬁvab]e that positrons
could yield information about the ions and neutrals of a
plasma (throdgh annihilation with their electrons), they are
qniquely suited to measure all of the above mentioned electron
parametérs: temperature, density, distribution of velocities

and collision frequencies.
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C. The Positron as a Plasma Probe: Feasibility Criteria

!

If a 'positron probe' method is to be an ideal
plasma diagnostic technique, then it must satisfy a number
of basic criteria.. These fall into two cétegories: general
(applicable to all diagnostic approaches) and specific (applicable

to positron approaches only). A summary appears in Table I.

(i) General Criteria

. >
]ATMacro > T At

A

Micro

The interrogation or sampling time (Ti) should be shorter

than At the time that characterizes macroscopic plasma

Macro’

changes such as bulk flow, but longer than the characteristic

microscopic change time (relaxation time), Btyi.po- It is

reasonable to demand the degree of time resolution suggested

by the LHS (A) of the inequality to escape averaging over

large scale fluctuations. The LHS can be written as T; <

d .
_El%EEE where AT
S

Macro has been approximated by the ratio of

the average plasma dimension(size), d to the appro-

plasma’
*
priate sound speed c_. The RHS (B) of the inequality

Macro ~
d = 1 mm and T_ (electron temperature) = 1KeV; A

sec with d = I m and Te = 100 eV.

1078 sec with
- -4
TMacro ~ 10

“This yields, for example, AT



Table 1

Plasma Diagnostic Technique

Feasibility Criteria

General Criteria
(A11 Diagnostic Techniques)

Specific Criteria
(Positron Diagnostic Techniques)

. Time

At > T

Macro i ATMicro_ pL a t

Distance de > dprgpe > M Ry < dp]asma
Reasonable y Ray
Counting Rates

ATM Characteristic Macroscopic Plasma Variation Time

At acro n Mi : 1 1] n

Micro icroscopic

T, : Plasma Interrogation (Sampling) Time

df Characteristic Large .Scale Plasma Fluctuation Dimension

dprobe Probe D1m¢ns1on

Ap - Debye Length

Toy, Plasma Lifetime

Ty Positron Lifetime (Annihilation Time)

Ty Positron Thermalization Time

Rt Positron Range During Thermalization

dp]asma Mean Plasma Size

2¢é
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guarantees that the system being 'interrogated' has achi?ved

Tocal uniformity and hence can be meaning%u]]y described by a

mean temperature parameter (Te, for example). The time

required for a few electron-electron collisions (say 10) is

usually indicative of BTysoro® |
With reference to positron techniques: each individual

annihilation constitutes an instantaneous sampling event,

however time averaging is to be expected due to the spread

(in time) of annihilation events when more than one positron

is being considered. The magnitude of the spread depends on

the characteristics of the annihilation medium and the type

of positron source being used (e.g..pu]sed or continuous).

This spread guarantees that the effective T is greater in

magnitude than At thus satisfying requirement (B). In

Micro’
some cases the spread may be so large that the effective T,

is in fact greater in magnitude than At with the result:

Macro?’
poor time resolution (requirement A not satisfied). This is

a potential problem if good time resolution is required.

f dProbeJ> Ap ' (11)

Al

The probe dimension, dProbe’ should be less than the charac-

- teristic dimension of large scale plasma fluctuations, df,

but greater than the Debye length, A,  The LHS (A) of this
inequality guarantees a spatial resolution finer than the large

scale fluctuations, thus eliminating averaging over such
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fluctuations (characteristically of -size ~ d /10). On

plasma
the other hand, the RHS (B) insures that averaging will take

~place over distances shorter than the Debye Tength:

kTu
A = z s . (]2)
D 4™ L ny 9, -
o
where o is the component subscript (e1ectrons or ions)

k is the Boltzman constant
T is the temperature
n is the number density

and q is the charge,

thus averaging out the non-uniformities that begin to appear
on this size scale.

Again, with reference to positron approaches:
although individual positrons, in annihilating with individual
electrons, sampTe 'very small regions', a large number of
positrons distributed throughout a plasma samples essentially
the entire plasma. Thus, averaging over distances of the

D
over distances of the order df, making spatial resolution

order )\, certainly occurs; however, averaging also occurs

poor. The spatial resolution situation could be improved by
localizing all the positrons to a particular region of the
plasma or by ]ooking'at only those annihilation gamma rays

originating from a specific volume of plasma. Of course, if
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situations arise where averaging over the plasma is desired,

/

positron techniques are, in this respect, ideal.

(ii) Specific Criteria

a. > 1. >
Tp£ T

e T 0
e

Obviously, the positron annihilation time Ta must be less

than the plasma lifetime, T (A) if positrons are to anni-

pe’
hilate in plasma conditions. In addition, the positrons
should be thermalized with the plasma electrons at the point
of or prior to annihilation with these electrons (thermaliza-
tion time less than annihilation time - B). This requirement
that mean positron energies be of the order of (or less than)
mean electron energies at-annihilation insures that the per-
turbation of the annihilation gammas associated with electron
motion is comparable in magnitude (and hence detectable) to
the perturbation associated with the positron motion. If a

1 KeV positron annihilates with a 1 eV electron, the pertur-

bation of the annihilation y photons due to the pre-annihilation

electron motion is certainly not detectable.

t < dp]asma



In the most desirable situation, the majority of positrons
introduced inté a plasma fdr'diagnostic purpbses would
annihilate in the plasma and not in surrounding materials.
If this is to be the case, the positron rénge within the

plasma (R must be less than the average plasma dimension

¢)

dp]asma‘

c. A1l diagnostic techniques involving the use of
positrons are based on the counting of the annihilation ¥y
photons, using one of a number of methods (e.g. 2y-coincidence),
therefore, counting statistics must be considered. Such a
_consideratiqn involves many factors (see Chapter VII), however
the key requirement is that counting times be reasonably |
-short (reasonably large counting rates). Precise limiting
magnifudes will often be dictated by individual experimental
arrangements.

Evaluation of varioué positron diagnostic tech-
niques with reference to these 'specific feasibi]ity criteria’

~forms the bulk of the latter part of this study.

D. The Life of a Positron in a Plasma

The 1ife of an energetic positron in a plasma
consists essentially of energy loss processes which it under-
goes in an attempt to reach equilibrium with its surroundings.

These processes will differ for positrons in a partia11y
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jonized environment and positrons in a fully ionized environ-
ment. Although later chapters deal only with fully ionized
plasmas, a brief sketch of the partially ionized situation

will be presented here.

(i) Partially Ionized Plasmas

A pésitron slowing down in a partially ionized
plasma will pass through three characteristic interaction
stages (Figure 6a). The first (I) involves a rapid energy
loss through inelastic collisions, resulting iﬁ the degrada-
tion of the positron energy from the source level (0.5 to a
few MeV) to~50 or a few hundred eV. Most of the collisions
that occur during this high energy stage result in ionization
of neutral plasma particles or additional jonization of
existing plasma ions. Positrons with energies less than a
few hundred eV begin to undergo elastic collisions with the
various species present in the plasma. In stage II ( positron
energies from a few hundred eV to the minimum excitation
energy - all species considered), energy losses associated
with elastic collisions are comparable to those.associated
with inelastic collisions. Positrons with energies less
than V. (minimum jonization energy - all species considered)
can no longer initiate ionization reactions (where the ioni-
zation electron escapes). Energy loss in the energy gap:

V; to Ve (minimum excitation energy - all species éonsidered)

i
occurs by excitation collisions and elastic collisions.
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Stage III (positron energies from Ve to the back-
ground electron temperature) is charactérized by energy 1loss
through elastic collisions, including a component attributable
to excitation of plasma oscillations (for details see dis-
cussion of fully ionized plasmas).

Superimposed on this energy degradation scheme are
the possible annihilation modes. At positron energies greater
than roughly 50 eV, elastic and inelastic co]Tision Cross
sections are much greater than annihilation cross sections,
thus the former processes predominate almost exc]usive]y.*
Some free annihilation and positronium formation (this possi-
bility is discussed in Appendix C) is expected to occur in
the Tow energy stages II and III. The probability that these
reactions will occur prior to thermalization (undesirable)

"as opposed to after thermalization (desirable), depends on
the specific nafure of the plasma in question (species present,
Tea ne). This topic will be considéred in detail in the next

two chapters.

(ii) Fully Ionized Plasmas

A fully ionized plasma consists bf only two species:

free electrons and bare nuclei. A positron losing energy in

“"For example: ionization cross sections in the
KeV range are of the order of 1071% to 10°'7 cm? as compared
to annihilation cross sections (Dirac) of the order of 10-2°%
to 107%"% cm™2. '
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such a medium (Figure 6b) can do so only through elastic
collisions, all inelastic energy loss options having been
eliminated. As in the case of partfa]]y'ionized»p1asmas, some
"pre—therma1ization annihilation and positronium formationomay
take place (see also Appendix C).

Although the positron energy loss process consists
essentially of elastic collisions, it is useful for the sake
of analysis, to divide these collisions into two types. (I
and II), according to the energy (momentum) transfer per
collision. Type I are termed 'hard' or binafy collisions,
in the sense that they are characterized by a plOse (small
impact parameter) interaction between two particles with
large momentum transfer. Type II, on the other hand, are
'soft' collisions characterizéd by distant (lTarge impact
parameter) interactions between more than two particles, wifh
a small total momentum transfer. A collision of the Tatter
type corresponds to the creation of a plasma wave or waves
(plasmons), that is, the creation of a quantum (or a number of
quanta) of directed collective momentum (by some directed
individual momentum). A rough dividing line between these
two types of collision can be drawn at a momentum transfer

of ApD = hk, = ﬁ/AD (where A, is the Debye radius), correspond-

D D
ing to the creation of a plasma wave described by a wavevector

of magnitude kD = 1/XD. The two regions thus defined are:
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Ap, < Ap < Ap Type 1 (15)

D ma}
Here, k{=Ap/h) > kD’ corresponds to hard collisions. Actually,
the wave idea breaks down for Ap > ApD, which corresponds to
the creation of plasma waves shorter than the Debye radius - .

a physical impossibility since meaningful partic1e correlations
(such as waves) are possible only on scales larger than AD.

Ap represents the largest possible single-collision momentum

max
transfer.

Apmin

< bp < Apy Type II (16)
Here, k < kD’ corresponds to soft collisions or the genera-
tion of plasma waves with wavelengths: A > KD (a meaningful

situation). Ap represents the smallest possible momentum

min
transfer.

E. Positron Energy Loss Rate

Calculation of the positron energy loss rate by
summing the contributions of Type I and Type II collisions

'yields (details in Appendix D):

41 n e?
where Wy = [————————

3
- ] is the plasma frequency,
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n 1is the plasma electron number density,

e is the magnitude of the positron or electron
elementary charge,

m is the mass of the electron or positron,

v is the velocity of the positron,

v is the velocity of the electron,

i = h/2w (h is Planck's constant),

and Vo> vy

This result was originally obtained by Bethe (1930)
and is substantiated by the results obtained by Larkin (1959)
using quantum field techniques; Note that the enérgy loss
as expressed by (17) is independent of the plasma temperature.
(mean plasma electron velocity). Husseiny and Forsen (1970),
using an alternate technique (details in Appendix D), derive
a plasma temperature dependent expression for the energy loss

rate:

2 2 2 ‘
dE _ (1 & “e y M Ye V
T odt T [4ﬂ€o] 2TV ]n{}4W€°) 2h Wo (18)
(rationalized MKS units - e, is the permit-

tivity of free space)

The appearance of VoV as opposed to v? in the argument of
the logarithm does not greatly a]fer the energy loss rate
(Figure 7), nor does jt greatly alter thermalization time
values based on expressions which follow from (17) and (18) by

integration (Chapter IV).
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A number of typical energy loss rate curves are
p]otted!in Figure 7 for purposes of illustration and com-
parison. These ca]cu]afions have been carried out for positrdns
(initial energy - 500 KeV) in a fully ionized hydrogen plasma,
at various electron temperatures. The energy loss associated
with positron-ion collisions is insignificant and has been

ignored (see Appendix D).



Chapter 1V

POSITRON ANNIHILATION/THERMALIZATION TIMES AND RANGES

A. Calculation Summary

0f the feasibility criteria mentioned in the previdus
chapter, those involving positron therma]izétion times and
rahges are the most important. This chapter is devoted to
detailed calculations of thermalization times (rt), annihila-

tion time (Ta) and thermalization ranges (R Calculations

t)'
are carried out over a wide range of plasma parameters, assuming
a fully ionized hydrogen plasma:

i

108 < n(cm~3) < 102¢ and 10°! < Te(eV) < 10"

t
regions of the n—Te plane where positron diagnostics might

Calculated values of T, and T, are used to delimit those

be suitable (i.e. those regions where Ty < ra). Two regions

"Strictly speaking, a fully ionized hydrogen plasma
“will not exist for the lowest T, values being considered v

(Te < ~ 5eV). In this range, the approximation of all collisions
as elastic will yield upper limit values for thermalization

times and ranges. Exact calculations for the partially ionized
cases have not been carried out.

36
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of interest are analyzed in detail, with reference to. the
thermalization behaviour of bositrons from a 22Na source
and curves of per cent of positrons thermalized as a function

of time and range are calculated.

B. Range and Time Expressions

The mean range and mean thermalization time of a

positron with an initial energy Ei can be expressed in integral

form as:
“th
R, = fE Je7 A (19)
i dx
“th |
Ty = JE TdE dE , (20)
i dt
where Eth is the mean thermal energy of the plasma electrons.

Substituting for dE/dt (expression 17) in (19) and (20)

yields the fo]]dwing expressions for positron range and thermali-

*
zation time:

2 2 E.\Z 2 E |
R, = =1 Lyt | - 1 th | (21)
t 2 me how ), how,

“In these expressions 1i is the logarithmic integral,
defined as follows:

n

]i(xn+]) _ J X dx

In x
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and

(3 Y2 2 E.\3/2 2 E 3/2
R e R [ A
e e e

The analogous expressions based on the Husseiny equation

(18)_for dE/dt are:

2 E E E 2
H 8h? . ,["i “th . s th -
R¢ = "”[mgth] “[‘4“%) [m?ﬂ - “[(4“80) [WTT]]

e
(23)
. B8R E. E.. 13/2
T: = (4mey)? € - +11{(4me )3/2(2%2 thz]
e?(m Eth3)2 ° @ea
' E,. 2 3/2

. 3/2 th

- ]][}4ﬂ€ ) [Zﬁz wez] ] (24)

Expressions (21) to (24) are valid for positrons thermalizing in
a fully ionized hydrogen plasma.
The basic Dirac annihilation time (3) can be written

in terms of Wy as:

_ 4c¢ |
TD - ro we2 (25)

Comprehensive calculations were carried out by ovér1ay1ng the

Te - n plane of interest with a grid and computing values of
H H . . .
Rt’ Rt’ Tys Ty and T at each grid point. Equal time and
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equal range curves were constructed by joining grid points
with identical values of the parameter of interest. Figu}e 8
shows curves of equal thermalization time based on expressions
(22) and (24) as well as standard Fokker-Planck equal relaxa-
~tion time curves for comparison.* The Dirac equal annihila-
tion time curves are straight horizontal Tlines on this plot.
In order to avoid confusion only the 1line levels are indicated
a]onglthe right hand margin of the plot. Equal range curves
based on expressions (21) and (23) appear in Figure 9. A1l

curves have been calculated for positrons with initial energies:
E, = 500 KeV.

It is evident from Figures 8 and 9, that on the
scales of interest, results based on the Husseiny expression
(18) for dE/dt do not, on the whole, differ significantly
from results based on expression (17) for dE/dt (nor do
Fokker-Planck results differ greatly). Forthcomiﬁg thermali-

zation time and range calculations will therefore be based

on expression (17).

"The Fokker-Planck expression for the thermalization
time: (this can also be termed a relaxation time, where the
high energy positron distribution is considered to relax to
the plasma electron distribution)

E.3/2
_[_FP _ (2_)% ] |

t m e w_2 1nA °
e

where InA is the Coulomb logarithm and
3/2
3 Eth
1
m? e?
e

follows from Fokker-Planck transport theory in fully ionized

plasmas (see for example: Krall and Trivelpiece, 1973, Chapter 6).
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It is also clear from Fiqure 8 that

¢ Tp (26)

for all values of Te and n. This is as expected from a com-

parison of the two cross sections invoived: 0y = ro2c/v, the
e? 2
mv2) >

the 90° Coulomb scattering cross section which describes

Dirac annihilation cross section and cc(90°) = 7 (

(approximately) the typical thermalization interaction.

Clearly,
O .
O_D - {X] << 1 o (27)

for the energy ranges of interest (recall that v is the

relative positron-electron velocity).

C. Coulomb Correction

(i) Calculations

The key relation of the preceeding section (in-
equality (26)) is based on Dirac's first order expression for
the annihilation cross section (and the anﬁihi]ation time).
The derivation of this expression is in turn based on a p]aner
wave model for both positrons and electrons which ignores the
distorting effects of 1qng range Coulomb interactions.

Since long range Coulomb interactions are very impor-

tant in plasmas - moreso than in other states of matter - the
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use of 9 to calculate annihilation times is questionable.
A ﬁumber of attempts have been made to carry out ‘annihilation
rate calculations for fui]y ionized hydrogen plasmas, takiﬁg
into account this long range Coulomb attraction between
positrons and electrons (Toptygin, 1962; Wolfer, 1969).
The results of these attempts are similar and indicate a
very large enhancement of the annihilation rate at Tow plasma
electron temperétures. |

Wolfer derives the nonrelativistic Hamiltonian
for a many—Body system of positrons and electrons interacting
via a Coulomb force and capable of annihilating with each
other (i.e. capable of giving rise to annihilation photons).
This Hamiltonian is then used to calculate, with the aid of
Q.E.D. covariant perturbation formalism, the 2y annihilation
probability and the 2y annihilation rate in a fully ionized
hydrogen'p1asma. Wolfer's result for the annihilation rate

can be written as:

ficy2 1 e
3/2 —4[}——) —= + fo(T {
v = drgZen 3Tt Fo(T ) e L€ Kig el Eo (28)
k Te e
: 4
where I = 2;2 is the ionization potential of positronium,

n, Te are plasma electron density and temperature

respectively,
fl(Te), fz(Te) are complicated functions of T
(see Wolfer, 1969).

and E, = mc?
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Both Wolfer's and Toptygin's results bredict a
drastic variétion in thé annihilation time with plasma electron
temberature. Values Qf’Tw = 1/vw are within an order of
magnitude of the Dirac values, Tp> for 50eV < kTe < 10 KeV,
however wadecreases almost six orders of magnitude with

respect to t, in the range leV < kTe < 50eV.

D
This dramatic effect is evident in Figure 10, where

curveé of equal annihilation time (constructed using Wolfer's

expression (28)) are plotted on the Te - n plane. It is

obvious affer comparing Figures 8 and 10 that thermalization

times are no longer less than annihilation times for all T,

and n values. The Te - n plane éan be divided into regions

where Ty STy, and Ty > T, by superimposing the plots of

ngure 8 and 10. The results of such a division, for positrons

with initial energy: 500 KeV, annihilating in a fully ionized

hydrogen plasma.are shown in Figure 11. Under these condi-

tions, the region of interest (Tt < Tw) is defined by the

Tine T, T Tt at kTe ~ 10eV. Thus 'hot' positrons introduced

- into plasmas where kTe > ~ 10eV should thermalize before

annihilating. This may not be the case in 'cooler' plasmas,

where ]ong—rénge‘attractive forces between. positrons and

electrons become significant enough to enhance mutual localiza-

tion and hence annihilation.

(ii) Promising Plasmas

Of major interest from the viewpoint of diagnostics is

the fact that two potential fusion plasmas are located in the
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favourable Ty < T, area: Tokamak or toroidal confinement
plasmas: 10!? cm™® < n o< 1016 cm'g; 103 eV < kT, < 10° eV
and laser compression plasmas: 102% c¢cm™2 < n < 102%°® cm~3;
10° eV < kT, < 10* eV. By way of introducing Chapter V,
whiéh deals exclusively with these plasmas, a number of pre-
liminary calculations are presented here. These deal with

positrons thermalizing in the following hypothetical plasmas:

Tokamak Type: n,£ = 10t cm™ 3
kTe = 10 KeV (29)
Laser Compression Type: ng = 102" cm-3 ‘
kTe = 1 KeV

Figure 12 is a plot of thermalization time as a funétion of
initial positron energy (i.e. energy'of a positron when it
first appears in the plasma) under the above conditions. A
similar plot of thermalization range as a function of initial
positron energy appears in Figure 13. Figures 14 and 15

are logarithmic plots of positron energy 1055 rate as a
function of instantaneous positron energy and positron energy
as a function of time respecively, for both sets of parameters

defined above.

B

D. Positron Distributions-Fractional Thermalization

It must be realized that the above plots are mean-
ingful only in terms of single positrons (or perfectly mono-

energetic positron distributions) and thus give only a general
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description of the behaviour of positrons from a real source.

!

S b . ' . +
If the source is a radioactive nucleus undergoing B decay,

then the emitted positrons are distributed in ehergy accord-

ing to: (see Chapter V, Section C for details)

+ . . . . .
where E is the total positron energy, including the
rest mass energy

and P(E )dE+ is the fraction of all positrons

emitted with an energy Y in the range dE+.

Since this is the case, it is useful to défine two
~distribution functions, namely the thermalization

time distribution:

: o
' _ P(EY)E
N(t)dt It
where N(t)dt is the fraction of all positrons

thermalizing in a time t in the range dt

R

and the thermalization range distribution:

+ +
P(E )dE P(E)dE 1
mryar = FLEJE PEME 1
v

(31)
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where M(r)dr is the fraction of all positrons ther-
malizing in a distance r in the range dr,

v+ is the  instantaneous pbsitron velocity,
and it has been assumed that all emitted positrons eventually

thermalize.

The distribution functions N(t) and M(r) have been calculated
for the conditions specified by (29) with positrons from a

22 +

Na Source (E (e ) = 542 KeV). The curves, constructed

ma x
point by point using expressions (17) and (30), appear in
FigUré'16 (Tokamak) and Figuré 17 (lascer compression). Since
the area under these curves represents the total number of
positrons thermalized, numerical integration of N(t) and

M(r) allows the determination of the fraction of positrons
~that thermalize in a time t and a distance r. Figureé 18 and
19 show the results df such cé]cu]ations: percentage of
positrons thermalized as a function of (a) time in the plasma
and (b) distance travelled through the plasma (for both plasmas

being considered).
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Chapter V

POSITRONS IN TOKAMAK AND LASER COMPRESSION PLASMAS

A. Plasma Parameters

A number of important factors related to the use
of positrons to probe plasmas are discussed in this chapter
with specific reference to the two hypothetical plasmas
introduced in the previous chapter. For the purposes of
this chapter a number of additional parameters, to better

characterize these plasmas, will be introduced:

Tokamak Type Laser Compression Type
= 101% ~m-3 = 102% ~m-3
Ne 107" cm Ne 10" cm
kT = 10 KeV kKT =1 KeV
e e
- -2 - -1 = 0—10 _ -9
Tpg 10 107" sec Tpg 1 10
plasma volume: V < 7 x 10° cm® plasma volume: V= 9 x 1077 cm®
(minor radius <~ 0.5m; d ~ 120u
major radius ~ 1.5m) plasma

The results presented in the previous chapter are
discussed and their implications outlined. Positron sources

are considered, with special emphasis (qualitative and

58
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quantitative) on the unique possibility that some positrons

/ .
are actually created within the plasmas of interest.

B. Thermalization Times and Ranges‘

(i) Tokamak: Figure 18 indicates thaf most of the
posftrons emitted from a 22Na source would thermalize in a
time of ~55 msec and a distance of ~ 2.5 x 10% cm. This is
consistent with Figures 12 and 13. which confirm that these
values correspond to complete thermalization of the most
energetic 22Na positrons (542 KeV).* Although an indiv%dua]
positron loses most of its energy during the latter stages
of thermalization (during the last 15 msec for a positron
with an initial energy of 500 KeV), as indicated by Figures 14
and 15, the majority of positrons thermalize in the
1.6 - 18 msec range, or in terms of distanée travelled, in
the 4 x 10° cm to 7 x 10° «cm range. This is illustrated
by Figure 16 and is a result of the characteristic 22y

positron spectrum (Figure 21).

fThe effect of the magnetic field on dE+/dt and

hence Tt and Rt has not been taken into account here. Honda

et al. (1963) have calculated dE+/dt, taking into account this
effect with the result: :

2 2 2 2
dE+ ) e me ] 2my 2 1 . we + wp }
dt v n ﬁwe 2 w 2 N

e

where w, is the positron gyrofrequency in the
existing magnetic field.

The energy loss rate decreases, thus Tt and Rt increase; but
these are not major perturbations.
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The calculated thermalization times are less than
or of the order of the plasma lifetime, therefore from a time
point of view, most of the positrons will thermalize while
the plasma is still in existence. The situation from a
‘distance travellied' point of view may seem hopeless because
of the large positron range at this electron density; how-
ever, this is not the case. Any positrons present will be
" held within the plasma by thé same fields which confine the
p]ésma itself. The\positrons, like the electrons, will
follow helical trajectories (only in opposite directions),

rotating around field lines at the positron gyrofrequency:

eB-
mc

with a rotation radius of

Y1

o= ., (Larmour radius) (34)

wg

where B is the toroidal field strength and

%L is the positron velocity perpendicular
to the toroidal field.

The Larmour radius‘of a.500 keV positron, travelling per-
pendicular to a 10 KG toroidal field is reo 2.4 mm - con-
siderably smaller than mean plasma dimensions. A numbef of
drift motions are also expected to occur, but there is good

reason to believe (see discussion on runaway electron drift
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in ORMAK-Knoepfel et al., 1975) that these will not result
in the loss of a large number o% positrons.: |
With these facts in mind it is not unreasonable
to expect positrons to be confihed within the plasma for
the entire dqration of their existence (corresponding to a
maximum distance travelled of ~ 2.5 x 10° cm for 22Na.positrons).
Annihilation times are predicted to be in the range
1-2 sec by both the Dirac (25) and the Wolfer (28) éxpressions,
in the plasma being considered; This is at least one order
of magnitude larger than the plasma l1ifetime and therefore
represents some 10Ss of useful gamma réy signal. Although
most of the positrons will thermalize within the plasma life-
time, some will annihilate only after the plasma has ceased
to exist. This situation could be improved by increasing

the plasma density or the plasma lifetime or both.

(ii) Laser Compression: Complete thermalization

of 22Na positrons in this hypothetical plasma should occur

11 gec and a distance of ~ 107! cm

in a time of ~ 1.3 x 10~
(based oanigure 19). Energy loss characteristics are similar
to those outlined above and are illustrated in Figures 12-15.
The majority of positrons thgrma]ize in the 0.5-5 psec range,
or after having travelled between 1.4 x 10-% cm and 10-2% cm.
CaTcu]éted times for complete thermalization are much less

than the 0.1 to 1 nsec plasma lifetime figure.  In addition,

calculated annihilation times (~ 1.3 x 107%° sec) are of the
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right order of magnitude - greater than the thermalization
times, but less than the plasma lifetime.

Maximum range values are somewhat larger than the.
mean plasma dimension, thus some losses are to be expected,
however the majority of positronsvshould thermalize within
the plasma. Range losses could be reduced or eliminated by
increasing the physical extent and/or density of the plasma.

As will be discussed in the next section, a 22Na
source is not the most efficient positron source for use with
Taser compression type plasmas, thus the calculations cited
in this sectfon should be téken only as a general indication
of the thermalization characteristics of KeV.to MeV positrons

in this plasma.

C. Positron Sources

Positron sources for plasma diagnostics work can
be classed as extrinsic and intrinsic, an extrinsic source
being one that is not inherent to the plasma and an intrinsic

source one that is.

(i) Extrinsic Sources: The most common extrinsic

sources are radionuclides which undergo B+ decay. A partial
1ist of some positron emitting radionuclides, specifying
half-lives and maximum {(cutoff) kinetic ehergies attained

by emitted positrons, is presented in Table II. The source
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- Table II

. . +
Radionuclide e Sources

Radionuclide Half Life Max ?;eg?ergy
%%Na ‘ 2.6y 542
a0y | 7.4 x 10° y 1160
ggv | 16 dk 698
>Sco .71 d 510
Sacu 12.8 h 650
‘gBZn 244 d 325
37Rb 33 d 780
88y 107 d | 760
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’

22

most commonly used in solid state studies is Na, followed

by %4cu. |
Copper-64 is short lived (half-1ife ~ 12.8h), but

it has the advantage that fntense'sources of any configuration

.can be obtained quickly by thermal neutron irradiation of

63Cu (which is abundant). Sodium-22, due to its chemical

properties, is usually available in the form of 22NaC] solutions.

22Na has the advantage that the birth of each

The use of
positron is marked in time, to within less than 10-'! sec,
by the emission of a 1;28 MeV gamma ray.associated with the
transition of neon-22 (the product of the 8+ dacay) from the
first excited state to the ground state (see Figﬁre 20 -
the decay scheme of 22Na).

Positrons emitted by radionuclides have a charac-

teristic energy distribution, represented here by P(w)dw,

+
the fraction of all positrons emitted with energy W = =
in the range dw:
1 2 : '
P(w)dw = K F(Z,w) (w-1)% (wo-w) w dw (35)
where ET = mc? + E(e+) is the total positron energy:

rest mass energy plus kinetic energy,

K is a constant,

F(Z,w) is the Fermi function, a small correction
factor to account for the perturbation of the

B* spectrum by the nucleus,

Z is the atomic number of the product or daughter
nucleus,



E (MeV)

\, -1 3-0
22N _ 3 1284
2mc2
- E.C.
(10%)
—11-82
ot
/3
(90°%.)
2 128
128 MeV 7 /3*
(4)(10—30/0)
22Ne O'l' “O
. 22
Fig. 20.  Decay scheme of ""Na.
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and. Wo = is the maximum or cutoff positron
/ energy for a given radionuclide.

22 +

A plot of the theoretical B+ spectrum of Na (Emax(e ) =

542 KeV) appears in Figure 21.

TypicaT22 64

NaCl or Cu source strengths range from
a few microcuries to hgndreds of millicuries (1 Curie (Ci) =
3.7 x 101!° disintegfations per second (dps)). Although
stronger sources can be produced, handling and protective
shielding become cumbersome.

It is obvious that sources of this nature (extrﬁnsic)
will not‘be very efficient in terms of producing enough
positrons to probe laser compression plasmas with lifetimes
of the order of 1072 sec of less. If a 1 Ci radionuclide
source could somehow be incorporated into a Taser compression
plasma, only 37 or so positrons wou]d‘be produced during
the lifetime of the plasma. No statistiea]]y sfgnificant
anniﬁi]ation v signal could be measured under these circum-
stances. This is not the case in Tokamak type plasmas,
which have 1ifetimes about seven orders of magnitude 1dnger,
allowing for the productioﬁ bfistatiétically significant
numbers of positrons during the existence of the plasma (e.g.

~ 3.7 x 10°% positrons would be produced by a 10 mCi source

during the 10”2 sec lifetime of a toroidal plasma).

(ii) Intrinsic Sources: Positron-electron pair
production does not occur under normal circumstances 1in

solids, 1iquids or gases, but it is expected to occur, under



(arbitrary scale)
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Fig. 2. Energy distfibution of 22Nc1 positrons.
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normal circumstances, in some plasmas. Such pair production
. . . .
would act as a natural, intrinsic source of positrons -

positrons which could then be used for diagnostic purposes.

(a) Tokamak Type Plasmas: Pair production in
toroidal plasmas should be mediated by collisions between
high energy 'runaway' electrons and 'cooler' electrons, ions
or neutrals. In a fully ionized hydrogen plasma of the
type being considered, the total cross section for pair
producfion by electron-electron collisions is given approxi-

. mately by: (Heitler, 1954. Chapter V)

2 2 -
~ Yo o 3 | BE
Opp T In [m—c—z‘] (36)
where B is a constant of order one; take B=1 here,
2
re = miz is the classical electron radius,
2
o = %E is the fine structure constant,
and E- = mc?2 + E(e”)

The total number of pairs produced per unit time, per unit

plasma volume is:

r

2 2 -
- ra a 3 E
Np =cn_n - n [ch] . (37)
where n is the thermal electron number density
and n. is the runawy electron density.
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Choosing conservative values for nr(= 107 cm~®) and for the
runawéy electron kinetic energy (~ 10 MeV), based.on experi-
ments by Knoepfel et al. (1975) with the Oak Ridge Tokamak
(ORMAK), Np can be cd]cu]ated. These values are deemed con--
servative because ORMAK is considerably smaller (major radius =
80 cm, minor radius = 23 cm) than the hypothet%ca] toroidal
p]asha under consideration here and runaway electron densities
and energies are expected to increase as plasma dimensions

are scaled up. "The calculated value, using n = 10i“ cm-3 dis:
Np ~ 1.1 x 10® sec™?! cm~3. Thus, the total number of pairs
produced during the existence of the plasma (runaway electrons
exist during most of the plasma lifetime of Toe T 10-2 sec)

in a volume of 10% c¢cm?® is ~ 1.1 x 10%, or summed over the
entire volume of the plasma (~ 7.4 x 1OA6 cm?): ~ 8.4 'x 107

pairs. If all the positrons annihilate in the plasma, this

corresponds to an equivalent activity of ~ 30uCi per litre.

(b) Laser Compression Plasmas: Pairs'cou]d
theorefica]]y be produced by three mechansims in a laser
plasma situation:' vacuum polarization by intense laser fields,
collisionless oscillation of a.free electron driven by intense
laser fields and collision of electrons accelerated by intense
laser fields with other plasma components. The threshold
inténsities for the first two processes using neodymium
glass. Tasers (A = 1.06u) are ~ 1025 W cm~2 and ~ 3 x 102* W cm-?

respectively (Hora, 1973) - out of the range of existing
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technology. - The third process, however, does not have such a

high threshold. '
Expression (37) can be used to calculate the total

number of pairs produced by this collision process. A cal-

culation of this nature was originally carried out by Bunkin

and Kazakov (1970), who wrote E- as the total (non-relativistic)

energy of an electron in the field of a plane monochromatic

wave of frequency w and vacuum amp]itude'Ev:

e? Ev2

- ) 1

(38)
The calculation was repeated relativistically by Hora (1973),
who considered only the energy associated with the electron

oscillation in the laser field writing:

In this way, he was able to consistently take into account

the enhancement of electron energies due to the variation

of the complex refractive index of the plasma, n, with electron
collision frequency. The results of Np calculations using

(38) and (39) do not differ by more than an order of magnitude
because E~ appears in the 1ogar}thmic term of expression (37).

Using the expression for total electron énergy (38),
the total pair production cross section can be written in

terms of laser intensity, I, as:
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re? o? 2m r I
/ Opp = Tn®i1 + ne | wf
where w is the laser frequency. The total number of pairs

produced per unit time, per unit plasma volume is then:

2 2
- 2 Yo 03 3 2n r I
Np ¢ n® ———1n ‘] + (_7ﬁ?l} =7 > (41)

where n is the electron number density of the plasma. This
calculation has been carried out for a Nd glass laser pro-
duced plasma with n = 102 cm™%®. The value of n chosen for
this calculation is approximately the critical density, above
which the refractive index of the plasma for 1.06u light
becomes imaginary and the Tight no longer penetrates the
p]asma.*

'Resu]ting_Np values are: ~ 1.4 x 1022 sec™! cm-?
With T = 5 x 10'® W cm=2 and ~ 5.6 x 1023 sec~! cm=? with

I =5 x 10'° W cm~2. In terms of pairs produced within the

finite plasma being considered, this translates into:

"Higher density plasmas are predicted, however
energy transfer by some method other than by electromagnetic
fields is expected to take place from the outer 'laser inter-
action shell' to the inner, high density core. The high

energy particles in the field-free cores of such plasmas should
make some contribution to pair production by collisions,
however, this contribution is not being considered quanti-
tatively here. Such considerations are complicated by the

fact that the 'shell' to ‘'core' energy transfer process is

not well understood. )
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~ 1.4 x 10°% with I 5 x 10*8 W cm-?

and
~ 5.6 x 10% with I

5 x 10%°% W cm—2

for a plasma with a volume V 10" %cm® and a laser pulse

lTength Ty = 10-'! sec. HNote that the relevant time parameter
here 1is Ty (which defines how long the laser fields are present)

and not 1 the plasma 1ifetime which is somewhat longer.

pe’



Chapter VI

GAMMA RAY DETECTORS

'An‘assortment of detectors can be used to measure
the annihilation radiation which escapes from the plasma.
Each fype has its advantages and disadvantages and is usually
suited for use with a specific analysis technique (see

Chapter VII).

" A. Scintillation Counters

Counters of this type consist of a scintillant
(phosphor) which is optically coupled to a photomu1tip1ier
(Figure 22a, Ouseph._1975). An annihilation gémma which
enters the scintillant can lose energy tb it via the photo-
electric effect and the Compton effect, leaving behind a
trail of jon pairs. Recombination occurs (although energy
transfer mechanisms associated with it differ from one phosphor
to another) with the emission of visible 1ight photons.

Since the phosphors are chosen to be transparent to their
own radiation, some fraction of the emitted photons is

detected by the photomultiplier, which amplifies the signal

73 -
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Fig. 22 a.
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and triggers a counter. The main scintillants suitable for
vy ray detection are listed in Table III.

Sodium iodide activated with thallium (the activator
defines.the emission wavelength) is the most common scintilla-
tion type gamma ray detector.. The efficiency of these
detectors varies with the energy of fhe incoming gamma radia-
tion and with the physical size of the crystal. A cylindrical
crystal of Nal (T2), 4 cm in diameter and 2.5 cm in length
has an efficiency* of ¢ = 50% for 500 KeV gamma photons.

The energy resolution is limited by statistical fluctuations
associated with the detection and amplification processes.

A detector ufi]izing a NaI'(TQ) crystal with the dimensions

quoted is capable of p = 8% energy reso]ution** at gamma ray
energies of E(y) = 600 KeV, which corresponds to a gamma

ray Tinewidth of AE ~ 48 KeV (Burcham, 1973, Chapter 6).

FWHM '
Average response times of the common scintillants are indicated

in Table III.

thficiency, g, is defined as the percentage of
Y rays entering the detector which are detected in (contribute
to) the 'full energy' or annihilation photopeak (Figure 27).

ats Wb
iy

“Percentage resolution, p, is defined as:

AE

p=—-EF(—¥l§mx100%
where AE is the full width at half maximum of

FWHM
the gamma ray 'line' corresponding to a
gamma ray of energy E(Y) (see Chapter VII,
Section D for more details).



Table III

v Ray Scintillants

76

Material

- Form

Main Emjssion A

‘Response Time

(A) (nsec)
T Hygroscopic
NaI(Tg) Crystal 4100 250
Anthracene/ | Organic | 4000 - 8-30
Stilbene Crystal 4450
Organic Geometry
Plastics as Required 4250 2

(after Burcham,

1973, Chapter 6)
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B. Semiconductor Counters

A number of methods exist to p?oduce semiconductors
with regions of low (or zero) conductivity (no electrons in
the conduction band). A high electric field can be placed
across such regions of low conductivity without‘significaﬁt
current flow. .Gamma rays passing through these regions
e]ev&te electrons into the conduction band creating free
electron-hole pairs. The energy required to accomplish this
is low: 3.6 eV and 0.67 eV per electron-hole pair in silicon
and germanium respectively. Under the infiuence of the
electric field, thebe1ectr0ns and holes migrate in opposite
directions, the net result being a small current which can
be detected and amplified externally and used to trigger a
counter.

Lithium drifted germanium detectors (the Tithinm
Compensates the acceptor centres in the germanium to create
regions of low conductivity) are the most suitable for
high resolution gamma ray wdrk (Figure 22b, Coche dnd Siffert,
1968). Although this type of detector must be cooled to
liquid nitrogen temperatures to minimize thermal excitation
of electrons to the_conduction band, the energy rééo]ution is
excellent because the unwanted 'noise' due to statistical
fluctuations is significantly lower. An energy resolution

*
of p = 0.6% at gamma energies of 500 KeV is typical. This

"Higher resolution (narrower response function) is
possible if preamplifier noise (the resolution limiting factor

at gamma ray energies of this order) can be reduced. For example,
a resolution of p = 0.25% at E(y) = 500 KeV has been reported
(Heath et al., 1966).
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corresponds to a linewidth of AEc um = 3 KeV and is more than
an order of magnitude improvement bvef écinti]]afion counters.
Figure 23 (Hollander, 1966) is a comparison of a numbér of
typical detection systems in terms of attainable resolution
(width of the response function). The crystal diffraction
curve is included for completeness only - this is not a

useful technique where weak sources are involved, due.to its
inherent inefficiency (counting rates of tHe order of 5 x

10-° of the source strength for 500 KeV y rays).

The efficiency of semiconductor detectors is lower
than that of scintillation type detectors because of the
difference in stopping power (which varies with atomic number)
and because the physical size of useable semiconductors is
limited by fabrication procedures. Depending primarily on
the volume of the detector, the efficiency varies from ¢ =
1% to € =~ 10% for 500 KeV gamma rays, as shown in Figure 24
(Cappellani and ResteT]i, 1968). One Nal (T2) curve is
plotted for comparison. The response time of semiconductor

detectors is in the nanosecond range.

C. Multi-Wire Proportional Counters

Recently, an ingenious gamma ray detector with
spatial resolution in two dimensions has been developed

(Jeavons et al., 1975). Some preliminary work with annihila-

tion radiation has been carried out and Stewart (Queen's



79

100

i crystal
Nal(Tl) | diffraction

E, 10:_ SilLi)

= - GelLi)

3

-6 L

0

o B

S

o 1B

v [

0 _

. 041 Lo ol Lol I B U N
10 102 103 10

7 Energy (KeV)

Fig. 23. Variation of detector resolution with 7 energy.



80

100

—
o

T

Detector effic'iency (/o)

L L

1. 088cc
-0 4 cc} planar}Ge(U)
l

- 2 é? gi} coaxia

| 5.3'x3" Nal(Tl)

01 1 ] 1 ) | -
0 500 1000 1500

7 Energy (KeV)

1

Fig. 24. Variation of detector efficiency with 7 energy.



81

University) is.incorporating this type ofﬂdetectbr in an
angular correlation system which is to have an angular resolu-
tion of 0.1 mrad x 0.1 mrad. This is equivalent to an energy
resolution of p = 0.01% at E(y) = 511 KeV (corresponding to

a linewidth of - 50 eV).

The device converts incoming gamma photons to
electrons via the photoelectric interaction. These electrons
escape into one of many parallel holes drilled through the.
converter and drift out of the converter (guided by the holes)
under the influence of an'externa1 e]ectfic f1e1dﬂ Having
Teft the converter the electrons are counted by a multi-wire
proportional counter. The latter is esseﬁtia]]y a grid of
individual, closely spaced proportional counters.

Using a gas-solid hybrid converter (Figure 22c,
Jeavons et al., 1975), 60% of the gamma photons (at 1.8 MeV)
that interact are counted. This efficiency is projected
for the entire 0.1 MeV to 2.0 MeV range of incoming gamma
ray energies. Although the single-event energy resolution
is poor, the spatial resolution (which is the important factor
fn angular correlation experiments) is good. . The latter is
~ 1.3 mm, approximately equal to the hole size (1.0 mm) for
incident gamma ray energiés'1ess than about 1.0 MeV. Response

3

times are of the order of 500 nsec.



Chapter VII

ANALYSIS TECHNIQUES

A. Technique Survey

As a final gauge of the common annihilation radiation
analysis techniqhes, and in light of the preceding discussions
concerning sources (streﬁgths) and détectors (resolutions;
efficiency), gamma ray counting rate calcdlations are carried
out. The initial calculations for both Tokamak and laser com-
pression plasmas are general in nature, however subsequent cal-
culations relate to specific techniques. The four techniques
consideréd (measurements of: 2y angular correlation, annihi]a—

~tion line width, positron lifetime and slow positron beam spread)
are illustrated schematically in Figure 25. In each case, a
schematic raw data curve is shown and‘deriQeable functioﬁs or

parameters indicated. Here, c is the count rate, Ne_'is the
electron number density and fe_(v) is the electron velocity

distribution.

B. General Counting Rate Calculations
Considering only positrons produced in a plasma

-~

“and assumihg that nearly all these positrons annihilate in

82
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this plasma, the number of counts (gamma photons) registered

during one plasma lifetime can be written as:

C = 2A ¢ GMa ‘ (42)

where A is the number of positrons produced during

the plasma lifetime in the volume being
considered,

€ is the detector efficiency,

G is the solid angle factor that indicates

- what percentage of gamma rays produced in
the plasma volume being considered enters
the detector,

and M_ is a miscellaneous attenuation factor that
is meant to account for:*

(a) positrons escaping from the plasma,

(b) positrons annihilating after the
plasma has ceased to exist,

(c) absorption of gamma rays by inter-
vening material,

(d) various gamma ray scattering corrections.

The factor of 2 accounts for the fact that each annihilation

event creates two gamma photons.

“"For the purpose of these order of magnitude cal-
culations M_ values of 0.1 (Tokamak) and 0.5 (laser compression)
have been C%osen, assuming that miscellaneous losses associated
with the well localized laser compression plasma are less than
those associated with the more diffuse Tokamak plasma. Exact

My values can be determined only when the complete experimental
layout is known.
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(i) Tokamak Plasma

C is calculated for the following hypothetical

arrangement:

Detector Efficiency e = 10%
Plasma Volume Visible 50 cm x 50 cm x 50 cm
to Detector = 1.25 x 10° cm?®

(~ 1.7% of total volume)

Total number of Annihilations A=1.4 x 10° »

T om0 0mg durdng Plasma  (from Chapter V, Section C)
Detector Distance from )

Centre of Plasma ,‘OQ cm

Solid Angle Factor ' G = 2%

Miscellaneous Attenuation _

Factor M, =~ 0.1

a
‘Detector Dimensions << Plasma Dimensions

Calculated Counting C = 560 counts per
Rate discharge

~This count rate is sufficiently high, that of the analysis
techniques outlined in this chapter, at least the annihilation

line broadening technique should be feasible.

(ii) Laser Compression Plasma

The parameters used to calculate C are:

Detector Efficiency e = 10%

Detector Surface Area 7 cm?
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Plasma-Detector Distance 20 cm

Solid Angle Factor G

b4

0.14%

Total Number of Annihilations A
in Entire Plasma Volume during 5
Plasma Lifetime (10°° sec) S

= 1.4 x 10> (for I =
x 1018 W cm™?%, Chapter V,
C o

ection C)

Miscellaneous Attenuation ‘
Factor M= 0.5

Plasma Dimensions << Detector Dimensions

C = 20 counts per plasma detonation

The counting rate increases linearly with the surface area

of the detector, thus the use of a number of detectors in
parallel would significantly enhance the counting rate. For
a 2m detector (G = 50%), with the plasma at fhe centre, C =
7,000 counts per plasha detonation. Any increase in laser
power and hence A will also increase C. Annihilation gamma
radiation from laser compression plasmas should be detectable

and intense enough to facilitate at least one type of analysis.

"C. 2y Angular Correlation

The theory of this technique has been outlined in
Chapter II, Section (C)(i), thus it remains to evaluate its

applicability to the Tokamak or laser compression systems.

(i) TOKAMAK Plasma

If two-detectors are used, and only y coincidences

are counted, then the coincidence counting rate is approximately:
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CC = 4A €18, GG, ' , (43)
where thé subscripts identify the detectors. .No spatial

(or angular) resolution is possible with the detector arrange-
ment quoted in Section (B) (i) of this chapter. In order to’
measure angles in the milliradian range, the geometrical
resolution of the system must be at least of this order.

This implies: (a) a detector with slit width: ~ 1 mm
sahp]ing a plasma characteriied by 1inear dimensions of the
order of mm, from a distance of 100 cm or (b) a slit width

of ~ 1-cm at a distance of 10 m sampling a'plasma characterized
by centimetre dimensions. (Recall that soqrce_and detector'
need be well defined in only one dimension since only one
component of the e]ectkon—positron centre of mass is being
_measured.) For a detector 10 c¢cm long, the soiid angle factors
are Gy,, = 10°%*% and G,;,, = 10°"% respectively for geometries
(a) and (b) mentioned above. In case (a), A = 10'; thus,

even choosing €; = €, = 100%, the total number of coincidehce
counts per Tokamak discharge is C = 10-% (miscellaneous
_attenuation_ignored). Clearly, angular cofre]ation measure-
ments of the type described here ére not feasible -at thev
positron density calculated to exist during a typical Tokamak
discharge. . This density could be increased by somehow inject-
ing positrons into the plasma from outside, or doping the

» discharge gas with a 8+ decay radionuc]idé, however it is

doubtful whether 1t could be increased by the requisite eight
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or so orders of magnitude to yield a reasonable number of

coincidence counts per discharge.

(ii) Laser Compression Plasma

Replacing the extended Tokamak source by the laser
compression point source (A = 5.6 x 10° corresponding to a
Nd Taser intensity: I = 5 x 10'® W cm~2), but retaining the

e and G factors of the previous calculation {(same angu]af

resolution required), expression (43) indicates C =~ 2 x 10-3

coincidence counts per detonation. This is the optimum count
rate which would in practice be reduced by the less than
perfect detector efficiencies and by miscellaneous losses.

As pointed out in Chapter V, Section (C)(i), it

is not possible to significantly increase the positron density

in the plasma by any conventional means (e.g. radionuclide
doping), due to the short time scales involved.

Since it is not practical (at this time) to sum over

. the order of thousands. of detonations, one dimensional

angular correlation analysis of laser compression plasmas must
be ruled out.
. The exact situation with respéct to two-dimensional

angular correlations using multi-wire proportional counters

is not clear, since such a system does not yet exist. One of the

advantages of using two-dimensional multi-wire proportional

~counters is that the counting rate increases significantly

due to their inherent sensitivity and the increase in the
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solid angle factor. If an efficient 2D angular correlation

system can be developed to replace the current 1D, long slit!'
'systems, angular correlation studies may be possible with somé
fusion plasmas. An additional advantage of tﬁe 2D technique is
the fact that it would make available information about two |
compoﬁents of the positronFelectron centre of mass momentum
simu]taneous]y.* In plasmas (unlike solids) the individual
positron and electron contributions to the centre of mass momentum
would be roughly equal, necessitating the application of some

type of unfd]ding procedure to separate the contributfons (more

details in the next section).

D. Doppler Broadening and Shift of the Annihilation Line

Perhaps the most promisihg positron technique that
could be used to study plasmas involves the analysis of the
Doppler broadening of the 511 KeV annihilation 11ne.v A number'
of "lTine-broadening” studies have been carried out with positrons
annihilating in metals (Du Mond et aZ., 1949; Murray, 1967)..
Although Doppler broadening was measured in these experiments,
excessively high source activity (Du Mond et «Z.) and low
detector resolution (Murray) limit the usefulness of these tech-

* %

niques for solid-state diagnostic purposes. This is not the

case in many plasmas, where the resolution problem does not exist.

“This is an advantage only in cases where the momentum
distribution is expected to be anisotropic. In isotropic situa-
s tions a parallel wire proportional counter (multi-slit system) °
"would suffice. :
“"“Nonetheless, some work of this nature has been attempted;
see, for example, Hotz et al. (1968) and MacKenzie (1969).
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(i) Theory

The total energy of one annihilation gamma photon,
as measured by an observer at rest with respect to the plasma,
is given by expression (6T) (Appendix B). It is possible
_tb analyze this energy in terms of three éffects contributing
to its magnitude. Its approximate magnitude is determined
by.Eo = mc?, one half of the pair rest mass energy. The
~thermal motion of the pre-annihilation pair manifests itself
in two different ways: (a) it causes an absolute shift in

the energy of each gamma photon (away from Eo = mc?) of the

order of:
Eo ch 1 -2 ‘ ’
SE = 77[——~] _= 5 my . | (44)

(see expression (63), Appendix B) where ch is the mean centre
of mass velocity of the pre-annihilation pair; and (b)'it
introduces a Doppler shift in the energy of a given gamma
“photon which depends on the magnitude of the velocity component
of the pre—annihi]atiqn pair in the direction of emission

of that gamma photoﬁ (Qcm). The magnitude of this shift is:

v |
AED = Ey cm ‘ o . (45)

c >

where v __ is taken relative to a fixed detector (see expression

(64), Appendix B).
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The E; term locates the 'annihilation line' at an
energy of about 511 kéV, while S8E (expression (44)) manifests .
itse]f as a shift of the entire line to a highér énergy.
The mean absolute shift, as a function of.the mean plasma
electron energy (kTe) is plotted in Figure 26 as the 'shift'
curve (details in part (ii) of this section). Clearly, it
is impossible to measure the shift at low plasma temperatures
and at electron temperatures characteristic of so]ids.(e.g.
the fractional shift SE/E, is ~ 4 x 10-%% at a mean p]asma
temperature of ~ 10°°K or ~ 10 eV). Although it may be
possible to measure absolute shifts in more energetic p]aémas
and thus determine mean plasma temperatures, this is ﬁot»
thevmost promising approachf

| The AE, term (expression (45)) describes the

broadening of the Qcm = 0 delta function profile. HWriting

the fractional line broadening as:

E = > : (46)

it is evident that in solids, where mean electron energies
are of the order of electron volts, the mean annihilation
line broadening will be less than 1% (AED of the order of a

* . '
few KeV). = The resolution of the present day semiconductor

Flgure 26, which is a plot of 2/1n2 AE_ against kT,
(broadenlng curve), glves an indication of how AEp varies
with electron temperature, T _ (see part (ii) of this section
for more details). €
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detectors which could be used to measure annihilation line
profiles is of the same order of magnitude, making exact
determinatidn of broadening and line profﬁ]es;difficu]t.
The situation in plasmas is much more favouréb]e, bécause
meén electron temperatures are considerabTy higher than in
solids; in fact, in some fusion plasmas electron temperatures
may reach 10°%°K (mean electron energies of the order of 10 KeV).
At these temperatures, the mean fractional line broadening,
AED/Eg amounts to ~ 20% - easily detectable. Even at electron
temperatures as low as 10°°K (kTe = 100_eV) the line broaden-
ing is easily detectab]e.‘

In addition to the annihilation line width, the
shape is also of interest. When the 1y éontributions can be
ignored (low probability - see Appendix A), the theoretical 2y

annihilation spectrum for positrons and electrons annihilating

at rest is a delta function at E{(y) = mc?. If such.static

-situations exist (it seems this may be the case in ice,

deZafra and Joyner, 1958), then the heasured width of the
annihilation line in these cases is entire]y.a result of
instrument broadening (i.e. it is just the instfument response
function). In the usual situation where the positron-electron
centre of mass veloéity is not zero, the measured profile is

a convolution of the instrument profile and the Doppler

*
broadened delta function profile. Since the Dopp]er-profi]e

' Practvca]ly speaking, the ann:hllatlon spectrum
(Figure 27) consists of a Compton continuum (which results
because some of the annihilation gammas suffer Compton scatter-
ing and the associated energy loss before being detected)
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results from the positron-electron centre of mass motion, it
is essentially a record of the positron-electron centre of
mass velocity distribution and therefore implicitly of the

electron velocity distribution.

(ii) Analysis

Aside from the scale factor Ey/c, the annihf]ation
Tine Doppler profile, ID(E), is just wcm(Q), the positron-
e]ectron'centre of mass velocity distribution in one component'
(defined by the detector location). If W., is isotropic,
then fcm(v), the distribution in magnitude of centre of mass
velocity, follows by integration over velocity space.

It is important to note fhat both wcm(;) and fe (v)
are actually convolutions of the two corresponding positron
(V) or fe+(v)7 fe_(v).

If fe+ and fe_ are identical, as one would expect them to be

m

and electron functions: we+(v), M-

after complete positron thermalization, deconvolution or

.unfolding to determine fe_(v), the electron velocity distribu-

tion of interest is'straightforward. Otherwise, the funétiona]

form of fe* must be known in order to find fe_

and the photopeak (the annihilation line itself), separated

by a well defined valley. Any gamma photons resulting from 3y
annihilation (energies distributed from 0 to 511 KeV, Figure 2)
will increase the intensity of the Compton distribution and

the valley relative to that of the photopeak. Annihilation

of positrons in flight (prior to thermalization) would be
signalled by an intensity increase of the high energy wing

of the annihilation line. The latter effect is expected to

be negligible in plasmas.
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The following is an outline of the comp?ete'pro—
- scedure to determine fe_(v):
(a) Measure the annihilation profile: Im(E). This

can be written as:

1_(E) = r I,(E - E') I (E") dE' | o (47)
is.the

where Ii is the instrument response function and ID

true Doppler profile.

(b) Unfold Im(E) to determine‘ID(e). This is straight-

forward using Fourier techniques.

(c) Make the appropriate scale change to convert ID(E)

N

tow_ _(v).

(d) Calculate fc (v) from wcm(Q) by integrating over

m
velocity space. The function fcm(v) can now be written as:

f_ (v) = Jw fe+(v - v') f _(v') dv' , : (48)

e-

where fe+ and fe_ are individual positron and electron velocity

(magnitude) distributions respective1y.
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(e) Unfold fcm(v) to determine fe_(v). Unless
f + = fe"’ fe+ mu;t be known.

A somewhat less detailed analysis can be carried
out by looking at line widths only. The HWHM of ID(E) or
wcm(v) can be taken as an indication of the mean kinetic
energy associated with the centre of mass motion of the
positron electron pairs. This is in turn related to the
mean kinetic energy associated with electron motions and
hence to the mean electron temperature.

For example, if w_ (V) is a Gaussian with a FWHM

cm
of AV o and.both fe* and fe_ are Gaussians with FWHM of AV 4+

.and Ave_, then .

1

Av

e Ave+-’- + Ay - , (49)

If f . f _ then
e e
Ay 2 = _—CM (50)

The FWHM of ID(E) is usually written in terms of the Doppler
width as: |

AE = 2/Tﬁ“?'AED (51)

FWHM



88

Using expression (46) for AEp, expression (50) to 1link pair

centre of mass and individual electron velocities, and writing:

e (s2)

for the HWHM velocity associated with fe_(v), expression (51)

can be solved for Te_

2
BE
T - FHHM

e- © (4 Tn2) 4k mc? B (53)

where k is Boltzman's constant.

The 'broadening' curve of Figure 26 is a plot of
AE?HHM against kTe_ - it specifies how the annihilation line
width changes with plasma electron temperature. The varia-A
‘tion of the absolute shift of the annihilation line with
kTe_ has also been plotted in Figure 26, with the aid of
‘expressions (44), (50) and (52), which indicate (if ch is

taken to be Avcm/2) that for a given value of Te_, the

approximate shift is just 2kTe_.

(iii) Assessment:

The success of the line-broadening technique depends
bn'being able to accurately measure the annihilation line

shape, or at Teast its width. Detectors with the required
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resolution of 1T to 3 KeV at FWHM exist. The calculations

of Chapter VII, Section B, indicate that currently available
~ Ge(Li) detectors should be senstive enough to detect sta-
tistically significént amounts of annihilation radiation
from positrons created in Tokamak and laser compression
plasmas. It should be possible to measure accurate Tine
profiles by integrating over a few cyc]és of either of these
plasmas or by counting with more than one detector simul-
taneously (based on calculated counting rates). The line-

broadening technique appears feasible.

E. Positron Lifetime Measurements

The essentials of measuring positron lifetimes
have been outlined in Chapfer IT, Section (C)(ii). Measure-
ments of positron 1ifetimes-fn plasmas of known electron
-density could resolve an important theoretical questidn:
how large is the Coulomb correction to the annihilation
cross section (and hence to the annihilation time) of positrons
interacting with a 'séa' of unbound electrons, themselves
exhibiting binary and collective interactions? Is Wolfer's
theoretical ﬁrediction of the Coulomb cdrrection aCcurate?
(Chapter IV, Section C). Positron lifetime measurements
could be used to ascertain plasma electron densities once
these quesfions have been answered, that is, once thé correct
functional relationship between ahnihj]ation times and plasma

electron densities has been determined.
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Although the measurement of'1ifetimes-1nv01ves
delayed coincidence counting (counting positfon creation and
annihilation pulses in coincidence and keeping track of the
electronically introduced delay times to obtain coincidence),
it does not require the extrenme spatfa] réso]ution demanded
by angular correlation methods, thus, counting rates are
higher. An accurate time mark signa]]jng the creation of
each positron is necessary for the success of this method.
Since this is difficult to arrange in a laser plasma system
(size and time scales being what they are), positron 1ifé—
time measurements in such a system do not seem feasible.

In a Tokamak plasma, positrons from ektrinsic'
sources could be used, creation' pulses being supplied by a
thfn scintillator placed between the source and the plasma
or by the natural 1.28 MeV gamma ray which signa]s'the 8+

22

decay of Na (Chapter V, Section (C)(i)). The expected count

-rate can be calculated approximately using expression (43)

with:

€1 = €, = 50% (high efficiency Nal(T2) detectors: the
relatively slow time response is not a
deterrent here because-annihilation times
should be orders of magnitude longer)

24

2% (the solid angle factor for the detector
generating positron creation pulses can
vary greatly depending on the exact detection
method and geometry chosen; for example '
G, = 50% for a source next to the detector -
a common arrangement)

6,



~
.

3 x 10°

>
114

0.1

ars
22

101

(solid angle factor for the detector generat-
ing positron annihilation pulses - same as
in first calculation) -

(number of positrons annihilating in a 50 cm x
50 cm x 50 ¢m volume during the plasma 11ife-
time, assuming that all the positrons from a
500 mCi extrinsic source are retained by

the plasma and homogeneously distributed
therein)

(assume a one order of magnitude signal
loss due to miscellaneous causes as
in first calculation). ‘

These values give a coincidence count rate of CC = 120 counts

per discharge.

If this situation is realizeable, positron

l1ifetime measurements in this type of plasma are feasible;

however, important technical problems remain.

Before measure-

ments of this nature can be conducted, the following problems

must be solved:

(a)

(b)

(c)

intfroducing the positrons igpto the
plasma without major losses (it

might be possible to dope the plasma
'fuel' with the appropriate amount of

a BT radionuclide before the discharge -
but this complicates (b) below)

differentiating with certainty between
positron creation and annihilation
pulses (the degree of difficulty here
depends on the solution to (a) above)

arranging the experiment so that the
random coincidence counting rate (noise)
is at an acceptable low level

*The

positrons created in the plasma by collisions

are of no use in this case because there is no detectable

signal to mark

their births in time - they only add to the

random coincidence count rate.
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F. Positron Beam Broadening ('Slow' Positrons)

It is possible to pass a collimated beam of 'slow'
| positrons through a plasma and deduce the e]ectron density from
the angular broadening of the beam (which is-due to the cumulative
effect of small angle positron scattering). This_type of
experiment has been carried out by Lohnert and Schneider (1971)
who designed a slow positron 'gun' capable of producing ~ 1850
's]ow' (kTe+ = 3 KeV) positron per second at a beam radius
of 1.9 mm. A 2 mCi 22Na source supplied the positrons, whicﬁ
were decelerated, focussed and collimated to produﬁe the beam.
After passing through a 6" slab of plasma and an iris and |
annihilating in a target, individual positrons were detected
by 'coincidence counting' the annihilation radiation. The
radial positron intensity and hencé the beam spread angle
could be calculated, knowing the coihcidence count rate at
various iris diameters.
Electron density measurements were cérriéd out in a

glow discharge plasma (n variable from ~ 10! ﬁm'3 to ~ 10*3
.cm~%). Beam spread results agreed reasonably well with spectro—
scopic and probe measurements, a]thpugh a systematic error of
]2—]5%‘wa$ evident. The advantage of using a positron beam
instead of an electron beam for this fype ofbmeasurementiis
not evident. (Iﬁtense electron beams are readily available
and electron detection is much less complicated than the method
used by Lohnert and Schneider to detect positrons).

| Although the unique properties of positrons were

not directly exploited in this work, it makes a valuable



103

contribution, in that it suggests the idea of using 'slow'
positrons-to pkobe plasmas. If an efficient slow positron
source could be developed, positrons could be introduced into
plasmas already 'thermalized' to the mean energy of the plasma
electrons. They would annihilate almost 1mmediate1y (during
the first or second collision with an e1ectroﬁ),'thu§ defining
an 'active' plasma volume from which high count rates could be
~expected. Losses. associated with Tong thermalization times
~and ranges in some plasmas would be eliminated. Excebt for
finite p]asma.lifetimes, the situation would be simi]af to that
in solids and liquids, viz., all positrons annihilating very
soon after entering the material and near the.point of entry.*
| Unfortunately, high intensity s]owlpositron sources
do not, as yet, exist. The Lohnert-Schneider device yieids
one slow (3 KeV) positron for every 4 x 10% fast positrons
emitted by the 22Na source. Other slow positron sources hqve
béen constructed (see for example Canter, et «l., 1972)
and although their conversion efficiencies are no better, they
do yield lower energy 'slow' positrons (about two 1 eV positrons

for every 10° fast positrons emitted by a 22

Na source). Until
high intensity slow positron sources are developed, experiments
taking full advantage of the unique properties of slow positrons

are difficult.

. “No significant annihilation occurs in the Lohnert-

“Schneider experiment because the 'slow', 3 KeV positrons are
still considerably 'faster' than the average plasma electrons
(by about 3 orders of magnitude in energy).



Chapter VIII

CONCLUSION

A. Summary and Results

This thesis has discussed the positron and its

behaviour in a plasma with the view of evaluating the feasibility

of using positrons to probe plasmas and measure characteristic
plasma parameters. Outlines of {(a) the basic physicé] pro-
perties of the positron and (b) the objectives of plasma
diagnostics were presented as necessary backgrouhd materia];
Aftér a discussion of the criteria that must be satisfied
if ﬁositron probes are to be feasible, the Tife of a positron
in partially ionized and fully ionized plasmas Was considered
qualitatively. A quantitative analysis of positron behaviour
in a fully ionized hydrogen plasma followed. Based on this,
it was ascertained that positron techniques may be applicable
to two potential fusion plasmas: the Tokamak type and the
laser compression type. Pos{tron thermalization calculations

for these two hypothetica] plasmas were carried out. A

discussion of gamma ray detectors and positron sources (including

calculations of pair production in the two plasmas beingv

104
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considered) was necessary before counting rate calculations
could be carried out. Four gamma ray analysis techniqUes
were described, ‘and based partly on counting rate calculations,
evaluated as to their suitability for use in potential
'positron plasma probe' systems. The results of this evalua-
tion, along with characteristic time and distance scales are
summarized in Table IV. These results can be taken as a
genefa] indication of the usefulness of positron techniques
(at this point in time) to probe plasmas where kTe_ > ~ 10 eV..
Some of these techniques could be adapted for use with lower
temperature plasmas when high intensity, slow positron sources

become available.

B. Suggestions for Future Work

The following research (development) projects are

suggested on the basis of material presented in this thesis:

(a) A search for annihilation radiation in current
fuel pellet detonation experiments to determine if pair
production occurs in laser produced plasmas, followed by a
detailed analysis of the annihilation line width and shape
to ascertain if the positrons have'therma]ized prior_to

annihilating.

(b) A search for annihilation gamma réys in the

radiation flux exiting from existing Tokamak devices to



Table IV

Summary of Conclusions

Tokamak Plasma

Laser Compression Plasma

T, <1T_. 2T

Time | t a pL : t a pL
Scales (0.002-0.018) (1)  (0.01-1.0)  (sec) (0.0005-0.005) (0:13) (0.1-1.0)  (nsec)
Distance Rt < dpz Rt ~ dpg

Scales

cale ((0.4-7) x 108) (=, orbiting)  (m) (1-100)  (120) (um)
2Y Angular . Not Feasible at This Time Not Feasible at This Time
Correlation (Counting Rate Too Low) (Counting Rate Too Low)

Energy Shift &
Line Broadening
Measurements

Feasible

Feasible

Positron Lifetime
Measurements

Marginal at This Time

Not Feasible
(Plasma Dimensions Too Small)

Stow Positron
Probing

Feasible

(Depending on Intense Slow Positron

Source Development)

Marginal
(Depending on Intense Slow Positron
Source Development)

T. : Positron Thermalization Time
Ry : Positron Thermalization Range
d

and R_ figures denote ranges in which most 22

Tt t
would thermalize.

p%: Characteristic Plasma Dimension NOTE: Na positrons

T, & Pdsitron Annihilation Time

a
: Plasma Lifetime

sz.

901
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determine‘ﬁf pair produétion occurs in high temperature;

high density toroidal plasmas, followed by a line analysis

as in (a) above;'also, a check for correlation between positrons
and runaway electrons to test the pair creation by collision

hypothesis.

(c) Development of intense, slow positron sources
(i.e. development of efficient fast to slow positron con
verters) to improve the effectiveness of most positron diag-
nostic techniques and extend the n and Te ranges over which

they are useful.

(d) Development of a complete theory of positron

behaviour in plasmas to complement the experimental work.

It seemévthat yet another area of appjication has
bpened to Anderson's 'positively charged electron'. To the
list of states of matter which the positron is helping to
"elucidate: solids, liquids and gases, ﬁne may soon be able

to add the fourth state of matter: the plasma.
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APPENDIX A

ANNTHILATION MODES

1y Free Annihilation

In the 1y case, the annihilation cross section
is related to the atomic nUmber (Z) of the reéoi]—absorbing
nucleus. ’If the relative positron-electron velocity is small
(Q << c), the annihilation cross section can be written as

(Heitler, 1954; Chapter V):

Oyy = % mro? 75 ot [EJ : (54)

This is approximately eight orders of magnitude iess than

the correspond1ng 2y cross section, and indicates that 1y
annihilations do not contribute s1gnificant]y to the annihila-
tion radiation flux. The strong Z dependence does enhance

the TY contribution somewhat, however even at Z = 82, three
orders of magnitude still separate the ]Y’ZY annihilation

cross sections.
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2Yy,3y Free Annihitation

The annihilation cross section for positrons (v << c)
in a medium with electron density n can be written ih terms
of a compound annihilation rate v', which includes both 2y

and 3y contributions.

ooV
OZy+3Y " nv (55)
with
' _.J_ - 2 2
v - T' C2Y IJJZY + C3,Y ‘P3Y s (56)
where w;y is the density of electrons with antiparallel
spins (w.r.t. the positron) at the average position of the
positron and w;Y is the density of electrons with paraliel
spins at the average position of the positron. CZY and
: C3Y describe fundamental interaction rates:
T2
_ e’ 7
CZY = 4WC[mC2] (57)
22 4 C2
= £ | aop.2 _ = _£Y
C3y 4'"C[mc2] 9n(" QJ TT15 (58)

In the ideal free annihilation case; w;#

% n. The factor of three reflects the fact that a J = T

1 2
z " and w3Y =

configuration can occur in three ways: me = -1, 0, +1,

where m is the spin angular momentum of the electron-positron

system, as opposed to the one possible J = 0 configuration

(mS = 0). Expression (56) can now be written as:
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v' = qr,? cn[]‘+ §F["2 - 9}] R (59)

the second term indicating the 3y contribution. The first

term is just the Dirac result quoted in Chapter 11 (equation 3).

2y-3y Bound Annihilation

"Bound annihilation corresponds to annihilation of
positrbnium. The expression for the annihilation rate (and
the lifetime) is identical to (56), however sz and wBY must
now express the appropriate bound state wave functions. 1In
the most stable configuration, wZY and wBY are hydrogen-like,
S state wave functions. Calculation of annihilation times

yields the results: (DeBenedetti, 1956)

1.25 x 10710 gec

TZY
(60)
1.41 x 1077 sec

T3Y

Unlike the free positron that experiences the influence of
a large number of electrons, the bound positron interacts
essentially with one particular electron, hence no electron
density term appears in the expression for the lifefime

(annihilation time) T,



APPENDIX B

ENERGY AND MOMENTUM BALANCE IN ANNIHILATION

The positron-electron centre of mass momentum
(Ecm) manifests itself in two different ways after the pair has
annihilated. The component of momentum berpendicu]ar to
the direction of y ray emission Quz causes a s1ight devia-
tion from ¢0T1inear trajectories (and a small shift in the
Yy ray energies) and the component of momentum parallel to
the direction‘of vy. ray emission (Bll) causes unequal distri-
bution of energy to the annihilation gamma photons (the
geometry of a typical annihilation is illustrated in Figure

28a). These effects are summarized by the energy partitioning

expression (see, for example, Goldanskii, 1968):

v
cm
i [ c ]
E(Ylsz) =""2— v j (6])
1 - —%m COS Q03,2
where £y = 2mc? + E(e”) + E(e+), the total energy
of the pair,
Vem is the magnitude of the Ve]ocity of the

centre of mass of the annihilating pair,
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Fig.28. Annihilation dynamics.

Et(e’%e‘) = 2mc2+ El(e)+E(e7)
(a)

‘(C)‘

= iPL
%
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?é E(y )= &t ! [c ]
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L | |
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the ang]es between the directions of
y emission and the direction def1ned

The magnitudes of the annihilation y ray momenta are just:

A look at
mative; When vy ray
«p-Cﬂ']’ Gy = G2 = 9003

E(v:)

This corresponds to
in Figure 28b. The

of the pre-annihilat

almost parallel to Pe

~

(61) indicates:

“This expression
mate magnitude of the small shift in E(Yy1,2) away from mc?
The minus sign
“procedure used (of course,

90°.

Gi,2

to 90°).

In fact the sign of the shift

- E(l]sZ)

! (62)

p(Yl:?.)

the 1imiting cases (components) is infor-

emission occurs almost perpendicular to

*

expression (61) reduces to:

= E{yp) 2 mcz[] - (63)

the equal partitioning situation pictured

second term represents the kinetic energy

ion pair. If the y rays are emitted
, then a; T 180° # o, 2 0° and expression
€ v
. b _cm
E(Yl) = 2[] + C]
_ (64)
£ v
. _t _ _¢cm
Eva) = £[1 - =€)

is meant only to indicate the approxn-

when
is a result of the approximation
Ve 0 when a;,2 is exactly equal

in energy is positive.
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corresponding to the unequal partitioning situation illu-
tfated in Figure 28c. The second terms here represent Doppler
shifts. |

Thus, although the energy of any annihilation vy
féy is given by expression (61), it is useful to keep in mind

the component makeup of p

Pem (and hence of p(yi,2)) and what

this means (i.e. that perturbations in Y ray energies - away
from mc? - can be thought of as arising from two different
motions). The magnitudes of y ray energy shifts associated
with Bl_and E|| (values in terms of Vep 2Ppear in expressions

(63) and (64)) are approximately:

—

AE = = c
1] =2 Py
(65)

)
AE—L—pr_C s

where p|| and RL are the magnitudes of pll and pi_respectively.
Only QL plays a role in perturbing collinear y ray
emission, thus it is El_that aphears in expressions (4) and

(5) which describe the magnitude of this berturbation.



APPENDIX C

POSITRONIUM FORMATION

Positronium formation is expected to take place
between free plasma electrons and positrons ranging in energy
from about 50 eV down to and including the mean plasma
electron energy. Positronium formation involving previously
bound electrons would be Timited by a threshold positron
energy, V_: (lower limit)

P

Vo=V, -1, (66)

where Ip = 6.8 eV is the pdsitronium binding (or fonization)
energy. A positron with Vp would have just enough energy

"to ionize (and capture) the most weakly bound electron and
still maintain the energy balance (since the positron-electron
system releases 6.8 eV upon forming positronium). By analogy
with the situation in gases, most of the positronium formation

involving a previously bound electron might be expected to
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occur in the energy gap between Ve‘and Vp (see Figure Ga).
This energy range is known as the 'Ore gap'.

Poéitronium formation in a fully ionized medium
could occur only with free electrons, as indicated in Figure
6b. The important question is: will the'PS, once formed
remain bound long enough to annihilate? It is natural to
take kTe = Ip as a dividing energy as did Toptygin (1964)
in discussing a similar question.  In plasmas where kTe'>
Ip (the majority of fully ionized plasmas), Ps would be
scarce, because even if it did form, it would be broken
up (ionized) immediately by collisions. Toptygin indicates

that even PS formed in plasmas where kTe < I (the majority

p
would be partially ionized plasmas) would not exist much
longer than about 10°'° sec, the lifetime of the singlet Ps
state, due to (a) straightforward singlet annihilatiqn,
(b) collisions resulting in triplet to singlet conversion
fof]owed by singlet annihilation and (c) collisions resulting
in P, breakup (jonization).

It should be noted that collisional breakup may
play an even more significant role than suggested by Toptygin -
at all values of kTe, but especially for kTe < Ip. The
e]éctroné in the high energy tail of the therma]iMaxwell
distribution (whatever the mean temperature) shouid enhance.
noticeably PS ionization, as tﬁey enhance convéntiona]

ionization. In H, gas, for example, complete dissociation

and ionization has occurred when kTe = 1.5 eV, however the
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diséocation—ionization potential corresponds to kTe =~ 15 eV.
. The factor of ten reflects the ionizing poWer of the fast
electrons associated with a thermal distribution with a
relatively low mean energy (1.5 eV).

Although its exact magnitude is'difffcu]t to predict,
it does seem that there will be a bound state contribution
(mostly from 2y decay of singlet Ps) to the overall annihila-
tibn radiation spectrum of cool (kTe <~ Ip) plasmas. This
contfibution has not been considered in detail in this study
because the majority of p]asmas.of interest fall into the
region where PS is expected to be scarce, if at all present -
that is, the region where the mean thermal plasma temperatures

are such that: kTe 5 ~ Ip.



APPENDIX D

POSITRON ENERGY LOSS RATE IN A PLASMA

The stopping power (and energy loss rate) of a
single component (e]ectron) plasma can be written as an
integral over the product of the energy transfer, AE (positron
to e]ectron) and the differential Coulomb scattering cross

section, do as:

_dE . 1 dE _
-a——vt—nJAEdO -(67)
where E is the positron kinetic energy and v its
velocity
and n is the plasma electron number density.

Writing AE in terms of Ap, the momentum transferred in a

. *
given collision, and do in terms of Ap as:

“This is just Rutherford's Coulomb scattering formula
written in terms of Ap (in the Born approximation limit). It
is usually written in terms of the centre of mass scattering
angle 06 _as '

2
bof21 H
} csct (3 ec) sin Gc.dec

_ e
do = ZN[mVZ
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e? d(aA : '
do = STT[—V—J (ip 3 s ] (68)
1t_fo]]ows that:

dE _ 4m n e* J d(Ap) (69)

Tdt T T mv Ap »

where the integration is carried out over all possible values

of Ap in the range Ap . to Ap The largest possible

max .

momentum transfer, Ap occurs during head-on collisions

max’
and has a value:

Apmax = 2 mv .(70)

The smallest possible momentum transfer, Ap corresponds

*
to the generation of a single plasma wave of energy ﬁwe

min’

No exchange terms appear because the positron is distinct
from the electron. Expression (68) follows from the above
if the fractional energy transfer (for a given collision) is

written as AE _ . .
g = sin (3 ec).
_'l: 2
If energy is written as E = %ﬁ , then momentum
transfer can be written as:
Ap = T fE , which yields, with
AE . = hw , a Ap . value of
min e min
fiw
Ap . = £

min \4
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oy :
BPpin T - ()

Recall that the momentum transfer value that separates 'hard'
. _

and 'soft' collisions is: ApD = 5o e where KD is the Debye
D A
length:
k Te ¥ ,
Ap = [4n n e2] (72)
where Kk is Boltzman's constant,
and e,n,T_ are the electron chargé, number density
and temperature respectively.
The contribution from 'soft' collisions (Apmin <
Ap < ApD) follows from (69) upon integration from Apﬁin to App:
_dE _4m on et ]n[ ApD ]
dtisorT mv APrin
_4m n et Y2v
= — ]n[ y ] (73)
e .
Integration of (69) from App to APrax yields the 'hard'
collision contribution:
_ dE _ 4m n e" ]n[ApmaxJ
dt HARD myv ApD
_4r n e* n /2 mov Ve
mv hw (74)



Note that 'soft' and 'hard' collision contributions are
separated only to logarithmic accuracy.
The total energy loss rate is the sum of these

- contributions (essentially the result of 1ntegratingv(69)

from Apmin to Apmax):
_dE _4mn e" ]n{Apmax]
dtirgraL my APyin
e2 w 2 2
_ e 2 my
= v 1n[ 5 me] (75)

The contribution to dE/dt from positron-ion collisions Has
been ignored here since it is smaller than the contribution
from positron-electron collisions by a factor of m/mi, where
m. is the ion mass.

Relativistic effects have not been consjdered in
‘this derivation since their magﬁitudes are small in thé energy
range of interest (E(e+) < ~ 500 KeV). | |

The approach of Husseiny and Sabri (1974) is
similar, but differs in one essential respect. They define
the 'soft' collision cross section using a Debye length
shielded potential and use the pUre inverse Cou]ohb potential
to define only the 'hard' collision cross section. The
general result is comb]icéted, but in thevslowing down range

(v > ve) it reduces to:
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] e? w 2 mv v

_ e : e
T {41 €4)% 2wV Tni (47 eo) 2 h W, > (76)

o
m

o

™

|

o

tlroTaL

an expression derived by Husseiny and Forseh in 1970. Note
that, aside ffom units, this expres§1on is similar to the
"hard' collision contribution (74), in the sense that dE/dt
is functionally related to v and Vo in a similar manner.

It is, as yet, unclear which expression (75 or 76) yields

the most accurate value for dE/dt and hence. for the thermaliza-

tion time.



