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New Method for Precision Positron Polarimetry: First Results and Future Applications
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A new instrument capable of precisely comparing the polarization of positrons from the
decay of different nuclei is described. The decays of Na and Ga have been compared
to 1% accuracy with a first-generation instrument. Systematic studies indicate that an
eventual accuracy of 4& 10 can be reached, allowing improved limits to be set on parity-
symmetric formulations of the weak interactions.

PACS numbers: 13.10.+ g, 11.30.Er, 23.40.Bw, 29.75.+x

We report the first successful measurements
obtained by using the prototype of a new instru-
ment, the "positron polarization comparator"
(PPC), which compares the polarization of posi-
trons with equal energy from two sources. Spe-
cifically, we have compared the longitudinal polar-
ization (I'~) of positrons from the decay of "Na
and "Ga to an accuracy of 10iI;. In allowed nuclear
P decay, &&= I&& v&I=IP I(1+y), ~h~~~ IP I

=
I 0 I/c with v the velocity of the particle and |f

the Pauli spin matrix. The quantity y is expected
to be of order & 10 ' to & 10 ' as a result of nu-
clear-recoil-order effects as well as more exotic
weak-interaction phenomena associated for ex-
ample with the proposed right-handed currents
resulting from parity-symmetric formulations of
the weak interactions' ~ ' or from the possible
presence of scalar and tensor charged weak cur-
rents. "

Previous polarization measurements have
achieved an accuracy of order 10 ' with elec-
trons' and only 10 ' with positrons. ' Moreover,
certain features of the weak current are not ac-
cessible by measurements of electron P decay,
since superallowed pure Fermi decay, in which
the recoil corrections are minimal, occurs ex-
clusively through positron emission. The com-
parison technique described in this article re-
duces all major systematic uncertainties asso-
ciated with absolute polarization measurements
to negligible levels. This feature, plus the high
statistical efficiency of the polarimeter, "is ex-
pected to allow polarization comparisons with an
accuracy of 4 & 10 or better in future versions
of the PPC.

The PPC (Fig. 1) consists of a magnetic P-ray
spectrometer, which momentum selects posi-
trons from one of two interchangeable sources,
coupled to a high-efficiency polarimeter. Posi-
trons enter the polarimeter magnet through a
hole in the pole piece, pass through a 0.25-mm
Pilot-B scintillator detector (start signal), and
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FIG. 1. (a) Diagram of the spectrometer-polarimeter
system (PPC) and (b) detail of the polarimeter.

stop in a target of compressed Mgo powder,
where approximately 25~ic form positronium (Ps).
The subsequent annihilation y rays are detected
in a large y scintillator (stop signal). The life-
time of each event is directly measured by a
time-to-amplitude converter-multichannel ana-
lyzer system.

The singlet and m =0 triplet substates of Ps
[tI s, g r(0)] have lifetimes in field-free Mgo of
A. s '=0.1 nsec and A r '-—135 nsec (in vacuum lt r

'
=142 nsec). In the polarimeter magnetic field B,
these states are admixed to form two field-per-
turbed states, (,' and ( r'. The magnetic mix-
ing increases the decay rate (X r') of ( r' [(Ar') '
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The primary systematic errors (Table I) in the
present comparison measurement are due to de-
polarization in the different source foils (pres-
ently a 2. 3 & 10 ' contribution) and to particles
initially above the beam energy which reach the
polarimeter after scattering in the spectrometer.
Contamination of the beam by particles depolar-
ized in large-angle scattering is different for
sources with different end-point energies and the
present result represents essentially a "worst-

=10 nsec at 8 kG]. It also renders the fraction
of Ps which is formed in this state dependent on
the quantity P~B cos & (see Ref. 6), where P~= rP~
is the polarization of positrons after stopping in
the target (1 —g is the stopping depolarization)
and 6 is the angle between B and P~. When B is
reversed (6- 6+ m) the asymmetry A in the g r'
formation rates (xr')' and (x~ ') i. s given by

2[(~,')'-(~, ') ]
( )

=2fP~cosG. (1)

Here e=x/(1+x')'~', x=4'. BB/(Er-E~)=0.0276
xB(kG), and Er- E~ is the g~-(r energy split-
ting. We detect this asymmetry by observing the
decay of the Ps states during a time interval 13.5
to 38 nsec after Ps formation, selected to min-
imize statistical and systematic uncertainties.
The fraction f of the incoming beam which con-
tributes to the asymmetry is approximately 3
&& 10 ' in the present apparatus (Ps formation
fraction is 0.25, perturbed triplet fraction is
0.25, y-ray detection efficiency is 0.2, and frac-
tion of gr decays in the time interval is 0.25).
The observed asymmetry is 9.6% diluted from
2eP~ = 24% (at the present field of 8 kG) by gr(m
= &1) decays and background events. The figure
of merit, fA', for our polarimeter is equal to
that of the best Mott analyzer' for electrons, and
a straightforward redesign of the instrument for
higher fields and better time resolution can re-
sult in an order of magnitude improvement.

The primary systematic effect limiting abso-
lute polarization measurements using this tech-
nique is the depolarization [calculated' to be (20
+10)% in the present experiment] as the posi-
trons slow down in the target. In the comparison
technique, however, the fractional depolarization
is expected to be exactly equal for equal-energy
positrons from the two sources, so that the frac-
tional difference in polarization ean be found from
the asymmetries measured for sources 1 and 2:

TABLE I. Systematic errors for the present ( Na-
Ga) experiment and the expected errors for the

planned ( P- Al~) comparison.

Systematic

P (Na) -P(ga) P (P) -& (&0
P(Ca) P(Al)
( 1o') ( 1o')

Spectrometer:
Source depolarization
Source alignment
Source holder
First slit
Vacuum chamber
Sh.ield
Back scattering
Shield leakage

polarimeter:
Deflection
Time shifts
Dead time
Temperature drifts
2-nsec component
Count rate

Net

2+3+ 2+3

0.0+ 0.6
4.5+ 2.0
0.7+ 0.9
2.1+ 1.2
2.0+ 3.1
0.2+ 0.6

—0.5~ 0.5

0.0+ 1.0
0.0+ 1.5
0.0+ 2.0
0.0~ 0.8
0.0+ 2.0
0.0+ 0.4

11.3+ 5.8

0.0+ 0.20
0.0+ 0.02

0.09 + 0.04
0.01+ 0.02
0.04+ 0.02
0.04~ 0.06
0.01+ 0.01

—0.01+ 0.01

0.00 + 0.05
0.00+ 0.05
0.00 + 0.05
0.00 + 0.05
0.00 + 0.05
0.00 + 0.05
0.18+ 0.25

case" comparison inasmuch as the end-point en-
ergies differ by a factor of 3. As shown below,
the near equality of the end-point energies of the
transitions to be compared in the next experi-
ment will reduce all systematic errors associated
with scattering in the spectrometer to negligible
levels.

We have compared the polarization of posi-
trons from the allowed decays of Na and Qa
in order to evaluate the prototype instrument.
These sources were chosen primarily for conven-
ience as easily obtainable, long-lived laboratory
sources. The polarization of positrons from al-
lowed decay is given to first order in recoil (an
accuracy sufficient for our purposes) by'

C fPl 1

Pi=2(2+ " (-2c+22+d)a'+ c' 3MF.

Here E and m, are the total energy and mass of
the positron; a, b, c, and d represent the Fermi,
weak-magnetism, Gamow-Teller, and induced
tensor form factors, respectively; and M = &(M,
+ M, ) is the average of the parent and daughter
nuclear masses. With a = 0 and the approxima-
tions' b -d -4Ac, we estimate the polarization
of "Ga positrons at 350 keV to be P~(Ga), z„,
= P(0.9987 +0.0013}while P~(Na), „„,has recent-
ly"" been calculated to be P~(Na) = P(1.009
&0.002), so that f [P~(Na) -P~(Ga)]/P~(Ga}] ~„,
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=0.0102 &0.0025. The result of our preliminary
comparison measurement is f [P~(Na) -P~(Ga)] /
P~(Ga)) „&= 0.004 *0.011. The agreement of
(~P/P), „& and (hP/P), z„, leads us to conclude
that the PPC functions correctly at the 10 ' level
of precision. "

In order to reduce the above errors to the 10 '
level, we plan, in the next stage of our work, to
compare P~ from the decays of "P (pure Gamow-

Teller, E, =3.24 MeV) and "Al (pure Fermi, E,
= 3.21 MeV), using an accelerator to activate the
source foils. The 1/o difference between E,(30P)

and E,("Al ) leads to an expected error of 10 '
due to differences in the number of particles
which reach the polarimeter after scattering in
the spectrometer. The uncertainty due to differ-
ences in source-foil depolarization will be re-
duced to 2 & 10 4 by the use of thin, low-2 foils
(2 mg/cm' each of "Mg and "Si). Other system-
atic errors have been predicted on the basis of
the present experiment and are listed in Table I.
The planned factor of 40 increase in transmission
of the spectrometer plus an increase in the polar-
imeter field to 13 kG to optimize the polariza-
tion asymmetry are expected to improve the
statistical efficiency of the PPC by a factor of
300 relative to the present experiment. The
combined uncertainty from statistics and all sys-
tematic effects is expected to be below 4~ 10 ',
more than an order of magnitude improvement
over any previous technique using electrons or
positrons. The recoil corrections to "Al and
"P, estimated by assuming conserved vector
current and using single-particle matrix ele-
ments" in the impulse approximation, result in

a predicted polarization difference of (6 &6) && 10 '.
This estimate of the error includes uncertainties
in the matrix elements as well as those due to the

impulse approximation itself. " When this uncer-
tainty is combined with the expected experimental
error of 4& 10 ', the overall accuracy for this
test would be 7& 10 4.

This measurement would dramatically improve
present limits on the admixture of non-(p —A)
currents in the weak interactions. '"' Scalar
couplings, limited to 0.6 jp by previous experi-
ments, are predicted by gauge theories to occur
at the 10 ' to 10 ' level. Tensor couplings are
not permitted in renormalizable gauge theory,
and have been experimentally limited to 2/o. The
planned Fermi-Gamow- Teller comparison would

reduce these limits to 10 ', an order of magni-
tude improvement.

Of even greater immediate interest, however,
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FIG. 2. Present 30 limits (solid lines) on the mass
ratio of right- to left-handed 8' bosons and the mixing
angles g, calculated from the experimental results of
Befs. 5 and 16, using the parametr. ization of Refs. 1
and 2. Expected 30 limits from the proposed Fermi-
Gamow-Teller polarization comparison (dashed lines)
are shown.

are the improved limits which this work could
set on left-right symmetric theories of the weak
interactions. " Such theories imply the existence
of right-handed charged weak currents mediated

by a right-handed gauge boson. The physical
bosons would exist as a combination of the pure
V+A states with mixing angle f, and would have
different masses as a result of spontaneous sym-
metry breaking. " Current model-independent ex-
perimental limits'" constrain the mass ratio 6

of the right- to left-handed W bosons, 5=M(W~)/
M(W~), to be 2. 8 or greater and the allowed range
of f to be

~ g) (0.07 (Fig. 2; 3o limits), while

planned measurements" of the muon asymmetry
parameter $ would set a lower limit of 5 on 5 at
/=0. The limits that would be set by our experi-
ment at the expected accuracy of 7 & 10 ~ are
shown as dashed lines in Fig. 2. For the range
0.01(

~ & ~
-0.07, our results would set new lower

limits of 5.8 to 13 on 6.
We are pleased to acknowledge helpful discus-

sions with F. Calaprice, R. Firestone, G. W.
Ford, D. Gidley, H. Griffin, B. Holstein, G. Kane,
J. Van Klinken, L. Michel, A. Vander Molen, and

H. Wildenthal. We also thank the many students
who assisted in this project, in particular M. Ha-
tamian and T. Bright.

This work was supported by U. S. Department
of Energy Contract No. DOE-C-79ER10451, Na-
tional Science Foundation Grants No. PHY-8109
269 and No. PHY-8107573, and a grant from the
Office of the Vice President for Research of the



VOLUME 49, NUMBER 10 PHYSICAL REVIEW LETTERS 6 SEPTEMBER 1982

University of Michigan.

'M. A. B. Beg, R. V. Bundy, R. Mohapatra, and
A. Sirlin, Phys. Rev. Lett. 38, 1252 (1977).

B. R. Holstein and S. B. Treiman, Phys. Rev. D 16,
2369 (1977).

B. R. Holstein, Phys. Rev. C 16, 753 (1977).
H. E. Haber, G. L. Kane, and T. Ster'.ing, Nucl.

Phys. B 161, 493 (1979).
~J. Van Klinken, Nucl. Phys. 75, 145 (1966).
6G. Gerber, D. Newman, A. R.ich, and E. Sweetman,

Phys. Rev. D 15, 1189 (1977).
A. Rich, Rev. Mod. Phys. 53, 127 (1981).
C. Bouchiat and J. M. Levy-LeBlond, Nuovo Cimento

33, 193 (1964).
B. R. Holstein, Rev. Mod. Phys. 46, 789 (1974), and

Phys. Rev. C 16, 1258 (1977), and private communica-
tion.

R. B. Firestone, W. C. McHarris, and B. R. Holstein,

Phys. Rev. C 18, 2719 (1978).
R. B. Firestone and L. H. Harwood, Lawrence Berk-

eley Laboratory Report No. LBL-12219 (unpublished).
12Complete details of this measurement will be avail-

able in M. Skalsey, Ph. D. thesis, University of Michi-
gan, 1982 (unpublished) .

' H. Wildenthal, private communication; F. P. Cala-
price, W. Chung, and B. H. Wildenthal, Phys. Rev. C
15, 2178 (1977).

L. Armstrong and C. W. Kim, Phys. Rev. C 6, 1924
(1972) .

G. Senjanovic, Nucl. Phys. B153, 334 (1979).
T. H. Trippe, Rev. Mod. Phys. 48, S51 (1976); F. P.

Calaprice, S. J. Freedman, W. C. Mead, and H. H. C.
Vantine, Phys. Rev. Lett. 35, 1566 (1975). For model-
dependent limits which arrive at higher values of ~ see
G. Beall, M. Bander, and A. Son.i, Phys. Rev. Lett. 48,
848 (1982).

M. Strovink, private communication; W. Kinnison,
private communication.

Production of High-Transverse-Energy Events in pp Collisions at 4QQ Gev/c

B. Brown, P. Devenski, '" S. Gronemeyer, H. Haggerty, E. Malamud, and P. Rapp' '

I ermilab, Batavia, Illinois 6051 0

R. Abrams, H. Goldberg, C. Halliwel. l, F. Lopez, S. Margul. ies, D. McLeod, and J. Solomon
University of Illinois at Chicago Circle, Chicago, Illinois 60680

A. Dzierba, J. Florian, R. Heinz, J. Krider, J. Martin, D. Petersen, P. Smith, and S. Teige
Indiana University, Bloomington, Indiana 47405

R. Ellsworth, '" R. Glasser, R. Holmes, L. Myrianthopoulos, ' ' H. Strobele, '"
G. Yodh, and A. Zieminski' '

University of Maryland, College Park, Maryland 20742

S. Ahn and T. Watts
Rutgers University, New Brunswick, New Jersey 08903

(Received 9 July 1982)

High-transverse-energy events produced in pp collisions at 400 GeV/c were studied us-
ing the large-acceptance Fermilab multiparticle spectrometer. The cross sections for
such interactions exhibit an exponential dependence on transverse energy with values of
the slope increasing with the decreasing azimuthal acceptance of the trigger. The major-
ity of events selected with full azimuthal acceptance are nonplanar; hence they do not
show jet-like event structure. The fraction of planar events is small and remains con-
stant as a function of transverse energy.

PACS numbers: 13.85.Hd

The hadronic production of high-transverse-
momentum (high-p, ) secondaries is expected to
result from the hard collision of hadronic con-

stituents rather than from a collision between
hadrons as a whole. ' Such production may be
considered as being due to the scattering and
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