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Parity uoucouservatiou iuPn scattering has been studied by comparing the cross sec-
tions o.+ and e for longitudinally polarized 46-MeV protons of positive and negative he-
licity. The longitudinal analyzing power is found to be A, =(0.3+1.3) x 10 ~. This result,
together with earlier measurements on parity uouconservatiou inpp scattering, gives new

limits for the weak pion-nucleon coupling constant.

PACS numbers: 11.30.Er, 25.40.Cm, 13.75.6x, 24.70.+s

According to present theory, the interaction be-
tween nucleons (VN interaction) contains a small
contribution from weak interactions (hadronic
weak currents) which can be described by weak-
coupling constants associated with the exchange of
various mesons (&, p, ~, etc.). Experimentally,
the weak +Ã potential can be detected because it
leads to a small parity nonconservation in nuclear
interactions. The presence of such effects has
been clearly demonstrated, e.g. , through the de-
tection of circular polarization I'z in the y decay
of various nuclei, but there is insufficient infor-
mation at present to determine the individual
weak meson-nucleon coupling constants (see Hae-
berli' and Desplanques' for reviews).

The work reported here is the first measure-
ment of parity nonconservation in pu scattering.
The experiment consists of comparison of cross
sections 0' and 0 for logitudinaQy polarized pro-
ton beams of positive and negative helicity. Re-
cent calculations'4 of the longitudinal analyzing
paver A, =(o'-o )/(c'+o ) predict values of the
order of a few times 10 ' and suggest that the
contribution from the weak pion-nucleon coupling
constant, f„should dominate A, . The value of

f, is of particular interest because this coupling
constant is strongly affected by the weak neutral

currents in the theory of Weinberg and Salam.
Study of the pn system is attractive because it is
the simplest one available (apart from the PP and
and a)b systems) and because its scattering states
are relatively well known.

The experimental technique was essentially the
same as in our earlier investigation on pp scat-
tering. "The arrangement is shown schematical-
ly in Fig. 1. Protons are scattered in a 100-bar
He target whose walls are sufficiently thick (2-mm
Al alloy) that charged particles from breakup re-
actions are stopped. Protons scattered by 23'-
97' are detected in a hydrogen-filled (1-bar)
cyclindrical ionization chamber which surrounds
the target. The proton beam was provided by the
Swiss Institute for Nuclear Research cyclotron
which is equipped with an atomic-beam-type po-
larized-ion source. The arrangement in Fig. 1 is
preceded by a spin-precession solenoid and a
47.6' deflection magnet, which, together, pre-
cess the vertical polarization of the beam from
the cyclotron (+ P,) into a beam of longitudinal
polarization + P, or+ P„depending on the sign
of the solenoid field. The helicity of the beam is
reversed every 30 msec by switching rf transi-
tions in the ion source. Every few hours the
overaQ phase of I', is reversed by reversal of
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FIG. 1. Schematic diagram of the experimental ar-
rangement. The figure shows the beam scanners Hl
and H2, and deflectors W1 and %2 which are used to
produce artificial modulations in beam direction and
beam position. The top of the figure shows the scatter-
ing chamber in more detail. : the He target (T), the
Faraday cup (FC), and the ionization chamber consist-
ing of an aluminum foil (F) at 10 kV and a collector
electrode (C).

the current in the spin-precession solenoid. '

The longitudinal analyzing power is calculated
from the expression

o' —o 1 (N, '/N~') —(N, /N~ )
o'+v- lP. l (N, '/N, ') +(N, -/N, -) '

where N,' is the integrated ionization chamber
current (proportional to the number of scattered
protons), and N~' is the integrated beam current
measured in the Faraday cup (proportional to the
number of incident protons). The superscripts
denote the helicity of the beam, and II', I= 0.83 is
the magnitude of the beam polarization. The in-
tegration of the currents in the ionization cham-
ber and the Faraday cup extends over 20 msec.
Individual 20-msec measurements are separated
by 10 msec dead time, during which the polariza-
tion is reversed, the digitized integrated charges
are stored in a computer, and beam scanners
move through the beam.

The principal problem of the experiment is the
elimination of systematic errors caused by possi-
ble changes in the proton beam which are coher-
ent (i.e., in step) with the reversal of the helicity.
In fact, the majority of beam time was devoted
to these problems. The beam properties were
sampled continuously during the parity runs with
the aid of two pairs of beam scanners' (H1 and H2

in Fig. 1) which measure not only the intensity
distribution but also the polarization profiles of
the beam. To measure the sensitivity of the scat-
tering chamber to various beam modulations, we

introduced artificial modulations of the intensity,
position, diameter, and transverse polarization
of the beam, combined with deliberate misalign-
ments. ' The following instrumental effects,
which are summarized in Table I, were consid-
ered:

(1) Transverse polarization components. —cor-
rections to A, arise from the regular (parity-
conserving) analyzing power in pa scattering
coupled with small residual transverse polariza-
tion components in the beam. ' The most impor-
tant contribution is due to the nonuniform distri-
bution of the polarizations P„(y) and P, (x) within
the beam. In order to ascertain the stability of
the corrections the sensitivities were remeas-
ured repeatedly. The systematic errors quoted
in Table I include small variations of the sensitiv-
ities with target gas pressure, systematic errors
in the determination of the polarization distribu-
tion in the beam, as well as upper limits for the
contribution of higher-order moments.

(2) Intensity modulations. —information about
the coherent intensity modulations is avail:able
from the integrated currents in the Faraday cup
(N,').

(3) Beam position modulations. —The coherent
position modulations of the beam have been meas-
ured with the beam scanners. The amplitude of
the largest modulation was (&x,) =0.3+ 0.3 pm
(average value over all runs).

(4) Emittance modulations. —To detect coherent
modulations of beam diameter, we inserted aper-
tures in the beam and measured the modulation in
the ratio of beam passing through the aperture to
beam striking the aperture. The sensitivity was
obtained from modulations of the beam with a
small quadrupole magnet.

(5) Energy modulations. —If, for some reason,
the beam energy changes slightly (5E) with rever-
sal of the beam polarization at the ion source, a
false contribution ~A to A, results. Since we
have no means to measure ~E to the required ac-
curacy (&E/E =10 ' causes &A =-5&&10 '), we use
the fact that this e&~o~ inA reverses sign when
the field in the spin precession solenoid is re-
versed. Thus ~& would reveal itself as a differ-
ence in the corrected results for the bvo solenoid
signs (Table II), but would cancel when the aver-
age is formed. The uncertainty for this effect in
Table I includes the possibility that this cancella-
tion is not complete because of possible changes
of ~E with time during the experiment. Rapid
variations (within a run) are averaged out, but
are included as part of the statistical error in
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TABLE I. Summary of systematic errors.

Instrumental effect Sensitivity

Typical values for a 20-min. run
correction to Ip, IA, contribution to IpglA,

Value (or upper limit) QO ') in final result (10 7)

1. Transverse polarization
components:
(a) &p,&

&p &

(b) y)&p. &

&y~p (y~)&
+6 similar terms

Sum (including higher
order terms)

(2.8+5.0)x 10 6

—(15.7+3.0)x 10 6

(8.1+ 0.1)x 10 um '
(8.1+ 0.1)x 10 8 pm '

—(4.2+0.3) x10 ~

(5.8+0.3)x10 3

—32p pmx 5.8x 10 3

—(6.5+ 0.9) pm

- 0.12+ 0.21 (
—0.91+ 0.18 F
—1.50+ 0.08

t—5.27~ 0.73

0.22+ 0.12

—0.37+ 0.40

—0.14+ 0.49

2. Intensity modulation:
(Np+ Np )/-(Np++Np )

3. Beam position modulation:
&5x,&

+3 similar terms
4. Emittance modulation:

&S ~&

5. Energy modulation
6. P decay
7. Double scattering
8. Periodic beam modulation
9. Electronic effects

Total Correction

(1.3 + 0.3) x 10 3

(dependent on
beam position)

2.5x 10 p, m

(4,6+ 0.2) x10 5

& 3.7 pm

& 200 pm~

0.60+ 0.14

(0.0)

(0.5)

—0.01~ 0.05

—0.05+ 0.19

&+ 0.4
&+ P.2
&+ 0.1
&+ 0.2
&+ 0.1
&+ 0.]

—0.20+ 0.74

TABLE II. Summary of experimental results for A.,
(in units of 10 7). The errors given in this table include

only the statistical errors of the measurements and

statistical errors in the measured corrections.

Ravr data Corrected values

Solenoid +
Solenoid—
Average A.,
~ difference

—16.64+ 1.28
16.08 + 1.24
0.10+ 0.89

—16.35+ 0.89

—0.40 + 1.30
1.04+ 1.28
0.34+ 0.92

—0.72+ 0.92

the final result. Substantial variations from run
to run can be excluded because of the excellent
internal consistency of the measurements (&('/N

=0.99, where N is the number of degrees of free-
dom).

(6) p decay. —Proton-induced reactions can pro-
duce polarized (3 emitters whose parity-noncon-
serving decay contributes to the measured cur-
rents in the scattering chamber. The treatment
of this effect in Ref. 5 was improved by direct
measurements of the activation calculations for
the short lifetimes. The uncertainty in 4, from
this effect is well below 0.1&1,0 '.

(7) DouMe scattering. If the arra—ngement lacks
perfect axial symmetry, double scattering of pro-
tons can lead to a systematic error, since the
protons acquire a transverse polarization compo-
nent after the first scattering. To enhance such
an effect large deliberate asymmetries were in-
troduced in the scattering chamber (enhancement
factor & 100), but no effect could be seen in these
auxiliary measurements with an accuracy of a
few times 10 '.

(8) Periodic modulations of the beam The .j—n-
tensity of the beam shows a rather large (-5/p)
modulation synchronous to the line frequency (50
Hz). The influence of these modulations was re-
duced by integrating the currents in the ioniza-
tion chamber and in the Faraday eup during ex-
actly 20 rnsee, by a specia1 polarization pattern.
(+ —+ —+-+- —+-+-+-+), and by a pseudo-
random change of the sign of the polarization after
sixteen individual measurements.

(9) Electronic null test A test with con.—stant
current sources gave a null asymmetry: (-0.10
a 0.11)x10 '. A possible effect would be further
reduced by reversal of the solenoid field.

Table II lists the average values of A, for the
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27 runs (of 20 min duration) with positive sign of
the spin precession solenoid and the 27 runs with
negative sign. The 54 corrected runs are statis-
tically consistent ()('/N =0.99) and the corrected
values show no dependence on the sign of the
solenoid field.

Our final result for a mean proton energy of 46
MeV is

A, = (+0.3 + 1.3) x 10 '.
The uncertainty includes the statistical and sys-
tematic errors (root square sum). The measured
A., is an average over scattering angle. The rela-
tive acceptance of the scattering chamber as a
function of O~, b was calculated numerically. It
has a maximum at 0~, b= 33' and falls to one tenth
of the maximum at 24' and 58'.

Besides f„A,~ contains contributions from the
weak pNN and ~NN coupling constant (h~ ~). To a
large extent, the contributions from hz can be
subtracted out, since they enter in similar com-
bination into A,~~ for pp scattering at 45 MeV.
We can write f„as'

f„=- 1.92(A,~ —1.44A,~P) —0.25()(~„'-)(p~), (3)

where g~„' and g» are certain linear combina-
tions of h~ defined in Ref. 2. In a recent paper'
best estimates and extreme limits are given for
all weak parity-nonconserving meson-nucleon
coupling constants, based on a detailed quark-
model analysis taking into account hyperon decay
data. This leads to 0.25()(~„'-y») = (-1.9+ 1.3)
x10 ', where the uncertainty is the most pessi-
mistic value compatible with the limits of Ref.
10. If we use the experimental value'" A,~~(45

MeV) =(-2.3+0.8) x10 ', we find f„=(-5.0+ 3.6)
&10 ' which is at the low end of the range of val-
ues [(0 to 12) x10 ' for the Weinberg-Salam theo-
ry] given in Ref. 10. By comparison, results on
I'~ in heavy nuclei agree with the "best-guess"
f,=4.6x10 ' (Ref. 1), while recent reanalyses of
y transitions in certain light nuclei yielded f,=1.5
x10 ' (Haxton, Gibson, and Henley" ) and &2.5

x10 ' (Brown, Richter, and Godwin"). Since the
present error quoted for f„is dominated by the
experimental uncertainties of A, and A.,», it is
important that these measurements be improved.
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