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Positron motion in metals.
III. Effects of positron interactions with electrons and phonons

T. Hyodo, ' T. McMullen, and A. T. Stewart
Department ofPhysics, Queen's University, Kingston, Ontario, Canada ETL 3%6

(Received 8 July 1985)

High-precision, high-resolution measurements of the angular correlation of annihilation radiation
from potassium single crystals are reported. These data yield information on the interactions of
positrons arith electrons and phonons. The momentum dependence of the annihilation rate appears
to be larger than recent theoretical predictions. The positron quasiparticle mass in potassium, free
from the apparent mass enhancement due to phonon scattering, is found to be m =(1.4+0. 1)m, .
The positron-phonon coupling strength is also obtained.

I. INTRODUCTION

The positron is a unique probe of many-body interac-
tions in matter. A close examination of the 511-keV pho-
tons from its annihilation can reveal the details of interac-
tions which have characteristic energies of well below 300
K.

The positron is shot into condensed matter —usually
from a radioactive nucleus. It loses energy rapidly and is
usu~Jly long thermalized before annihilating in about
10 'o s. In a metal the thermalized positron collects
around itself a polarization cloud of electrons in which it
annihilates. The electron density at the positron is one
many-body effect that is directly measured in the lifetime
of the positron. The reciprocal of the lifetime, the annihi-
lation rate, shows that the electron density at the positron
is several times the local density in the unperturbed host
metal. By and large the observed annihilation rates and
the enhanced charge density calculated in many-body
theories agree quite well. '

A more subtle many-body effect is observable in the to-
tal momentum of the annihilation y rays and hence of the
electron-positron pair at the instant of annihilation. The
"longitudinal" component of this momentum can be mea-
sured (but not with very high resolution) by the Doppler
shift of the y-ray energy; while the "transverse" com-
ponent of momentum can be measured (to high precision)
in the departure of the two annihilation photons from col-
lineu'ity. (The departure from 180' is very small:
8=2mv/me=a few milliradians (mrad) with v the
center-of-mass velocity of the annihilating pair and mc
the electron rest energy. } Careful measurements of the an-
gular correlation of annihilation y rays have been shown
that electrons near the Fermi surface are somewhat more
likely to annihilate than those of lower energy. This
momentum dependence of electron density in the polari-
zation cloud can be both measured and calculated —with
difficulty. Unfortunately, at present even the theories do
not agree and as this paper will show, the experimental
data, although favoring one, does lie between.

The motion of the positron itself can also be observed.
The angular distribution of the annihilation photons

shows a sharp cutoff at the maximum momentum, the
Fermi momentum pF, for free-electron-like metals. As
Bergersen and Pajanne2 have shown, the momentum dis-
tribution of annihilating electron-positron pairs may be
approximated as the convolution of the single-particle
momentum distributions. At the discontinuity of the
electron distribution, i.e., at the Fermi momentum, the ob-
servation reveals directly the momentum distribution of
the positron. With sufficiently high experimental resolu-
tion the "smearing" of the cutoff at py can be measured
and the motion of the positron deduced. This observed
motion reveals the effective mass of the positron due to
electron interactions, and the effect of phonons on the
positron dynamics.

Experimentally, the smearing has been characterized by
a Boltzmann distribution of the positron momentum. i

The experimental values for the mass parameter charac-
terizing the distribution, customarily called the effective
mass, were larger than the theoretically calculated posi-
tron effective mass including band '6 and ]vositron-
electron " interaction effects only. Mikeska ' and
Bergersen and Pajanne showed that the positron-phonon
interaction is important, and that it not only makes the
positron momentum distribution wider than it would be
without phonons, but it also adds a tail to the distribution
which asymptotically decreases as p . This non-
Gaussian shape was believed to be responsible for the ad-
ditional smearing of the Fermi cutoff.

Recently, Kubica and Stewart (Ref. 14, hereafter re-
ferred to as I) measured the angular correlation of annihi-
lation radiation from simple metals. They analyzed the
data with a Gaussian positron momentum distribution
and interpreted the fitted width parameter as an "ap-
parent mass, " thereby attempting to include the effect of
the positron-phonon scattering. This Gaussian fit to the
experimental data is in fair agreement with a similar
Gaussian fit to the theory by Bergersen and Pajanne.

However, in the presence of the high momentum tail,
the apparent mass appears not to be a good physical pa-
rameter; it has only an approximate meaning. In fact, the
data of I appear to suggest that the apparent mass is tem-
perature dependent. In recent papers by the present au-
thors (Refs. 5, 15, and 16, the last referred to hereafter as
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II) the meaning of the apparent mass approximation is
clarified. It is emphasized in II that the effect of the p
tail cannot be fully accounted for by the Gaussian approx-
imation. As an alternative, it was proposed in II that the
realistic distribution should be used in the analysis, which
then allows one to separate the quasiparticle mass of the
positron and the (renormalized) positron-phonon coupling
constant.

The experiment reported in the present paper was
designed to determine these quantities by observing the
thermal smearing of the angular correlation of radiation
from positron annihilation in potassium single crystals.
Very high experimental resolution was used, and special
care was taken in determining the actual shape of the
resolution function. Statistical precision of more than
10000 counts per point around the Fermi cutoff was at-
tained. The method of analysis, discussed in detail in II,
does not depend crucially on the shape of the background
which is composed' of the contributions from annihila-
tions with core electrons and from the higher momentum
components of the wave functions of the conduction elec-
trons and the positron. This feature is highly advanta-
geous when one analyzes detailed structure of the smear-
ing. This method also leads us to a reliable estimate of
the momentum dependence of the annihilation rate.

The next section gives the theoretical background of the
present experiment. Experimental arrangements are
described in Sec. III. The analysis is shown in Sec. IV,
and the results" are discussed in Sec. V. A summary is
given in the last section.

II. THEORETICAL BACKGROUND

A. Positron-electron interaction

The positron-electron interaction has several effects'9
on the annihilation. It causes enhancement of the annihi-
lation rate due to the increase in electron density at the
position of the positron. This enhancement is momentum
dependent, which makes the long slit projection of the
momentum distribution of the annihilating pair a "bulgy"
parabola. ' ' The positron-electron interaction also gives
a contribution to the positron effective mass rn '. In addi-
tion, the interaction renormalizes the positron-phonon
coupling by the quasiparticle renormalization constant
Zp

There are basically three kinds of theoretical calcula-
tions of the momentum-dependent enhancement e(p}.
The first was the work of Kahana and its exten-
sions. ' Kahana recognized that the positron-
electron interaction was strong enough to prohibit the use.
of any linear screerung theory, and proposed that multiple
scattering of the electron from the positron be included by
a ladder sum using the static limit of the random-phase-
approximation (RPA) interaction. The total annihilation
rate calculated in this way unfortunately diverges for
r, &6, and so is presumably unsuitable, as it stands, for
the low electron density metals, such as K with r, =4.86.

The second class of calculation is that of Arponen and
Pajanne. They use a boson model of the interacting

electron gas in which the elementary excitations (of the
RPA) are represented by an appropriate boson spectrum
with residual interactions. The total rate calculated in
this way is well behaved in the low-density limit, and the
momentum dependence of e(p) is appreciably less than in
the Kahana theory.

The third style of calculation is that of Lowy. 30 It is
basixl on an effective interaction which includes nonlinear
screening effects from only one highly correlated electron
at any one time. The momentum dependence of e(p)
which results from this calculation is intermediate be-
tween that of Kahana and that of Arponen and Pajanne.

The positron-electron interaction also increases the pos-
itron quasiparticle effective mass m' over the bare mass
m, . RPA-based calculations exist for the effective mass
of positrons in an electron gas corresponding to the elec-
tron density of potassiuin metal. (It should, however, be
recaHed that RPA calculations of the annihilation rate at
this density give a rate which is much too small. }
Hamann9 finds m'=1. 18m, in a straightforward RPA
self-energy calculation. Baldo and Pucci" included a ver-
tex correction as well, and obtained m'=1.43m, . The
reference mass should more properly be the positron band
mass mb rather than the bare mass m, . This has been
calculated for potassium by Stott and Kubica as
ms=1. llrn, using the positron pseudopotential tech-
nique, and by Fletcher et al. as mb ——1.06m, using the
electron band-structure calculations by Moruzzi et al. 3'

The remaining effect of the positron-electron interac-
tion is to fix the quasiparticle renormalization constant
Zo. The only calculations for potassium are those of Bal-
do and Pucci" for the electron gas giving Zo ——0.38, and
Mori's calculation3 for the liquid state giving Zo —0.64.
Zo as well as m' enters the renormalization of the
positron-phonon coupling to be described in the following
section.

B. Positron-phonon interaction

The positron-phonon interaction has its most noticeable
effect on the angular correlation spectrum in the vicinity
of the Fermi cutoff, where a temperature-dependent
smearing of the sharp cutoff can be seen. Smearing is ex-
pected even in an independent-particle model, of course,
because the positron acquires nonzero thermal momen-
tum. However, the observed smearing is greater than that
resulting from the thermal motion of a free particle of
mass m'. This observation led to the analysis of the
thermal smearing by Mikeska' ' and by Bergersen and
Pajanne. The analysis is subtle, and the underlying phys-
ical concepts have not always been fully appreciated. It is
the presence of two interactions, the positron-electron in-
teraction as well as the positron-phonon interaction, that
tends to obscure the essentially simple physical phenome-
na. However, the positron-electron interaction does not
play a very significant role in the thermal smearing prob-
lem. As shown by Bergersen and Pajanne, it simply re-
normalizes the mass and positron-phonon coupling con-
stant. In contrast, it is all important in the annihilation
rate enhancement, where the positron-phonon interaction
has a negligible effect.
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A derivation of thermal sinearing which ignores the
positron-electron interaction is illuminating, for it is ap-
preciably simpler than the argument required for the com-
plete problem, and yet it contains the essential physical
ideas. The result obtained can be converted to that for the
complete problem by merely replacing the mass and cou-
pling constant by their renormalized values. %e present
such a derivation here, in the hope that the reader will
find it helpful. For a proper derivation of thermal smear-
ing in the full problem including the positron-electron in-
teraction the interested reader is referred to the fundamen-
tal paper of Bergersen and Pajanne. 2

The probability of a 2y annihilation with total momen-
tum K is

With use of these definitions,

F( k)
dco Pk
2n- 1+p~ '

showing that the positron momentum distribution is a
weighted average over the spectral function, with the
weighting function essentially a Boltzmann factor since

pi, (to) is peaked near co =ek —p. The normalization

gi, F(k) =1 shows that p, is large and negative in the lim-

it of low positron density.
The positron-phonon self-energy is believed to be ade-

quately approximated by the single diagram shown in Fig.
1, which gives

xi(~ —tn)= g I gqi. I

2 1 1

qZ CO —l'Q —Ek q+ COqp

the noninteracting system, and

H =~ gqi„cg+qctfqi ~

kqA,

(3)

where pqi=aqi+a qt, (irt=l throughout this section).
The operator

aqua
annihilates a phonon of wave vector q,

polarization A, , and frequency toqi, , and gqi, gives the
positron-phonon coupling. Then the expectation value in
(1) becomes a convolution

P(K) ~g (bit i,bit i, )F(k), (4)
k

where

F(k)=(citcz)

is the positron momentum distribution. F(k) is con-
veniently written as a limit

F( k) = lim Gi, (t)
t~O

of the finite temperature Green function

Gi, (t) = —(Wci, (t)ci, ) .

It is useful to rewrite (6) using the Fourier series

where ck annihilates a positron and bk annihilates an elec-
tron, and ( . ) represents a trace over the equilibrium
density matrix. Spin indices have been suppressed. Sup-
pose that the positron interacts only with phonons, not
with electrons, as described by the Hamiltonian
H =H +H' with

~ =geicici +gtoqtaqÃqiO

k qA,

where, for coupling to longitudinal acoustic phonons with

COq =Sf~

Hx EF
0 kF

(13)

X =(3soD/2sE~) (14)

measures the difference of the deformation potential D
from 2EF/3 and—of the sound velocity from the Bohm-
Staver valuess so. When Xi,(ai —i')=bi, (~)+il i,(co) is
separated into real and imaginary parts, the real part b,z is
found to be negligibly small. ' It is the imaginary part

1/2

8(ai)I'i, (t0)= (m '/m, )~~2

F

that causes thermal smearing of the momentum distribu-
tion, where 8 is the unit step function. Since I ~ is closely
related to the positron-phonon scattering rate, this smear-
ing is best regarded as an uncertainty principle broaden-
1ng.

On neglecting the real part hz of the self-energy the
spectral function becomes

21 i,(ai)
pi,(~)=

(t0 —ei, ) +[I i,(~)]'
(16)

with kF (9n/4)'~ ——r, ', the electron-gas —model Fermi
wave vector, and Et; kF/2tn„——the corresponding Fermi
energy. %e have introduced co=co+@, 0 is the volume,
and the coupling constant

Gk(t)= —ge "Gi,(ito„)

with p '=kttT and ai„=(2n+1)m/p, n =0, +1, . . . .
The peiitron self-energy Xz(iso„) and spectral function

pi, (to) are introduced by writing

Gk(ice„)=[ia)„eg Xq(ia)„)—+p]—

pi, (t0) =2 ImGi, (to i ri) . —
FIG. 1. Lowest-order contribution to the positron-phonon

se1f-energy X1,(u).
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III. EXPERIMENT

A long slit angular correlation apparatus was used for
the measurement. Potassium single crystals were oriented
so that the projection of the momentum on the [110) or
[100] direction was measured. The specimens were spark
cut cylinders of about 8 mm in diameter and about 5 mm
in length. The error in orientation was estimated to be
+1'. The top surface of each specimen was cut at an an-

gle =4 to the (110) or (100) plane of the crystal to avoid
possible asynimetry of the data due to the variatian in the
absorption of y rays. The effective positron penetration
profile of each specimen was measured by scatming a very
fine (0.1 mm) slit close to the sample chamber, and was
used to calculate the actual resolution function used in the
analysis of data for each specimen. The slanted specimen
surface also served to make the profile and hence the reso-
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FIG. 2. Long slit projections onto the [110]and [100] direc-
tions of the momentum distribution of photon pairs from posi-
trons annihilating with electrons in potassium single crystals at
the temperatures indicated.

Since I ~(oi) ~(co)'~, (16) is not a simple Lorentzian. A
figure showing the k and ro dependence of pi, (co) can be
found in Ref. 37. Bergersen and Pajanne show that when

the positron-electron interaction is properly included, ex-
pression (16}is modified in two ways: The coupling con-
stant X is replaced by its renormalized value X=ZIIX,
where Zo is the quasiparticle renormalization constant,
and m' is not just the band mass ms but includes the
positron-electron mass enhancement as well. In addition,
(16) is multiplied by an overall factor Zo. Since there is
some cancellation between the renormalization of X and
the renormalization of the mass, both must be included
(ar, for an approximate result, both should be omitted).

lution function more symmetrical. The full width at half
maximum of the resolution function was about 0.20 mrad
(0.20X10 mc) for the measurement at 298 and 199 K
and about 0.15 mrad for those at 91 K.

The sample chamber was a small In sealed glass jar so
that one could see the specimen surface in situ. The for-
mation of thin oxide film was observed in about one day
after the specimen was mounted even though the chamber
was continuously pumped by a diffusion pump. However,
there seemed to be no further appreciable change after
that when the seal was perfect. In fact, the data obtained
in the first half of the measurement at each teinperature
showed no difference above statistical fluctuations for
those in the last half.

The observed data are shown in Fig. 2 after normaliza-
tion to the same area. the number of coincidence counts
per paint near the Fermi cutoff for the data along [110]
was more than 10000 (100000—140000 at the center},
while the number for the data along [100] was about 8000
(about 60000 at the center).

IV. ANALYSIS OF DATA

The data shawn in Fig. 2 consist of several contribu-
tions: the central part due to conduction electrons, the
core electron contribution, contributions from higher
momentum components of the positron and electron wave
functions, and the smearing around pF due to the positron
momentum distribution. None of these is known well

enough to calculate and subtract in order to apply ordi-
nary least-squares analysis. The new analysis proposed in
II, which allows separation of the positron quasiparticle
mass from the phonon scattering effect, was invented in
the hope of avoiding this difficulty. The method starts by
constructing the central part. Neglecting the small p
dependence of intensity due to the lattice, the spherical
Fermi surface yields a parabolic shape. This parabola is
modified by the isotropic enhancement factor,

&(p) =a [I+(b/a)(p/p~) +(c/a)(p/pF) ], (17)

and convoluted with the positron momentum distribution
[Eqs. (11) and (16}]and the experimental resolution func-
tion. Then, each of the possible shapes is subtracted from
the data and the remainder is examined to determine if it
agrees with reasonable assumptions for the shape of the
core and the high momentum components.

The structure and intensity of the data outside the Fer-
mi cutoff helps us to make a better guess of'these com-
ponents. Figure 3 shows the expanded portion of the data
along [110] around and outside the Fermi cutoff. It is
seen that these data have a characteristic structure com-
mon for different temperatures, but that the intensity de-
pends on temperature. The structure, best seen at 91 K, is
closely related to the edge of the projection on the [110]
direction of a Fermi sphere centered at each (110)
reciprocal-lattice point as shown in Fig. 4. This indicates
that the higher momentum components do exist and that
geometry determines to a considerable extent the shape of
the contribution. %hen this analysis was started, little
was known about the higher momentum components and
so we tried various hypothetical functions for the intensity
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also indicated.

0 I I I I

4 6
Momentum (10 mc)

10

FIG. 8. An expanded portion of the data along [100]at 91 &,
and the remainder after the parabohc part with the parameters
debuniined by the analysis of the data along [110]has been sub-

tracted. The assumed core contribution is the same as that in

Figs. 3 and 5.

one estimated for the data at 298 K is shown in Fig. 6.
The shape of the sum of the argon-like core and the

higher momentum components discussed above deter-
mines the "reasonableness" and consistency of the shape
of the remainder obtained in subtracting the parabolic
part from the data. In the actual procedure the best
values for the Fermi momentum p~ and the parameters a,
b/a, and c/a were searched for first, with the parameters
for the positron momentum distribution tentatively fixed
at some reasonable values. Some of the subtraction results
are shown in Fig. 5, where the only parameter varied is
the enhancement. The bars on the points indicate the er-
rors resulting from the statistical errors of the whole an-
gular correlation curve. Note that the component deter-
mined by curve (3) and the estimated core contribution
(thick solid line) is similar to curves (1) and (2) for the
higher momentum components in Fig. 4(b). In spite of
the uncertainty in the core and higher momentum com-
ponent contributions, the value of the enhancement is
surprisingly constrained. The best values of enhancement
at different temperatures were b/a =c/a =0.3—0.4 and
are affected very little by the subsequent adjustment of
other parameters. (We have put the constraint b/a =c/a
in the search because different pairs, as long as the sum
b/a+c/a is constant, give almost indistinguishable re-
sults. ) The parameter a is related to the enhancement of

the total annihilation rate of conduction electrons. How-
ever, it is meaningful as such only when we have a reliable
independent-particle calculation of the angular correlation
curve as well as a good estimate of the core enhancement
factor. Thus a is regarded here as a parameter which
determines the relative weight of the parabolic part. In
practice, the portion of the parabolic part at p =0 was
used to fix a. Then, with the above parameters fixed, the
best values for the parameters g and m' in the positron
momentum distribution (11)were searched for. Note that
Gaussian distributions are included in this expression as
the limit +~0. Several trials with only m' varied are
shown in Fig. 6.

The whole procedure was repeated a few times until a
stable set of values of all the parameters was obtained. It
was observed that different pairs of values of 7~m

' could
give indistinguishable results. The parameters X and m'
are, of course, temperature independent. Thus fitting data
at several temperatures with X fixed makes m ' appear to
be a function of temperature unless X is chosen correctly.
The result of this procedure is shown in Fig. 7, from
which we deduce X=1.3 and m'=1.4m, . The final re-
sults are shown in Table I.

To check the consistency of the analysis the parabolic
part calculated with the parameters determined above is
subtracted from the data along [100] at 91 K and shown

TABLE I. Results of analysis. p~ is the Fermi momentum, b/a and c/a are the parameters for the
enhancement {b/a =c/a is assumed), m the quasiparticle effective mass of the positron, and g the re-
normalized positron-phonon coupling constant.

91
199
298

pF (10 3mc)

2.87+0.02
2.84+0.02
2.81+0.04

b/a ( =c/a}
0.40 '

0.35 0.35+0.05
0.30 i

1.4+0. 1 1.3+0.3
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in Fig. 8. The estimated core contribution is the same as
that for the data along [110]at the same temperature (Fig.
5). The structure of the higher momentum component is
similar to the prediction of the model calculation shown
in Fig. 4.

V. DISCUSSION

2..2 1 I I I r

2.0-

C) 16.

~ 1.4-

(3)

In view of relatively large expansion coefficient
( = 8)& 10 K ') and low Debye temperature ( =100 K)
of potassium, the temperature dependence of the high
momentum portion of the angular correlation data shown
in Fig. 3 is most likely due to the thermal expansion of
the lattice and to the lattice vibrations. As has been dis-
cussed by Stott and %est, the volume expansion and the
thermal vibrations will reduce the overlap of the positron
wave function with the core electron wave functions,
which results in a reduction of the intensity and probably
the width of the core contribution. The intensity of the
higher momentum components of the conduction-electron
contribution is also expected to be reduced. Figure 3
shows these features qualitatively.

The momentum dependence of the enhancement of the
annihilation rate observed in this work, Fig. 9, is not
much different from the results of previous experiments
with polycrystals. ' There are several calculations on the
momentum-dependent enhancement of the annihilation
rate in the electron gas of different densities. Unfor-
tunately, however, no calculation but Carbotte's gives re-
sults close to that of potassium, r, =4.86. Thus one is
compelled to interpolate or extrapolate the existing results
to estimate what the calculations predict. Among those
calculations, Kahana's~3 and some of the extensions ~'2 '

of his formalism give results close to the present result,
while a calculation by Boronski et al. gives a larger

momentum dependence. It is known, however, that the
total annihilation rate in the Kahana formalism diverges
for r, & 6 and so this agreement could be accidental. The
calculation of Arponen and Pajanne predicts a very
small momentum dependence, especially for larger r, . An
interpolation of their result gives b /a =0.1 and
c/a =0.1. Figure 5 includes the remainder after the par-
abolic part enhanced by these factors is subtracted.
Despite their success in calculating the total annihilation
rate, ' it is apparent that their momentum dependence is
too small to explain the experimental data. Although
Lowy's result gives a larger momentum dependence
(roughly corresponding to b/a =c/a =0.15) than Ar-
ponen and Pajanne's, it is still about half the experimental
value. Thus it appears that we do not have a theory yet
which agrees with experiment both in the total annihila-
tion rate and in the momentum dependence of the
enhancement.

The positron quasiparticle effective mass deduced in
the present work, m'=(1.4+0.1)rn, is certainly smaller
than the apparent masses obtained in the previous experi-
ments. ' It is thus evident that these masses included
the effect of the positron-phonon scattering, which has
been extracted in the present work. Use of Stott and
Kubica's band mass of mb =1.11m, and Hamann's
positron-electron mass enhancement factor of 1.18, calcu-
lated using the RPA, gives m'==1. 31m, . Baldo and
Pucci's" positron-electron mass enhancement factor of
1.43 gives m'= =1.59m, . The present experimental
value 1.40+0. 10 lies between them. Use of the band mass
of Fletcher et al. , 1.06, gives similar results. Recently,
Isii ' has applied soliton theory to calculate the effec-
tive mass of positrons interacting with plasmons. Appli-
cation of his result to real metals leads to much larger ef-
fective mass, of about 2.1m, for potassium, ' ' which is
much larger than the experimental value obtained here.

The positron-phonon coupling constant X given by (14)
is readily estimated. For potassium so ——1.86 km/s while
an estimate using the bulk modulus gives s =1.88 km/s.
Bergersen et al. have estimated D for a number of met-
als and for potassium found

~
3D/2'

~

=1.3. Thus for
potassium X=1.7. The present experimental result for
g = l.3+0.3 implies that Zo ——0.76+0.18, close to
Mori's32 value for liquid state, 0.64, but a factor of 2
larger than the result of Baldo and Pucci, "Zo —0.38.

VI. SUMMARY

1.0

0.8.
I I I I

0.2 0.4 0.6 0,8 1.0
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FIG. 9. The momentum dependence of enhancement, e{k).
Theoretical results are as follows: {1}Arponen and Pajanne
{Ref. 29), (2) Lowy {Ref. 3D), (3) Carbotte (Ref. 24), and (4)
Boronski et al. (Ref. 26). Results from this experiment are
shown as the dashed and shaded line.

The angular correlation of annihilation radiation from
potassium single crystals has been measured to study the
positron-electron and positron-phonon interactions. The
data have been analyzed using a new procedure which is
little affected by the uncertainty in the background con-
sisting of the contributions from the core and higher
momentum components of the wave functions. The
momentum-dependent enhancement of the annihilation
rate due to the positron-electron interaction has been
shown to be larger than the results of recent theories
which have succeeded in giving reasonable total annihila-
tion rates. The existence of the long tail in the Fermi cut-
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off smearing due to the tail in the positron momentum
distribution has been confirmed. The true quasiparticle
mass of positrons, free from phonon scattering effects,
has been found to be rn ' = 1.4m, . The value of the renor-
malized positron-phonon coupling constant, 7=1.3, has
also bcmf obtained.
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