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An interpretation of the experimental results on positrons stopping in liquid and solid media is presented
in terms of annihilation from excited states of positronium. It is assumed on an empirical basis that the 25
states of positronium have sufficient stability in certain materials for direct annihilation.

I. INTRODUCTION

N experimental study of two-quantum annihilation
of positrons in liquid and solid materials has been
reported by Bell and Graham.! In metals, they observed
a single lifetime 7,521.5X 1071 sec, roughly independent
of the particular metal employed. In some insulating
materials (usually with crystalline structure), the re-
sults were the same as for metals, while in others
(usually liquids and amorphous solids) 70 percent of
the annihilations occurred with a short lifetime 7, and
30 percent occurred with a lifetime 7, which was five
to ten times longer, depending on the material used.
Moreover, the lifetime 7, was observed to increase with
temperature in some nonmetals. Bell and Graham
offered an explanation of the 7, component in terms of
the conversion rate of triplet to singlet positronium.
As they have pointed out, this explanation is not en-
tirely free from objections. The purpose of the present
paper is to offer a possible explanation of the 75 com-
ponent in terms of annihilation from excited states of
positronium.

There is evidence for the formation of positronium
in both metals and nonmetals. This seems to be the
most reasonable interpretation of the observation of
Madansky and Rasetti? that no thermal positrons dif-
fuse from metallic and nonmetallic surfaces surrounding
a positron source. Indirect evidence that positronium is
formed in metals, as Bell and Graham have pointed out,
is the independence of 71 on the metal used, and hence
the independence of 7; on the electron density. In non-
metals, the occurrence of the two components 7; and 79,
is difficult to explain unless some positronium is formed.
It should be noted that if positronium has a stable
binding in solid media, then its formation is a highly
nonequilibrium process. Once the positronium atom is
formed it has a high probability of persisting until
annihilation takes place, since the ionization energy
required to free the positron is not readily available.

The discussion of the Bell and Graham experiment
below is based on the assumption that the rate of
formation of positronium in condensed matter is con-
siderably faster than the rate of annihilation of free
positrons. The conversion interpretation then leads to
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serious difficulties with the magnitude of the 7, lifetime
and with the intensity ratio of the two components.

The difficulty with the 7, lifetime arises as follows.
In nonmetals where the conversion rate has been
assumed slow, the observed lifetime 7; should corre-
spond to the lifetime 7(11S) for two-quantum annihila-
tion from the singlet state of positronium. However, in
metals where the conversion rate has been assumed
rapid, 71 ought to be four times the lifetime 7(115), as
pointed out by Garwin.? Since the observed lifetime in
metals is 1.5X 1071 sec, it follows on this basis that
in metals 7(11.5)£0.4X 1071 sec, in serious disagree-
ment with the theoretical value of 1.25X 1071 sec for
free positronium? and with the observed values of 2.5
to 3.5X107° sec for those nonmetals exhibiting a
79 component. Such a serious disagreement seems un-
likely. If one abandons the explanation of the 7, com-
ponent in terms of the conversion rate, one can either
suppose that the conversion rate is slow (< 108/sec) in
all materials, or that it is rapid in all materials (> 10"/
sec). In the former case the disagreement among life-
times disappears; in the latter case the theoretical
lifetime must be modified by a factor of 2 to 3 in all
materials.

The other serious difficulty with the conversion inter-
pretation arises when one attempts to account for the
observed intensity ratio. An elementary analysis of this
problem is given in the Appendix. From Table I it is
seen that no choice of the conversion rate gives a
satisfactory interpretation both of the two lifetimes
and of their relative intensities. More generally, the
observed constancy of the intensity ratio I./I» despite
large variations in 7, is not consistent with the con-
version interpretation. Again this is illustrated by
reference to Table I.

These difficulties could be circumvented if the 7,
component could be largely accounted for by the
annihilation of free positrons in flight, although this
seems unlikely. The 7, component might then be at-
tributed either to triplet-singlet conversion or, as sug-
gested by Garwin? to the annihilation of positrons in
collisions between triplet positronium and electrons of
appropriate spin on neighboring molecules. One still
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would not seem to have a satisfactory explanation of
the temperature effect.

A possible explanation of the Bell and Graham results,
in which free positrons do not play a dominant role, is
presented in Sec. II.

II. ANNIHILATION FROM EXCITED STATES
OF POSITRONIUM

The constancy of the intensity ratio Ii/I, despite
large variations in 7, among nonmetals suggests that
in order to explain the 7, component, one requires a
mechanism of formation (of the state decaying with
lifetime 75) which is relatively insensitive to environ-
ment, even though the lifetime 7, itself is sensitive to
environment. Such a possibility exists in terms of the
annihilation from excited states of the positronium
atom, a process which was considered by Ore and
Powell® for positrons in gaseous media, but which seems
to have been ignored or considered unlikely in liquids
and solids. It was pointed out by Ore and Powell that
the excited 25 states normally possess unusual stability
against radiative de-excitation. The transition 215 — 115
is absolutely forbidden, and the transitions 255—1.5
and 2L5—155 are extremely slow, since the space wave
functions are very nearly orthogonal (in contrast to
magnetic dipole absorption of the deuteron, which
occurs because the nuclear forces are strongly spin-
dependent®). It might at first be thought that this
stability would be lost for positronium in solid media
through collisional de-excitation. In metals such de-
excitation will take place rapidly through collisions with
conduction electrons. In nonmetals, however, the elec-
trons are firmly bound to their atomic stations so that
rapid de-excitation may not be possible. In both cases,
coupling with the lattice is very small since the energy
transferred in de-excitation must be several electron
volts. The possible stability of the 2.5 state then pro-
vides a mechanism to explain the occurrence of the
72 component in some nonmetals.

It is improbable that states of higher angular mo-
mentum will be bound for positronium in solid media.
Assuming the effective potential of the electron-positron
system is a strongly shielded Coulomb potential, the
level sequence is 1S, 25, 2P, etc. with a relatively
large 25— 2P separation. For simplicity we will assume
here that the 2P state is not bound. If it is bound, its
role is limited to indirect effects such as influencing the
intensity ratio I;/I,. This follows from the observation
of Ore and Powell® that the probability of annihilation
from a P state is negligible since the internal wave
function vanishes for electron-positron coincidence.

With these assumptions we can now construct the
following picture for positrons slowing down in solid
and liquid media. In both metals and insulators posi-
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trons slow down rapidly, via the usual processes
(ionization, Auger effect, etc.), to energies where the
probability for the formation of positronium is large.
In metals the 25 states, if bound, are rapidly de-
excited by nonradiative collisions with conduction elec-
trons and a single lifetime 7, for two-quantum annihila-
tion is observed. If the 2.5 state is bound in insulators
and has sufficient stability, then it decays by two-
quantum annihilation directly, so that one observes a
second lifetime 7». One can even understand in a quali-
tative way why the 7, component has a greater in-
tensity. In insulators, electron pickup from the lattice
by the positron is likely to be an endothermic reaction
for the formation of the 25 states, but even exothermic
for the 1S states.

The above picture for positrons slowing down in solid
media is capable of explaining the following experi-
mental facts:

(i) There exists a short lifetime 7; in all materials,
and a second lifetime 7, in some nonmetals.

(ii) The magnitudes of =, and 7, are essentially de-
termined by the lifetimes for two-quantum annihila-
tion, 7(11S) and 7(2\S5), respectively. Since the proba-
bility density for electron-positron coincidence decreases
as the cube of the principal quantum number for S
states,® 79=~8X 11=~107? sec.

(iii) The relative constancy of ; compared with the
wide variations in 74 in different materials follows from
the strong binding of the 115 state and the weak binding
(and hence greater sensitivity to environment) of the
2LS state.

(iv) The lifetime 7, depends rather sensitively upon
the small binding energy of the 25 state, whereas the
intensity ratio I1/I, is determined by the more gross
parameters of formation such as the 15—2S binding
energy difference. Hence I,/I; is relatively more inde-
pendent of environment than .

(v) The long lifetime 7, is temperature-dependent.
As the temperature is raised, the 2.5 states become less
firmly bound so that the wave function for the relative
separation of electron and positron ‘“‘spreads out.” The
probability density at coincidence then decreases and
the lifetime increases contrary to normal expectation.!
A similar but smaller temperature effect might be
anticipated for 7..T

The situation in superconductors is uncertain from
both experimental and theoretical points of view.
A complex decay scheme is indicated by the experi-
mental results.” This might be understood by means of
arguments similar to those used by Dresden® concerning
the inability of the electrons to exchange energy with
the lattice or with impurities (positronium). Such a

t Footnote added in proof —One can interpret the results of
Graham and Stewart [Can. J. Phys. 32, 678 (1954)] on the tem-
perature dependence of the three-quantum annihilation rate as
evidence for such an effect.
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prohibition of collisional de-excitation would imply the
stability of the 2. state of positronium and lead to a
complex decay scheme analogous to that found in some
insulators.

The hypothesis that excited states of positronium are
responsible for the 7, component is not inconsistent with
the experimental results of De Benedetti and Siegel.?
They have found that the three-quantum counting
rates are greater in materials exhibiting a 7, com-
ponent, by an amount consistent with the conversion
interpretation of .. However, an explanation of these
results also follows from the excited-state interpretation
of 75, provided that the conversion rate is assumed
rapid (310%/sec) in metals, and moderately rapid
(£10%/sec) in nonmetals. This follows from the ele-
mentary analysis in the Appendix and from the experi-
mental observation that =, is lengthened in those
materials showing a 75 component. Thus for fast con-
version, the experimental lifetime 7, is to be identified
with 1/X,, and the expected ratio of the three-quantum
rate in Teflon to that in aluminum is

71(Teflon)

Az2(aluminum)

=7 to 3,
A2(Teflon)

71(aluminum)

in agreement with the measured ratio. (The inclusion
of the 2§ states in the analysis of the Appendix would
not materially change this result, of course.) The results
of Pond" on the ratios of the two-quantum annihilation
rates in various pairs of materials are also consistent
with the excited-state interpretation.

According to the excited-state hypothesis, if the 25
states have sufficient stability against transition to the
1S states, one should observe the lifetime of the 23S as
well as of the 13§ state in experiments of the kind per-
formed by Deutsch® with gases. It might be profitable
to look for such an effect, although the longer lifetime
and expected smaller intensity of the 23S component
would make it difficult to observe experimentally.

Finally, let us remark on the question as to whether
there is enough room in the solid lattice to accommodate
the “orbits” of the 25 states of positronium. In this
connection it might be noted that the effective atomic
size of the positronium atom is likely to be smaller
within solid material. Moreover, the validity of the
hypothesis actually requires that the 25 states be bound
only in amorphous solids. Also, positronium need not
exist as such in the literal sense; for example, it may
appear in the form of a molecular compound. Despite
the greater complexity then involved, one might antici-
pate some of the same general features as discussed
above.

The authors wish to thank Dr. B. W. Sargent for
having first brought this problem to their attention,
and Drs. W. Opechowski and P. R. Wallace for helpful
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APPENDIX

The dependence of the observed lifetimes and intensi-
ties for two-quantum annihilation of positronium upon
the 135—1.5 conversion rate can be illustrated as
follows. Let Pg be the probability of finding a posi-
tronium atom, once formed, in the 115 singlet state,
and Pr be the corresponding triplet state probability.
Then the rate of change of probability can be expressed
by the equations:

dPg/dt=— (37+)\ s)Ps-I—'yPT,
dPy7/di=3yPs— (y+Ar)Prp,
where vy is the rate of conversion between the singlet
state and any one of the three triplet states, A g is the
two-quantum annihilation rate for the singlet state, and

Ar is the three-quantum annihilation rate for the triplet
state. Simultaneous solution of these equations yields

Ps=Cgexp(—Nt)+Ds exp(—Aqd),
Pr=Crexp(—Ait)+Dr exp(—Nat),
where
A1, 2=az= (a®—B2)%,
2a=4y+N\s+Ar,
B=vAs+3yAr+Ashr.
Since A gP s is the rate of two-quantum annihilation, one
has two lifetimes, a short lifetime 1/\; and a long life-
time 1/X,. By integrating from the time of formation

to infinity, one gets for the relative intensities of the
two components:

I,/I,=Cg\y/Dg\:.

The constants Cg and D are determined by the initial
conditions:

Ps(t=0)=i‘, PT(1=O)=%.

. TaBre I Lifetimes for two-quantum annihilation and their
intensity ratio as a function of the triplet-singlet conversion
rate.

3y 1/\1 1/xs

(per sec) (sec) (sec) /I
o0 0 5.0 1010 0
1012 7.5 X108 5.0 10710 6.7X107¢
ou 7.2 X101 5.2X 1071 6.4X10™
1010 5.0 X101 7.6X 10710 3.7X1072
10° 1.1 X107 3.3X107° 0.25
108 1.2 X107 2.5X1078 0.39
107 1.25X 10710 9.6X107¢ 1.0
108 1.25X 10710 1.3X107 7.5

0 1.25X 10710 1.4X1077 o
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It follows that
Cs= (>\1_47_>\T)/4O\1—)\2),
Ds=(—Xo+4y+A7)/4(M1—N2).

Table I gives the expected lifetimes for two-quantum
annihilation and their relative intensity 7,/ for various
possible choices of the conversion rate v, assuming that
the triplet three-quantum annihilation rate is Ap=7.14
X10%/sec as given by Ore and Powell® and that the
singlet two-quantum rate is A g=8X10°/sec.? As noted
in the text, the assumption of rapid conversion would
require that these rates be increased by factors of
about 2 or 3. For rapid conversion one then obtains
1/X2=2X 1071 sec in agreement with the experimental
lifetime 7.

The dependence of the total rates for two- and three-
quantum annihilation on the triplet-singlet conversion

L. E. H. TRALNOR

rate can be calculated in a similar manner. In the differ-
ential equations one replaces the probabilities Pg and
Py by the populations N g and N 7, respectively, intro-
duces constant rates of formation (} for the singlet
state and 2 for the triplet state), and finally equates
the derivatives to zero. This gives for the total rates:

AsN s=Ns(4y+Ar)/46*
ArNp=3\r(4y+Xs)/46°
For Ar small compared to  and A, one finds

AsN g=1—3\g/4,,
)\TNTW3)\T/4)\2-

(two-quantum),

(three-quantum).

For very rapid conversion, A;—)\ s/4, and hence

AN p—3\ T/>\ S.
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The nuclear matrix element for superallowed transitions between two states of an isobaric spin multiplet
can be expressed in terms of a diagonal matrix element of the spin operator difference S,—S,. Known
theoretical results on the nuclear matrix element in image transitions are summarized and the methods
which have proved useful in the study of image transitions are extended to superallowed transitions within
the lowest 7'=1 isobaric spin multiplet in the 4% series.

Experimental results indicate the actual occurrence of such transitions in Na®, Al P2, CI32 and Sc¥.

1. INTRODUCTION

HE known superallowed transitions now include
the following types:

a: AI=0, T:=T;=% (Ad=4nZ1),

b: Al=41, T.=T;=% (4=7),

c: AlLi=x1  AT=7F1 (A=4n+2), (1)
d: ILi=I;=0, T =T;=1 (A=4n+2), ‘
e: AI=0, Ti=T;=1 (A=4n).

Types a to d are well known, but only recently has
experimental work on short-lived radioactivities in the
4n nuclear series'® indicated the actual occurrence of
type e.® The list @ to e does not exhaust the possible

* Supported in part by the Office of Naval Research and the
U. S. Atomic Energy Commission.
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types of superallowed transitions. To see that others
may occur, consider the approximation of spin- and
charge-independent forces. In the 4 series the lowest
supermultiplet containing a 7'=1 isobaric spin multiplet
has the basic structure shown in Table I. Thus there
are seven different final states coupled to the initial
(T3=—1) state by nonvanishing Gamow-Teller matrix
elements.

Now, by introducing a spin-dependent force, the
seven distinct final states are spread out into a spectrum
as illustrated in Fig. 1. The Fermi matrix element
vanishes in all but the e-type transition. Other transi-
tions with A7'=0 may occur, but they involve smaller
decay energies and smaller decay matrix elements;
hence they may be neglected in a preliminary discussion.
The remaining three final states (those with 7'=0

TaBLE L.
T S I(L3#0)
1 1 L—1,L, L+1
1 0 L
0 1 L—1,L, L+1




