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Positronium is a two-body, leptonic, particle —antiparticle system which possesses self-annihilation channels
not directly present in any system studied to date, These features make it ideal for the study of the relativistic,
two-body problem in quantum electrodynamics. This review will focus on recent experimental advances in
fundamental positronium research. In addition, a less detailed discussion of recent theoretical advances is
outlined. The review also contains a fairly detailed historial introduction and a section discussing uses of
positronium in research not related to tests of quantum electrodynamics.
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The past five years have been witness to a number of
major advances in understanding of the positronium
(Ps) system and in the use of Ps to explore the basic
structure of quantum electrodynamics (QED). These
new and volatile advances have followed on a 20-year
period of steady improvements and extensions of the
pioneering theoretical and experimental research
which occurred during the decade 1946-1956. In this
reviem attention mill be focused primarily on the recent
experimenta. l advances but with consideration being
given to very recent theoretical work on hyperfine
structure and decay-rate calculations. In order that
the article be self-contained, an introduction to the
theoretical background of the subject matter covered
has been given in Secs. I.B and I.C. The experimental
achievements that will be explored have, as is often
the case in physics, gone hand in hand with innovations
of either a methodological type (e.g. , discovery of
slow positron emission from various surfaces, dis-
covery of Ps formation on. metal surfaces and in fine
powders) or of a technological nature (e.g., introduction
of the channeltron electron multiplier).

The most important of these advances will be dis-
cussed insofar as they relate to fundamental Ps re-
search. In order to place the current situation ia per-
spective a history of positron and I's research has been
included at the beginning of the article, with particular
emphasis on those aspects related to the subject rnatter
of the review (Table I). Finally in the summary, an
attempt will be made to pinpoint the most fruitful areas
for research in this field in the near future.

The cgs system of units will be used throughout this
review and the following symbols will be employed:

Electron (positron) mass: m;
Electron (positron) charge: e =- e, e'=+e;
Electron (positron) spin:
Electron (positron) magnetic moment: p, ;
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TABLE I. Historical Outline.

Date Participants Contr ibu tions

1931

1934

1945

1946

Dirac (Di)

Weyl {We}

Anderson (A)

Mohorovicic (Mo) '

Ruark {R)

Pirenne (P)

Prediction of antimatter {nature of antiparticles unc].ear}.
Antielec tron = positive electron.

Discovery of positron.

Postulated the possible existence of Ps.
Qualitative discussion of the Bohr spectroscopic structure of Ps.
Calculated for arbitrary n: (i) Ps fine structure to order n mc,

(ii) singlet decay rates to lowest order as

1946

1948, 50

1948, 50

1949

1949

Wheeler

Bleuler and Bradt (BB)
Hanna (H), and Wu and
Shaknov (WS)

Landau (L), Yang {Y)

Berestetski and
Landau (BL)

Ore and Powell (OP)

Xp(n Sp) =
2n3

Estimated triplet decay rates.

Calculated singlet decay rate to lowest order and estimated triplet
decay rate. Noted (i) S& —2p is forbidden by space symmetry,
(ii) p's in singlet decay have orthogonal planes of polarization.
Showed that the complexes 2e ' + e-, 2e- + e ', and 2e ' + 2e are bound.

Experimental verification that the y's from 1 Sp p+p are plane polarized
in perpendicular planes. This implies that e, e' have opposite
intrinsic parity.

Discussion of selection rules based on invariance under rotation
and inversion for the decay 1'Sp 2p.

Calculation of Ps fine structure to order 0. mc and calculation of
Zeeman effect in n =1 Ps.

Calculated zeroth order decay rate of 1 S& Ps [&p(1 S&)] not
including radiative corrections. Re suit:

2 2 6mc
Xp(1 Sg) = (7t

2 9}(x6 = 7.2 x 106 s

1951

1951

1951

1952

1952

1952, 53

Deutsch (D)

Deutsch and Dulit (DD)

Ferrell (F)

Deutsch and Brown

Karplus and Klein (KK)

Wolfenstein and R avenhall
(WR) and Michel (M)

Fulton and Martin (FM)

First production of Ps (in gases) and measurement of &{13Sf) to +10k.

Measurement of S'(hfs) by magnetic quenching experiments (kl5%)—verification of virtual annihilation term.

Calculation of Ps fine structure to order 0.4mc2 including corrections
to the work of (P) and (BL).

Measurement of W{hfs) to 1500 ppm by rf quenching technique.

Calculation of W(hfs) to order a mc . Result:

7 A 32 A mc~{hfs) = ————+2ln2 +order (n, 0 lno. )3 7r 9
= 203 381 MHz.

Unevaluated terms of order n and n inn will contribute 25 MHz
to 8'{hfs) if each of their coefficients is unity.

Showed, using charge conjugation (C) selection rules, that Sp 3p
is forbidden and that the 3S& (m= +1) states are unaffected by a
magnetic field.

Calculation of n =2 energy levels to order n mc, i.e., including
order n radiative correction.

1957 Harris and Brown (HB) Calculation of order ~ radiative corrections to X(1 Sp). Result:

X(l'Sp} = Xot1~So~ 1 — 5 —-7t = 0.798 xlp&p sec-&
4

1957

1958

1967

1967

Hughes, Marder, and
Wu {HMW)

Cherry (C)

Mills and Berko (MB)

Theriot et al. (T)

Measurement of S'(hfs) to 200 ppm by rf quenching.

Preliminary evidence of slow positron reemission when high-energy
positrons are incident on metal surfaces.

Set the branching ratio limit (~Sp —3y)/( Sp 2P) =2.8 xlp 6 as a
test of C-invariance in Ps decay.

Measurement of 8'(hfs) to 60 ppm using rf techniques and
determinationthatA. (1 Sp) = (p 799+0.10 x1p~p sec by use of hfs
linewidth. Results in agreement with theory (KK, 1952 and HB, 1957).
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TABLE I. (Continu ed)

Par ticip»ts Contributions

1968

1968-79

1970

Paulin and Ambrosino
(PA)

Brandt and Paulin (BP)

Beers and Hughes (BH)

Groce, Costello
McGowan, and Herring
(GC), 1968; Canter,
Coleman, Griffith, and
Heyland (CC), 1972;
Coleman, Griffith, and
Heyland (CG), 1973;
Mills (M) 1979

Fulton, Owen, and
Repko (FOW)

Coleman and
Griffith (CG)

Marko and Rich (MR)

Stroscio (S) and
Stroscio and Holt
(SH)

Discovery of nearly free 13S& Ps in low-density (0.1 gm cm 3),
small-grained (-100 A) powders of SiO2, A1203, and MgO. Observed
intensities are up to 20—30% of all incident e'.

Explanation of (PA) as Ps diffusion in the grains and calculation
of Ps diffusion constants and annihilation lengths.

Measurement of A, (13S&) in gases. Result: X(13S&)= (7.27+0.015) &&106 sec

Discovery that when high-energy positrons are incident on gold-
covered mica surface, 10 ~ emerge at 1 eV. Major advances after
this (using different moderators) were made by (CC) (10 6 slow
e+/incident fast e+) (CG) (3 &10 slow e'/incident fast e+), and
(M) (10 3 slow e'/incident fast e'). Slow e' are crucial in
rec ent Ps re search.

First calculation of some of the order G. tnt ' radiative corrections
to W(hfs).

Measurement of X(13S&) as X(13S~)= (7.26+0.015) &&106 sec ~ in
agreement with (BH).

Set the branching ratio limit (1 S& —4y/13S& —3y) & 8 &&10 as a test
of C-invariance in Ps decay.

Calculation of order n radiative corrections to ~(l S&). Result;

A, (l S&) = A.p(13S&) 1+ (1.86 + 0.5)—= (7.24 + 0.008) &106 sec

1975-77

1975

Canter, Mills, and
Berko (CMB)

Mills and Bearman (MBe)
and Kgan, Carlson,
Hughes, and Yam .(EC)

Canter, Mills, and
Berko (CMB) and
Mills, Berko, and
Canter (MBC)

Gidley, Marko, and
Rich (GMR), and
Gidley et aE. (Gi)

Caswell, Lepage, and
Sapirstein (CLS)

Gidley et al. (Gi)
Gidley and Zitzewitz
(GZ), Griffith et al.
(G)

Caswell and Lepage
(CL), Bodwin and
Yennie (BY)

Caswell and Lepage

Discovery that Ps is formed with up to 80% efficiency from slow
e+ beams incident on various metal surfaces.

Determination of W(hfs). Results (expressed in frequency units)
f(MBe) = (203, 387 +3..6) MHz and f(EC) = (203384+1.2) MHz in
agreement with theory (KK, 1952).

Discovery of n = 2 Ps and measurement of the 2 S&-2 P2 fine-structure
splitting as fp ——(8628+6) MHz. Results verify calculation of
(FM, 1954), including 231 MHz order n radiative correction.

Measurement of ~(1~S&) in SiO& powders and vacuum. Results:
X(Si02) = (7.10 +0.006) &&10 sec; A. (vac) = (7.09+0.02) X10 sec ' in
disagreement with previous theory and experiment.

New approach to solution of the relativistic two-body problem with
application to muonium and Ps.

Recalculation of X(1 S&). After correction of (SH, 1974) the
result is

&(1 S~}= Xp(1 S&) [1—(10.35 +0.07)(0./x}]= (7.038 &&106) sec

Reevaluation (Gi) of 1976 work of (GMR) and (G) to yield
X(Si02) = (7.067 +0.021) &&10 sec-, X (vac) = (7.050.+ 0.013) &&10 sec
New measurement of X{1~S&)in gases: X(GZ) ——(7.056+0.007) &&106

and X(G) = (7.045+ 0.006) &&10 sec-'.
Completion of all order n inn terms in W(hfs}. Result:

7 'cv 32 5 2 ~ 2 cv Rzc
W(hfs) = ————+2ln2 +—n2lno. ~+O(0.2} = (203400 MHz).3 7r 9

Uncalculated terms of order o. would contribute 7 MHz to W(hfs)
if their coefficient is unity.

Calculation of O(Q. lno. ') radiative corrections to X(l'Sp) and X(l S&):

X(1 Sp) =A.p(l Sp) 1 5 7r2 + ~2'~-)+Q(~2)A 1 p 2
vr 4 3

=(0.7984 + 0.0001) &&10 p see ~.

X(1 S&) =Xp(1 S ) 1 —(10.266 +0.008)——-n ]nn-
7r 3

= (7.0386 + 0.0016) &10 sec
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TABLE I. (Continu ed)

Date Parti cipants Contributions

Mills and Pfeiffer
(MP)

Observation of thermal Ps emission from a Cu (ill) surface bombarded
by 0-100 eV positrons.

Electron (positron) g factor: g;
Bohr magneton: ps em/-—2mc;
Fine structure constant: o'. = e2/hc = 1/137;
Electron (positron) g factor anomaly: a = (g —2)/2.

Note that static electron-positron properties (mass,
magnitude of charge, etc.) will be assumed to be iden-
tical (TCP theorem) unless it is specifically noted
otherwise.

The literature search for this article was completed-
in June 1980, although several articles of particular
interest which appeared through August have been in-
cluded.

B. Qualitative introduction to the Ps system

Positronium (Ps) is the electron-positron bound
state. The possibility of its existence was first sug-
gested by Mohorovicic in 1934. Its gross (Bohr) spec-
troscopic structure is equivalent to that of, hydrogen,
but with each energy level being half that of hydrogen,
since the reduced ~ass M is half of the electron mass
[M=(m, -)(m, )/(m, -+m, .) = 2m, ]. Thus, for example,
the ionization potential of Ps is 6.8 eV. The reduced
mass effect also causes the Ps distance scale to be
twice that in hydrogen. As in hydrogen, the ground
state of Ps is composed of three triplet spin states of
total spin one and a spin-zero singlet state, i.e. ,

and

(1.1a)

(1.1b)4S (m = 0) = —(& 0 —t 4) .1
S

Here &, g refer to electron and positron spin, respec-
tively, and rn denotes the projection of spin onto an ar-
bitrary quantization axis. These states are split by the
usual spin-spin hyperfine (hfs) interaction, which in
Ps is about 200 times larger than in hydrogen. The
size of the Ps hfs splitting in comparison to the hydro-
gen hfs splitting is primarily due to the positron-to-
proton magnetic moment ratio of 900. The hfs is then
reduced because of the increased distance scale and, in
addition. , increased by a quantum electrodynamic effect,
virtual Ps annihilation and re-creation, which accounts
for almost half of the hyperfine splitting W(hfs). The
singlet and triplet states annihilate, subject to various
selection rules, into primarily two and three photons,
respectively, with lifetimes of about 0.1 and 140 nsec.
The ri =2 level structure of Ps is similar to that of He
with a singlet-, triplet separation possible. The typical
fine-structure splittings between various values of J
(total angular momentum) are of order 104 MHz, as in
hydrogen. The degeneracy with respect to &, which in

hydrogen is lifted by the Lamb shift and by the hfs in-
teraction, is lifted by I ~ 8 coupling in n =2 Ps.

Although the similarities between Ps and either hy-
drogen or helium are interesting, the primary reasons
for studying Ps lie in its differen. ces from these sys-
tems rather than in its similarities to them. The most
important of these differences and their effects on the
Ps system may be classified as follows.

(1) Ps is a purely leptonic system; consequently,
high precision me asurements of the n = 1 hyperf ine
structure and decay rate and of the n = 2 fine structure
provide unambiguous and stringent tests of quantum
electrodynamic predictions. The difficulties of hadron-
ic structure calculations present in normal atoms need
not be considered in Ps. In addition, the above mea-
surements indirectly test &~&, since it is assumed in
all calculations that m, , =m, and

~
p., ~

=
~

p,, ~. Devia-
tions from exact equality would show up i.n the level
separations. etc. , however, these indirect tests are not
as sensitive as various direct tests of particle-anti-
particle equality which have been performed, such as
the electron. -positron mass and g-factor comparisons
whi ch show equality to 10 ' and 10 ', re spe ctive ly.

(2) The positron and electron are antiparticles;
therefore Ps can be used to study various symmetry
principles such as charge conjugation (C) invariance
and intrinsic electron-positron parity. The particle-
antiparticle nature of the system also makes possible
the investigations of both real and virtual self-annihila-
tion effects —processes which to date have been checked
in. detail only in Ps.

(3) The positron is a "light" nucleus; consequently,
when calculations of an accuracy comparable to the
current experimental precision of the n =1 hfs or trip-
let decay rate are needed, a number of interesting ef-
fects related to the two-body formulation of QED (via
the Bethe-Salpeter approach —or more recently the
Lepage approach) are tested.

I I. HISTORICAL OVERVIEW OF FUNDAMENTAL
POSITRON I UM R ESEARCH {1946-1966)

There have been several comprehensive reviews
which have concentrated on various aspects of funda-
mental Ps research. The most complete of these are
by Deutsch (1953), De Bennedetti and Corben (1954),
and Stroscio (1975), while a review stressing the solid-
state aspects of positron and Ps research is currently
being prepared (Berko, 1980). Those interested in a
comprehensive and detailed historical review of the
subject are invited to use Table I of this article in
conjunction with this section, the above reviews, and,
of course, the original articles. The work by Stroscio
primarily stresses theory, while the Deutsch and
De Bennedetti reviews include both theory and experi-
ment. In addition to the above articles, excellent but

Rev. Mod. Phys. , Vol. 53, No. I, January 1981
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less comprehensive surveys of fundamental Ps re-
search have been written by Hughes (196S), Mills,
Berko, and Canter (1977), and Berko, Canter, and
Mills (197S). Finally, a very extensive review related
to recent work on the production and use of low-energy
positron beams has recently appeared (Griffith and
Heyland, 1978a). In the historical overview which we
now' present we will limit ourselves to mentioning only
the highlights of the period 1946-1966. A detailed re-
view of Work since 1966 with particular emphasis on
research performed in the past five years will take
place within the context of the article itself. In addi-
tion, we will use the overview presented in this sec-
tion as a vehicle to introduce, without derivation, the
primary equations and concepts relating to the basic
properties of Ps as known up to 1966.

A. The theoretical foundation prior to the discovery of
pOSltrollIUIYl (1946- I 951)

(2.la)W, (hfs) = [--.'+ ~'(—,', ——;,+-,')]~'mc',

W, (hf.) =[ —, + ( —,';)j
Here the term ——,'& mc in S'~ and Wz is the Coulomb
interaction (-6.8 e V), the terms —' o'~ and ——,

' o'~ repre-
sent the triplet and singlet spin-spin interaction with
Hamiltonian

(2.1b)

0'& ' u2 Cr& rO'2
ss

and the term ——' &4 represents the usual hydrogenic64
type of relativistic effect due, for example, to the
relativistic mass increase, etc. These terms are
summarized in the Feynmann diagram of Fig. 1(a).
The extra term +—,

' & mc2 in W~. is due to virtual anni-
hilation of Ps [Fig. 1(b)]. Conservation of C forbids
this process for singlet states since they are even un-
der C, while the one-photon virtual state is odd (see
the latter part of this section for a discussion of C
selection rules in Ps decay). Pirenne also calculated
the n'S Psodecay rate into two gammas (not including
radiative corrections) as

4po(2y)v 8 x 10'
n n

sec (2.2a)

The earliest specific calculations involving Ps were
by H.renne, who calculated the hfs of n =1 Ps and the
fine structure of Ps for arbitrary n. This rather com-
prehensive attack on the Ps level structure was com-
pleted in 1943, but not published until 1946 (Pirenne,
1946). Its publication preceeded by six years the actual
discovery of Ps. Hrenne's major result was that the
n = 1 triplet and singlet state energies Wr(hfs), W~ (hfs)
are given by the expressions

e
l

l
I

I

I

e
(0)

(2.2b)

where the nuclear unit of frequency mc2/5 is 2 x10"
sec '. The Feynman diagram representing this calcu-
lation is shown in Fig. 1(c). In addition to the above
work, H, renne calculated the fine structure for n~ 1
and estimated the decay rates for three-photon emis-
sion as being down by a factor of from the two-pho-
ton case.

Wheeler in 1946 made similar decay rate estimates
and also predicted that the y's from bound or free
singlet annihilation would be plane polarized with or-
thogonal planes of polarization if electron and positron
have opposite intrinsic parity. This prediction was
verified by a number of workers during the period
1948-50 (see Table I). In addition, further calculations
of the fine structure to order & me2 for arbitrary n
were completed by Berestetski and Landau (1949) and
Berestetski (1949) with final results including virtual
annihilation terms and corrections to previous work
being presented by Ferrell (1951).

The next major advance came in 1949 when Ore and
Powell succeeded in calculating the decay rate (not
including radiative corrections) for 1 S,-3y [Fig. 1(d)]
as

(C) (d)
FIG. 1. (a) FeynMan diagram representing the exchange of a
covariant photon. This diagram includes a11 effects in ex-
pressions (2.1a) and {2.1b) with the exception of the term
4 a- me in Eq. {2.la). (b) Feynman diagram representing
virtual annihilation of Ps. This effect adds ~4 n mc to S'&
and comprises 40@ of the triplet-singlet splitting 8'(hfs). (c)
Feynman diagram representing the lowest order decay of '

singlet (n = 1) Ps fko(l'So)j. (d) Feynman diagram representing
the lowest order decay of triplet (n =1) Ps P.o(l 8&)].

tron radius, and the subscript on Xo refers to the
zeroth order calculation, not including radiative and
other types of corrections. The factor of 4 multiplying
po(2y)v in Eq. (2.2a) occurs because o(2y) represents an
average over initial electron and positron spins, while in
Ps only the singlet state contributes to two-photon an-
nihilation. We note that Xo(zz'So) may be more sug-
gestively written as

Here p is the electron density at the position of the
positron

2

z,(1'S,) =—o.' (zz' —9) =7 x lo' sec '. (2.3)

p = —(o.mc/2azz ),1 3

o(2y) is the Dirac plane-wave cross section for two-
photon pair annihilation, which in the limit y- 1 is
given by o(2y) = pro(c/v), where v is the relative elec-
tron-positron velocity, ra= e2/mc' the classical elec-

Ore and Powell also showed that for this process the
probability of emission of a p ray of energy E is es-
sentially linear in E. Most of the theoretical structure
of Ps, including calculations of the hyperfine and fine
structure splittings, decay rates, some selection
rules affecting annihilation, etc. , had thus been deter-

Rev. Mod. Phys. , Voa. 53, No. 'I, January 1981
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mined by 1949. There had not as yet been any calcula-
tions of radiative corrections; but, as mentioned in la-
ter references, work on radiative corrections to the
fine and hyperfine structures was apparently already in
progress. The extent of theoretical interest in Ps was
quite striking, considering that the object of interest
itself had not as yet been produced. There was, in
fact, no may that the numerous theorists working on
Ps calculations could easily have anticipated that, even
if Ps m'ere to be produced, the experimental precision
in determining energy splittings, decay rates, etc. ,
mould ever be sufficient to compare quantitatively mith
theory.

B. The discovery of positronium and socceeding
advances ('1951-'1968)

The experimen. tal situation changed dramatically in
1951 when Deutsch reported that he had produced Ps in
gases and in addition had made the first crude but im-
portant measurements of W(hfs) to +15 lo and of A. (1'&,)
to +10%. The first hyperfine structure determination
was based on a magnetic quenching technique. In order
to understand the technique, as well as much other
Ps-related research, it is necessary to rn@ke a short
digression at this point in order to outline the behavior
of n= 1 Ps in a magnetic field. Magnetic fields cannot
split the m = +1 states, as can be shown by applying the
combined operation of rotation about the magnetic field
of 180' and C (or TCP) to the Hamiltonian operating
on these states (Wolf enstein and Havenhali, 1952). The
magnetic part of the Hamiltonian B„ime xgsT (m = 0)
and gs. It is given to first order in the field B by

& =—p, B[a (e )-v (e')].
Here we take account of quantum electrodynamic ef-
fects (the g-factor anomaly —a), as well as relativistic
binding and center of mass motion effects [see, e.g. ,
Lewis and Hughes (1973) or Grotch and Kashuba (1973)]
by writing

tr', , a r( esteer- mas)s)—= ~1+ay 1 ——&
2 24 2me'

, (~, +y2XT) = Xs'(2y)+~,'(3y) (2.4r)

Here x =2&'& sB/W(hfs) =B/36. 5 kg; y =x/[1+ (1+x )~ ];
x' (2y), xT'(3y), As(2y), and xs (3y) refer to partial de-
cay rates into the 2y or 3y channels from $T and tt 2,
respectively; and we have taken the zero of energy to
be Ws, i.e., WT —W(hfs) = W. The quantities WT, Ws,

and Xs are graphed, to scale, as functions of B in
Fig. 2.

Deutsch's first measurement of 8' used a magnetic
quenching technique. Magnetic quenching refers to the
decrease of 3y annihilation events from |ttT as a function
of B T.he ratio of 2y to 3y decays from pT is

T = ~,' (2y)/~', (3y) = (y ') (~,/~, ) = !x'(~, /&, )

as can be seen from Eq. (2.4a). Thus the fraction E»
of 3y decays from the triplet states is (m =+ 1 unaffec-
ted by B)

(2.5)

The fraction of 3& decays actually observed depends on
detector configuration, the number of y's (one, two, or
three) required for an event, and detector energy set-
tings; but if As/XT is presumed to be known, it is clear
that measurement of &3y vs S yields x and therefore TV.

Deutsch and Dulit used this technique to determine W to
+15%, thereby confirming the virtual annihilation term
(40%) or W).

Immediately thereafter, however, Deutsch improved
the precision of the measurement enormously by intro-
ducing a radiofrequency (rf) quenching technique which
has been the prototype for all the subsequent high-pre-
cision measurements of S'. The technique consists of
applying a static magnetic field B (typically B—8—10
kG) in the Ps-forming region and then applying an rf
magnetic field B, cos( 2mft) perpendicular to B. For
technical convenience (Sec. IV.A2) B (i.e. , x), rather
than f, is then varied and when for a fixed f (f=f~)

Diagonalization of the energy matrix including H~ but
not including effects due to the annihilation of the sing-
let and triplet states lead to the following well-known
(Berestetski, 1949; Halpern, 1954; Bisi et at. , 1962)
approximate expressions for the fieM perturbed eigen-
states, energies, and decay rates:

6.0

1
PT (1+ 2)J/2 (~T+ykS) s (2.4a) 0/L

1
4S (1 2)l/2 4 S yOT) s+g

(2.4b)

W,' =-.' W, [1+(1 +x')V'] W$1+-.'x'],
2.0-

W; =-,'W, [1 —(1+x') /'] --,'x'W, (2.4d) 4.0—

,(~ +y 2~, )1 +p

= ~,'(3y)+ ~,'(2y) ~, + —,'x'~, , (2.4e)

I I I l I

0 2.0 4.0 6.0 8.0 10.0 &2.0
NAGNET(C F(ELD (&G]

FIG. 2. The energy levels of Ps in a magnetic field (to scale).
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Wr (x) satisfies the approximate condition

Wr' —Wr =hfo= ghv[(1+x')~' —lj, hv = W (2.6a)
(2.7b)

transitions are induced from gr (+1) to gr and vice ver-
sa with equal probability. ance Xr' is (10-20)Xr due to
the presence of the field B, the transition $r (al)- gr
predominates if B, is chosen so that the transition rate
(X„) for the process is much less than Q, but of order

(typically B,-10 G), implying X„,—~Ar- (2-3)
X 10 2Xr. The gr(+1)- gr transition causes an increase
(decrease) in the 2y (3y) decay fraction, since at the
value of B used g decays primarily into 2w's. Detec-
tion of the change in one or the other of these fractions
with B yields an approximately I orentzian resonance
line whose fractional natural linewidth (full width at
half maximum intensity or FWHM) is given by the usual
uncertainty principle relation as

(2.6b)

If we use Eqs; (2.4c) and (2.4e), under the conditions x
«1, and x'A. s» Lz, we may rewrite Eq. (2.6b) as

6B =3.1 & 10B 4@v
(2.6c)

O'=- S' + 8', ++' + (2.7a)

One obtains W from fo and the value of x(B) at reso-
nance using Eq. (2.6a). ln principle one could also ex-
cite the direct singlet-triplet transition at v = 203 GHz;
however, the microwave power necessary to do this is
still extremely difficult if not impossible to obtain at
the frequency in question (Sec. IV.A.2).

By 1954 Deutsch had succeeded in measuring W to
250 ppm, with his results being confirmed by a 200 ppm
measurement shortly thereafter (Hughes, Marder, and
Wu, 1957). Recently measurements at 6 and 8 ppm
have been published (Mills and Hearman, 1975; Egan
et a/. , 1977). The fundamental problem in the recent
work has been that of splitting the line to more than one
part in one thousand in the face of a 5-10% signal amp-
litude, with the need for line-shape corrections due to
the non-I orentzian nature of the line. In addition,
there is a need for systematic corrections for pres-
sure shifts caused by collisions of the I's with the
background gas in which it is formed. These matters
arid the experiments themselves will be dealt with in
detail in Sec. IV.A.2. We note here again, however,
that these experiments, the most precise performed
on Ps, are of the utmost importance, both as a test of
quantum electrodynamics and as a test of the two-body
formulation of relativistic quantum mechanics.

The next major steps taken to understand the Ps sys-
tem were theoretical in nature. In 1952 Karplus and
Klein were the first to calculate radiative corrections
in Ps [see also Fulton and Karplus (1954) for further
work on the two-body formalism and a check of the
Karplus and Klein calculation]. Their calculation of
radiative and other relativistic corrections to W to or-
der ~'mc was in fact ne cessary in order to obtain
agreement with the measurements of Deutsch et al.
The result of their calculation may be expressed as

4
— —+ 2 ln2 (2.7c)

Since, as the above authors also showed, the A photon
state is also an eigenstate of C with eigenvalues (-1)~,
conservation of C in the decay process leads to definite
selection rules for the number gV) of gammas emitted
from the decay of any specific state. Thus, for ex-
ample, for the ground state (n = 1, / = 0)g~ - odd number
of y's or gr- even number of y's is greater than two,
is strictly prohibited by C. Workers as far back
as Pirenne had recognized that the decay tpr - 2y
was forbidden by considerations of space symmetry
and spin but until the above research, the decay g~
-3y, for example, was considered possible although
the probability for this process had been shown to be

I +
, e
I

(c)

(d) (e) (~)
FIG. 3. Feynman diagrams representing all contributions to
+"g t:Eq (2.7&&l l~z= ~g&+ + +"y= —(&/4~) (2/9+ 2»2)
+ im/4 (units n me )]. (a) Virtual annihilation plus photon ex-
change: W~~= —(o. /7r). (b) Vertex correction diagrams gffy
= (n/37r). (c) Virtual annihilation plus vacuum polarization
( 5& only): 8'&d = (-2a/9'). (d) Vacuum polarization: R'& = (}.
(e) Two-photon exchange: TV~~ = -~/27'. (f) Two-quantum an-
nihilation( so only): He w&&

= (o./2')(1 —ln2), Img~& = (A/2)A
= (cv/4).

Here Wo is the zeroth-order hyperfine interaction (of
order 203 000 MHz) as calculated by Pirenne (Feynman
diagrams shown in Fig. 1) and W, is the order o."mc'
(1000 MHz) contribution due to first-order radiative
corrections to the basic interaction as well as to other
effects (Fig. 3). Only a partial calculation of the sec-
ond-order (o.'2 and o'2 inc.') corrections to W, W, has as
yet been completed. Since H', could well contribute a
100 ppm (10 MHz) correction to W, it must be calcula-
ted before a precision comparison with the 5 ppm ex-
perimental values can be carried out. We present a
more detailed account of recent contributions towards
evaluation of %', in Sec. IV.A.1.

An important clarification of the selection rules in
Ps decay also occurred in 1952-3 when Wolfenstein
and Ravenhall (and independently, Michel) showed ex-
plicitly that Ps in a state of definite' relative angular
momentum (l) and spin (total spin, s) is an eigenstate
of the charge-conjugation operator, C, with eigen-
values (-1)' ", i.e.,

(2.6)
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10,000--
SINGLET(S =0) TRIPLET (S =1)

2 Si(+7413+232)
T'(3y) =1.1 psec

zero to order n by explicit calculation (Drisko, 1952;
Wolfenstein and Ravenhall, 1952). Additional calcula-
tions by Wolfenstein and Ravenhall relating to the lack
of effect of magnetic fields on the energy levels of the
'S, (m =+ 1) states have already been mentioned.

Two further significant theoretical contributions
rounded out the first decade of Ps research. The first
of these was the calculation of all corrections of order
&'me' to the n=2 energy levels by Fulton and Martin
(1954). Their main results were that the magnitude of
the radiative (Lamb shift), recoil (finite "nuclear"
mass), and virtual annihilation contributions to order
&'rnc' were most pronounced in the 2'&, and 2'~0
states. These were typically 50-300 MHz for each
type of contribution, as compared to fine-structure
shifts of order 104 MHz as calculated by Pirenne. The
order &'mc2 effects on the 2P states were shown to be
only of order 1-20 MHz, though the fine-structure
shifts in these states is similar to those in the 2~
states. The reason for the smaller 2P shifts is that
the contributions mentioned above are "short range"
or contact, i.e. , depend strongly on the size of the
wave function near the origin. The n = 2 level structure
is shown in Fig. 4.

Experimental verification of the work by Fulton and
Martin did not occur until the recent breakthrough by
the Brandeis group, who succeeded in producing the
n = 2 state for the first time (Canter, Mills, and Berko,
1975). This group also measured the 2 S~ 2'P, fine-
structure splitting to an accuracy of 0.1% (Mills,
Berko, and Canter, 1975), thereby quantitatively con-
firming the 3% radiative correction to the 2'S, level

predicted by Fulton and Martin (see Sec. V.B. for a
discussion of the experiment).

The next calculation of importance occurred in 1957
when Harris and Brown computed the order & radiative
corrections to A. (1'SJ (see Fig. 9 for the Feynman dia-
grams representing radiative corrections to singlet Ps
decay). This was the first calculation of radiative cor-
rections to any decay rate. Their result may be writ-
ten as

~(1'S,) = ~.(1'S,)+ ~, (1'S,)+ X,(1'S,)+ ~ ~ ~ .
Here

(2.9)

mc'
X (1'Sg=—

2
=8 X10' sec ' [Eq. (2.2b)],

X,(1'Sg= —X,—(5- —,'w') = —5 X 10 'X (1'Sg,

X (1~So)-O(&2 o', 2 inn.'~)X

where the process 1'S,—4y, as well as radiative cor-
rections of order o'2, is included in X2.

A detailed analysis of this calculation may be found
in Stroscio (1975). The results have not yet been veri-
fied experimentally although an indirect measure-
ment of X(1'Sg at the 10 ' level of accuracy has been
performed [Theriot et al. (1967)—Sec. IV.B.2).

In the decade following the calculation by Harris and
Brown (1957-66) very little real progress was made in
the theoretical understanding of Ps, in measurements
of its properties, or in its use as a tool for elucidation
of more basic physical laws. The recent progress in
the above areas seems, interestingly enough, to date
fairly explicitly from the years 1967-8, as can be
seen from Table I. As stated at the beginning of this
section, we will not be looking at the past decade's
work in this overview since it constitutes the subject
matter of this review, and as such will be presented
in detail beginning in the next section.

0
'/6 Ry

2 Pe(-981+1)
'Y(2y) -100)jsec

2"P, (-3,536-3) 7'(z'v, ]*s,)-s.Pnsec }
T(3y) -3000psec 23P„(-5.360-5)

l T(2'P, ~ 1'So) -32nsec
1 3y 3000ysec

&lp~v, t's, )-xcnsec }
-10,000— 2 Po(-'l0, 835-16

1 (2y) -100psec
Tf2*Po 1'S,)-32nsec }

-20,000--

2 So (-18,'I35+357)

1 (2y) -1nsec

FIG. 4. The n=2 level structure of Ps. The numbers in
parenthesis represent the O(n4) (fine structure) and O(n~)
(radiative corrections) to the Bohr energy level (8 By). Thus,
for example, these corrections in 2 P& are -3536 and -3 MHz,
respectively. Estimates of the leading annihilation modes and
optical decay rates are also included.

I I I. POSITRONIUM FORMATION TECHNIQUES

A. The standard technique —Ps formation in gases

The object of most of the experiments to be discussed
in the subsequent sections is to ascertain a particular
property of Ps (fine- or hyperfine-structure interval,
decay rate, etc. ) and eventually to compare this prop-
erty with the value predicted theoretically. The value
calculated theoretically always assumes Ps to be lo-
cated in vacuum, while, until very recently, the Ps
formed experimentally was located in gas (Ar, N2, etc.).
Corrections necessitated by this fact will be mentioned
below and discussed in detail in Sec. IV.

The process by which a positron of typically several
hundred kilovolts energy emitted from a radioactive
source slows down in a gas and eventually picks up an
electron to form Ps has been thoroughly discussed in
the literature (DeBenedetti and Corben, 1954; Massey,
Burhop, and Gilbody, 1974). For our purposes, the
principal features of the process are that under typical
experimental conditions often including the presence of
static and rf electric and magnetic fields, in chambers
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of volumes of a few liters and at gas pressures of order
one atmosphere, as many as 25-50% of the incoming
positrons from a source can form Ps, typically within
10 ' sec of positron emission. The Ps so formed is

-perturbed due to collisions with the gas, but the effect
of the perturbation on the quantities of interest men-
tioned above cannot be reliably calculated and corrected
for. Consequently, the data necessary for an empirical
plot of, e.g. , W(hfs) or A(13S&) vs gas density (p) are
obtained, and with assumptions concerning the linearity
of the extrapolation, the vacuum value of W or ~ is esti-
mated. The extrapolation from the measured points to
the intercept or vacuum value is often over several
standard deviations of the quoted result. Naturally, the
extrapolation and its possibl. e nonlinearity may be re-
duced by reducing p. This, however, results in lower
Ps formation efficiency and, in most cases, an unsup-
portably long time for data collection. The parameters
presented above represent an optimization with regard-
to data collection time, extrapolation, and other sys-
tematic effects. The need for Ps formation in a back-
ground gas presents a problem in high-precision Ps
experiments which is either not present or present to a
reduced degree in analogous experiments on, for ex-
ample, hydrogen.

B. Ps formation in small grained powders

Paulin and Ambrosino (1968) discovered that if posi-
trons from a source were incident on a variety of
small-grained (70—90 A size), low-density (0.5 gm
cm ') powders of MgO, A1203, or Si02, then up to 30%
of the positrons can form Ps. The t, riplet component of
the Ps so formed was found to have its lifetime de-
creased by less than 1% from the vacuum value of 140
nsec. This was surprising in, view of the fact that, up
to that time, 1 8, Ps formed in solids showed lifetimes
of only one-two nanoseconds —as determined by annihi-
lation with an electron of the solid in a relative spin
singlet state (pick off). The powder phenomenon was
explained by, Brandt and Paulin (1968), who showed that
1 8& Ps formed in a grain can diffuse out of the grain in
a time well under the 1-2 nsec pick-off lifetime in. the
bulk soli.d. They estimated a Ps diffusion constant,
D = 6 & 10 cm~ sec ~. Once out of the grain, the Ps
makes many thousands of collisions with grains in a
lifetime (assuming thermal velocity); however, it is
presumably energetically forbidden from reentering a
grain. In addition, it is kept sufficiently far from the
g rain by short-range repulsive forces so that the anni-
hilation probability per collision ip small enough to give
the minimal observed change in lifetime. These latter
ideas have been explored quantitatively by Ford, Sander,
and Witten (1976), who expect a short-range repulsive
force due to interaction of Ps with the electrons of the
grain with a potential of the form

(3.1)

Here, x is the Ps-grain distance, Vo the work function
of Ps (of order 1 eV), and a the penetration distance of
the electron wave function into the vacuum (of order
0.5 —1 A). Such a potential, with parameters as chosen
above and assuming a reasonable pick-off rate near the

grain surface, gives a good estimate of decay rate and
the correct dependence of decay rate on bulk density
and grain si.ze.

The importance of the discovery that copious amounts
of nearly free Ps can be formed in powders lies in the
facts (to be discussed in detail later) that the Ps can be
formed in volumes of order (1-10)cm, rather than a
few liters as with gases, and that at the densities in use
the overall shift of W(hfs) and X(l S&) from their pre-
sumed vacuum values may be smaller than in a gas
under the conditions discussed in the preceding section.
We note, however, that measurements of W(hfs) have
not yet been made in low-density powders so that the
above statement is, in fact, an extrapolation from mea-
surements of W(hfs) in compressed (p-1 g cm ) pellets
of A1~03 and Si02, etc. (Judd et a/. , 1973; Yam et al. ,
1976). These workers found that W(hfs) was shifted
down by 100 ppm in the pellets. Both the "point" geom-
etry and the possible reduced extrapolation have been
or can be of major importance in increasing the preci-
sion of measurements made on Ps. A negative factor
ln the use of powders ls, however, the possibility that
the extrapolation with respect to density in order to ob-
tain a vacuum value may be nonlinear. This possibility,
along with a similar possibility in the case of measure-
ments performed in gases, must be considered and will
be discussed at length in the context of specific experi-
ments.

C. Production of slow positron beams and the formation
of Ps on solid surfaces

Clearly, the confinement of Ps in vacuum would con-
stitute a great improvement over Ps formation in gases
or powders, at least insofar as the need for systematic
corrections to measured values is necessary. A start
towards the production and confinement of "vacuum" Ps
has indeed been made; and although- the amount of Ps so
formed is sufficient to perform the experiments to be
discussed, an increase in the amount of vacuum Ps
available would constitute an important improvement in
these experiments.

Vacuum Ps has been produced through a synthesis of
two techniques, each of importance and interest in its
own right. The first of these involved the discovery
[Cherry (1958); Groce et nf. (1968)—Table E] that when
positrons from a radioactive source (mean energy typ-
ically several hundred keV) are incident on various
types of surfaces, up to 1 in 10~ emerge at an energy of
about 1 eV. Subsequent research on this phenomenon
has, through use of single-crystal Cu targets in 10
torr vacuum, improved the efficiency of low-energy
emission to about 1:10 slow e per incident fast e with
eventual efficiencies as high as 6 &10 considered as a
possible limit (Mills, 1979). Typical efficiencies pos-
sible using various powder-coated surfaces in vacuums
of 10 ~ —10 torr are 10 5 —10 4 (Pendyala and Mc-
Gowan, 1980; Zitzewitz, 1980). The width of the energy
distribution of the slow positron component varies be-
tween roughly 0.2 and 0.5 eV, depending on the method
used for slow positron production. Slow positron beams
of typically 10 -10 positrons/sec are now available in
many laboratories, and beams of (10 -10 ) positronsj
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sec should be feasible using radioactive source
strengths of only a few curies. Finally, it has recently
been shown [Zitzewitz et af. (1979)—Sec. IV.D.2] that
the slow positrons emitted from MgO-coated gold foil
are polarized with degree of polarization P =0.22'0 02.
This discovery should have ramifications of importance
in solid-state physics and, if some increase in the ac-
curacy of measurement of the polarization can be ob-
tained, to an analysis of the slow-emission process it-
self.

Research concerning the production of slow positron
beams and some of the hypotheses advanced to explain
the phenomena of slow positron emission and its asso-
ciated features of interest are discussed in detail in a
number of recent articles presenting new work on the
subject, particularly Lynn (1979) and Mills (1979). In
addition, production of slow positron beams and their
use in positron-atom scattering experiments are dis-
cussed in the review articles by Griffith and Heyland
(1978) and Berko, Canter, and Mills (1979).

The technique leading to the production of vacuum Ps
was the discovery by Canter, Mills, and Berko (1974)
that when positrons of order several to several hundred
eV of energy formed from initial beams of 1 eV posi-
trons, created as described in the previous paragraph,
are incident on various surfaces (Au, Ti, Cu, etc. ), up
to 80% of the incident positrons can form Ps, which
subsequently leaves the target surface and enters the
surrounding vacuum region. This technique led imme-
diately (Canter, Mills, and Berko, 1975) to the dis-
covery of n=2 Ps (1:104 of the Ps leaving the surface
was in the n=2 state). Confinement of the n=2 Ps in a
microwave cavity then led to the first measurement of
the n =2 fine structure by Mills, Berko, and Canter
(1975) (Sec. V). Finally, a simila. r technique has been
used by Gidley et al. (1976) to measure accurately
X(1 &z) in a vacuum (Sec. IV.B.4).

The process by which Ps is formed at or near the
surface of the moderator in question is of intere'st for
solid-state and surface physics as well as for Ps re-
search, and it has been explored in detail by a number
of experimenters. The most recent published research
of interest (Mills and Pfeiffer, 1979) presents evidence
for thermal as well as nonthermal Ps emission from a
Cu (111)surface. The consequences of this discovery
for fundamental Ps experiments could be far-reaching,
since, for example, as discussed by the above authors,
Ps at thermal energies would result in fewer Ps-wall
collisions when Ps is confined in vacuum experiments
which measure the n= 1 triplet decay rate (Sec. IV.B.4)
and the n=2 fine structure intervals (Sec. V.C). In
addition, Ps moving at thermal velocities would de-
crease Doppler broadening in the fine-structure mea-
surements and would necessitate reduced laser power
(due to localization of the Ps) as well as reduced sec-
ond-order Doppler shifts in possible n= 1 to ~=2 Ps
excitation experiments, experiments which have been
under consideration by various groups for a number of
years.

The most recent theoretical attacks on the problems
of Ps formation at surfaces and slow positron emission
are presented by Oliva (1979, 1980), Nieminen and
Oliva (1980), Chu, Mills, and Murray (1980), and Pen-

dry (1980). These works contain references to prior
theoretical and experimental research in this area.

IV. R ESEARCH ON 6ROUND-STATE POSITRONIUIVI

A. Hyperf ine-structure measurements

'I. Theoretical advances

A summary of n =1 hfs calculations up to 1966 has
been given in Sec. II [Eqs. (2.1a and 2.1b) and (2.7a—
2.7c)] and in Fig. 3. Rewriting Eqs. (2.7a)-(2.7c) for
completeness, we have TV =Wo+8", +W, +, where
in units of 4e'nlc'=87000 MHZ, Wo= 3

and

A 32—+2 ln2
9

The term 8'& contains contributions of order cy and
o.21na ', i.e. , contributions of order 5-20 MHz or (25-
100) ppm of Wo if the coefficients of o2 and n2 Inn ' are
of order unity. The primary directions of theoretical
research since 1967 have been (i) calculation of W2

using essentially the techniques employed in the calcu-
lation of W, by Karplus and Klein and (ii) a new two-
body formalism in which the Bethe-Salpeter (BS) equa-
tion is reduced to an equivalent Dirac equation (Lepage,
1977) or for essentially nonrelativistic problems (muon-
ium or Ps) to an equivalent Schrodinger equation with
reduced mass (Caswell and Lepage, 1978, 1979; Bar-
bieri and Remiddi, 1978).

We first direct our attention to the current situation
regarding calculation of 8",. This is summarized in
Table II (Repko, 1978), in which we also include Wo and
%'& for completeness. The first contributions to Wz to
be calculated were the recoil diagrams of order cv lno.
(Fulton, Owen, and Repko, 1970, 1971). Next to be cal-
culated were contributions, also of order e inn
arising from the vacuum polarization correction to the
annihilation diagram (Barbieri, Christillin, and Remid-
di, 1973; Owen, 1973). We note that it was originally
felt (Karplus and Klein, 1952) that three-photon dia-
grams of this type could only contribute terms of order
cv . Yet further contributions of a similar nature have
recently been discovered (Barbieri and Remiddi, 1976;
Lepage, 1977; Caswell and Lepage, 1978; Bodwin and
Yennie, 1978). Since Inc. ~ =4.9, terms of order
e in+ ' have a sizeable effect on TV2. The coefficient of
a Inn ' is currently ~ (Table II), so that the total con-
tribution of the order n inn ' diagrams to W is 19.1
MHz or 100 ppm! It is hoped that all corrections of
this order have now been calculated. However, in view
of the ever new contributions which keep coming to
light, it is perhaps useful to quote the feelings of Bar-
bieri and Remiddi, who state at the end of an article
(Barbieri and Remiddi, 1976, p. 261) in which they
discovered a new &'lna ' term, "Even without a
detailed scrutiny of the problem, recent history of
the Ps ground state splitting calculation indicates that
it is legitimate to ask the question whether equation 19
(their final result for the o. Inc. ' terms) is the full
story for the e inn ' terms. " Since Lepage did indeed
uncover new contributions within a year, the caution
evidenced by Barbieri and Remiddi has already been
borne out.

We now turn to the order n corrections in W2. The
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first such correction to be calculated was the static
term, —3.88m (Fulton, 1973). At about the same time
e contributions from the fourth-order vacuum polari-
zation contribution to W2 were also calculated (Barbieri
et al. 1973; Samuel, 1974). A slight discrepancy (1
MHz) between the Barbieri and Samuel results still
exists, and we have used the mean of the two calcula-
tions in quoting the coefficient of the vacuum polariza-
tion term and the final value of S'.

A program to calculate the two-photon and the three-
photon virtual annihilation contributions to order n was
begun in 1977 with the calculation of the three-photon
terms (Cung et al. , 1977), with the result that such dia-
grams (Table II) contribute only -0.91 MHz to W2. The
two-photon calculation, completed in 1978 (Cung et al. ,
1979), gave a much larger result, viz. , 13.13 MHz!
The total coefficient for the 2y plus 3y terms is 2.62m,
as shown in Table II.

Finally, we turn to the recent work of Lepage (1977)
and Caswell and Lepage (1978, 1979). Lepage has, in
effect, introduced a new two-body bound state formal-
ism into the theory. In this formalism the exact Bethe-
Salpeter equation is reduced to either an equivalent
Dirac equation (useful when the binding is relativistic
as in high Z atoms) or to an equivalent Schrodinger
equation useful for muonium or Ps I see also Barbieri
and Remiddi (1978) for a similar formalism applied to
Ps]. This is done by placing one of the two particles on
the mass shell. The major advantages of this approach
(paraphrasing the Lepage and Caswell-Lepage articles)
are that the bound-state equation is essentially an equa-
tion for a single particle with reduced mass. In the
nonrelativistic case the solutions of the zeroth-order
problem are essentially the hydrogen atom wave func-
tions —i.e. , unlike the usual BS equation, an exact solu-
tion exists. The corrections to this first approximation
are then readily given by a systematic perturbation
theory approach. Other advantages to Lepage's formu-
lation, of specific interest for Ps hfs calculations, are
that the zeroth order wave functions are finite at the
origin, so that the expectation value of the one-photon
annihilation kernel is finite. In the BS formalism this
kernel can be made finite only after a complex (infinite
order in a) renormalization procedure. In fact, all re-
normalization related infinities can be removed order
by order in Lepage 's method in a manner identical to
that used for treating on-shell amplitudes. This simpli-
fies the analysis and numerical evaluation of high-order
terms. Finally, Caswell and Lepage note that the free-
particle spinor structure of the wave functions facili-
tates the use of computers for doing the large amount of
algebra implicit in all of the order o. Ps hfs diagxams.

The first result of this new treatment (Lepage, 1977)
was the reevaluation of recoil terms of order n inn
previously considered (Fulton, Owen, and Repko, 1971)
but not fully evaluated because the above authors used
one rather than two iterations of the BS equation. This
new contribution is included in the —,'o ln~ ' term in
Table II. A further calculation using the new techniques
yielded new annihilation terms of order e inn ' as well
as the first (1.09m ) recoil contribution to W2 and also
the 0.09m addition to the vacuum polarization terms in
the same order. Both of the latter terms involve infi-

nite Coulomb exchange (Table II). In addition, a start
has been made on order e radiative corrections to one-
photon annihilation (Buchmuller and Remiddi, 1980).

We conclude this brief summary of recent theoretical
work on a hopeful note by paraphrasing Caswell and
Lepage (1978, p. 816), who state in their conclusion,".. . only terms in W, (order n') present a major concep-
tual problem. Evaluation of the remaining terms in TV, is
straightforward though perhaps tedious. " It is now anti-
cipated that calculation of TV2 may be completed in the
near future Iprivate communication, G. P. Lepage
(1980)]. Since terms in W3 (order n and n'In (n ) are
only of order 1 ppm of W (coefficient of n 1nn ' taken
as unity), a completed calculation of W2 will allow an
unambiguous test of Lepage's work at the level of the
current experimental accuracy (6 ppm). More specifi-
cally, this would mean that typical coefficients of order
n Inn ' in W~ would be tested at the 5/~ level, while
coefficients of order a would be tested at the 25% lev-
el. This would certainly be an exciting and important
test of the relativistic two-body formulation of quantum

electrodynamics.

2. Experimental advances

a. Introductory remarks

Major improvements in the accuracy of measurements
of W have recently been made by the Brandeis (Mills
and Bearman, 1975) and Yale (Egan et a/. , 1977) groups.
Current accuracies in the 5 ppm regime have been re-
ported. Both groups used essentially the same tech-
nique, observation of the rf perturbation of the 2y and
3y decay of gr(+1) and gr' as pioneered by Deutsch (see
Sec. I.B for an introduction to this technique). Improve-
ments over Deutsch's original measurements have come
about largely as a result of greatly improved y-detec-
tion efficiencies which permit large numbers (of order
10~0) of Ps decay events to. be observed with reasonable
run times. The major uncertainties in this measure-
ment are associated with the extreme line splitting ne-
cessary (the natural line width is 6200 ppm) and with
the effect of the background Ps-forming gas on the Ps
itself. In this section we will outline the essential de-
tails of the experiment with major focus on the above
uncertainties.

Our point of departure for discussion of the hfs mea-
surement will be Eq. (2.4a)-(2.4f), Fig. 2, and Fig. 5

(which shows a schematic diagram of the experiment).
As discussed in Sec. II.B, the essence of the experi-
ment is to form Ps in a static magnetic field B and then
to drive the transitions gr(+1) =fr' by means of an rf
magnetic field J3, cos27Ift oriented perpendicular to B.
The maximum in the resonance curve (not including de-
cay effects) occurs, as expected, at the frequency t Eq.
(2.6a)]

As previously discussed, N' is then extracted from the
above equation with jtj. and B assumed known
(x=4@B/W). The indirect method for determining W

which we have just described is used because excitation
of the direct triplet-singlet transition (v=nr/h) is not
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yet feasible, due to the need for a microwave field of
about 10 G to drive the transition at v=203 0Hz
(x = 1.5 mm) directly and with about 50/0 probability.
By contrast at fields typical of the Yale or Brandeis ex-
periments (B-8-9 kG, f, -2.5 GHz, yo -15 cm), the 10
G microwave field necessary to drive the $T(+1) =rf~T'

transition is easily obtainable.
A series of extremely complete and well organized

descriptions of the Yale research have been published,
the most recent being the Egan et al. (1977) reference.
The Brandeis work has not been written up in as much
detail in journal articles; however, it does parallel the
Yale research in many respects. Since the documenta-
tion on the Yale work is both up-to-date and readily ac-
cessible, we will present only a brief description of the
specific experimental technique used and then proceed
to a discussion of systematic errors and a projection
of the accuracy that may be obtained in the future.

is varied than it is to measure the average magnetic
field at each of a series of values spanning a few hun-
dred gauss near 8 kG. The effect of passage through
resonance is to increase the two-photon coincidence
rate by about 10% over the background (Fig. 7). The
fact that the 2y rate should increase at resonance, the
approximate linewidth, etc. , has been discussed qual-
itatively in Sec. II.B, while a complete quantitative dis-
cussion may be found in the references. The remainder
of this section will therefore be a discussion of the
major errors present in the measurement.

c. Principle errors in the rf quench/ ng experiments

i. LineshaPe theory —statistical error. Under the
data-taking conditions just described, the observed 2y
counting rate will be proportional to a quantity S which
may be written (schematically) as

S =P, +P, +P (4.1)
b. Oescri ption of the rf quenching experiments

The experimental apparatus used in the Yale work is
shown in Figs. 5 and 6 (Carlson et al. , 1977). Referring
to Fig. 6, we see that positrons are emitted from a 2.5
mCi source of Na (5—10 mCi were used by Egan et al. )
placed in a microwave cavity which is itself located in
the 7.9 kG magnetic field of a precision shimmed elec-
tromagnet. The cavity contains a Ps-forming gas such
as N2, He, etc. About 50% of the emitted positrons
form Ps in either the triplet or singlet states. The
quantity which is directly observed is the number of
antiparallel two-photon events detected by the various
oppositely situated BCA 4524 photo tube-NaI scintillator
combinations shown in Fig. 5. The procedure for ob-
serving resonance is to keep the microwave frequency
fixed and to vary the main field J3. This method is used
because it is more difficult technically to accurately
measure and control the microwave power as frequency

Here P is the probability of two-photon annihilation
from o-Ps, which is initially in the mth magnetic sub-
state. Thus P, and P, refer to the transitions gr(+1)
—Pr —2y, while P„refers to the change in the 2y decay of
g'r due bothto the slight change in X'r as B varies (mag-
netic quenching) and to the loss in 2y decays from the
rf induced process tt'„-gr(+1) —Sy. As B is increased
by approximately 200 G through the resonance line (Fig.
7), P, = P, varies from 0 to 0.25 for the typical ex-
perimental parameters discussed. On the other hand,
Po remains relatively constant, since the transition
g'r -gr(+1) -3y which reduces the 2y signal has a prob-
ability Xr/Xr-0. 07 of that for gr(+1)-Q'z, . At the same
time, P, increases by only 0.1% due to magnetic
quenching, i.e. , the fraction [Xz,(2y)/X'r] of 2y decays
from g'r changes by about this amount as B varies from
7700 to 7900 G (see the slope in the background in Fig.
7).

FIG. 5. The Yale Ps hyper-
fine structure apparatus—
overaB view.
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x(t)=g~.(&)t.~' " (A, .=0 (+~), 6 0 ='e., e=, )'

and Il =a +a' t . Here H0 is the full time-independent
Hamiltonian for Ps in a magnetic field, which we have
discussed up to this point, and

& (~) =
2 &.&„[o,(e ) -o,(e')] cos~t. (4.3)

H'(t) represents the interaction Hamiltonian of the rf
magnetic field with Ps [see Eq. (2.4) for the notation
used here], and its matrix element H~„(t) is (g~iH'(f) ).
The term ibad.~~,~2 accounts for the annihilation of the

&n & tt '
state g~. The quantities P are given by

I', = g, t 'gz 2y dt,
0

(4.4a)

lNDIUN;:;~0-RING

a, t '&2 2ydt,

0 Q3t Az'2yAt
0

(4.4b)

(4.4c)

NNR PROBE, HOLE
MICROWAVE OUTPUT

GAS INLET 8,
VACUUM LlNE

The quantities P (x) are evaluated by solving the
time-dependent equations for the amplitudes az(t) of
the o-Ps sublevels:

4

lid (t) = Qa„H,'„(t)e"'" '"— ') .
n= j. 2

(4.2)

Equation (4.2) is the usual time-dependent representa-

with
ion of the Schrodinger equation obtained from ihx =HX

FIG. 6 The Yale Ps hyperfine structure experiment —micro-
wave cavity —side view.

These expressions follow from the fact that e g,p ~ ~

a~(t) ~' xs the probability of finding Ps initially in state
y in g~ at time f where it has a 2y decay rate g'7(2y).

The solution of Eq. (4.2) for the a~(t) was discussed
first by Halpern (1954) and, in more detail, by Hughes
et al. (1957) and Theriot et al. (1970). The approxima. —

tions made in solving the set of four coupled equations
are (i) neglect of the singlet state (k =4) (ii) neglect
of nonresonant terms viz. e+"' ' thln e expansion cost
=-, e "'+e '"' and), n (iix) neglect of positron polarization
effects, since negligible shifts in the line center occur
if one ignores the fact that the ratio of positrons which
form the g'r state to those which form the |Ir(+1) or
gr( —1) states is actually 1 —[~P/(1+x')'~ h P '

the resi uae residual polarization on Ps formation of the 't l
oxima ion is implicitly polarized positrons. This approximation '

in Eq. (4.1), in which the relative populations of the
o-Ps substates are obviously taken as equal. The func-
tion S determ ined using the above approximations is
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FIG. 7. Yale Ps hyperfine
structure resonance data.
The value of (coo/2x) extract-
ed from this data is 2.323 364
GHz. The increase of the
background with fieM is dis-
cussed in the text.
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Vr(2y) X'r(2y), V 1 1 1

(4.5)

Here V, the time-independent part of H~„, is given by

where o. =W'[(1 -g )+x'] and P =2gW'. Expanding
W'r(d) to first order in x yields

1 x'
Wr(d) ~ W 1+—

4 ] +g2 (4.10)

V = '" — [1 +O(x')],
2 cos~t ~&~ 4V 2

and we note that H,'3 =H,', is the only nonzero matrix
element. D is given by

The exact lineshape given by Eq. (4.5) is slightly non-
Lorentzian, but it is symmetric in B, and the frequency
at the line center has been identified as f,. In the limit
x «1 the quantity S' =S —[Xz(2y)/X'r] may be written
explicitly as a power broadened Lorentzian in the static
field B, i.e. ,

A. B2
(B -B,)'+E' ' (4.6)

Here B, is the value of B on resonance, & =m/8(X~/Xr)
x (&u,/w)= 4.5 and E' = ,'(6B—)'+aB'„with 6B/B, = Xz/4m@
= 3 x 10 ' [Eq. (2.6c)] and a a parameter due to power
broadening which is determined from a fit to the line-
width. Thus at the peak of the line (B =B,) and neg-
lecting power broadening (6B= 3 x 10 'B,), S™2
x 10'(B /Bo)'. Since rf fields of order 10 G are readily
obtained at f, -2 GHz, one may cause S'-1. Thus the
transition may, in. fact, be saturated, and line broaden-
ing will occur. In practice, B, is obtained from a fit
of expression (4.5) to data of the type shown in Fig. 7.
The statistical error associated with the determination
of Bo was 2.5 ppm in the latest Yale measurement. This
leads to an error of +5 ppm in the result for W [Eq.
(2.6a)], due to the fact that for x«1, W is approxi-
mately proportional to B',.

We note here that a,s was remarked in Sec. II.B, Eq.
(2.6a) is correct only if decay is neglected in diagonal-
izing the energy matrix. This point (implicit in the
1954 calculation of Halpern) has been mentioned by
Hughes et al. (1957), who observed that shifts in W'r of
order (Xz/2rv)' —40 ppm might occur. This is, in fact,
correct; and the exact shift may be readily estimated
by diagonalizing the usual energy submatrix, but in-
cluding decay for Ps in a static field B:

ms pp

This expression differs from the expansion of Eq. (2.4c)
in the factor (1+g') ', which should result in an in-
crease in the value quoted for W by 9 ppm (2 MHz).
This result for the change in the eigenvalues of the
static problem does not necessarily mean that the true
value of ~ should, in fact, be shifted by 9 ppm, since
inclusion of decay in the static case may also cause a
change in the lineshape (and a shift in the line center
or peak) for the driven (rf-on) situation. A reexamina-
tion of the resonance lineshpae is clearly required at
the current levels of experimental accuracy, particu-
larly in view of the possibility that the order ~' terms
in W may be calculated in the near future so that corn-
parison of theory and experiment at the few ppm level
will be possible.

ii. Ps hfs Pressure shifts. Collisions of o-Ps with
the background gas in which it is formed are expected
to produce both a broadening of the resonance line and
a shift in the line center. The broadening occurs be-
cause for the finite x (x- —,') used in the experiments
the expression (2.6b) for the linewidth [6B/B —(A.'r

+A.r)/2~, ] will clearly increase if Xr and X'z, are in-
creased by collisional pickoff. Since X~-60K~ and X&
are increased by less than five per cent because of col-
lisions at the typical pressures of order one atmosphere
of N, used in the hfs determinations, the increase in
5B/B is negligible.

The shift in the line center due to collisions (hyperfine
pressure shift or HPS) is, however, not negligible. As
in hydrogen and other gases, the shift in H due to col-
lisions may be considered as due to exchange effects
at short range (typical contribution about 10% of the
shift) and the long-range van der Waals interaction,
which contributes the remaining 90% of the HPS. Since
the van der Waals force is attractive, it increases the
electron-positron separation, thereby reducing W. The
magnitude of the HPS, first observed by Theriot et al.
(1970) may be expressed in terms of a, fractional density
shift

Here zv~ = —iX~/2, zvr = Wr —ikey/2, and P =(g~
~

H~ ) gr)
=(|lIr ~H//

~
|lIz) = —2pB, . The (complex) eigenvalues of

H~ are (Rich, 1965)
M'r(d) = ~ [(ggz

+mr�)

+6(l +Z')' '],
'VP' (d) = —'[(zo +zgr) —6(1 +Z )'/ ],

(4.8a)

(4.8b)

I ' + 2 +p2 1/2 1/21
Rem'r(d) = W'r(d) =—W+

2 (4.9)

where 6=+~ —w~ and Z —= 2P/6. The res. l and imaginary
parts of u"r(d), wz(d) yield exact expressions for Wr,
TV~ and X~, X~, respectively. If we define the constant
g a.s g = (x~ —Zr)/4mv= 3 x 10 ', then

where D is the pressure of the particular gas in which
Ps is formed. The value of a for N, is a(N, ) =(-3.2
*0.5) x 10 '/atm at T =0 'C, while for noble gases it
ranges from +1.6 x10 '/atm for He to -7.3 x10 '/atm
for Xe (Bearman, 1975; Bearman and Mills, 1976;
Egan et al. , 1977). According to the argument pre-
sented above, a negative value of a is expected if the
van der Waals interaction dominates. Only data ac-
quired for Ps in N, were used in determining %' and
these data are shown in Fig. 8. As can be seen, the
data. points at lowest pressure (0.25 atm) are within
just a few standard deviations of the intercept and thus
constitute but. a minimal extrapolation. There is no
evidence for a quadratic pressure (density) dependence.
A careful theoretical analysis of the HPS for Ps (Bear-
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FIG. 8. Data for ~ versus nitrogen density in the Yale hfs
experiment. The solid line is a best fit to the data assuming
a linear density dependence.

man, 1975; Bearman and Mills, 1976) yielded the re-
sults a(N, ) =(-8.5+2.5) x 10 '/atm in qualitative agree-
ment with experiment. Roughly similar agreement (i.e. ,
to within a factor of 2) was also obtained for the noble
gases, with the exception of He, for. which the theoreti-
ca.l result was (—1.9 +0.6) x 10 '/atm.

iii. Magnetic field inhomogeneity and other magnetic
field associated effects. Magnetic effects are not spe-
cifically associated with the properties of Ps; conse-
quently, we will not discuss them in detail, but simply
note that all magnetic uncertaintie s contr ibute an r ms

error of 3.3 ppm to W. The major part (2.4 ppm) of
this error is associated with an rms uncertainty of 1.2
ppm in the value of B over the region from which the
Ps annihilates. The error in W is twice the error in

B, since W -B'. The other field-associated uncertain-
ties arise from NMR probe susceptibility, diamagnetic
shielding corrections (1.6 ppm), and magnetic field
offset ard field reproducibility effects (1.4 ppm).

d. Conclusions and progectlons of future accuracy In the
measurement of tV

The final result of the most recent 6 ppm Yale ex-
periment (Egan et a/. , 1977) was f =(203.384 +0.0012)
6Hz, with component errors as discussed in the pre-
ceding section. This result is in excellent agreement
with the work of the Brandeis group (Mills and Bear-
man, 1975), who obtained the result f =(203.3870
+0.0016) GHz. Both of these results should nominally
be increased by 0.002 GHz, as discussed in Sec.IV.A.2.c.
Although I have chosen to concentrate on the Yale ex-
periment in our description, I should like to emphasize
here that the Brandeis result is of approximately equal
accuracy. Since the two experiments use essentially
the same technique, they are not completely independent
checks from the viewpoint of all systematic errors and
assunxptions. For example, both experiments apparent-
ly use the same form for the signal lineshape, a form

which neglects the various effects mentioned in Sec.
IV.A.2.c.

The major systematic difference between the ex-
periments is that the Brandeis work uses SF, as the
Ps-forming gas from which the majority of the data are
derived, as opposed to N, in the Yale experiment. The
agreement of the two results indicates thai the gas
extrapolation procedure is reliable. The other less
important, though interesting, differences between the
experiments were the magnetic fields used (7.9 kG-
Yale, 9.25kG —Brandeis) and the fact that in the
Brandeis research the first difference signal (essential-
ly the derivative of S with respect to B) was used in the
analysis. This difference in the form of the signal used
might reveal problems present in the line-fitting pro-
cedure. It would not be sensitive to differences in the
form of S, since, a.s noted earlier, both groups use
the same functional form for S. In any case, however,
agreement of the two experiments at the 5-10 ppm level
certainly constitutes corroboration of the validity of
each.

We now turn to an analysis of the precision which
may be possible in future measurements of W. From
the discussion of this section we can readily identify
counting statistics as the major source of error in the
latest experiments. The Yale group has stated that
counting rate increases of a factor four-five are feas-
ible through increases in both source strength and de-
tector solid angle; and, in addition, they feel that the
already small magnetic field uncertainties can be fur-
ther reduced. Thus they contemplate fairly. straight-
forward improvements in the current technique leading
to a precision of perhaps 3 ppm in the near future
(Hughes, 1980, and private communication).

An alternative technique to the one that has been used
in the past may also be feasible. Briefly stated, this
would involve the use of a Ps formation t =0 signal ob-
tained as usual from either a nuclear y-ray coincident
with positron emission (e.g. , the 1.3 MeV y ray in "Na)
or from the positron's energy loss in passing through
a thin scintillator [a technique which the Michigan group
has perfected, using "Ge as a source —see Sec. IV.B.2
or Gidley et al. (1978)j or by use of beam bunching
(Mills, 1980). The signal in the proposed new experi-
ment could be obtained in either of two ways. The first
would be to observe the increase at resonance in the
two-photon decays from gr which appear in a time win-
dow of width several rrITr —= (&r) '-10 nsec at B-8 kGj
and whose initial time is set to exclude most events
within the prompt resolution curve. The signal-to-
noise ratio (currently about 1:10—Fig. 7) would be
greatly improved by such a scheme, since most 2y
events are prompt and are due to 1'S, -2y or direct
annihilation. The signal would be only slightly de-
creased. Nanosecond coincidence timing under these
conditions, using NaI detectors similar in size to those
used in previous hfs experiments should be feasible, as
demonstrated in our laboratory (Gidley, 1979). The
second and more powerful method would involve ob-
servation of a signal produced by the decrease in de-
layed 3y decays from gr(+1) at resonance. The utility
of this method lies in the fact that if one only accepts
y's with a time delay greater than several v~, the back-
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ground should be negligible, and, in addition, only one
of the three y's from the g„decay need be detected.
Thus the overall signal may be significantly improved.
In addition, line-narrowing techniques based on detec-
tion of y's emitted at times delayed from the Ps-forma-
tion signal might be feasible. Finally, in any future
hfs experiments the possibility of forming Ps in a vacu-
um (Sec. III.C) can be considered so that the extrap-
olation to zero gas pressure may be dispensed with.

B. Decay rate measurements

1. The 1 "So decay rate —theoretical advances

Theoretical calculations of the singlet decay rate, in-
cluding the first-order radiative corrections by Harris
and Brown (HB) (1957), were discussed in Sec. II B.
The (HB) results were

X(1'So) = Xo(l'So) + Xi(1'So) + X2(1'So) + ' ' ',
with Xo

——(n /2) (mc'/5)= 8 x 109 sec ' and the radiative
corrections A. , and Xq given as X, = -Xo(a/m)(5 ——,'v )
=-5x10 Xo and X2-0(o.', o.'Ina '). The Feynman dia-
grams representing the processes responsible for Xp

and A.
&

are shown in Fig. 9.
Recent. confirmation of the 1957 calculations has been

provided by Cung et al. (1978), who performed an an-
alytical calculation of radiative corrections to the two-
photon virtual annihilation diagrams for the yg = 1 hyper-
fine interval (Sec. IV.A.1). The imaginary part of their
expression should yield ——,'A, and, in fact, their result
is in complete agreement with the direct decay rate cal-
culation of (HB). Further checks of the 1957 result
using somewhat different approaches have been perfor-
med by Freeling (1979) and by Tomozawa (1979). Both
verify the (HB) result; and, in addition, Caswell and
Lepage (1979) have calculated the coefficient of the
n ln& term to be +—', so that we may finally write

X2
——[+-,' 'Iown'+ O(o.')]X, =10

and X(l So) = (0.798 42+ 0.0001) x 10' sec . The error
represents the uncertainty in X(1'So) caused by uncal-
culated terms of order &, assuming the coefficient of
these terms to be of order unity.

2. The 1 'So decay rate —experimental advances

The singlet lifetime r(1'So) =X '(1'So) is only 0.1 nsec;
consequently, its direct measurement to the precision

1

~&a e

+e
I

necessary in order to test the first-order radiative cor-
rections [X,(1'So)] is precluded for technical reasons,
reasons primarily associated with timing jitter in photo-
multipliers and with the one-to-two nanosecond decay
times characteristic of plastic scintillator. An indirect
method for measuring X(l So) has, however, been em-
ployed by the Yale group (Theirot ef ~/. , 1970) and a
completely different, though also indirect, experiment
to measure A(l'So) is now under way at Michigan.

The Yale measurement is an offshoot of the hfs ex-
periment and may be understood by referring to Eq.
(4.8) (S'=&B'/[(B -B )'+E'] with E = '(5—B)'+ aB2 and
5B/Bo ——(X'r + Xr)/2~0). The FWHM (M) of-the natural
(non-power-broadened) line shape may be obtained by
measuring the peak in the resonance line [S'(B= Bo)
= S,' =A B/ E'] at various values of B„and using the re-
lation (obtained from substituting B,= SOE /A into the
expression for E ):

E A(5B) (5B) (4.11)

A plot of 1/E vs So should then yield a straight line with
intercept (at So ——0) of 4/(5B) so that 5B may be deter-
mined. An implicit expression for A~ then follows from
the relation 6B/B, = (Xr + Xr)/2~o if Xr is known to reason-
able accuracy, since Xr=(1+y') '(Xr+y'X~). The re-
sult for X~ from this procedure was X~=(0.799+0.01)
x10' sec . This is in agreement with the theoretical
value, ' however, the one-percent accuracy achieved is
not sufficient to test the order & corrections.

An entirely new approach to the measurement of
X(l Sp) was begun at Michigan by Gidley, Rich, and
West in 1978. Briefly stated, we are now forming Ps
in gases such as isobutane situated in a magnetic fieM
B of 4.10 kG. The positron from a, Ge source, af ter
appropriate collimation and energy selection, passes
through a thin plastic scintillator to produce a, g =0
(start) signal and form Ps in the gas. The annihilation

y rays which constitute the stop signal are also detec-
ted using a plastic scintillator. A time-to-amplitude-
converter-, multichannel-analyzer (TAC- MCA) timing
system (discussed in Sec. IV.B.4) permits us to record
the time spectrum and thereby extract directly the
quantities X~. and Xr. Referring to Eq. (2.4e) [Xr
= (I +y ) '(Xr + y A~)], we see that knowledge of y', y
and B[y =y(B)] will permit a determination of y
alysis of the statistical and systematic errors associa-
ted with the proposed measurement, as well as pre-
limina. ry data obtained in our initial runs, leads us to
believe that a precision of order 0.2/o in Xs should be
feasible. Such accuracy should be sufficient for a ver-
ification of the X&(l So) term. Preliminary results of
this work are now available and they show agreement
with theory at the 0.5% level, thus verifying the ap-
proximate magnitude of X,(1'So).

FIG. S. Feynman diagrams representing order n radiative
corrections to ~{lfSp}. Infrared divergent terms have been
omitted, and the Feynman gauge has been used throughout
in the expressions for Xf —Xf~. {a) Self-energy correction
&ffl= (A/27') {1+41n2) Xp( 1 Sp) {b) Vertex corrections XfQ
= {n/27m) (-4+ ~ 7t —41n2) A,p{1 Sp). (c) Binding diagram X«

(n/27') (-2) Xp{1fgo)

3. The I S„decay rate —theoretical advances

There has been significant theoretical progress in
calculation of X(l S,) since 1967 and particularly during
the past few years. Using the notation adopted for the
singlet state, we write

X(1 S,) = Xo(1 Sg) + Xg(1 S,) + X2(1 Si) +.. . . (4.12)
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FIG. 10. Feynman diagrams representing order n radiative
corrections to A.(l Sf). infrared divergent terms and the
Cbulomb correction term have been omitted and the Feynman
gauge is used in the expressions for Xf~ .. A. fg (a) Photon
(transverse plus Coulomb) exchange X&~= A,

O
—(7.90 +0.07)

(a/p') Xp(lpSq). (b) Self-energy X&p= (4.791+ 0.003) {n/p.) Xp.

(c) Vertex corrections Xf~ ( 2 868 + 0 003)(cv/7r) Xo (d)
Double vertex correction Xfy (-3.562 + 0.004) (~/7r) &0. (e)
Virtual annihilation Xf~= (—0.809 + 0.004) (n/7t) A.0.

f)

The value of Xp (the 1 S& notation will be dropped for the
remainder of Secs. IV.B.3 and IV.B.4) as calculated by
Ore and Powell in 1949 [Ap ——2pp'(mc /h)(m —9)/9w
=7.211x10 sec was discussed in Sec. II.A]. The
first-order radiative corrections (Fig. 10) were, how-
ever, not completed until 1974 when Stroscio (1974) and
Stroscio and Holt (1974) reported the result x~ = (1.8
+0.6)(o'/p)Xp = 4x10 Ap [some preliminary results may
also be found in Holt (1970)]. This result was further
refined by Stroscio (1975), who reported X, = (1.86
k 0.45)(cx/7I)Xp or &= &p+ &, = (7.242 + 0.008) psec '. The
error quoted above was primarily due to uncertainty in
numerical evaluation of integrals. The importance of
verifying this result may be understood when we note
that it was and still is the only case for which the pre-
dicted radiative corrections to a decay rate can be ver-
ified experimentally.

The value of A. presented above was in good agreement
with the (two) experiments performed up to that time
which gave the results X = (7.262+ 0.015) p.sec (Cole-
man and Griffith, 1973) and )I.= (7.275 + 0.015) psec
(Beers and Hughes, 1968; Hughes, 1973) for Ps decay-
ing in background gases at pressures of 1-10 atm. It
was, however, in marked disagreement with exper-
iments at Michigan, which yielded the values X=7.104
+0.006 @sec for Ps decaying in SiOp powders (Gidley
et al. , 1976) and X=(7.09+0.02) psec ' for Ps decaying
essentially in a. vacuum (Gidley et a/. , 1977). These
experiments will be discussed in the next subsection, '

however, we note here that they caused the SI AC group
already mentioned in connection with recent advances
in the hyperfine structure calculation (Sec. IV. A. 1) to
reexamine and extend the Yale work using their new
techniques. The result of their initial attack on the
problem was the revised value X, =-(10.35 y0.07)(o.'/
v)Xp or X=(7.0379+0.001) @sec ' (Caswell et al. , 1977).
The change in Xf from its previous value of +1.86 was
primarily due to a sign error in one of the i;ntegrals
which comprise diagram (a) in Fig. 10. In addition
to this specific error, Caswell et af. , (1977) pointed

out that relativistic corrections from the wave function
and propagators of diagram (d) (Fig. 1), the contribu-
tion which gives Ao, can cause corrections of order &

in A. . This contradicts statements made in previous
work (Stroscio and Holt, 1974; Stroscio, 1974) to the
effect that, to order &, only constant and linear terms
in the momentum p need be retained in an expansion of
the plane-wave matrix element in powers of p, since
for Ps, v/c -O(n). In spite of this statement by the
above authors, however, they did in fact correctly take
account of the relativistic effects in their calculations
(but not including the sign error).

The initial work by Caswell et zl. was followed by a
series of more accurate calculations of A. f and an ex-
tension of the research to a calculation of all n inn '

terms present in Ap. The latest results (Caswell and
I epage, 1979) for X, and X, are X, =-(10.266+0.011)(o'/
m) A. = -(0.1720+0.00016) psec ' and Ap =-(—,'o.'Inpp )Ap

=(—0.00063 p, sec ), so that X=(7.0386+0.00016)
p.sec '. The uncertainty quoted above is due to the
uncertainty in X, . The still-to-be-calculated (o'/v)
term in X» i.e. , Xp

——[-—,'n inc! +0(pp /p )]Xp makes
a. contribution of about (0.00004) psec if its coef-
ficient is unity. Thus, for unity coefficient it con-
tributes about one-fourth of the error in A. as is due to
error in Xf. It is therefore of interest to calculate the
O(o! /p ) term as opposed to a, further refinement of the
Xf calculation. Although one cannot speculate quanti-
tatively on the possibility of the coefficient exceeding
four, we note that the coefficient of (o.'/p) for X(1'S,)
is 10.' Thus radiative corrections can lead to large
coefficients, and it would be of interest to establish,
even crudely, the size of the (pp/z) term. This is
particulary true in view of experiments now under
way (see the following section) which may be able to
detect the change in X due to an (o.'/p) coefficient of
order 20.

4. The 1 8, decay rate —experimental advances

The first measurement of X(1 S&) (hereafter in this
section A) of accuracy sufficient to test the order o.'

radiative corrections was performed by Beers and
Hughes (Beers and Hughes, 1968; Hughes, 1973). The
technique they used is still employed, though with num-
erous technical modifications, in some of the most
recent experiments. Consequently, we will discuss
the early work in some detail.

Essentially, high energy positrons emitted from a
22Na source were slowed down in a. gas (Freon-12 or
a. Freon 12-Argon mixture), where they formed Ps with
about 40% probability (Beers, 1968), as described in
Sec. III. The gas chamber used was surrounded with
four Pilot B scintillator-photomultiplier detectors (Fig.
11) in which the decay of 1'S, Ps was observed by de-
tecting one of the three emitted annihilation photons.
This constituted a stop signal for the timing system,
the start signal being the detection of the 1.28 MeV
gamma, ray which a.ccompanies each positron emitted
by Na with a time delay of about 10 4 nsec. 'The time
interval between the start and stop signals was mea-
sured by using either the familiar time-to-amplitude
converter-multichannel analyzer (TAC-MCA) system
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FIQ. 11. Schematic of the Yale 1 S& decay rate experiment.
The height of the stainless-steel gas chamber is 2 inches and
the wa11 thickness O.l inches.

iv = [x,e "+B]- (4.13)

to the data, under consideration (B is the background and
is assumed constant). The value of y for the above
hypothesis (single exponential decay) was reasonable.

%e note here that several interesting corrections to
the basic exponential decay spectrum must be con-
side red in experiments of the type de scribed above.
These are due to the fact that stop signals occur for
which there are no correlated starts (due to the cosmic
ray and annihilation gamma, , etc. , background); start

or by use of a digitron, a device which counts external
oscillator pulses during the start-stop interval. The
digitron method was eventually adopted in this exper-
iment because the TAC —MCA systems available at
the time were susceptible to systematic timing drifts
greater than the desired error in the final experimental
result. Schematic diagrams of both types of timing
systems as they are currently used are shown in Figs.
12(a.) and 12(b).
The errors introduced by systematic-effects involving

drifts, nonlinearities and absolute calibration of the
timing systems are somewhat smaller than other sys-
tematic effects present (pa.rticula. rly in the ea,rlier ex-
periments); consequently, we will not discuss the spe-
cifics of these systems in the article [see Griffith and
Heyland (1977) and Gidley (1979) for detailed discus-
sions of precision timing techniques].

The raw data obtained in the Yale experiment, after
background correction, is shown in Fig. 13. The sig-
nals-to-noise ratio at the data analysis sta.rt time (A/
B), one of several figures of merit for the quality of
data in a decay rate experiment, was about 1.3. The
decay rate itself is obtained by fitting a function of the
form

signals occur for which there are no correlated stops,
etc. The perturbation that these effects cause in the
decay spectrum was first analyzed by Lundy (1962) and
has since been considered by Beers (1968), Coleman
et pl. (1974), and most recently by Gidley (1979). The
corrections to Eq. (4.13) caused by these effects a.re
small for the start and background rates which char-
acterize the more recent of the above experiments
(typically less than 10 effect on the measured decay
rate); however, they must be considered at the level
of accuracy of the current research.

The major systematic effect unrelated to specific
timing and data analysis problems in the Yale exper-
iment stemmed from the fact that, as in the hfs mea-
surements, Ps was formed in a background gas. The
Ps-gas collisions caused the Ps to decay more rapidly
than it would in free space. There are a variety of
possible effects which can increase the decay rate,
the most important of which is that during the collision
the positron has an enhanced probability of annihilation
with a molecular electron which is in a spin-singlet
state with respect to the positron (pick-off quenching).
In order to obtain the true vacuum decay rate, X(l Sq),
measurements are made at a number of different gas
densities, and linear extrapolation to zero density is
made, exactly as discussed in Sec. IV.A.2 for the hfs
measurement. There are, however, physical effects
such as three-body collisions, which could cause a
weak quadratic dependence to the density extrapolation
at high density. Finally, as the density is reduced,
the lifetime of the free positron component increases
to the point where it.can cause an observable increase
in the fitted decay rate. In addition, at reduced den-
sity, Ps can diffuse to the walls of the vacuum cham-
ber, where it may have an increased probability of an-
nihilation. Recent work at Michigan suggests that the
former effect is of more importance than the latter in
experiments performed to date. At any rate, an in-
crease in decay rate was observed in the Yale work,
so that data taken at pressures below 15 psi in Freon-
12 were rejected. The final result obtained in this
experiment was X(1 S&) = (7.275 y 0.015) sec '.

A somewhat different technique for measuring
X(1'S,) based on a start signal obtained from direct de-
tection of the emitted positron, rather than the prompt
nuclear gamma, ray, was reported in 1972-73 (Cole-
man et a/. , 1972; Coleman and Griffith, (1973). The
method is illustrated in Fig. 14. Essentially half of
the positrons emitted by the Na source pass through
the thin scintillator shown in the inset, give a start
pulse, and enter the gas chamber. The high voltage
feedthrough shown permits an electric field to be set
up in the gas so as to enhance Ps formation. The
major advantage of this positron detection scheme is
the improvement in the signal-to-noise ratio (A/B),
since fewer start counts are lost than when the prompt
gamma is detected. Typical signal-to-noise ratios
in this work were 3-5, and the results of the exper-
iment were X(l S&) = (7.26 + 0.015) p, sec

The next stage in the decay rate measurements was
carried out at Michigan. The Michigan experiment
(Gidley et at. , 1976) differed from preceding work
primarily in the use of Si02 powder rather than gas as
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the medium in which Ps was formed (see Sec. III.B
for a discussion of the powders used). A schematic
diagram (to scale) of the experiment is shown in Fig.
15. As can be seen, the start signal is obtained from
a positron passing through a thin piece of plastic scint-
illator, as in the I ondon work, while one, two, or
all three of the annihilation gammas were detected us-
ing NaI crystals. The major advantage of this tech-
nique is that the powder densities that can be used with-
out significant perturbation of X(1 S,) are 10-100 times
greater than the equivalent gas densities. This allows
efficient Ps formation in regions of order 30 cm,
as compared to the liter type volumes associated with
gas measurements. This smaller volume allows for
increased detector efficiency and a consequent reduc-
tion in the source strength necessary for a reasonable
rate of data accumulation. The source reduction re-
sults in a very la.rge improvement in the signal-to-
noise ratio, which was typically 200-400 for single

gamma detection and was as high as 2000-3000 if it was
required that all three gammas be detected simultan-
eously. Samples of raw data associated with these runs
are shown in Fig. 16.

The major uncertainty in this experiment was asso-
ciated with the question of the linear extrapolation to
zero density of data, taken at the powder densities used.
It can be shown that an extrapola, tion of A. with respect
to the free volume density p*, i.e. , the mass per unit
volume excluding the grain volume, should be linear
if the Ps is essentially free between collisions, i.e. ,
if it is not trapped at grain surfaces and is not acted
on by atomic size electric fields in the intergrain re-
gion. Such an extrapolation for two different sizes of
grain, along with the gas extrapolating carried out by
the London and Yale groups, is shown in Fig. 17. As
can be seen, the sl.ope of the powder extrapolation was
much smaller than was the slope of the gas extrapola-
tion —an important point in terms of systematic relia-
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bility if nonlinearities are present. In addition, the
values of the intercepts obtained for the gas vis-cz-vis
the powder [X(gas) = (7.27+ 0.015) psec ' and X(SIO,)
= (7.10+0.006) psec '] were highly discrepant.

In order to clarify the situation an entirely new ex-
periment (I ig. 18) was undertaken (Gidley et a/. , 1976)

in which Ps was formed from a beam of 400 eQ posi-
trons incident on the cone of a channel electron rnulti-
plier (see Sec. III.C for discussion of Ps formation by
slow positrons incident on solid surfaces). The secon-
dary electrons ejected by the incident positron were
used to give a "start" signal (thus constituting the first
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time that slow positrons were used for timing), while
most of the Ps formed on the cone moved into the vacu-
um region of the confinement can. In this region the
Ps makes just a few wall collisions (as opposed to the
thousands of Ps-grain or Ps-molecule collisions in
SiO, or gas) prior to annihilation.

Data obtained from this system had a signal-to-noise
ratio (A/B as defined previously) of 1500 for single
gamma detection and 9000 if it were required that two
gammas be detected simultaneouslyt The quality of the
data was thus extremely high, and a statistical error
of +10 ' (+0.006 p.sec ') could be obtained with reason-
able run times. The major error in this work was due
to a systematic effect related to the passage of Ps
through the beam entrance hole shown in Fig. 18. Since
all of the decay rate experiments discussed so far ac-
tually measure the disappearance rate of Ps, passage
through the hole and subsequent movement into a region
from which the gamma rays are detected with lower
probability is equivalent to an increased decay rate.
The final result of the experiment, including this and
other systematic errors, wa, s A.(l'S, ) = (7.09+0.02)
psec '.

Following this demonstration that X was definitel. y in
sharp disagreement with theory, the SLAC group under-
took the calculation described in the preceding section,
obtaining the result A. (theory) = (7.038+0.001) @sec '.
Subsequent d ecay rate measur ements in gases at Mic hi-
gan (Gidley et a/. , 1978) and London (Griffith et al,
1978) yielded the respective results X = (7.056 +0.007)
psec ' and A =(7.045+0.006) psec '. These measure-
ments were analogous in technique to the previous gas
experiments, although a number of new features were
incorporated in each and although in each the primary
results were obtained in isobutane rather than freon
or freon and argon. It should be noticed in particular
that the signal-to-noise ratios were much improved,
now lying in the range 10—75, depending on pressure
(compared to the 2—5 signal-to-noise ratio in the 1968-
73 Yale-London experiments), and that ca, reful inves-
tigations of wall quenching effects were made, so that
the error from this source was considered to be only
0.001 p.sec ' in both experiments. Unfortunately, the
cause of the discrepancy between these later measure-
ments and the Yale-London work of 1968-73 has never
been determined. In addition to the gas measurement,
the lViichigan group al. so improved the precision of A.

in both the powder and vacuum experiments. Small
systematic effects not considered in the preliminary
work were uncovered in each experiment, so that final
results wire
A. (SiO, ) = (7.067 +0.021) p, sec ' (Gidley et al. , 1978) and

X(vacuum) = (7.050+0.013) p.sec ' (Gidley and Zitzewitz,
1978).

I should like to summarize the current situation and
indicate directions for future positronium decay rate
measurements. The weighted a.verage (I) and mean
error [v(X)] of the latest experimental results
[&(SiO,) = 7.067 + 0.021 p, sec ', X(vacuum) = 7.050 + 0.013
psec ', A(gas-Mich) =7.056 +0.007 p. sec ', and A. (gas-
London) = 7.045 + 0.06 p sec '], are X = (7.050 p.sec ') and
v(X) =0.004 @sec '. The weights used were the inverse

squares of the respective assigned errors, and v(X)
=+0.004 p, sec ' was calculated as the inverse root of
the sum of the weights. The meaning of the above es-
timates of X and cr(X) is, of course, open to question
since the individual errors given represent a combina-
tion of statistical and systematic effects. In particular,
the two gas experiments which have the major influence
on A. and cr(X) have errors which are primarily statistical
(Michigan) and primarily systematic (London). It is
clear, however, from a perusal of the above separate
results that &=7.050 LLLsec ' would represent a reason-
able mean and v(X) =0.006 psec ' a conservative error
of the mean in this case. We adopt v(&) =0.006 p, sec ',
rather than 0.004 LL(, sec ', because the major error in the
London work is systematic in origin.

The difference between this value and X(theory)
= (7.0386+0.00016) p. sec ' is bA=A —A(theory)
=(0.011+0.006) psec '. Although nA. only differs from
zero by two standard deviations we consider that it
represents a real discrepancy, probably due to an ex-
perimental systematic effect, rather than a statistical
fluctuation. We say this in light of the fact that all of
the measurements made to date do lie above X(theory)
and most systematic effects present in these experi-
ments (as discussed previously) tend to raise rather
than lower the measured decay rate.

Turning to the possibility of increased precision in
these experiments, we note that in their latest paper the
London group (Griffith et al. , 1978, p. L748) states that
"further refinements of this method should enable an ac-
curacy of 1 or 2 parts in 104 to be achieved. " This
seems reasonable for gas measurements, since in both
the London and Michigan work the current accuracy of
about 10 parts in 10' is comprised of systematic effects
at roughly the 5 in 3.04 level. which are themselves pri-
marily related to determining the pressure in the gas
and then converting from pressure to density (i.e. ,
knowledge of the virial coefficients at the I'//~ level).
These are certainly nontrivial improvements, but ones
which we feel are possible. The probl. em of wall quench-
ing has been investigated experimentally at Michigan
with the result that wall effects are absent at the 10 4

level. This conclusion is in agreement with theoretical
estimates by the London group. Other systematic ef-
fects, such as timing calibration, spectrum distortion
due to photomultiplier afterpulsing, etc. , are already
at the 10 ~ level and can probably be reduced even fur-
ther. Finally, appropriate modifications of the appara-
tus —such as the use of a magnetic field to confine the
positrons to a small cylindrical region at the center of
the chamber (a, technique already proven for our X~ de-
termination, as described in Sec. IV.B.2) should make
it possible to increase the data rate with no loss in sig-
nal. to noise. This is because Ps has a diffusion length
of less than 1 mm at the gas densities to be used and is
therefore al.so confined to the center of the chamber.
Statistical uncertainty —now at the level of (5—10):104—
may therefore be reduced to less than 1:10' with rea-
sonable run times; and, of course, wall effects will not
be present. Thus, as long as the linearity of the extra-
polation of X versus gas density holds, a determination
of A. to a few parts in 10 does appear possible.

The Michigan group has also investigated the feasi-
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bility of performing the vacuum experiment to the same
level of precision, and we feel that here also such pre-
cision can be reached. Systematic effects in such an
experiment would, of course, be completely different
than in a gas experiment, so that the pair of experi-
ments would constitute an excellent check on the number
obtained. Finally, consideration of systematic effects
in a powder decay rate experiment, effects primarily
related to measurement of the powder density and de-
termination of density uniformity as wel1. as to possibl. e
effects which are nonlinear in density, such as surface
trapping of Ps, make higher precision experiments in
this medium more difficult than in the vacuum or gas.
It would seem that a measurement of X at the 10 4 level
is feasible at present and that particularly in view of
the current difference between theory and experiment,
as discussed above, the successful performance of such
an experiment would be of importance.

C. Search for forbidden decay modes in positronium
annihilation

The search for the decay of 1'Sp or 1 Sy Ps into y-ray
decay schemes forbidden by various symmetry princi-
ples can be used to set upper limits on the validity of
the symmetries; or, alternatively, such limits can be
used to search for types of decay not included in the
usual QED framework. In this section I will discuss two
experiments which set limits on C violation in the Ps
system, as well as a suggested new experiment to
search for axion emission in 1 S, annihilation.

1. Limits on the 1 "So ~ 3y decay mode

As discussed in Sec. II.B, it is a rigorous consequence
of conservation of charge conjugation (C) that the de-
cays n'So-3y, 5y, . . . and n'S, -4y, 6y, . . . are forbidden.
The normal electromagnetic interaction does, of course,
conserve C; however, it is possible to construct C and
T or C and I' violating interactions for which the decay
1'So-3y is allowed, and a search for this Ps decay
mode has been undertaken (Mills and Berko, 1967;
Mills, 1967.) A discussion of proposed C-violating
Hamiltonians is also contained in the above references.
The initial discussion of possible C violation in the
electromagnetic interactions was the observation
(Bernstein, Feinberg, and Lee, 1965) that there was
no experimental evidence for C and T invariance in the
el.ectromagnetic interactions of the strongly interacting
particles. Bernstein et ~l. calculated that such viola-
tions of C, consistent with the available experimental
limits, could through second-order (virtual electro-
magnetic) processes, manifest themselves in the CI'
violating decay K~ -z'+ m with an amplitude of order
(o.'/v) times that for K„-z'+m . Ba.sed on the sugges-
tions in this article a number of experiments to search
for C-forbidden decays or decay, distributions of the m,
go, etc. were undertaken. To date no such C-violating
effects in the strongly interacting particles have been
observed.

The Bernstein et zl. analysis assumed that the usual
C-conserving electromagnetic interaction (eely„gA )
was correct for leptons since predictions based on this
interaction (Lamb shift, electron g 2, etc. ) had been

observed experimentally to high accuracy and agreed
with theory. It is, however, possible to construct C-
violating interaction Hamiltonians for the electron-posi-
tron system which, with suitably chosen coupling con-
stants, would not cause observable changes in the Lamb
shift, g-2 value, etc. , for the limits on the coupling
constants which can be derived from direct searches
for C-violating effects in Ps.

The only definitive search for the decay 1'S -3y was
conducted by Mill. s and Berko as noted. In this experi-
ment Ps was formed in SF, gas, and the ratio of the
decay rate into three counters in the symmetric con-
figuration (120 —120 —120 ) to the decay rate into three
counters in the asymmetric configurations (60 —150—
150 ) or (90 —120 —150 ) is formed. The decay rate
into the symmetric configuration vanishes even if C is
violated because of a symmetry argument based only
on conservation of angular momentum and Bose statis-
tics of the gammas. Thus only 3y emission from a 'S,
state can be present in this configuration. If a Ps-
quenching gas such as NO is then added and the decay
rates into the symmetric and the asymmetric configura-
tion remeasured, any change observed in the ratio must
be due to the presence of decays from 'S -3y, since
the fraction of singlet to triplet annihilations is changed
by quenching. Numerous systematic effects exist which
could al.so cause the ratio to change when ps is
quenched. After correction for these effects and cal-
culation or measurement of a number of factors, such
as the quenching ratio, effect of finite solid angle on
the prohibition of 'So -3y in the symmetric configura-
tion, etc. , the branching ratio defined as b = A.3z"/A.'"
(X'", A.'"=decay rate for 'S -2y, 'S, -3y, respectively)
was determined to be b ~ 2.8 x 10 '. The interpretation
of this result in terms of the coupling constants on the
C-violating portions of the various interactions pro-
posed (for example, the C-violating Lagrangian

where E, is the electromagnetic field operator and g
the electron field operator) give limits g &1 for m taken
as the electron mass.

2. Limits on the C-violating 1 S„4y decay mode

An experiment analogous to the Brandeis work was
later performed (Marko and Rich, 1974; Marko, 1974)
at the University of Michigan. In this work the C-vio-
lating decay mode 1'S, -4y was searched for. The tech-
nique used to detect 'S, -4y was to form Ps from posi-
trons emitted from a "Na source embedded in a spher-
ical MgO powder sample and then to search for 'S, —4y
events using four NaE detectors placed at the vertices
of a tetrahedron. This configuration was chosen because
the C-allowed process 'So-4y is forbidden to decay into
a tetrahedral geometry by considerations of rotational
invariance (Mani and Rich, 1971) and because under
a specific C-violating Ha. miltonian (Mani and Rich, 1971)
the matrix element for 'S, -4y is maximum in the tetra-
hedral mode. A set of strict conditions was imposed on
the accepted events, so that instead of searching for a
small change in a large background count rate as in
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the 'S -3y experiment, limits on the '$, -4y rate could
be set directly. The principle conditions required were
that (i) the four signals be simultaneous in time to with-
in the 16 nsec coincidence resolving time of the detec-
tion system, (ii) the signals occur within a 20—120
nsec interval after a t =0 signal taken from the 1.3 MeV
gamma ray coincident with positron emission from
2'Na, (iii) each signal be within an energy window de-
termined by the detector solid angle and decay kine-
matics, and (iv) the sum of the four energies equal
mp, c = 1.02 MeV to within the system energy resolu-
tion.

The result of the experiment was that four candidate
events were found during a 24-day run. These events
mere consistent with the expected background rate; con-
sequently, the data set an upper limit on the branching
ratio b =X~r"/X~r" (X'r", A. r" =decay rate for 'S, —3z, 'S,
-4y, respectively) of b&8x 10 '. This was equivalent
to determining the coupling constant A. in the Mani-Rich
Hamiltonian,

to be A. &0.8 for n~ taken equal to the el.ectron mass.
Finally, I should remark that if a Q-violating inter-

action was detected at the level of sensitivity of the
searches conducted to date, the Hamiltonians referred
to above would lead to anomalous results in e -e' inter-
actions at high energy if their high energy behavior were
not appropriately modified (Christ, 1974; Kane, 1974).
These Hamiltonians are, of course, only effective in the'
lorn-energy region. At higher energy, the more funda-
mental structure should be taken into account, and this
will modify the energy dependence. It is an open ques-
tion as to whether a reasonabl. e theory can be invented
that agrees with experiments in the lom-energy regime
and that is consistent with an effective coupling A. that
can be detected in experiments of the type described
abov. e.

3. Search for the allowed decay 1 'So ~ 4y Or e +e+ ~ 4p

The decay 1'So-4y or the direct annihilation e +e'—
4y is all, owed and mould be interesting to detect an&
study, in that it mould be the first direct four-gamma
decay process observed at any energy. A calculation
of the branching ratio for the process 1'8 -4y gives
the result b = X~"/A', "= 3 x 10 ' (McCoyd; 1965), while an
estimate based on phase-space considerations yields
approximately 2 x 10 ' for the process (Mani and Rich,
1971). An analysis of a possible experiment to search
for the decay e +e'-4y has been carried out by the
author for electron-positron annihilation in a metal (no
Ps formation). The results are that it might be possible
to detect a 4y to 2y branching ratio of 10 in runs of ap-
proximately one-day duration.

4. Search for axion emission in I S, decay

The possibility of adding a chiral U(l) symmetry in
the unified gauge theories leads-to the possibility of a
neutral pseudoscalar particle —the axion or higglet
(Weinberg, 1978; Wilczek, 1978). The mass and life-
time of the axion, if it exists, may be estimated from

1 i&g=—1 — ' c,' sec '
8~ 2m (4.14)

Thus the branching ratio for 1'S, -y+z vs 1'S,-3y is
about 10 '/7 x 10' -10 ' for m &m and c, = l. Mikaeban
has suggested that one might search for the single quan-
tum decay of 1'$y Ps as an indirect signal of axion pro-
duction. The energy of the y emitted (E„) is related to
m, (by conservation of energy and momentum) through
the expression m,'=4m[m —(E„/c')] so that a measure-
ment of E„would permit a determination of m, which,
when combined with the branching ratio, mould al.so
yield c,.

Experimentally the detection of a branching ratio of
10 ' is reasonable from considerations of the signal
alone, since 10 triplet events can be accumulated in a
reasonable time with singles rates (10' sec ') which
preserve the possibility of doing delayed coincidence
timing from a t =0 signal to isolate the triplet decay.
The major problem in such an experiment mould be the
suppression of non-axion-related singl. e-pulse events
of the proper energy in delayed coincidence with the
start signal. Such events could arise at the 10 ' level
through a varity of processes —for example, I'p, —Sy
with one of the gammas being of low enough energy so
that it had a reasonable probability of remaining unde-
tected, even for photomultiplier discriminators set at
the single photon level. The other gamma would simply
pass through a detector without interaction. Consider-
ation of such processes readily leads to the conclusion

an analysis of existing experi ments and from current
algebra considerations to be 50 KeV &m,c' &200 KeV
and 7', (a —2y) —(G~n'm3) ' —(100 keV/m, c')' —1 sec, al-
though the above ranges are model dependent. Values
for m, somewhat greater than 1 MeV with lifetimes
much shorter than g „as given above, because the
channel a -e+e mould be opened, are unlikely, but can-
not be precluded. Analysis of the data from various
bea. m dump and reactor experiments (Donnel. ly et al. ,
1978) shows that under reasonable theoretical. assump-
tions [use of the SU(2) x U(1) weak interaction model
with an additional U(1) chiral symmetry, etc. ] axions
would have been detected already. However, according
to Donnelly et &E. , these experiments mould not have
detected axions if (i) they are predominantly isoscalar,
(ii) m, c -100 keV, (iii) their high-energy coupling to
hadrons is weak, or possibly if (iv) a different weak-
interaction model is used.

An alternative to the various high-energy and nuclear
experiments which have been suggested to search for
axions has been proposed (Mika. elian, 1978) in which
triplet Ps decay into an axion and a gamma ray (1'S, -y
+a) would be detected. This process is allowed if
m, &2m, although we note that '$0 —y+& if forbidden by
angular momentum conservation, since the axion has
spin zero. If the coupling strength of the axion-electron
vertex is 2'~'G~~'mc, (Go =the Fermi coupling constant,
and c, is a model-dependent parameter of order unity),
then the partial decay rate into the gamma-axion chan-
nel is .o„ i-(;)'

X(1'S, —y+a) = c& sec '
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that if, for example, NaI detectors were to be used,
they would have to subtend nearly 4z solid angle around
the Ps formation region and in addition would have to
be of order 30 cm in length. A preliminary investiga-
tion by the author of processes such as these l.eads to
the conclusion that a dedicated experiment to search
for single-quantum annihilation of triplet Ps may be
feasible at the 10 ' level,

't. Proposed measurement of the electron compton
wavelength (X, = hlmc)

Measurement of X, is of interest for its own sake,
since A., is a fundamental constant of physics and also
because one can write

n = (2X,R„)'", (4.15)

where R„ is the Rydberg constant for infinite mass (R„
=4&h'c/me4). Since R„ is currently known to 0.003 ppm,
a determination of X, at the one ppm level would allow
a very direct non-QED determination of n at the half
ppm level. Such a measurement would initially be less
accurate than the current non-QED determination of n
(Williams and Olsen, 1979) which is obtained from the
relation

n= [(4R-/c)(&NB /&)(p p4 ) 'y /(2e/&)]'",

where Q~~~/0 represents the ratio of the National Bur-
eau of Standards ohm to the absolute ohm, p, ~/p~ is the
proton magnetic moment in Bohr magnetons, y~ is the
proton gyromagnetic ratio, and the ratio (2e/h) is ob-
tained from the a.c. Josephson effect. The uncer-
tainty in n from the above combination of sepa-
rate measurements is 0.11 ppm and is due prim-
arily to an error of 0.21 ppm in y~. Clearly, a mea-
surement of n from the relation n=(2X, R„)'~ would
constitute an important systematic check- on the current
work and, in addition, might eventually prove to be
more accurate.

The technique which as been proposed to measure A.,
(Sauder and Deslattes, 1967; Sauder, 19'70) is essenti-
ally to form Ps in helium gas cooled to its critical point
and placed in a magnetic field (8). The value of the
field would be chosen high enough that the perturbed
triplet state (gr) would decay primarily by two-photon
annihilation. The field would at the same time be Low

enough that the lifetime of the perturbed state (~r)
would be sufficiently in excess of the Ps thermalization
time to assure thermalization of the state prior to de-
cay. We note that if Ps at rest in the state |tr decays
into two gamma rays, conservation of momentum and

D. IVliscellaneous positronium related experiments

In this section we will discuss several applications of
fundamental interest in which the use, or proposed use,
of Ps as a tool will be of central importance in the re-
search. Many other investigations could have been in-
cluded in this subsection. I have, however, simply
tried to illustrate situations in which the unique proper-
ties of Ps have mandated its use in a particular investi-
gation, even though the object of the work is essentially
unrelated to Ps pe~ se.

energy [2(hc/X) =2mc' —W' ] leads to the relation for
the wavelength of each photon:

1--.'(W;/~c') ' (4.16)

where W'r is the. energy of the state g'r [Eq. (2.4c)].
Since Wr/2mc2 = 6.6 x 10 ' (accurate to parts per mil-
lion), we see that a measurement of & to any given ac-
curacy yields X, to the same accuracy.

The inherent problem in any measurement of A., using
positron-electron or Ps annihilation is, however, pre-
cisely the fact that the system annihilates not from rest
but with a finite center of.mass momentum. Following
the notation of Sauder and Deslattes, Let Eo be the total
energy of the positron-electron (or Ps) complex, i.e.,
Eo will be the sum of the center of mass kinetic energy,
the binding energy if Ps is formed, and the rest energy
(2mc'). Then the energy of the emitted gammas may be
written as

pgvq = 2EO+ 5,

hv2 = 2EO —5.

(4.17a)

(4.17b)

Here 5 represents the Doppler broadening, which, from
conservation of momentum, is

-pc pc 26
1 +—cos8 (4.18)

where 8 is the angle between photon 1 (hv, ) and the cen-
ter of mass momentum p. Since Eo= 2mc' and p is
characteristic of an e -e system in thermal equilibri-
um, i.e. , pc/E', «1, 26/Eo«1, Eq. (4.18) reduces to
the approximate expression 6= (pc/2) cos6. Thus to a
good approximation the measured fractional energy
spread of the annihilation gammas will be approximately
Pc/mc'= v/c or 1400 ppm for an e -e' system with cen-
ter of mass energy of 1 eV. Such an energy is char-
acteristic of free e -e annihilation in matter. Extrac-
tion of a one-ppm measurement of X from an initial
1000-pm linewidth is essentially impossible, due to
lack of a sufficiently weLl-known theoretical line shape
arid to the enormous statistical precision that would be
needed for the part-per-thousand line splitting neces-
sary.

This problem may be resolved if Ps is formed in a
low-temperature gas (a gas should be used, since pick-
off must be avoided) and the decay of the singlet state
observed, since considerably narrower lines would be
achieved if the singlet Ps were thermalized. Unfortun-
ately, typical thermalization times in gases are far in
excess of the 0.1 nsec lifetime of P, . As mentioned
above, Deslattes and Sauder propose to overcome the
thermalization problem by utilizing the 2y decay of gr,
which they note occurs in about half of the gr decays at
a field of 2 kG. The value of v'~ in such a field is '70

nsec, which is well in excess of the calculated 1 to 10
nsec thermal'. zation time of Ps in He gas at the critical
point (T,=5.2 K, pressure=2. 3 atom). The value of
(v/c) for Ps at 5.2 K is only 30x 10 '. Deta. iled con-
sideration of the lineshape for the 2y decay of therm-
alized Ps leads to the result that the shape will be
Gaussian with fractional full width at half maximum in-
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tensity of 1.4 (v/c). This is sufficiently narrow that
splitting to 1 ppm becomes feasible.

As a final remark, I note that the actual measurement
of A. is made using a crystal spectrometer. The wave-
length of the annihilation photon (X) is determined from
accurate measurements of the crystal spacing d and the
Bragg angle 8 at which the y ray is diffracted, accord-
ing to the usual relation X = 2d sin8. Since X- X, = 0.024
A and d-1 A, 8- 10 ' rad, so that measurement of X to
1 ppm requires measurement of 8 to 10 ' arcsec (both
in absolute accuracy and measurement precision) and
concomittantly knowledge of d- to 10 '. Both of these
requirements are feasible, as has been demonstrated in
recent work (Kessler et al. , 1978, 1979), in which a
number of y-ray lines between 63 and 6'75 keV were
measured to accuracies of better than 1 ppm, using Ge
and Si crystals. In particular, "'Ir lines at 468 and
484 keV were measured to accuracies of 0.57 and 0.85
ppm, respectively. Thus if the work on a low-temper-
ature Ps annihilation source currently in progress at
the NBS (Deslattes, private eommunieation) is success-
ful, a determination of X, at the ppm level appears
feas ible.

2. Use of positronium in precision positron polarimetry

a. General methods for determining positron polarization

Measurement of positron polarization (P = (e)) and
helicity (0= (e p)/~p ~) with both high statistical pre-
cision and high absolute accuracy is of importance in a
number of current experiments, as well as in a number
of proposed and ongoing tests of the weak interactions.
In this subsection we will discuss the design and opera-
tion of a positron polarimeter (based on Ps formation
in a magnetic field) which is now in everyday use in our
laboratory. The instrument combines the qualities of
high statistical efficiency, reasonable absolute accur-
acy, and potentially extremely high precision when
used to compare the polarization of positrons from dif-
ferent beta-decay sources. I will also outline the num-
erous experiments in which the polarimeter can be em-
ployed.

Measurement of electron polarization at character-
istic beta-decay energies (100-1000 keV) has, in the
past, been accomplished using either Mott (electron-
nucleus) or Moiler (electron-electron) scattering with
efficiencies (fraction of scattered to incident electrons)
of order 10 '-10, asymmetries [fractional change in
counting rate when a completely polarized beam ( ~P~ = 1)
has its polarization flipped, i.e. , P- —P] of less than
25%, and, finally, maximum overall accuracies in the
measurement of P quoted as no better than + 1% and
more typically + 10%. Similar methods, i.e. , Mott or
Bhabba scattering could in principle be used to deter-
mine E for positrons. Unfortunately, the asymmetry in
Mott scattering of positrons is typically only 10% of
that for electrons, since positrons are repelled from
the nucleus, so that the motional magnetic fields
[v(projectile) x E(nucleus)] responsible for Mott scat-
tering asymmetries are reduced. Bhabba asymmetries
are also much reduced, over Moiler asymmetries at en-
ergies below 1 MeV, due essentially to the Pauli prin-
ciple's 'not being operative for e -e' collisions. A gen-

eral discussion of e and e' polarization and helicity
may be found in van Klinken and Koks (1978), who
emphasize the theoretical implications of beta-decay
polar ization measurements.

A different method of polarization analysis, applicable
only to positrons and not based on scattering was used
by Hanna and Preston (1957) to demonstrate that posi-
trons from Cu polarized as predicted by the then re-
cently enunciated V-A theory of weak interactions.
These workers stopped positrons in magnetized iron and
showed that the differential angular correlation curve
shifted when the magnetizing field was reversed with
respect to the direction of the incoming positron beam,
i.e. , the presumed direction of positron polarization.
These and subsequent angular correlation experiments
of a similar nature have been reviewed and analyzed by
Berko (1967). Essentially, the effect seen is due to the
fact that for e+-e annihilation at rest parallel spins
(triplet configuration) result in 3y-decay, while anti-
parallel spins (singlet-triplet mixture) decay into 2y's
or 3y's with equal probability. Thus the normalized 2y
angular correlation rate will clearly be affected. The
asymmetry actually observed is less than 0.05, with
the maximum values occurring at large (10~ rad) angu-
lar correlations. The low value for the asymmetry is
due primarily to the fact that the positrons annihilate
with greatest probability with the unpolarized rather
than polarized electrons in iron and secondarily to pos-
sible spin depolarization of the positrons as they slow
down from their initial MeV beta emission energies to
the thermal or near thermal energies which character-
ize their annihilation in the iron.

An alternative though similar method for detecting
positron polarization was employed by Page and Hein-
berg (1957) and reviewed by Page (1959). In this tech-
nique the positrons were stopped in a gas placed in a
magnetic field oriented parallel or antiparallel to the
initial presumed polarization direction, and Ps was
formed. As we will discuss in more detail below, the
amount of singlet versus perturbed triplet [g'r(m =0)] Ps
formed depends on the relative orientation of P and B.
At the fields used, the decay of P'r is predominantly into
2y's; consequently, if the 2y decay of g'r could be dis-
tinguished from the 2y decay of P~ so that only the pro-
cess $r-2y were detected, reversal of B or P should
cause a change in the number of y 's detected per in-
cident positron. The 2y decay of g'r can, in fact, be
distinguished from the 2y decay of g~, because the much
shorter-lived g~ will not thermalize at the typical gas
densities necessary for efficient Ps formation in a rea-
sonable volume, while the perturbed state will. The
perturbed state will therefore have a narrow angular
correlation (low center-of-mass momentum) as com-
pared to the singlet decay. The number of 2y events in
the narrow component of the angular correlation curve
should therefore change on field reversal, and, in fact,
Page and Heinberg observed a field-up-to-field-down
counting rate asymmetry of up to (5+ 1)/0 on performing

. the experiment using a number of different combina-
tions of gases and with magnetic fields in the 10-15 kG
range. The error in the asymmetry quoted above is
statistical and would allow a measurement of P to +20%
if no systematic errors were present. The inherent
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limitation in the statistical precision of the experiment
is the fact that only a small fraction of the Ps formed
decays into y's which enter the angular correlation
slits. For example typical 2y coincidence counting
rates for a 15 mCi 22Na source (6x 108 disintegrations
sec ') were oddly 1 count sec '.
b. 7he l s tjme-resolved pcs/ tron polar/meter

The shortcoming of the Page technique from the view-
point of statistical efficiency was effectively overcome
by an idea suggested by Telegdi (1959) and indepen-
dently by Lundby (1960). The essence of the idea was
that rather than using angular correlation techniques to
isolate Pr, one could use timing coincidence techniques
to accomplish the same goal. The advantage here lies
in the fact that the probability of detecting a gamma
from a time-delayed tt~ decay is of order unity. Thus
the statistical efficeincy is improved by orders of mag-
nitude without any loss in the asymmetry produced.
The method was first implemented at CERN using plas-
tic scintillator as the Ps-forming material (Dick et al. ,
1961, 1963; Bisi et al. , 1962). An improved version of
the polarimeter as regards both the magnitude of the
asymmetry obtained and the absolute precision of the
polarization measurements possible was described by
a Michigan group, Gerber et al. (1977), who used MgO
powder as the Ps-forming material. It is this current
form of the instrument which we now discuss.

Consider Ps formed from a beam of 100%%u~ polarized
positrons (p= g) incident on unpolarized electrons situ-
ated in a magnetic field B= zB which defines the spin- .

quantization axis. Assuming, as is reasonable, that
there is no spin flip on Ps formation (negligible spin-
dependent forces exist during the e -e capture pro-
cess), the spin characterization of the Ps states formed
may be written as
g (yg =1)=kg, gr(m = —1)=44, g, = f4, g, = 44. (4.19)

Here the latter two states are not eigenstates of the
Hamiltonian if the spin-spin and Zeeman terms dis-
cussed in Sec. II are included and up (0) or down (4) re-
fers to the direction defined by B. The existence of an
asymmetry on reversal of P may easily be seen quali-
tatively if we consider the expansion of tti, (t) and g, (t) in
terms of the Ps eigenstates g~ and g~ (see Sec. II.B for
notation:

(4.20a)

(4.20b)

Here, e = x/(I+ x')'~' and at high field (x» 1, 8 —1),
" —iW~ A~

q, (t) —tt ~exp r ——~ t

Since a P=+z positron beam forms the states P„(+1)
and g, while a P= —z beam forms the states g„(-I) and

P, we see that at high field, to the extent that A. '~ & X~,
the state P, is longer lived than g2, so that the time
spectrum of an ensemble of decaying Ps atoms formed
from a beam with P ~ B &0 will have a larger fraction of
counts in the late portion of the spectrum than the cor-
responding fraction for a beam of reversed polarization
(P B&0). The asymmetry goes to zero at infinite field,
since, from Eqs. (2.4e) and (2.4f), as@-~, &ri- &,'- ~ (&r
+ X~); however, for values of B in the range 5-20 kG
the asymmetry is sizeable and mp, y easily be observed.

An exact expression for A may be obtained by noting
that the time spectrum for an ensemble of decaying Ps
atoms initially populating the states gr(+1) and g, (P B
&0)—or, alternatively, Pr(-I) and P, (P -B&0)—is

(4.21a)

(4.21b)

where y,(f) and r. (t) represent the rate of annihilation at
time t for P ~ B&0 and P ~ B&0, respectively. The
asymmetry at a given point in the time spectrum is de-
fined as

A.(t) = 2[r —x,]/[r +x,]. (4.22)

An approximate result for A.(t) obtained by direct eval-
uation of (4.21a) and (4.21b) using the expansions (4.20a)
and (4.20b) for g, (t) and P, (t) and assuming t large
enough that the term X~ exp(-X'~t) may be neglected when
compared to X'r exp(-A 'rt) is

(4.23)

This expression may easily be generalized to situations
in which P makes an arbitrary angle 8 with respect to
B (spin or field reversal implies 8-8+ ~) and in which
IP~ & 1 (Rich, 1965; Rich and Crane, 1967) with the re-'
sult

2Pc cos8
1+2(A /A. ') exp[(X' —A. )t]

' (4.24)

In actual experiments the effects of prompt decays from
both p~ and direct annihilation events, which together
comprise typically about 75/o of all annihilations, must
be considered. This is because, due to the finite time
resolution (typically 1 nsec) of the equipment, such
events can cause small but observable perturbations in
the delayed portion of the time spectrum. Such effects
are not, however, of sufficient significance to be con-
sidered in the general analysis of the polarimeter which
we present below.

A schematic diagram of a preliminary version of the
polarimeter (Gerber et al. , 1977) which used MgO pow-
der as the Ps-forming substance is shown in Fig. 19.
This instrument was used to measure the polarization
of positrons from "Ga decay to an accuracy of Il%%up, a
slight improvement over a previous 12/p measurement,
however, its primary purpose was to test the feasibility
of the polarimeter for comparative polarization mea-
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FIG. 19. Schematic diagram
of a positron polarimeter
based on Ps formation in
evacuated MgO powder
placed in a magnetic field of
2.9 kG. The polarimeter
apparatus has cylindrical
symmetry.

surements of precision exceeding 10~. If such accuracy
is indeed possible, a number of novel tests of the weak
interactions would become feasible. %e will now dis-
cuss the preliminary results obtained with this instru-
ment, primarily by way of illustrating the technique
used to measure positron polarization, and then turn to
an outline of the various experiments which can be
undertaken with a second generation instrument.

As can be seen from Fig. 19 positrons emitted into a
forward cone of half angle 7 pass through a 2 mm piece
of plastic scintillator which gives the required start
signal. They then stop and either annihilate directly or
form Ps in the evacuated MgO powder. The annihila-
tion radiation then gives a stop signal in the Naton 136
plastic scintillator. The entire source start-stop sys-
tem lies within the 2.9 ko field of a Varian electro-
magnet, although in principle of course, only the Ps

formation region need be in the field. The raw data and
the associated computer fit lifetime spectra are shown
in Fig. 20. The change in intensity on field reversal can
clearly be seen in this figure. Finally, Fig. 21 shows
the measured asymmetry (individual points) for this ex-
periment, while the solid line represents the best fit to
the data and implies that the polarization on Ps forma-
tion is P = 0.58+ 0.03 with 60% of the error being stati-
tical in nature. This value is in agreement with the
value of I' calculated from the initial beam helicity and
the estimated depolarization prior to Ps formation.

Second-generation versions of the above described
polarimeter have already proven to be, and should in
the future prove to be, of great importance in numerous
types of investigations in which the physics of interest
depends on measurement of absolute positron polariza-
tion or on comparison of the polarization from a number

~ 105

C3

C)

FIG. 20. Raw Ps-decay data
obtained with the apparatus of
Fig. 19. The various lifetime
components were found by
computer fit. The polariza-
tion-dependent asymmetry is
given by the difference in
count rates in the early chan-
nels, labeled perturbed de-
cay, when B is reversed.
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= P[I+s]. (4.25)

was bent through 90 in a cylindrical mirror analyzer,
sent through a ien filter spin rotator, and then by way
of a hole in.the yoke of a magnet sent into a polarimeter
whose working field B~ was 6.3 ko. The polarimeter
was of the type described previously, but with the es-
sential difference that the positrons were allowed to
impinge on a chevron electron multiplier array (CEMA).
They formed Ps with about 10/o efficiency on the CEMA
and simultaneously caused a start signal by ejection of
secondary electrons. The stop signal was, as usual,
detection of the decay gammas in the plastic scintillator
shown in Fig. 22. The reason for this modification is
that it is impossible for the low-energy positrons used
in this work to pass through a thin scintillator in order
to give a start signal. The result of the measurement
was that the polarization of the slow beam had a most
probable value of 0.22'~o'0', . The polarization of the pos-
itrons emerging from the source was calculated (after
appropriate angle and energy averages) to be 0.34
+ 0.07 and with an estimated (15+ 5)/p depolarization, an
estimate based on an extrapolation of the calculations of
Bouchiat and Levi-Leblond (1964), the polarization of
the emerging slow positron beam being thought to be
0.29+ 0.06. This calculated result when compared with
the measured value of 0.22~~'",, shows that some addi-
tional depolarization (possibly spin relaxation) may be
present in the Mgo.

Several immediate applications of polarized slowpos-
itrons were discussed in the Z itzewitz et al. paper. We
note here in particular the positron analogy to recent
work on polarized low-energy electron diffraction
(PLEED). This work demonstrates that PLEED com-
plements low-energy electron diffraction (LEED) in in-
vestigations of crystal structure with PI EED being
more sensitive to certain surface parameters [see
Zitzewitz et al. (1979) for recent references to PLEED].
The substitution of polarized low-energy positron dif-
fraction, PI EPD, for PLEED or low-energy positron
diffraction (LEPD) for LEED should provide a consis-
tency check on crystal structure models. Both LEPD
and PLEPD should be feasible from the viewpoint of the
slow positron beam intensities available; and, in fact,
the first such work (LEPD—experimental detection:
Rosenberg and co-workers 1980a, 1980b; Platzman and
Mills, 1980; I EPD and PLEPD theoretical analysis:
Feder, 1980) has recently been published.

The final subject which me address in this section is
the proposed use of the positron polarimeter in a num-
ber of tests related to the weak interactions. A number
of applications in this area were noted by Gerber et al.
(1977) with the one of most general interest being the
suggestion (Michel, 1976} that one could search for the
effects of interesting forbidden or recoil order correc-
tions, -such as the weak magnetism and induced tensor
terms on positron polarization. A detailed calculation
of these effects was undertaken by Holstein (1977a,
1977b). The result of the calculation was that the heli-
city of the positrons emitted in nuclear beta decay could
be written to first order in recoil as

Here
m, M is the positron and parent-daughter average

mass, respectively
E= ymc i.s the positron energy
a is the Fermi (vector) form factor
c is the Gamow-Teller (axial vector) form factor.

Typically c and a are of similar magnitude for mixed
(super-allowed) transitions.

b is the weak magnetism form factor. This form fac-
tor is of interest, apart from specific nuclear physics
consideration, because its value may be directly re-
lated, through the conserved vector current (CVC) hy-
pothesis (Feynman and Gell-Mann, 1958) to the often
well measured isovector magnetic moment (e.g. , the
M1 gamma width or the magnetic-moment difference
between initial and final states if these states are mem-
bers of a common isomultiplet}. Typically, for allowed
transitions, b = 4A c where A. is the atomic weight of
the decaying state. Measurement of b in situations
where its value as predicted by CVC can be indepen-
dently determined experimentally thus constitutes a test
of CVC. We note that the CVC hypothesis is a require-
ment of the electro-weak gauge theories (Weinberg,
1977).

d is the induced tensor form factor. We assume in
what follows that d arises from first-class currents
only.

c is the deviation of h from P due to the above terms.
We see from Eq. (4.25) and the above definitions that

p = 10~(mc'/E) = 10 ', where we have taken b/c-d/c
—4A» 1, c'/(a'+ c2) —1, M = 1800AM, and E- mc~. In
light of previous remarks related to the uricertainty in
depolarization estimates, a deviation of such small
magnitude would not be directly accessible by an abso-
lute polarization determination. It may, however, be
possible to compare the polarizations of positrons of
the same energy from two different radioactive sources
to the requisite precision, and such an attempt is now
being made at Michigan.

The essence Of the technique is to campagne the polar-
ization of the positrons from the source of interest with
the polarization of positrons of equal energy (as selec-
ted by a beta spectrometer) emitted from a comparison
or normalization source such as a Fermi transition de-
cay for which 5 = c = d = 0, so that & (Fermi) = 0. In gen-
eral, the value of s for the normalization source [s(N)]
should be small enough that it may be neglected with
respect to the value of c for the source of interest. The
comparison technique has the advantage that a number
of systematic effects, such as positron depolarization
on stopping in the Ps-forming substance, should be
equal for positrons of equal energy from either source.
These effects should therefore cancel to high order
when the polarizations from the sources are compared.
Since such systematic uncertainties are the primary
source of error in the polarization m, easurements con-
templated, a comparison of the polarization from the
two sources can be made to an accuracy far greater
than the absolute accuracy which can be attained in
measurements on a single source. In effect, . one could
take the ratio of the experimental asymmetries mea-
sured for the two sources without even attempting to ex-
tract an actual polarization for either, since the ratio
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yields the result (1+&)/[1+s (N)], from which z can be
obtained if z(N) «&. We see from Eq. (4.25) that mea-
sured values of c and &, along with the known values of
m, M, a, and c, permit a direct determination of b

+2d. The quantities of interest, b and d, may then be
separately obtained by either (i) using a transition with-
in an isomultiplet (e.g. , "Ne) for which d= 0, or (ii) by
using a transition in a nucleus such as "N, where the
combination b+ 2d has been measured directly in pos-
itron-nuclear spin-alignment experiments [e.g. , Cala-
price (1978), which contains a review of various mea-
surements of 5 and d].

The precision polarization comparison technique can
also be used in a number of other weak interaction in-
vestigations including, in particular (i) improved limits
(Holstein, 1977a) on the size of Fierz interference
terms (mixture of S- and T-type weak interactions into
the canonical V-A form) in nuclear beta decay, and (ii)
tests of spontaneous left-right symmetry breaking (Beg
et a/. , 1977; Holstein and Treiman, 1977). In both of
the above cases improved upper limits on the size of
the effects would follow from polarization comparisons
at the 10 level, i.e. , the criterion for useful precision
here is somewhat less stringent than that in the weak
magnetism situation.

3. Ps in astrophysical environments

An active phase of current research in y-ray astron-
omy consists of the search for y-ray lines in the ener-
gy range below a few MeV. Such work is generally un-
dertaken using balloon borne NaI or Ge (Li) detectors
with either active (NaI) or passive (e.g. , Pb) collimation
to give angular resolution. Several gamma-ray lines
in the MeV energy range have in fact been reported,
with the first and still the strongest being at about 0.5
MeV (Johnson et a/. , 1972; Chupp et a/. , 1973, 1975;
Leventhal et a/. , 1978, 1980). The lines detected by
Johnson and Leventhal originated from the direction of
the galactic center, while the line observed by Chupp
was associated with a solar flare. Explanations for the
source of the galactic center radiation have been sum-
marized by Leventhal et a/. (1978), with one of the pos-
sibilities being direct e -e and Ps annihilation. The
0.5 MeV line, observed in solar flares, is also thought
to have its origin in e -e and Ps annihilation. A de-
tailed consideration of such processes in the medium of
a solar flare was carried out by Crannel et a/. (1976),
while Bussard e/ a/. (1979) worked on the analogous
problem for the intergalactic medium. The research
presented in these articles showed that the fraction of
Ps (3y) annihilation relative to free (2y) annihilation,
the width of the 511 keV line and- the intensity of the
line relative to other observed gamma lines can give
quantitative information concerning the state of the me-
dium (temperature, degree of ionization, etc.) from
which the radiation is emitted. It should be emphasized,
however, that while evidence for a 511 keV line from
both solar flares and the galactic center is strong,
identification of the 3y background due to Ps annihila-
tion is still marginal. It is hoped that further observa-
tions from satellite mounted gamma-ray detectors will
yield the data necessary to observe Ps formation at the

galactic center unambiguously, if such formation is in-
deed occurring.

4. Ps formation in optically active substances

Most naturally occurring sugars and amino acids are
composed of only one of the two possible isomers (L or
D) of the substance. The cause of this phenomenon,
first noted by Pasteur in 1861, is still a subject of
speculation and experimentation. The discovery of par-
ity violation in weak interactions immediately led to the
suggestion (Krauch and Vestor, 1957; Vester et a/. ,
1959; Ulbricht, 1959) that the molecular violation of
parity noted by Pasteur might somehow be linked to
nuclear parity violation and in particular to the fact
that nuclear parity violation implies that the emitted
beta particles have a net helieity. One of the initial
suggestions was that the electrons from naturally oc-
curr ing radionue leides m ight have an interaction dif-
ferent for the I- isomer than the D isomer of the same
molecule. The I- and D isomers were presumably
present in equal numbers (racemic mixture) when they
were initially created chemically; however, even a
slight preferential effect in one versus the other might,
through evolutionary amplification, lead to the complete
asymmetry now observed.

Numerous experiments were attempted following this
suggestion. The experiments generally involved
searches for preferential destruction of one of the iso-
mers of an initially racemic mixture after exposure,
either to beams of polarized electrons, or to electrons
with an initial helicity emitted from radioactive
sources. Positive effects were reported for some of
this work [see, for example, Bonner et a/. (1975)], but
these have not proved to be reproducible [see, for ex-
ample, Hodge et a/. (1979)].

An alternative type of experiment involving Ps forma-
tion in L and separately D isomers of amino acids was
carried out by Garay et a/. (1973, 1974), while searches
for preferential polarized muon interactions were
undertaken by Lemon et a/. (19'74). No muon or muon-
ium asymmetries were found; however, Garay et al.
reported preferential formation of triplet Ps, at levels
ranging from 6%to 30%, for D vs I isomers of several
amino acids. The cause of the asymmetric Ps forma-
tion was ascribed to a possible helicity of the electrons
in optica1. ly active substances, the sign of the helicity
depending on the I- or D character of the isomer con-
sidered. If such a helicity is in fact present in optically
active molecules, it was suggested (Hrasko, 1973;
Garay et a/. , 1973; Garay and Hrasko, 1975) that it
might also cause a preferential interaction of electrons
with net helicity from naturally occurring radionu-
cleides with the L vs D isomers of the substance in
question. Such an asymmetric interaction, amplified
by evolution, might then constitute the reason for the
existence of naturally occurring optical activity. The
detection and quantitative determination of a net elec-
tron helieity as a general property of optically active
substances would also naturally be of interest for its
own sake. Preliminary estimates (Ford, 1979; Heg-
strom, 1980) indicate that the magnitude of the helicity
in chiral molecules is zero to first order in the spin-
orbit coupling interaction but does appear in second
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order.
Unfortunately, Garay's experiment, which indicated

a large helicity for the outer electrons in the amino
acids tested, was found to be nonreproducible by Dezsi
et al. (1974), Brandt and Chiba (1976), and others, who
obtained null results for the asymmetry at the few per
cent level for many of the amino acids used by Garay.
In addition, Rich (1976) pointed out that the residual
helicity at Ps-formation energies of the beta-decay pos-
itrons which were used by the above authors (initial en-
ergy typically several hundred keV) should be negligible
as a result of velocity randomization in the slowing
down process. Since any asymmetry present that is re-
lated to a helicity-'selective Ps-forming interaction will
be proportional to the product of positron and electron
helicity, both of which would almost certainly be small-
er than 10~ in the experimental configurations used,
asymmetries in the part-per-million rather than part-
per-hundred range might be expected.

An experiment to search for asymmetries at the 100
ppm level is now underway at Michigan (Gidley, Rich,
Van House, and Zitzewitz, 1980). The experiment is
being carried out with a low-energy positron beam of
controlled helicity (spin rotation provided by a Wien
filter), as discussed in Sec. IV. D.2. The low energy
of the incident positrons should minimize their velocity
r andom ization at Ps-f ormation energies; and the spin
rotation (helicity reversal) which can be provided will
make it possible to look for asymmetries in one iso-
mer, thereby elininating major systematic effects which
can occur in switching from L to D isomers. These and
other features of the experiment are discussed in some
detail in the above article by Gidley et a/. Finally, we-
should note that a different and possibly more powerful
experimental technique for detecting electron helicity
in chiral molecules would be to carry out a scattering
experiment with a polarized beam whose helicity can be
varied, incident on a thin target isomer. The variation
in scattered intensity with incident electron-beam hel-
icity (due to the electron exchange interaction) would be
the observed signal, in direct analogy with the recent
SLAC neutral current parity violation work (Prescott
et al. , 1978). The intense polarized electron beams
(based on photoemission from GaAs) used in that work
would in fact be ideal for such an experiment.

V. RESEARCH ON n = 2 POSITRONIUIVl

A. Theory
As mentioned in Sec. I (see also Table I), calculations

of excited state fine structure and estimates of excited-
state optical and annihilation decay rates commenced
with the first detailed I's calculations by Pirenne,
Berestetski, Landau, and Ferrell, who by 1951 had
completed fine-structure calculations to order ~ me'.
The major result of interest to this order is that the
degeneracy with respect to j in hydrogen (22S&2
—22P&2) is lifted, so that, for example, E(2'S,)
—E(2 P,) =12773 MHz, a typical fine-structure split-
ting.

These calculations were extended by Fulton and
Martin (1954) to include all terms of order u'me' in
any two-fermion system. In particular, the results

were evaluated for n =2 Ps and are shown in Fig. 4.
Fulton and Martin found that contributions to order
o!'rnc2 arose from (1) recoil (Coulomb field pair pro-
duction) and retardation (exchange of 1 and 2 trans-
verse photons) terms (aEs), (2) radiative corrections
due to self energy (L) and vacuum polarization (&) ef-
fects (~~ ~), and (3) virtual annihilation (~~). These
processes make contributions of from 15 to 300 MHz in
the 2'So and 2'S, states, while only (~s) and (&Ez ~)
contribute from 1-15 MHz in the various & states. The
sum of the various contributions is shown in Fig. 4 with
a more detailed breakdown being given as (all energies
in MHz)

2 So —~~=112, = 260, ~~ ——15.6, (5.1a)

23S, —~s = 61, &E~ ~ = 294, ~~ = —124.3, (5.1b)

2P —b,Es = —2.91 (all P states),

~„=0 (all P states),
2'P, —~~ ~ = 0, 2 &, —~~ y = 3.81,

(5.1c)

(5.1d)

2'P, ~« — 2.12, 2'P, ~~ ~ = —12.72 (5.1e)

The experimental verification of the results ex-
pressed in Egs. (5.1a)-(5.1e) is of great interest,
sin, ce, as with the n =1 hfs and decay rate calculations,
the work provides a general. test of quantum electro-
dynamics in a purely leptonic two-body system. In
particular, terms which can be identified as analogous
to the Lamb shift in hydrogen (~«) make a contribu-
tion of 291 MHz to the 2'S, —2'P2 splitting, so that the
experiment to be described constitutes verification of
radiative corrections in Ps at the level of 2%. We also
note here, however, that DE(23S, —2~p, ); and, in fact,
any of the n =2 fine structure levels has an additional
source of theoretical uncertainty at the several MHz
level, due to uncalculated terms of order o' mc2 (Ful-
ton and Martin, 1954).

B. Measurement of n =, 2 fine-structure intervals

The problem of producing Ps in the n =2 state
proved to be extremely intractable, with a long history
of usually well conceived but unsuccessful experi-
ments, beginning with the work of Kendall in 1954.
The first definitive observation of P s Lyman- n
radiation was reported by Canter, Mills, and Berko
(1975). These authors present a summary of previous
attempts to observe the n =2 state, one of which
(Varghese et a/. , 1974), may in fact have detected n =2
Ps; Details of this first observation of Ps I.y-& have
been reported in a number of review articles arid con-
ference proceedings (for example, Mills et al, , 1977;
Berko et al. , 1979), as well as in the original discovery
paper. Since observation of Ps Ly- has not in itself
yet led to any new results of interest, we-will instead
concentrate our attention on the second phase of the
work of the Brandeis group, namely, measurement of
the 2'S, —2'P, fine-structure splitting.

Details of the Brandeis apparatus are shown in Fig.
23 (taken from Mills et al. , 1975). Slow positrons,
produced mhen the positrons from a ' Co source are
incident on an MgO-covered gold foil converter, are
magnetically guided by a 75-6, 150 cm long, curved
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56SBUVP

solenoid to a copper surface (T) on which Ps in the n =1
and n = 2 states is formed. The average residual field
of the guiding solenoid in the cavity is about 54 G. Its
effect on the data will be discussed later. The fraction
of n =2 Ps formed is 10 '-10, with presumably rough-
ly equal population of the 16 fine-structure states (six
nondegenerate energy levels). The copper surface
forms the end plate of a cylindrical 2~pro microwave
cavity with a resonant frequency of 8860 MHz and Q
=70. Provision is made to observe the Lyman ~
(2430 A) photons emitted from the n =2-n =1 transi-
tion (using the Amperex 56 SBUVP photomultiplier), as
well as the annihilation radiation, using the NaI (Tl) de-
tector. The I yman-o' photons can escape through a
side of the cavity which has been replaced with parallel
wires for this purpose.

In order to discuss the technique used to observe
resonance, we should first note (see Fig. 4) that if
there is no rf field present in the cavity, the 2 S, state
decays into 3y's with a lifetime of 1.1 p sec, since the
lifetime against an optical transition is essentially in-
finite. In addition, the various 2'& states decay to the
1 S, state with lifetimes of a few nanoseconds. The Ly-
man-& photons emitted can serve as the start signal
in a delayed coincidence spectrum in which one of the
1 S~ annihilation gammas serves as a stop signal. This
coincidence technique (Lyman-n photon start-I'S~
gamma stop) was, in fact, the method used to first
identify n =2 Ps decay (Canter et a/. , 1975). The pres-
ence of an rf el.ectric field at the predicted 2'S, —2'&,
transition frequency- [f(2'S~. —2~&2)] = 8625 MHz will
drive this transition and therefore cause an increase
in the gamma radiation emitted within. a few 1 S, life-
times (several hundred nanoseconds) of a Lyman-&
start. In other words, we have the time sequence

e'-2 S~ 2P2
1 psec 1 3 nsec &=&40 nsec

Here & is proportional to the input power density and
the time during which the signal is applied, while & is
the full width at half maximum signal strength. In the

The microwave power necessary to saturate the 2'&,
—2'&2 transition is readily attainable, and at the power
used in the experiment (0.41 mW) the resonance line
width was approximately doubled due to power broad-
enl ng.

The delayed coincidence time spectrum for rf on and
rf off (Fig. 24) clearly shows the enhancement in count-
ing rate due to the rf induced 2'S, -2'&2 transition.
Thus b, =— (rf on counting rate-rf off counting rate)
should be zero in the absence of the transition. The
shortening of the measured lifetime (123+ 8) nsec for
this signal from the 1'S, vacuum lifetime (140 nsec) is
attributed to wall collisions by the Brandeis group.
The large t = 0 intensity (about ten times the delayed
intensity) is thought to be due primarily to signals in
the 56 SBUVP tube caused by decay y's. The 10 nsec
component shown in Fig. 24 has not yet been completely
accounted for, but could result from a high velocity n
=2 Ps component (Mills et a/. , 1977). In any case, it
is only the long delayed signal which is used to deter-
mine the resonant frequency.

The resonance curve itself is obtained from the ex-
perimental signal defined as S(f) =[N (f) -N„,(f)]/N„„
where N,„(f), N, «(f) refer to the delayed coincidence
counting rates, with rf on and off at frequency f, as
discussed above. The theory of the resonance process
shows that the signal should have a Lorentzian line
shape, i.e., that S(f) should be given by the equation

S(f) = —,'A62[(f -f, )'+ —.'62]-'.
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motion through a magnetic field has been calculated by
Curry (1973) and Lewis and Hughes (1973). Using
their results and assuming the Ps kinetic energy (T) to
be in the range 0&&&1 eV, the Zeeman and motional
Stark shifts give corrections to f(2'S, —2'&, ) which
range from -4.65 MHz (T = 0 eV) to -1.03 MHz (T
=1 eV and Ps moving perpendicular to B). Thus f(2'S,
—2'P, ) should be between 8620 and 8624 MHz as com-
pared to the measured value f0= (8628.4+ 2.8) MHz,
where the experimental error quoted is entirely statis-
tical in nature. This result, although slightly above
the range of theoretical values, is not considered in-
consistent with theory. It is taken to confirm the 231
MHz n'mc2 correction to ~ (23S, —23P,) with an over-
all error of +6 MHz, of which +2.8 MHz is statistical,
as mentioned above, the remainder bei ng due to both
uncertainty in the size of the motional Stark shift and to
shifts which can originate from rf power drifts.

In considering prospects for improved accuracy in
this work, we should note that replacing the slow-posi-
tron magnetic guiding field with an electrostatic lens
system (for example, an electrostatic lens system
with losses of less than 20% has been developed for the
various Michigan slow-positron experiments) could, in
conjunction with reduced power input, produce an un-
shifted and almost unbroadened line whose width would
be the natural linewidth of 50 MHz, i.e., 6000 ppm of f.
Zeeman and motional Stark shifts would be eliminated
by the magnetic field reduction, but Doppler broadening
would still contribute about 10 MHz to this linewidth if
the mean kinetic energy of the Ps were about 1 eV
[(v/c) &&f =8 MHz]. The possibility of producing ther-
mal n =2 Ps emitted from room temperature (or cold-
er) surfaces (Sec. III.C) would, however, lead to a fac-
tor of at least 5-10 reduction in the Doppler broaden-
ing.

If one assumes that all systematic effects which
could contribute to a shift in f are eliminated, it is in-
teresting to speculate on the accuracy that could be
obtained in Ps fine-structure measurements, statistics
being the only limiting factor. In view of somewhat
analogous experiments in hydrogen and more specific-
ally, muonium, in which fine or hyperfine resonance
lines are split to 10 with some confidence, it might
be expected that similar splitting would be feasible in
Ps, thus leading to a several-part-per-million range
of accuracy for the Ps fine-structure energy level de-
termination. Such accura. cy represents roughly a one-
hundred-fold improvement over the statistical preci-
sion of the current measurement and would therefore
necessitate up to 10 times the amount of data as were
obtained in that experiment. Since typical runs in the
Brandeis work were of one-day duration, it is clear
that major improvements in the slow-positron beam
rate, or in the efficiency of n =2 Ps production will be
necessary before measurements at the level of accu-
racy now obtained for the hydrogen or the muonium
fi.ne structure can be contemplated. In this connec-
tion, we note that a strong start towards a beam rate
improvement was discussed in Sec. III.C (Mills, 1979).
In. addition, an improved version. of the experiment
described in this section is currently under way at
Brandeis.

Vl. PROSPECTS FOR FUTURE PROGRESS

A. Summary

It is clear from the content of this review that dur-
ing the past five years there has been outstanding
progress, both experimental and theoretical, in the
use of Ps to test quantum electrodynamics. As has
been emphasized, Ps represents a particularly im-
portant theoretical challenge, because, unlike other
simple systems which have been used to test various
aspects of QRD (electron and muon g-2, muonium, hy-
drogen, etc. ), Ps combines the need for an exact two-
body bound-state relativistic formulation in combina-
tion with the added feature of virtual annihilation chan-
nels (e'+e -y, 2X, . . . —e'+e ). The latter cause
observable effects in the n = 1 hyperfine splitting (W)
and triplet decay rate [X(1'S,)], as well as in the n =2
fine structure interval [E(2'S, —2'P, )].

In addition to its use as a rigorous testing ground for
studying QED, I have shown that the Ps atom can be
used for the investigation of problems in such diverse
areas as astrophysics, biophysics, precision metro-
logical measurements, surface physics, and in tests of
symmetry principles. There seems to be every reason
to believe that further progress will be made in ex-
tending and deepening these studies during the next
five years.

As regards the major QED tests, it seems likely that
improvements by a factor of two in the measurement of
W (W determined to perhaps 3 ppm) will be forthcoming
in the near future. Of more significance, however, is
the possibility of completion of the calculation of all
diagrams of order &' in 8", so that a test of W at the
3 ppm level, rather than at the current level of 100
ppm, may then be achieved. Since radiative correc-
tions constitute about 1% of W, such a comparison
would directly test these corrections to a few hundred

ppm, thus providing one of the most accurate tests to
date of radiative corrections in a bound system.

New measurements of X(1'S,) and X(l'S,) are also
under way, and improvements in the precision of these
quantities in the neighborhood of a factor of three to
ten [A.(1'SJ at the 1000 ppm level and X(l'S,) at the
100 ppm level] may be envisioned during the next sev-
eral years. The measurements would, however, still
be somewhat behind the theoretical calculations, cur-
rently accurate to 10 and 10 ', respectively. We
note again, however, that these decay-rate measure-
ments, and in particular the X(1'S~) determination,
allow for the most accurate comparison between theory
and experiment for any atomic, nuclear, or elemen-
tary particle decay rate measured to date. They thus
have a significa. nce beyond the order o.'QED test that
they currently provide.

Turning last to the n = 2 measurements, I should
emphasize that the preliminary fine-structure splitting
obtained in 1975 led to a test of radiative corrections
accurate to 2%, including all experimental and theoret-
ical uncertainties. Thus this first measurement in the
~ =2 level had approximately the same sensitivity, as a
test of QED, as had been obtained from the more de-
veloped Ps hf s research, primarily be cause the order
~2 hfs terms are still uncalculated. It is emphasized
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that an order of magnitude improvement in this mea-
surement, coupled with a calculation of the order
~'mc' terms, mentioned in Sec. V.A, would lead to a
test of radiative corrections in Ps of accuracy (10 '),
commensurate with that obtained from the current Ps
hfs work including a calculation of order o" radiative
corrections (W,). It seems clear that in view of the
importance of testing radiative corrections, as well as
the relativistic two-body formulation of quantum elec-
trodynamics in a bound purely leptonic system, the n
=2 Ps fine-structure measurements should be given
the highest priority.

Another technique of future interest as regards exci-
ted-state Ps is the possibility of two-photon Doppler-
free pumping of states such as the n =2 state. As has
been mentioned (Sec. III.C), such experiments have
been under consideration for a number of years with
the eventual goals being either a more efficient method
of populating the excited levels and/or a precision
measurement of the transition frequency, so that, as in
recent work on hydrogen (Wieman and Hansch, 1980), a
determination of ground-state recoil and radiative cor-
rections can be made.

B. Conclusions
As discussed throughout this review and summarized

in the last section, there has been strong recent pro-
gress in the use of Ps as a tool for studying QED. This
progress will in all likelihood continue and even accel-
erate in the near future. The question presents itself,
as it has during the past decade, whether verification
of QED calculations in various bound and free systems
to higher and higher order improves our understanding
of leptonic structure and interactions in a way commen-
surate with the level of effort involved. This question
is of course subjective, so that a quantitative answer
to it cannot readily be formulated. However, it can be

,noted that although the theory of quantum electrodyna-
mics has numerous well-known logical inconsistencies,
there is at present no alternative to or extension of
QED that makes either new predictions or solves the
logical problems referred to above. However, since
major new conceptua, l breakthroughs often arise from
small deviations in predictions of existing theories,
in the absence of definitive new theoretical suggestions,
the improvement of the classical low-energy tests of
QED, with the Ps work an outstanding example, ap-
pears to be as fruitful a method as any for uncovering
the next level of the theoretical structure. In addition,
it ca" be noted that an extremely important and useful
result of the research effort, motivated initially to
study the fundamental questions referred to above, has
been a host of applications which is particularly marked
in the case of Ps (Sec. IV.D). Such "spin-off" has pro-
vided an exciting and important aspect to the basic
QED-oriented research from which it was derived.
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