
VoI.UME 33, NUMBER 21 PHYSICAL REVIEW LETTERS 18 NovEMBER 1974

8Y. IInry, O. Entin-Wohlman, and D. J. Bergman,
J. Phys. C Proc. Phys. Soc., London 6, 2846 {1973).

9D. J. Bergman, O. Entin-Wohlman, and Y. Imry,
J. Phys. C: Proc. Phys. Soc., London 7, 1621 (1973).

Q. A. Baker, Jr. , and J. W. Essam, J. Chem. Phys.
55, 861 (1971).

A. I. Larkin and S. A. Pikin, Zh. Eksp. Teor. Fiz.
56, 1664 {1969)[Sov. Phys. JETP 29, 891 {1969)].

F. J.Wegner, J. Phys. C: Proc. Phys. Soc., Lon-
don 7, 2109 (1974).

~3H. HOrner, private communication.
~4J. Sak, to be published.
J. Rudnick, D. J. Bergman, and Y. Imry, Phys. Lett.

46A, 449 (1974).
~60. Shalitin and Y. Imry, Phys. Hev. B (to be pub-

lished); M. Luban and H. Novogrodsky, Phys. Rev. B 6,
11S0 (1972).

See. C. W. Garland and R. J. Pollina, J. Chem. Phys.
58, 5002 (1973), for previous references on NH4Cl.

A. Aharony, Phys. Rev. B 8, 4814 (1973).
T. S. Chang and H. E. Stanley, to be published.
A. Huller, Z. Phys. 254, 456 (1972).
From Eq. (80) of Ref. 7b one finds, for the model of

Ref. 7a, that up to a numerical factor of order unity,
A=@ ('r~&z, /OD')P/K, where y is the magnetic Griin-
eisen constant y~=81nT~/BlnV, sn is of the order of
the Debye temperature, and 0& is a characteristic lat-
tice temperature, ks0& =K /Ma, where M is the mass
of the atom and a is the lattice constant. For a model
where P, &0, P should be replaced by

~
P —P&.
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We report a result of (1+4) 0&10 7 for the parity-nonconserving component in the p-p nu-
clear cross section at 15 MeU. Our experiment uses rapid spin reversal of a longitudi-
nally polarized proton beam and an unpolarized H2 target. Sources of systematic error
are discussed and found to be &10 7.

The presence of weak interactions between ha-
drons, which is implied by the current-current
form of weak interaction theory, ' has been estab-
lished by observations of parity mixing in many
nuclei. ' However, no quantitative agreement
exists between theory and experiment, either for
he.avy nuclei, where nuclear-structure effects
complicate calculations, or for the lightest sys-
tem with a reported effect, np -dy." This lack
of agreement emphasizes the necessity for study-
ing the nucleon-nucleon system through p-p scat-
tering is estimated to be a few parts in 10', the
actual effect, which is sensitive to the details of
the interaction including the possible presence of
neutral currents, could be considerably different.
The smallest previous experimental upper limit
on the magnitude of the parity admixture in p-p
scattering is 5 &10 ' at 210 MeV. ' Order -of-
magnitude improvements are needed to test the
various models of the weak interaction.

Our experiment is sensitive to the pseudoscalar
term o.p in the total nuclear cross section aris-

ing from the interferenee between the parity-
eonserving and parity-nonconserving parts of the
scattering amplitude. (o is the spin and p the
momentum of the incident proton. ) This inter-
ference is observed by scattering a longitudinally
polarized proton beam on an unpolarized hydro-
gen target and detecting the change in the total
nuclear cross section when the polarization is
reversed.

A 200-nA beam of longitudinally polarized pro-
tons from a Lamb-shift ion source' is aeeelerat-
ed to 15 MeV at the Los Alamos tandem Van de
Graaff accelerator and strikes an H, gas target
(Fig. 1). A two-stage fast-steering system with
feedback stabilizes the beam position and angle
at our detector, reducing movement of the beam
by a factor of -50.

A measure of the total cross section is obtained
by detecting the scattered beam over a solid an-
gle of nearly 4m. To realize adequate statistical
accuracy in a reasonable time, the scattered
beam current (-3 &10' protons/sec) is measured
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FIG. l. System for p-p parity-conservation test. a, steering plates; b, steering amplifier; c, position detector;
d, steering coil; e, window-; f, aperture; g, H& gas; h, pressure vessel; i, scintillator; j, photomultiplier; k, vac-
uum chamber; E, beam stop and position detector; ng, side-detector summing amplifier; and n, rear-detector sum-
ming amplifier.

instead of counting individual protons. ' I.ow-
noise amplification of the scattered proton cur-
rent is achieved with a scintillator-photomulti-
plier combination followed by operational-ampli-
fier current-to-voltage converters. Four liquid-
scintillator cells, each viewed by three photo-
tubes, are arranged to form a 76-mm-square
cylinder 380 mm long centered on the beam axis
in a vessel containing H, gas at 3 atm. The cur-
rents from the twelve phototubes are summed,
with gains adjusted so that each tube contributes
equally, to make the S (side-detector) signal. The
beam enters and leaves the pressure chamber
through Kapton foil windows. A gold aperture
prevents the beam from scattering directly into
the scintillators from the front window. The
beam intensity is monitored by the current on a
gold beam stop in an evacuated chamber behind
the pressure vessel. The beam stop is divided
into a central disk and outer quadrants that pro-
vide position signals for the downstream steering
feedback system. The amplified signals from the
five parts of the beam stop are summed to form
the B (back-detector) signal.

An analog divider is used to form the ratio Y
= (8 —B)/B Adjusting . the amplifier gains to
make S -B=0 insures optimal:divider perfor-
mance and normalizes the signal. With this nor-
malization the change in Y is equal to the rela-
tive change in cross section with polarization re-
versal. The polarization is reversed at 1 kHz,
and the change in Yat 1 kHz, F&, is detected
with a phase-locked amplifier (PLA) synchronized
with the reversal. The output of the PLA is in-

tegrated for 1-sec intervals with an integrating
digital voltmeter (DVM) and results from succes-
sive intervals are accumulated in a computer.
Treatment of the data is discussed later.

The details of the polarization reversal tech-
nique are important to the discussion of system-
atic errors and control experiments. In the ion
source a beam of hydrogen atoms in the metasta-
ble 2S state is formed by passing 500-eV H' ions
through cesium vapor. A spin filter then quench-
es to the ground state all magnetic substates ex-
cept the desired m&=+ -„mr=+ 2 state. ' The
transmitted state is selected by tuning the longi-
tudinal magnetic field B~ of the spin filter to
540 G. The beam then passes through an argon
gas cell where the metastable atoms are prefer-
entially ionized to form H for acceleration in
the Van de Graaff. A 6-6 longitudinal guide field
B„in the argon cell region keeps the metastable
atoms aligned until the H ions are formed. In
conventional operation B„is parallel to B~ and
the polarization is reversed by changing the sign
of both fields. However, this method is imprac-
tical for fast polarization reversal because of the
large inductance of the spin-filter coil. If B„is
antiparallel to B~, the polarization can be re-
versed rapidly by turning on and off a 2-6 trans-
verse field B~ located at the zero in the longitu-
dinal field. When B,. is zero, the metastable
atoms are transmitted with their spin direction
unchanged; when B~ is on, the spin is adiabati-
cally guided around, reversing its direction. The
antiparallel configurations of B~ and B„, + —and
—+, are both used to measure the parity-noneon-
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TABLE I. Experimental results for each ion-source field configuration.

Source
fields
+8 +A

Beam
helicity
B~ I3~
off on

Ideal~
for m

of data
Raw data

Y& x10

Corrected b

results
x10~

8
L
R
L

No
No

Yes
Yes

+ 6.0 +7.6
—10.6+ 7.7

+4.5 + 7.7
+2.9+ 7.4

+ 4.7+ 6.0
—8.4+ 6.1
+ 3.6 +6.1
+ 2.3 + 5.9

p is a hypothetical parity-nonconservation effect for purposes of illustration.
Corrected for Coulomb scattering and net polarization change.

servation effect. The two parallel configurations,
++ and ——, are used to test for systematic er-
rors, since here polarization reversal cannot oc-
cur even though B,, is being turned on and off.
The left-hand columns of Table I illustrate the
effect of the four field configurations on the po-
larization and the ideal form of the data. Any
statistically significant deviation from this pat-
tern of results indicates the presence of system-
atic errors.

The magnitude of the change in polarization is
measured using a transversely polarized beam
with a carbon foil scatterer and two opposing
quadrants of the S detector as an analyzer. By
shielding the reversal region from stray fields
and by optimizing the shape of the longitudinal B
field, we can reverse 95% of the metastable
atoms in a 25-mm-diam beam, as determined by
comparing fast reversal to the conventional meth-
od of reversal. Qn the basis of the measured po-
larization of the beam, 86%,"the net change in
polarization with fast reversal is 1.64. The car-
bon-foil analyzer is also used to test the align-
ment of the longitudinally polarized beam. A
Wien filter type of spin precessor adjusts the di-
rection at the target.

Five possible sources of systematic errors
have been considered: (1) current modulation,
(2) phase-space modulation, (3) polarization mis-
alignment, (4) ground loop currents, (5) offset
and linearity errors in the Pi A and DVM. The
first three of these are properties of the beam to
which the experiment is designed to be insensi-
tive. %e estimate their effect on the results by
measuring separately each property and the sen-
sitivity of the experiment to that property. Er-
rors arising from sources (1), (2), (4), and (5)
are distinguishable by failure of the data to fit
the pattern listed under "ideal data" in Table I
for the four configurations of the source fields.

(1) Current modulation arises from the quench-
ing of the metastable atoms by the motional E
fieM from B~. This quenching is compensated
by a transverse electric field that is turned on

whenever B~ is on. The residual current modu-
lation is &2&10 ' of the beam current. The di-
vider rejects any current modulation common to
both S and B by a factor of 2&10'. Therefore,
the effect of current modulation is &10 '.

(2) Phase-space modulation arises because a
few ions are formed in the reversal region and
are steered by B~. The number of steered ions
in the beam has been reduced by increasing the
pumping speed and applying a transverse electric
sweeping field in the reversal region. The move-
ment of the beam centroid at the target is esti-
mated to be &1 p.m. Since we measure a signal
of &10 ' with a deliberate position modulation of
1 mm impressed on the beam, this error term
is less than 10 '.

Because the polarization reversal is indepen-
dent of the sign of B~, we can reduce phase-
space and current-modulation effects even fur-
ther by changing the sign of B~ and E~ on alter-
nate cycles. If the magnitudes of B~ and E~ are
unchanged in this process, the phase-space and
current-modulation error signals will be con-
verted to 500 Hz and will not be detected by the
PI A.

(3) The beam polarization is never exactly lon-
gitudinal. A small reversing transverse compo-
nent of polarization is analyzed by the target gas.
The resulting scattering asymmetry contributes
to the divider output unless the target is exactly
symmetrical. %e have measured an effective
analyzing power of 10 ' and an asymmetry of 10 '
for our detector. The transverse component of
polarization was adjusted to be less than 10 '.
The error from polarization misalignment is
therefore less than 10 '.



VoLUME 33, NUMBER 21 PHYSICAL REVIEW LETTERS 18 NOVEMBER 1/74

(4) Ground-loop errors result when the signals
from the reference oscillator are coupled into
the input of the PLA or the amplifiers preceding
it through a common ground impedance. Careful
grounding techniques and the use of optical iso-
lators for all of the reference outputs reduce
this error to -1{}'.

(5) Errors introduced by the dc offset and non-
linearity of the PLA and DUM have been mea-
sured to be below the 10 ' level.

Data were taken for 22 runs of 400 sec in each
of the four ion-source field configurations. For
each run the mean and variance of 400 Y& values
are calculated. The averages and statistical er-
rors for each set of runs are listed in Table I.
Two correction factors are applied to the data.
The ratio of the signal from Coulomb-scattered
events to nuclear scattering is estimated from
the p-p cross section to be 0.3 for our target
geometry. To correct for this dilution by Cou-
lomb scattering, Fz is multiplied by 1.3. The re-
sult is then divided by 1.64, the total change in
polarization, to obtain the parity-nonconserving
component of the nuclear cross section E=(cr~
—o~)/(v~+ vi); v„(o~) is the total nuclear cross
section for right-handed (left-handed) helicity.
No correction for the finite solid angle of the de-
tector is necessary, assuming the same angular
distribution (S wave) for the weak and strong
parts of the scattering amplitude.

The data for the control runs ++ and ——are
consistent with our estimate that systematic er-
rors are &10 '. The data for the + —and —+ con-
figurations are combined to give I' =(1 +4) &&10 '.
This result already excludes any effect much
larger than predicted by conventional theory. "
We are encouraged that our data appear to be
limited only by the statistics of the scattered pro-
tons and plan to extend these measurements. "
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