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We have just completed a determination of
the g factor of the free positron. Writing g
=2(1+a) where "a" is theg-factor anomaly, we

may express the result of our measurement as

a = 0.001 168+ 0.000 011= n/2m+ (l.2 + 2)n2/w2.

This is in agreement with the theoretical' and
experimental' values of the free-electron anom-
aly which are given as

a = 0.001 159 615 = n/2n'- 0. 32 8n'/m'+ ~ ~ ~

theor

a = 0.001 159622+ 0.000 000 027
expt

= n/2m-(0. 327+ 0.005)n'/w'.

The method we used to determine the g fac-
tor may be described in the following way:
A "bunch" of positrons from a Co" source is
sent into a magnetic field (Bf) which is almost
uniform but slightly bottle shaped. The posi-
trons are trapped and held in the bottle for a
measured length of time, and then ejected in-
to a polarimeter. As emitted by the Co" source,
the positron beam is polarized parallel to its
momentum. While in the magnetic field, the
positrons execute cyclotron orbital motion of
frequency &&, while their spins precess at fre-
quency & . The polarimeter determines theS'
projection of the final polarization of the pos-
itron onto a fixed direction. This is proportion-
al to cos[(&uc ~s)T+ q], where T is the length
of time spent in the bottle, and p is a constant.
The experiment consists of determining the
final component of polarization at a number
of trapping times T, and from that result, de-
termining c-~, which we denote by &D.
The g-factor anomaly, a, is simply &uDmc/eBfz.

Bfz is the axial component of magnetic field
averaged over the time the particle is in it. '

The experimental technique follows that al-
ready described for the measurement of the

g factor of the free electron, ' except for the

way in which the polarization and the analysis
of the polarization are accomplished. In the

electron measurements, Mott scattering was
used for both. In the positron measurements,
no polarizing process is necessary. The po-
larimeter works in the following way: After
removal from the trap, the positrons are stopped
in a plastic scintillator in a 13-kG magnetic
field (B), and measurements on their lifetime
before annihilation are made by a delayed co-
incidence system. The lifetime distribution
is dependent upon the component of polariza-
tion of the positrons in the direction of the mag-
netic field in which they are stopped. A more
detailed treatment of the polarization analysis
will follow the description of the experimental
arrangement.

The experimental arrangement is shown in
Fig. 1. The solenoid used to produce Bt is 11
ft long, 2 ft in diameter and wound with 8 lay-
ers of No. 10 SCHF magnet wire. Small aux-
iliary coils carrying the main solenoid current
shape the field in the trapping and extraction
regions. The source of polarized positrons
is 600 mCi of Co". Only positrons with kinet-
ic energy (200+30) keV or v/c=0. 7+0.05 (about
10% of the emission spectrum) are used. They
are emitted in a 222-G field and move down
the field (south-Fig. 1) with various axial ve-
locities until they enter the trapping region.
Here they are trapped by pulsing the inject cyl-
inder 1000-V positive. This causes a loss of
axial momentum as the gap is crossed so that
a given fraction of the particles reflects from
the right-hand magnetic potential hill. The
pulse is removed before the reflected positrons
recross the gap, so that they do not regain the
lost momentum and become trapped. To eject,
a positive 1000-V pulse is applied to the left-
hand (ejection) cylinder. While the particles
are trapped, all surfaces are at ground poten-
tial. The cylinders are brass, 12.5 cm in ra-
dius, and mounted concentrically within the
15-cm radius vacuum chamber.

After ejection, the positrons must be extract-
ed from the solenoid and brought to the polar-
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FIG. 1. Schematic diagram of the positron g factor experiment.

imeter. Extraction is accomplished by using
the electric field (50 kV/cm) between two par-
ellel deflection plates to cancel the magnetic
force on the particles. After leaving the sole-
noid, a magnetic focusing coil is used to focus
the beam into the polarimeter. The polarime-
ter consists of a magnet, a 1-mm-thick piece
of Naton-136 plastic scintillator in which the
positrons stop, a 3X 5X 7-in. slab of Naton 136
to detect the 0.5-MeV annihilation radiation
and a fast coincidence circuit. The magnet
produces a field of 13 kG over a region 1 cm
wide by 1 cm in diameter. This field is orient-
ed approximately antiparallel to the final direc-
tion of positron momentum.

Inside the plastic, positrons thermalize with-
in 10 "sec, and about 40% form n = 1 positron-
ium (Ps), the remainder annihilating directly
with molecular electrons. 4 We will show that
the fraction of Ps atoms surviving past a giv-
en time t varies as P B/IP IIB I= cos&uDT. Thus

q

the coincidence counting rate of a coincidence
circuit which counts Ps decays (the 0.5-MeV
annihilation y's are detected) between t, and
t, (t = 0 is set by the pulse due to the positron
stopping), va. rious sinusoidally with T. The
period, 7D, of the cosine curve is calculated
by measuring the time (&T) between two nodes
separated by about 11 p, sec and then dividing
by the counted number of cycles (in this case
N =8) between the nodes.

In order to analyze the operation of the po-
larimeter, consider the case of P making an
arbitrary angle 0 with B.' In the subsequent
discussion, spatial dependence of wave func-
tions is suppressed; B defines the z (quantiza-
tion) axis; the first and second arrows indicate
positron and electron spin; and all phase fac-
tors have been omitted since they cancel when
probabilities are computed. Concentrating on
spin orientation, the states formed at 1=0 with
their respective probabilities are:

State

Probability

,
(cos-', ii /-sin-, 'ii)
(sin26 (cos2&

g(1+P) g(1+P) —,'(1-P) 4 (1-P)

The fraction of Ps atoms that survive past-time I' is then given by

f(8, t) = I d~r P (—'(1+P)[4' (4' ) +4 (4' ) ]+—'(1—P)[+ (0' ) +@ (@ ) ]]'.
space

spins

The integral may be evaluated for arbitrary t by expanding 4' (t), 4' (t) in terms of the eigenstates'
of Ps in a magnetic field. The result is

f(6, t) = —(2 exp(-A»t)+ exp( —A, ,'t)+ exp(-Ao 0't) Pcos0(1+ x') ' '—[exp( —A, o't)-exp(-AO, 't)]j, (3)
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I (8, t, t ) = f 'dT f f(8, t)Q(T-t)dt,
1

(4)

where t, is the time delay between positron
thermalization and the opening of the coincidence
gate. We took t, =3 nsec, t, = 16 nsec. Eval-
uation of I' via graphical integration including
an assumed 60% direct annihilation loss yields
I" (t), t„ t, ) = (0.4 + 0.1)[1-(0.01+ 0.005) cos()] in
agreement with our final data.

The asymmetry amplitude in the above is
somewhat smaller than would be obtained by
a polarimeter employing Mott scattering. How-
ever the Ps polarimeter has an enormous ad-
vantage in this experiment (where intensity
is a severe problem) in that about half of the
positrons count. In a Mott scattering polarim-
eter only one particle in 10' or 10' is scattered
at such an angle as to register. The counting
time would be prohibitively long if the present
experiment were to be done by using Mott scat-
tering.

The curves in Fig. 2 show the normalized
counting rate of the polarimeter versus the time
the positrons spend in the trap. Final data to
determine two widely separated maxima were
obtained in two separate runs at trapping times
(T.T.) of about 15 and 26 p sec. By 15 psec
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FIG. 2. The asymmetry data and least-squares fit
(solid line), of the curve 1'/C = 1+ (A/C) cos(uT +p).
The value of C is about 40 000 counts for each run and
the error flags are due to random counting statistics
only.

where indices 1, 0 or 0, 0 represent S (total
spin), m (z projection of spin) and x= 4(J.,B/
(E»-E, ,) = 0.35 at 13 kG. The unperturbed
singlet and triplet decay rates (A, „A») are
about 10"sec ' and 0.5x10' sec ' while the
field perturbed rates (A, ,'=[1+y'] '[A, ,+y'A, ],

' —[1+y'] —~[A y y2A ] y /[1+ (1+g2)&&2]-'&

are 10"sec ' and 0.68x10' sec ' at 13 kG.
The prompt curve, Q(t), of our coincidence
circuit has a full width at half-maximum count-
ing rate of about 4 nsec. The experimental
distribution to be expected is given by

to estimate o. This yielded o = 9 and 4.5 for
runs 1 and 2, respectively. In view of the en-
tirely statistical nature of these uncertainties
we have decided to use the so-called "limit of
error, " 2o, together with the larger (maximum
likelihood) estimates of o, as the most realis-
tic statement of phase error. The error in
~T is obtained by taking the square root of the
sum of the squares of the independent errors,
i.e. [(0.096)'+ (0.02)']"'= 0.098 p sec.

Finally, we compute "a" as
a=2m(e/m c) . '(5 ~ )0 positron

= 0.001 168+ 0.000 011, (5)

the axial positions of positrons in the magnet-
ic well are completely random, so that all bunch-
ing associated with injection is lost, i.e. , there
is no periodicity of beam rate versus T.T.
In order to eliminate systematic variations
in the coincidence counting rate not associated
with the direction of P, the T.T. was decreased
(injection pulse advanced) by 0.354 psec (about
4v, ) each time 64 positrons were counted. Af-
ter advancing seven positions the injection pulse
returns to its starting point, and the cycle is
repeated. The positron-coincidence counts
are fed to a different sealer at each T.T. po-
sition. In addition, the total time spent at each
position and the number of cycles is automat-
ically recorded.

In order to determine +D, an IBM 7090 com-
puter was used to obtain the least-squares fit
of the form 1'=C+A cos(+T+ y) to each run.
Using the values of y so obtained, ~7' was com-
puted to be (10.99+ 0.098) p sec, so that ~D + 5TD
= [(10.99+0.098)/8]= 1.374(1+0.009) tusec. Sys-
tematic error in AT (less than +0.02 psec)
arises from electronic drifting during runs
and from limited visual resolution of the cal-
ibrated oscilloscope pictures used to measure
the 11.076-psec change in trapping time between
runs 1 and 2. Statistical error in &T(+0.096
@sec) is due to the random nature of the count-
ing process which determins cp. The standard
deviation in y, (o'), may be estimated from
the method of maximum likelihood' as o = 10
and 7.5 for runs 1 and 2, respectively. An

estimate of o w'as also obtained by subdividing
the data for each run into 9 consecutive groups,
fitting a cosine to each group, and using the
standard form
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where again the square root of the sum of the
squares of the independent errors in Bt and

~fl is used. Since' (mp/e)[(e/mp)electron-(e/
p)positron] = (2 ~ 7 ) x a"d ( /mp)electron

and c are known to better than ten parts per
million, error introduced by these constants
is negligible. A limit of error for "a" may be
arrived at by adding all independent errors and
leads to a = 0.001166+ 0.000017. Note that 95%
of the error in "a" is due to the 1% statistical
error in the counting process which is used
to determine &D.

As in all of our g-factor measurements, it
is crucial to determine the time average of the
magnetic field acting upon the particle while
it is in the trap, since a = 2m(e/mpc) '(Bt7D)
%e will therefore explain in detail how we es-
timate Bt.

It can be shown' that if the orbits of the par-
ticles trapped in the magnetic bottle satisfy
the condition (vz/v~)(R/Bt)(BBt/sz) «1, the
particles may be treated as if they are in an
electric potential well of potential

~(z) = [7'„(z,)/B, (zp)][B,(z)-B,(z,)]

1=constant--, m v '.
0 z

%e have taken vz and v~ to represent veloci-
ty components parallel and perpendicular to
Bt; R the average orbit radius (about 7.5 cm);
zo an arbitrary reference point at which U = 0
and 7~ (zp) = -'move'(zp)[1+ l(v 0'/c')+ l(vp'/c')
+" ]= the positron kinetic energy. The constant
7'z(zp)/Bt(zp) is about 920 eV/G.

The time average field, Bt(z), seen by pos-
itrons trapped at various levels in the well,
may be determined by the following equation:

B,(z, z )=[2/V(z, z )]J 2B,(z)dt

= f"B (z)v -~az/5"v -~dz
z t 3 g z

where +y and a, are the axial limits of motion
for positrons at a given well depth, i.e. , vz(z 1)
=vz(z2) =0, Bt(zl) =Bt(z2), and T(z„z,) is the
period of oscillation at this depth. The integral
is evaluated graphically after expressing vz(z)
in terms of Bt(z) [Eq. (6)]. The results for
7' and Bt are shown in Fig. 3 for a positron
orbit radius of 7.5 cm. Since the injection pulse
= 1000 V and the injection hill is 200 eV below
the source peak at z = 287 cm, the minimum
well depth of trapped positrons at this radius
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FIG. 3. The magnetic field in the trapping region
averaged over eight azimuthal positions (45 intervals)
at each value of z. The radius used was 7.5 cm. The
values given for jest and T are those corresponding to
positrons trapped in the magnetic energy well at the
levels indicated by the solid lines. The zero of the z
scale corresponds to the south end of the solenoid.

is -800 eV, so 222.30&8~& 222.84, or Bt=222.57
+ 0.27 G. Similar calculations at the maximum
and minimum orbit radii (9.5 and 5.5 cm) yield
Bt= 222.52+0.35 G. The fieM was mapped and
controlled (short- and long-term drift) to bet-
ter than 0.01% by means of proton resonance
devices which are fully described in Ref. 2.

Systematic error will be defined as any er-
ror not susceptible to unambiguous estimation.
Such error can occur in Bt or ~@. Since B~
could be measured and controlled to a hundred
times the accuracy of our final result, the ef-
fect of systematic error in it such as field drift,
the earth's field variation, magnetic contam-
ination of the mapping apparatus, vacuum cham-
ber, etc. , is considered completely negligible.

Systematic error in wD can arise from any
process other than the anomalous magnetic
moment which causes the final direction of the
polarization to depend on trapping time. Such
effects can occur as the particles pass through
the electric field of the extraction system, and
as they enter the inhomogeneous field of the
analyzing magnet, if the average beam trajec-
tory is a function of trapping time. Drifting
of the orbit center in the magnetic bottle is
a mechanism which causes such trajectory vari-
ations. Thus, the beam experiences different
deflection electric fields and may enter the field
of the analyzing magnet at slightly varying an-
gles as trapping time changes. A detailed anal-
ysis of these effects has been carried out' and
we conclude that their effect on &D is less than
0.1%. This has not been included in the error
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estimate of Eq. (5). Corrections to Eq. (5),
which include the effect of a velocity component
parallel to Iat, a finite electric dipole moment
(E.D.M. ) and possible time-average radial elec-
tric fields (Ez), have been obtained by Ford
and Hirt (University of Michigan, 1S61, unpub-
lished) and are presented in Ref. 2. For zero
E.D.M. and negligible (E~),' these corrections
come to less than 0.07/o and will therefore be
neglected, since our determination of "a" is
only accurate to +l%%uo.

We conclude that although our value of "a"
is higher than the theoretical value of 0.0011596
for the electron by somewhat more than one
standard deviation, we see no basis for assum-
ing that the positron and electron g factors are
different. A more accurate experiment now

being started should test for a real difference
between the anomalies down to the 0.01' lev-
el. In the light of recent speculations concern-
ing violations of fundamental symmetry prin-
ciples, it is interesting to note that if TCP is

&electron =gpositron
We would like to thank Professor R. R. Lew-
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K. M. Case for several stimulating discussions
of the theory of the experiment. Dr. D. T. Wil-
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mechanical apparatus was constructed with
remarkable skill by John Holden and George
Miller. The members of our student staff, John
Gilleland, Ralph Johnson, Andrew Sabersky,
and John Wesley, also made outstanding con-
tributions.
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Any meaningful r elativistic generalization
of SU(6) symmetry leads to noncompact groups
and infinite multiplets, and hence, to practi-
cal difficulties in carrying out detailed calcu-
lations. This accounts for the long interval
that has elapsed between the first proposal'
to study the group

P.SL(6, C)

[semidirect product of the Poincare group P
with SL(6, C)) and the first complete calcula-

tion presented in this report. Previously we
have calculated the strong Yukawa vertex, ' but
to lowest order in the momenta only. The weak
and electromagnetic vertices are much simpler
to evaluate, because only two infinite multiplets
are involved. In fact, the calculation of all such
vertices may be simply reduced to the calcu-
lation of a prototype. This latter, which may
be tentatively identified with the charge form
factor, is evaluated in this paper.

The baryons are assigned to a unitary, irre-


