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Electric field dependence of positroninm formation in condensed matter*
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Electrostatic fields affect the lifetime spectra of positrons annihilating in normal parafFins and polyethylenes.
The intensity of the longest lived of the three resolved lifetime components decreases by almost 50% at the
highest fields (-200 kV/cm). The dependences of the data on density, temperature, and electric field are
interlinked in a comprehensive manner by a theory which depends parametrically on the cross sections for the
interaction of epithermal positrons with the molecular (-CH,-) repeat units. Inferences are drawn for
electronic subionization processes in insulators.

I. INTRODUCTION

In previous papers of this series, henceforth
referred to as I-V, ' experimental and theoreti-
cal studies of the positron annihilation in condensed
molecular substances were reported from a unify-
ing point of view. ' The present paper VI reports
data on the effect of applied electrostatic fields on
the positron lifetime spectra in a homologous se-
ries of condensed paraffins of molecular structure
CH, (-CH, -)„2CHS, where n=5, 6, 9, 14, 17, 20,
and "~" (polyethylene). Based on the theory given
in IQ, the electric field effect permits estimates of
cross sections for the interaction of epithermal
positrons with molecules in condensed matter.

Electric fields are known to enhance Ps forma-
tion in simple gasese ' and liquid He by accelerat-
ing slow positrons into the Ore gap, i.e. , the range
of kinetic positron energies near the ionization
threshold of the molecules where positronium (Ps)
formation is most probable. In the gas SF8, a
marked decline at low fields precedes the rise
above the zero-field Ps yield at high fields. ' In
the molecular solids polyethylene (-CHz-CH, —)„
and polytetrafluoroethylene (-CF2-CFz-)„, only a
decrease has been observed due to fields as high
as 250 kV/cm. '" No field effect has been found
in dipolar solids such as poly (methylmethacry-
late) (PMMA) and nylon. 'o

The paraffins were selected for this study be-
cause exploratory measurements showed large field
effects in polyethylene, "and because Crow, Shar-
baugh, and Bragg' found that the electric break-
down strength of linear paraffins decreases with
increasing free volume between the molecules.
Since subionization scattering of positrons and
electrons on molecules are similar, ' the field-
dependent Ps yield should also be a function pre-
dominantly of the free volume. Our results sup-
port this contention. They suggest a change in the
assignments of the three resolved lifetime com-
ponents given in II.

II. EXPERIMENTAL

A. Apparatus

Positron lifetime spectra were measured with a
conventional fast-slow delayed coincidence ap-
paratus'4 with prompt resolution set at 350 psec
and a decay slope of 1x10 psec '. Sources of
22Na in envelopes of 6- p, m Al foil were sandwiched
between 0. 2-g/cm' samples, which stopped all
positrons, and the package was clamped between
grounded electrodes. The source envelope served
as the high-voltage electrode. The applied field
at voltage settings of ~ 10 kV was known to 5'%%uo and
stable to 0. 25%%uo, and above 10 kV to 10%%uo and 0. 5%,
respectively.

Each lifetime measurement was performed at
least twice, viz. , with the source electrode once
positive and once negative with regard to ground.
No polarization effects were found, in agreement
with theoretical estimates~' that internal screening
of the fields in these substances is negligible.
Therefore, the internal field is set equal to the
applied field. We found no evidence of the polar-
ization effects reported by Stevens and Lichten-
berger. ~6

The spectra were resolved by a modified Cum-
ming program and the FITME program into three
components. The lifetime information is thus con-
tained in six spectral parameters, the normalized
intensities IA, IB, and Ic, where IA+IB+Ic, =1, and
the respective lifetimes vA &TB &wc. or disappear-
ance rates y'A=+A pB TB and pc ~c' ~

-1 -1 -1

B. Materials

Samples were prepared from linear (normal, n-)
paraffins, with the structure H, C-(-CH2-)„,—CH3,
for n =5, 6, 9, 14, 17, 20 and "~" (polyethylenes).
At the temperature of the experiment (22 'C), the
materials n —17 are liquids. They were obtained
from Phillips Petroleum (99% mol pure). Eicosane
(n =20) came from Eastman Kodak and K+K Labs
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The intensities and lifetimes are listed in Table
I. The data for FEP, TFE, and PMMA agree with
previous measurements. ' ' Figure 1 shows z„
as a function of V* = (Vod) ', where d is the density
listed in Table I. The excluded specific volume
V, is calculated from the relation Vo = w/2M3x
d(T-0 'K) given in I, with the result VO=0. 84
cm'/g. Included are data by Wilson, Johnson, and

Stump ' on polyethylene at 30 'C in the pressure
range 1-10 atm; the temperature data from II; the
data at 22 'C by Qray, Cook, and Sturm24 for ~-
paraffins n =4, 5, . . .18; n-octane data by Buchikhin,
Qoldanskii, and Shantarovich ' between -15 and
115 'C; and the temperature data between 25 and
175 'C by Thosar, Kulkarni, Lagu, and Chandra. ~6

The curves are predictions of the pickoff life-
time 7~, which we identify with v'„. In I, II, and

V, it was shown in terms of a simple cell model
that v~ depends on V* and the reduced temperature
T* =T/ea (OD =123'K, Debye temperaturea7) as

1+F(S, V*)
0 1 pG(S Vw)(es(s, v+, T+) ] )

where 70 is the pickoff lifetime at V* = 1 and 7.'* =0.
The strength parameter S = (4m/Sa)II~r~ of the
molecular potential Ut) of radius yo in paraffins is
= 60. In these materials, the function H can be
approximated by

0,

2 $'W y~(T* —I)/(T~~ —1), I &T+&T+ (2)

The melting point T„appears as T"„=T~/e~. In

(97% mol pure, no measureable difference). Five
polyethylenes were prepared with different crystal-
linities ranging in density from 0.917 to 0.967
g/cm'. '9 Measurements were also made on poly
(methylmethac rylate) (PMMA; Rohm-and-Haas,
commercial grade), polytetrafluoroethylene (TFE;
DuPont, 60/0 volume crystallinity) and on fluori-
nated ethylene-propylene copolymer (FEP; DuPont,
50% volume crystallinity). " Properties'~'ao are
listed in Table I.

The paraffins were filtered through glass fritters
and degassed by standard freeze-thaw techniques
to remove oxygen. The presence of oxygen re-
duces the mobility of certain impurities by com-

,plex formation, 3 which increases the breakdown
strength. We chose to remove oxygen to obtain
unquenched lifetime spectra, which limited the
maximum fields to some 250 kV/cm without in-
curring electric fatigue followed by breakdown.

III. RESULTS

A. Zero field

M,«(n) =M«no(1 —e "~"o), (4)

where M«, =14 amu and no is the mean number of
CH~ groups in a statistical segment. Figure 2
compares values of y„' as determined from the v~
data in Table I and in Ref. 24 with Eqs. (3) and

(4), giving no- 5 for n& 8 and a constant y„=9x10
for n —8. That is, the persistence length for cor-
related thermal motion of long condensed paraffin
molecules is comparable to the intermolecular
distances.

Figure 1 shows five curves calculated with
S =60: (1) the rise of r~ predicted for T*«1;
(2) the isobaric rise with T* without melting, and

(3) with the melting included for polyethylene (cf.
arrow on abscissa) which agrees with the data.
The curve 5 is calculated for v = 8 and follows .

closely the data for n-octane. The remaining iso-
thermal (room temperature T*=2. 4) data on liq-
uids demonstrate how n influences U* (as labeled
on the inserted n scale) and, through V* and y~,
the pickoff time: through each point measured for
a liquid with a given ~ passes a rising curve simi-
lar to curves 3, 4, and 5, which predicts the be-
havior if V*(T) of the sample is changed by tem-
perature or pressure. One concludes that the
model leading to Eq. (1) can account in detail for
the volume and temperature dependence of all v„
data on paraffins. The relation to the angular cor-
relation is discussed in an appendix.

Figure 3 compares the I„values from Table I
with the formula derived in II,

4=-'coe~l- C,/(V*-l)1, (5)

where Co is the total Ps yield and V*„=O.23 is the
minimum free volume necessary for Ps formation.
Equation (5) accounts for the large I„difference
between the isomeric compounds n-pentane (I„
=0.35) and 2, 2-dimethylpropane (I„=0.44). a4

The electric field effect presented in Sec. IV
combined with the data discussed here suggest the
following assignments of the three lifetime com-
ponents. They differ from those given in II.

(a) The intensity of the longest-lived component,
I„, comprises all o-Ps formed, as implied by Eq.
(5).

V, the functions F, G, and $ are tabulated a.nd

approximate analytical forms given.
The constant y„ is proportional to the mean-

square amplitude of thermal vibrations at T& of a
statistical molecular segment length of mass M,«,
and related to the effective phonon mass M,„(T„)
= ksT„/s (s = velocity of sound) as

y, =M»(T„)/M.„.
We find that for normal paraffins, M»(T~) = 1.22
+ 0.05 amu. The statistics of chain molecules
suggests that
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(b) The intensity of the intermediate lifetime
component, I~, comprises positrons which have
been localized in disordered regions with pockets
of free volume larger than some value V*„ to form
A' centers' with probability P,. Then

1.3

1.2

n= GO

(c) The intensity of the resolved shortest-lived
component is

I X

C4

I0

Ic, = ,'I„+(1--—', I„)(l—P,) exp[ —V*,/(V* —1)].(7)

The prime on the subscript indicates that it refers
to a composite lifetime component, consisting of
the p-Ps pendant of 0-Ps and the positrons anni-
hilating in the bulk.

Comparison of Eq. (6) with the data in Table I
(solid curve B in Fig. 3) gives Po =0.62 +0.06 and

1.0
4 6 8 IO I 2 l4 I6 I 8 20 22

n

FIG. 2. Values, deduced from measured lifetimes, of
the reciprocal of the mean-squared amplitude &z, of the
intermolecular vibrations at Tz, in units of the mean-
square radius of the molecular cell vs n. The curve
represents Eqs. (3) and (4}.

5.0-

4.0

n —ALKANES [CnH2n+ 2

PA RAFF I NS
~ a This Work

Gray et al.
o Buchikhin et al.
X Thosar et al.

V& =0.4. The latter value is comparable to that
of the mean free volume in amorphous polyethylene.

B. Electric field dependence

The three lifetimes in all substances investi-
gated (Table I) remain constant, within experi-
mental uncertainties, under the influence of elec-

2.0

0.5 I I

n-AL KANES (Cn H2n+2

o PARAFFINS
POLYETHY LENES
~ o This Work

1.0

t. p

o 1

1.0 1.2

CO 17 14 9 8 6 5
I I I I I I

n

I

1.8 2.0

0.5—

0.2—

FIG. 1. Long lifetime for the homologous series of
paraffins and polyethylenes listed in Table I as a function
of reduced specific volume V*= (Vpd) ', where Vp=0 ~ 84
cm /g is the specific volume of the excluded molecular
core. Tight packing for the long-chain cylindrical mole-
cules occurs at V& ~ . The reduced specific volumes at
20 C and 1 atm are shown for pentane (n=5), hexane
(n=6), octane (n=8}, nonane (n=9), tetradecane (n=14),
and heptadecane (n =17). Points to the left of V&E(T&),
the reduced specific volume of polyethylene (PE) (n = ~)
at its approximate melting point. The curves represent
Eq. (1) and are discussed in the text.

O. I—

0
I.O

t. p.

1.2

V PE(TM)

l.4 l.6
V

l.8 2.0

FIG. 3. Relative intensities of components A and B for
the paraffins and polyethylenes listed in. Table I plotted as
a function of the reduced specific volume. The curves
represent Eqs. (5) and (6).
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0.65

0.55'L

V) r

UJ

k
0.30—

UJ

LIJ

0.20—

C'

n- Tetradecane (C~&H )

Density =0.765gictn~
Tp = 3.38 nsec
Tg = 0.78 nsec
Tci = 0.3I nsec

A

k

0.7-

~
0.6"

I-
co 05—
LU

0.4—
LLI0
~~ O.a—

~ C

Poi y (methylmethacrylate )
Density = I. I9 g/cm&

TA = l. 94ns
Tg -0.62 ns
Tc =O.ZS ns

A

8~g ~

0. lo
0 20

I I I

40 60
E (kV/cm)

8
5

I

80

0.2—

0 I I+ ~ ~ ~ B

FIG. 4. Relative intensities of the three resolved com-
ponents in the positron lifetime spectra of n-tetradecane
[CH3 (CH2)(2-CH3] vs the applied field. Representative
error bars are shown for each component.

0
0 50

I I I I

IOO I50 200 250
E (kV/cm}

0.75—

0.70—

0.65 ~

I-
~ 0.60,—Z
UJ

z'

w, k0.25—

LU

0.20—

O. I5-

~ f ~

C

Polyethylene Al5
Density = 0.9l7 g /cm&

Crystallinity = 46%
TA = 2.6I ns
V~ = 0.65ns
Tc =0.3lns

A
k k

tric fields 8 up to 250 kV/cm. The intensities of
the paraffin spectra vary significantly. Examples
are shown in Figs. 4 and 5.

In the paraffins, I„(8) decreases linearly at

FIG. 6. Relative intensities of the three resolved com-
ponents in the positron lifetime spectra for PMMA (t,u-
cite). Representative error bars are shown.

small fields, begins to level off at field strengths
above 25-50 kV/cm, and approaches a level value
near 0. 6 I„(8=0) at the highest field strengths;
Ic, (8) rises at small fields and approaches a plateau
concurrently with I„(8) at the highest applied fields;
Is(8) stays essentially constant in the solids, and
it shows a weak trend with g similar to that of
Ic (8) in the liquids. By contrast, the intensities
in the solid polymer I?MMA (see Fig. 6), which
contains permanent dipoles in the form of a C =0
group in the chain repeat unit, exhibit no field de-
pendence whatever for applied field strengths up
to 225 kV/cm.

%e collate the paraffin data in a comprehensive
manner by following the theoretical development
presented in III. Given the measured initial slope
s of the positronium yield C(8),

( &(&) )g,
we define the reduced field variable

0. lGra $ ~
B

~ 5 ~ X(8) =s8.

0.05
0 50

I I

100 l 50
E ( kV/cm)

I

200 250

FIG. 5. Relative intensities of the three resolved com-
ponents in the positron lifetime spectra of the polyethyl-
ene A15. Representative error bars are shown for each
component.

s =CV*

where the constant C is

(lo)

The Ps yield data, when plotted as a function of
X(8) should yield a common curve for all homol-
ogous substances. According to III, Eq. (18), s
is related to V* as
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C = [e /2(X —l)E„o'„o'„]c„q (Mc„Vo /Nl, ),
and depends on A =—y&/y„, the ratio of the mean
rate of Ps formation zf and the positron energy-
loss rate y„, on E„, the upper bound of the Ore gap,
the cross sections for positron energy loss o„, and
positron scattering O„per CH2 group in the medium
of molecular weight M« ——14 g, specific excluded
volume V0=0. 83 cm3/g, and %~=0.604x10. '"

Combining Eqs. (5), (8), and (10), the initial
slopes of I~(g) were extracted from the data and
plotted in the form s' =—y (dI„(8)/d8]& o vs V* in
Fig. 7. The best fit to Eq. (5) (solid curve) is
obtained by setting

0.8

0.7—

0.

= 0.62

0.2

k T

I I I I I I X I

0,4 0.6 0.8 I.O

PARAFFINS (CflH~fl+~) POLYETHYLENES (CHPCHP)P

5 o A I5 ~

6 CS
9 0 P l06 ~

6 &
RY—

X(h) = 3.3V+ g (MV/cm). (12)

The data scatter by a 20% about the theoretical
curve, which is comparable to the uncertainties
of the points due to the differentiation of the experi-
mental I„(8) data near g - 0.

In Fig. 8 are plotted all our measured I„(8)data
in the form

~(~) =,'I.(~) ~[V.*,/(V* - 1)l,

Eg. (5), versusthevariableX(8), Eq. (12). The data
define the locus of a common curve with a scatter
comparable to the experimental uncertainties. The
mean intercept 4(0) compares well with the esti-
mate 40-6. 8 eV/E„=O. 66 based on simplest Ore
gap arguments. For X&0.1, C declines linearly
with X, begins to level off when X&0.1, and ap-
proaches value -0.4 when X & 1.

IV. DISCUSSION

The field dependence of the Ps yield in matter,
4(g ), reflects the balance between two opposing

l.6

1.2—

FIG. 8. Ps yield for the homologous series of paraf-
fins and polyethylenes as a function of & in terms of the
reduced variable X(h) = CV*B, Eq. (10).

processes. The presence of the field enhances the
escape of positrons out of the Ore gap before Ps
formation: this diminishes 4 (b) at small fields.
Mobile positrons below the Ore gap can be ac-
celerated into the Ore gap before annihilation,
where they can form Ps; this enhances 4(h ) at
high fields. Following III, one can write

4'(h) =4.(@)+(1—P )[1—q, (S)]lV(S), (13)

where y„($ ) is the fraction of Ps formed by posi-
trons between the upper bound I:„and the lower
bound F., = F.„—6. 8 eV of the Ore gap after their
last ionizing collision. Approximately,

p„(g ) = 4 0
—X(h) (1 —exp[(1 —q)/X(h)]], (14)

where 40 =—4 (8 =0) = 1 —g is the Ps yield in the ab-
sence of the field and q= E,/E„. W(b) denotes the
probability that a positron of initial energy below
the Ore gap reaches the Ore gap under the influ-
ence of the field and forms Ps. This function, de-
rived in III, can be cast in the convenient form

W(g) = exp[ —7i/(X —1)' X(@)].

~ 0.8—
M

I.O l.2 l.4 l.6 l.8 2.0

The solid curve in Fig. 8 shows Eq. (13) for
1=3. With the value C=3.3 cm/MV [Eg. (12)],
all data are consistent, by Eq. (11), with the mean
cross section (c„c„)~c~„',=(3+1)x10 '~ cm~.

The assignments for the components resolved
in the lifetime spectra given at the end of Sec. II
imply that the annihilation rate for free thermalized
positrons in the bulk is given by

FIG. 7. Initial slope of the field-dependent Ps yield
in the paraffins and polyethylenes listed in Table I plotted
in dimensionless units as a function of reduced specific
volume. The constant C depends on common molecular
parameters as given in. Eq. (11).

Ic (&)yc~ ——,
'

I„(8)yu p,
I,.(g) ——,

' I„(S) (16)

We insert all our field-dependent data into Eq.
(16), and find that the field-independent y, = 2. 0
+0. 1 nsec '. Setting v,„o,= y,/nc„, where v,„ is
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TABLE II. Representative subexcitation. parameters for the paraffins. ~

Substance

Pentane (n=5)
Polyethylene (n = ~)

3f
(sec ')

3.5x10«
5. 0x 10

1.9x10
3.7 x 10~

~SC

(sec ~)

7. 8 x10'3
] 1 x]0i4

1.2 x10'0
1.8X10«

2x10 4

2xlo 4

&yh

4. 6x10 4

1.2x10 3

'The rates are calculated for asc=—2. 5X10 ~7 cm .

the thermal positron velocity, one obtains the volume
rate for annihilation per CH2 group vt„o, = 5 x 10
cm~/sec, corresponding to a cross section (cr,)«a CH2
= 7x10~' cm2. For orientation, one can express
o, in terms of the effective number of electrons
per CH, group, N,« that contribute to the annihila-
tion of positrons,

2
vth+a ~+ e ~jeff

where r, is the classical electron radius and c
the velocity of light. Our experimental vtho,
value implies that N,«= 6, just the number of
valence electrons per CH, group.

With the experimental values A = cr&/cr„= 3 and

(cr„cr„) r'=1x10 rra', , we estimate the cross sec-
tions fo1.1owing III by setting o„=A,„o,h= Ao„, where

A,„and A are the mean fractional positron energy
loss per scattering collision due to phonons (cross
section cr,„) and to phonons and structural defects
(cross section o„=cr,„+cr~). This gives the esti-
mates o.„=4x10 ' cm, o.„=2x10 '" cm, and

Qf 1 x 10 cm per CH2 in conde nsed paraf fins .
The corresponding rates are listed in Table II.
We estimate them to be correct within a factor of

2.
One calculates that the rate of energy loss of

subexcitation positrons in a dipolar medium such
as PMMA is two orders of magnitude larger than

the loss rate y„ in paraffins due to positron-
phonon interactions. We attribute the absence of
any field dependence of the positron lifetime pa-
rameters in PMMA (Fig. 5) to this circumstance.

The root-mean-squared rest range (R ~)' of
subexcitation positrons initially of energy E„-10
eV can be estimated from the parameters in Table
II by the formula

(18)

to be of the order of 10' A in paraffins. Subexci-
tation electrons should have comparable rest
ranges in such insulators. The range of subioniza-
tion electrons in polyethylene has been quoted to
be -104 A by other evidence. Through their
dependence on y-„', the rest ranges in dipolar
molecular insulators can be more than an order
of magnitude smaller than in nonpolar substances.
These quantities are of par ticular interest in the
context of geminate ion-electron recombinations

and Ps formation in positron-induced spurs. An

extension of Eq. (15) to predict the electric break-
down strength of solids is given elsewhere. 2'

V. SUMMARY

The positron lif ctime spectra in paraff ins are
resolved into three components with intensities
IA& I&& Ic such that IA+I&+Ic = 1. The respec-
tive lifetimes are ~A-3 nsec, 7~-0. 7 nsec, and

ro, -0.3 nsec (Table I). The density dependence
of these parameters and their dependence on ex-
ternal electric fields is consistent with the follow-
ing assignments: IA comprises all positrons that
have formed 0-ps in the substance and annihilate
via electron pickoff with a lifetime TA; I~ com-
prises the fraction of positrons that have not
formed Ps, but become bound in amorphous do-
mains where they annihilate with a lifetime v~;
Ic, is a composite component which subsumes the
p-Ps pendant of O-Ps, with lifetime ~2, =0. 125
nsec, and the fraction of free positrons that an-
nihilate in the bulk in some 0.3 nsec. All known

data appear to support these assignments.
Under the influence of a field, I„declines toward

a limiting value, while Ic, rises and I~ remains
essentially unchanged. Comprehensive curves
emerge (Figs. 1, 3, and 8) which link changes of
the positron lifetime spectra with changes in den-
sity, temperature, and electric field to the free
volume between the molecules in these substances.
The molecules are characterized by a set of cross
sections per CH2 group for the interaction with
subexcitation positrons.

These cross sections should apply also to the
interaction with subexcitation electrons, which
governs transient electronic effects induced by
ionizing radiation in insulators. One estimates
subexcitation ranges for positrons and electrons
of -103 A in paraffins, and a diffusion constant
between 0.1 and 1 cm'/sec which should corre-
spond to a mobility of —10 cm /sec MV by Ein-
stein' s relation.
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APPENDIX A: NARROW ANGULAR CORRELATION
COMPONENT

As shown in I and V, the function $(s, V*) in
Eq. (2) is related to the zero-point energy Zo as
the lowest eigenvalue of the Schrodinger equation
for the Ps wave function. We introduce35 qo(s, V*)
—= [1-$~(s, V*)/S]' ~, and write

Z, (S, V+) = (e'S/4mr~) q (S, V*). (Al)

The width 1 „of the commonly observed narrow
component in the angular correlation between the
two annihilation gamma rays in Ps-forming sub-
stances is attributed to the root-mean-squared
zero-point Ps momentum, (p ) ~2 = (Eo/4m)'~,
carried away in p-Ps annihilation. The Fourier
transforms of the Ps wave functions derived in I
and V, when squared, give the momentum distri-
butions, E(p)dp, of the emerging y's in thenarrow
component. They have the approximate form
+(p)dp= (4(p )/w(p +(p )) ]dp. Experimentally, one
measures the momentum at one-half the maximum
of the narrow distribution, p, &2. It is related to
p') as pii2=[(42 —1)(p')]' ' Since I z=2pi&2/

m, c rad, where c is the velocity of light, we ob-
tain with Eq. (Al)

and spherical molecular geometry, respectively,
and can be estimated by setting ro = o/2, where
cr is the I ennard-Jones molecular diameter.

We emphasize that despite the complexities of
the detailed molecular potential encountered by Ps
atoms in condensed matter, it suffices to charac-
terize the potential only by one parameter S. Elec-
tron pickoff occurs when Ps is in the lattice ground-
state with wave vector k~, = 0, and S-wave scatter-
ing predominates. Although cast in the terms of
a model with square potentials, this should not be
viewed as a basic limitation of Eq. (1). In fact,
the 8 dependence of the theory contains all the in-
formation that can be extracted from these experi-
ments about the real potential which determines
the wave function overlap leading to electron pick-
off.

For the paraffins, g~ = —,
' and 9= 60. This yields,

by Eq. (A2), I'„=3. 5 mrad, in agreement with
the value measured by Patterson and Stewart.

It follows from Eq. (A4) that when r~ decreases,
e. g. , because of the cooling of a substance, the
narrow component widens. This circumstance
can make it difficult to resolve the fraction of
annihilations occuring in the narrow component
[- (3-10)%]and may lead to estimates of the nar-
row component that are too low if compared to
I„/3."

I'„(mrad) = [2.5g', ~s' ~/ro (A)]go(s, V*), (A2) APPENDIX B: A+ CENTERS IN PARAFFINS

(cos'8)p=l/2p, for V, =l, 2

I/u fol p, =3 .

if I"~ is given in mrad, and y0 in A. The geomet-
rical factor g„depends on the experiment. In
long-slit geometries, one measures the momentum
distribution in some z direction p, . The factor g,
accounts for this projection by taking the average o
overall orientations, 6, of the lattice geometry
relative to the z axis as appropriate for polycrys-
talline or disordered materials,

The intermediate lifetime component I~ is un-
affected by the electric field and attributed to posi-
trons forming A' centers in the disordered domains
of the paraffins. One estimates a lower limit for
the A' center dissociation energy by noting that in
a field 8 the energy, F&, for positron escape from
the A, center is reduced by —egx~ cos8, where
y~ is the effective trap radius and z =r cos8 the
coordinate from the origin in the A' center along
the field direction. Given the attempt frequency
per unit solid angle, v„„/4w, the escape rate A. be-
comes

It was pointed out in V that, to a good approxi-
mation, one can set qo = [1+S'(S, V*)] '~' and, at
temperatures T*&T„*, one has go= (70/rv) ~,
Equation (A2) becomes

I'„(mrad) = [2.5g' S' /ro (A)](7'0/&~), (A4)

which interlinks I'N and 7'~ = v~. The parameter
S can be determined from variations of 7„with
temperature or estimated by Eq. (A4) from experi-
mental values of I'~ and v'„. The radius x0 may be
related to the excluded volume as V0 ~, where
JtL=1, 2, 3 for conditions of planar, cylindrical

2F r
X(8) = '"

dye d&sin6
4m 0

x exp[( —E~ —eQ r cos 6)/keT]

= v,„exp(- E~/keT)(keT/egrr)

x sinh(e err/keT),

where v»=keT/h is of the order of 1 psec '. The
field independence of Ie implies that X(g re&1 in
our range of field strengths, which obtains for
.E~&0. 23 eV. This value is comparable to the af-
finity of a positron to a paraffin molecule.
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