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Higher-Precision Determination of the Fine-Structure Interval
in the Ground State of Positronium, and theFine-Structure Density Shift in Nitrogen'
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The fine-structure interval Av in the ground state of positronium has been remeasured
with higher precision to obtain Av~», ——203.396+ 0.005 0Hz (24 ppm) . The current theore-
tical value is &vtheor =203 4155 0Hz. The difference &pexpt 6"th or = 19+5 MHZ is
about 4 standard deviations of the experimental error, indicating the need for calcula-
tions of higher-order radiative contributions. Values are given for both the linear and
quadratic coefficients of the fine-structure density shift in N2.

The importance of a highly precise measure-
ment of the fine-structure interval 4v in the
ground state of positronium for a test of quantum
electrodynamics, and in particular of the Bethe-
Salpeter equation for the hound-state lepton-anti-
lepton system, is well known. '~ The present
Letter reports a value for 4v with a substantially
smaller error than the best previously quoted val-
ue. ' Significant comparison of this new precise
value for 4v with theory clearly requires the cal-
culation of higher-order radiative contributions
to 4v. '

The method of the present experiment is the
measurement of the Zeeman transition frequency
between the M = 0 and M = + 1 magnetic sublevels
of orthopositronium by a magnetic resonance tech-
nique, and i.s basically similar to that used in
previous measurements. "' The transition fre-
quency f» in a magnetic field H is given by

f =-'~&[(1+~')"'-1]

in which x = 2 p. sg'H/b'av. The quantity g' is given
by

g'=g(1-+ n') =g(1 —11.1&&10 '),

where g is the gyromagnetic ratio of the free
electron (or minus that of the free positron), 7

g = 2(1.001159656 7~ 0.0000000O3 5).
The factor involving n' is a relativistic bound-

state contribution. ' '0 It was obtained using a
Hamiltonian for positronium in an external mag-
netic field consisting of the Pauli Hamiltonian, "
the Breit interaction, "and the virtual annihilation
interaction. " A transformation developed by
Chraplyvy" for two-body equations was used to
decouple the large and small components. This
approach is an extension of the Foldy-%outhysen
transformation" for the Dirac equation. The n'
term arises from the relativistic change of mass
with velocity and from the spin-orbit and spin-

other-orbit interactions, but does not have a con-
tribution from the virtual annihilation interaction.
The n' factor was also derived" from a two-par-
ticle Breit equation by the method of Perl and
Hughes. ' Finally this factor can be obtained by
the general derivation of Grotch and Hegstrom. "

Important improvements in apparatus and in ex-
perimental technique have enabled us to obtain the
substantial improvement in accuracy. A sche-
matic diagram of the experimental apparatus is
shown in Fig. 1. A new electromagnet'9 with a
pole diameter of 38 cm and a pole gap of 10 cm
was used to produce a field of about 7800 G homo-
geneous to ~ 4 ppm over a volume of '7 cm'. The
field was regulated to + 0.5 ppm by an NMR stabi-
lization system. The microwave system at 2.3
GHz was essentially that previously used, ' and
the positron source was 2.5 mCi of Na". The
stopping gas was ultrahigh purity N2, which al-
lowed the use of sufficiently high input microwave
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FIG. 1. Schematic diagram of experimental appara-
tus.
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power at the lower pressures without electrical
discharge. Eight Nal (Tl) y-ray detectors were
used to provide four coincidence detectors for
two 0.51-MeV annihilation y rays with a 0.2- p,sec
time resolution and an overall increase in detec-
tion solid angle by a factor of 9 compared to an
earlier experiment. ' The active volume for posi-
tronium observation of 7 cm' is about twice that
of the previous experiment. Data were collected
with a multichannel pulse-height analyzer.

A resonance curve was obtained by varying the
magnetic field H with fixed microwave frequency
and power. Signal heights were 3% to 11% and
linewidths (full width at half-maximum) were 30
to 47 G. A nonresonant magnetic-field-dependent
background, which arises from the magnetic fo-
cusing of positrons and from the increase in the
2y/3y branching ratio with increase in field and

which amounts to about 5% of the resonance sig-
nal, was subtracted from the raw data by using
a representation of the background linear in H
over the resonance region. The remaining signal
was fitted by the theoretical line shape as de-
scribed for a previous experiment. ' 54 resonance
curves were obtained for N, pressures from Oe14

to 3.40 atm.
For each resonance curve a resonance micro-

wave frequency f„and central magnetic field Ha
is determined by the fitting procedure. Then with
the use of Eq. (1) a value for b,v is calculated. A

plot of the values of b, v versus N, density is shown

in Fig. 2. The solid circles are the weighted
means of all values of Av obtained at a given den-
sity, and the associated error bars are 1-stan-
dard-deviation errors, due predominantly to sta-
tistical counting errors. The data are fitted by
the function

Ev(D) = b,v(0)(1+aD+bD )

in which D is the gas density, and a and 5 are the
linear and quadratic coefficients, respectively,
of the fine-structure density shift. The results
are given in Table I and indicate that not only a
linear but also a quadratic density shift is pre-
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FIG. 2. Plot of &v versus N2 gas density in units of
atmospheres at 23'C. The solid and dashed lines are
the quadratic and linear fits using Eq. (3), respective-
ly. The solid bars show 1-standard-deviation errors
for the fitted values Dv(0).

sent.
The principal result of our experiment is a val-

ue for b, v of free positronium based on the fit of
Eq. (3) to our data:

b,ve„pt= 203.396+0.005 GHz (25 ppm), (4)

&ve„,= 203.403+0.012 GHz (60 ppm).

The current theoretical value is'

7 N 32 3~v, h = —,
' n'cB ————+ 21n2 ——n' innt eor 2

2

= 203.4155+ 0.0006 GHz (3.1 ppm) (5)

using"

n '= 137.03602+ 0.00021 (1.5 ppm),

R = (1.097 373 1 + 0.000 000 1) x10' cm '

(0.1 ppm),

in which the error is mainly due to a statistical
counting error. This result agrees with, and
has 1/2. 5 times the quoted error of, the best pre-
viously reported result':

TABLE I. Results of fits of the data Av(D) by Eq. (3) for N2 gas.

Linear fit Quadratic fit

~v(0) (GHz)
a (10 5atm 'at23C)
b (10 'atm 'at 23'C)

g per degree of freedom
Avexpt Dv theor (MHz)

203.384 + 0.004
—5.7 ~ 1.4

0
17.1/9
—31+ 4

203.396+ 0.005
-23+6
+5.7+ 1.8

6.8/8
—19+ 5

1060
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c = (2.997 924 62+ 0.000 000 18) X 10"cm/sec

(0.06 ppm).

The indicated uncertainty in» theo r is due to the
uncertainty in the constants used in evaluating
&v,h«, from Eq. (5). The next uncalculated radi-
ative correction term is of order n 8 which is
about 50 ppm.

The difference between the experimental and
theoretical values for 4v is

hv, „p,—Lv, h„r = —0.019+ 0.005 0Hz,

where the uncertainty is the 1-standard-devia-
tion experimental error. This difference is about
4 standard deviations of the experimental error.
Clearly a more significant comparison of experi-
ment and theory requires the calculation of the
a'8 radiative correction term.

The experimental values for the linear and qua-
dratic coefficients of the fine-structure density
shift are obtained from the quadratic fit of Table
I. We note the large difference between the val-
ues of a determined with or without the allowance
for a quadratic term. In earlier mork mith Ar
gas, not enough data mere obtained to test for the
quadratic term. ' No quantitative theory has yet
been given for the positronium fine-structure
pressure shifts.

We believe that our present apparatus and tech-
nique, when supplemented with improved data
acquisition equipment and a higher-intensity Na

source, are capable of achieving an accuracy of
10 ppm in the determination of 4v, which mould
correspond to a choice of the resonance line cen-
ter of —;,«of its full width at half-maximum.
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