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Search for Parity Nonconservation in the Force Between Nucleons*
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An experiment to search for the parity-forbidden ~ decay of the 8.87-MeV state in 60 has
been performed. No evidence of this decay was observed. Assuming a laboratory radiation
width of 3.43x 10 eV for the 8.87-MeV state, we find the laboratory o.'-decay width to be
less than 2.1x 10 eV with a 95% confidence limit.

INTRODUCTION

This paper describes an experiment designed to
observe a possible violation of parity conservation
in the force between nucleons. This search was
motivated specifically by the expectation that a
weak interaction between nucleons would manifest
itself as a violation of parity in the total nucleon-
nucleon force, and in a more general way, by ba-
sic interest in the violation of fundamental symme-
tries. The experiment performed was a search for
parity-forbidden a decay from the 2 state at 8.87
MeV in "Q.

The self-interacting- current hypothesis suggest-
ed to explain the weak interaction' assumes a cur-
rent consisting of terms depending upon hadrons
(nucleons in our case) and leptons separately. The
interaction energy is found by taking the product of
the current with its adjoint, and cross terms cor-
respond to known phenomena such as P decay. In
addition, there are terms corresponding to physi-
cal processes which have not yet been directly ob-.
served. In particular, the product of one term
with its adjoint predicts parity nonconservation in
the total nuclear force due to the weak interaction.
General estimates of the magnitude of this effect
by Blin-Stoyle' and Michel' indicate that the am-
plitude of the part of the wave function with irreg-
ular parity, E,~' is probably of the order of 10 '
to 10 '.

A number of experiments in which the effect
should be proportional to E have been reported'
and several of these did in fact give a positive re-
sult. However, these experiments involve y decay
and thus the electromagnetic interaction as well as
the strong interaction. Effects proportional to E
(see Bonar et al. ') might also be observed involv-
ing only the strong and weak interactions, and an
observed violation could be interpreted without the
complication of the electromagnetic interaction.
Among these, e decay of the 8.87-MeV level in "0
has received the greatest attention in the past. ' "

All studies of this decay, including the present
one, have proceeded in the same basic way. A nu-
clear reaction is used to produce the radioactive
nucleus "N, which subsequently undergoes P decay
to "0with a half-life of 7.10 sec." Only two e-un-
stable levels in "Q have a significant branching
ratio for this decay: the 8.87 MeV 2 with abranch-
ing ratio of 0.011 and the 9.6-MeV 1 state with a
branching ratio of 1.20@10 '." The experimental-
ly observed quantity is the o. spectrum following
the P decay, and a violation of parity conservation
would be indicated by the existence of a peak in
this spectrum corresponding to the 8.87-MeV 2

state. Since n decay of the 9.6-MeV 1 state is
not inhibited, the principal contribution to the ob-
served e spectrum is from this state. Let I'
and I'& be the observed laboratory a-decay width
and the laboratory radiation width of the 8.87-MeV
state. Since y decay is the only allowed decay
mode of the 8.87-MeV state, its total width will be
very closely equal to I'&. Since o. decay of the 9.6-
MeV state is allowed, its total width will be very
nearly equal to its e width, "and from the known

P branching ratios we may write

"' =1.09xl0 'r„= " n.(9.8) '

where n denotes the number of observed a parti-
cles. Thus, the observed a width may be ex-
pressed in terms of the known y width, and the
quantity E' may be expressed as'

I'„,b I'„b I'y=r. =I I„'
where I' is the o.-decay width which the 8.87-MeV
state would have if it were a 2+ state.

The experimentally determined quantity in the
above expression for I' is the ratio n (8.8'f)/n—
(9.6), and it is this ratio which should be com-
pared with the results of other measurements. At
the time the present experiment was. started, the
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most sensitive limit on this ratio was 0.05%" (with
an unstated confidence limit). Since the comple-
tion of the present experiment, a much more sen-
sitive limit of 0.004% (unstated confidence limit)
has been published by Hattig et al." This result
represents a substantial improvement over pre-
vious measurements and also over the present ex-
periment. In spite of this, we have published the
present result because, as noted for example by
Okun, "this is a measurement which is of great
importance to the theory of the weak interaction
and all information relevant to the result is of
some importance.

The ratio I'&jl'„ in the expression for E' depends
upon a theoretical estimate of the width I"~. This
estimate will differ depending on the assumptions
made concerning nuclear systematics. In the pres-
ent paper we adopt the value of I' =6.7x10' eV
chosen by Donovan, Alburger, and Wilkinson. '
The radiation width I'& of the 8.87-MeV level was
taken to be 3.43 x10 ' eV based on the lifetime mea-
surements of Pixley and Benenson. "

Very recently, two theoretical estimates of I'
based on the conserved-vector-current theory of
the weak interaction have been reported. The first,
by Gari and Kiimmel, '7 gave I'„,b = (1.2 to 1.8) & 10 'o

eV with an estimated uncertainty of +20%. The sec-
ond, by Henley, Keliher, and Yu, "gave I', b =(1.3
to 2.1)x10 "eV with an estimated uncertainty of
+ a factor of 2.
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FIG. l. A simplified view of the counting cell. Bolts,
bolt holes, detector electrical connections, interconnect-
ing passages, and other details are not shown.

EXPERIMENTAL METHOD

In the present experiment "N was produced by
the reaction "N(d, p) "N. The target gas, enriched
to 99% N, was contained within a gas cell equipped
with double-foil beam entrance and exit windows
cooled with helium gas. An approximately 20- pA
2.4-MeV deuteron beam was passed through the
cell causing a small fraction of the "N to be con-
verted to "N. The gas was allowed to flow contin-
uously through a 60-in. -long 0.019-in.-diam tube
to a counting cell. After passing through the count-
ing cell, the gas was collected in a tube cooled to
liquid-helium temperature for reuse as feed gas
for the beam cell.

The counting cell, shown in Fig. 1, has basic cy-
lindrical symmetry. The radioactive "N-"N mix-
ture was contained within a region bounded on ei-
ther side by thin plastic foils. On each side of this
region a fully depleted surface-barrier detector of
nominal thickness 25 p. was mounted. By separat-
ing the radioactive gas and detector we reduced the
number of electrons entering the detector tangen-
tially to its face, and thus the electron-induced
background in the spectral region of interest. The
use of two detectors not only increased the count

rate by a factor of 2, but also provided checks on
internal consistency. In order to minimize the
plastic-foil thickness, equal pressure was main-
tained on both sides of the foils. This was done
by connecting the sample and detector regions with
tubes in which the traversal time of the gas was
long in comparison with the "N half-life. Neutron-
induced background was minimized by heavily
shielding the counting cell with paraffin and by im-
mersing the counting ce11 in an ice-water bath.
This bath also cooled the detectors to O'C, improv-
ing their resolution. The cell was designed so that
an '"Am source could be inserted into the sample
region without breaking the vacuum.

A total of six n spectra were measured for the
present experiment in three separate "runs. " Be-
cause of foil breakage and P-induced radiation
damage in the detectors, it was necessary to use
five foils and four detectors to accumulate these
spectra, and they may be thought of as semiinde-
pendent. The total number of o. particles attribut-
ed to the 9.6-MeV state in these six spectra is
949730. A typical spectrum is shown in Fig. 2.

In the last phase of the experiment we discovered
that a small amount of radioactive gas may have
been present in the counting- cell-detector regions.
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FIG. 2. A typical o,-particle spectrum. The large peak, containing 79023 counts, is due to the 9.6-MeV state.
Vertical arrows indicate the expected positions of peaks due to the 8.87-MeV state.

Consequently, there may be a substantial contribu-
tion to some of the observed spectra from "N in
the detector regions. a particles originating in
the detector regions will be shifted slightly in en-
ergy relative to those originating in the sample re-
gion. Thus, there are two possible peaks in the ob-
served spectra corresponding to the 8.8V-MeV
state. The most probable positions of these two
peaks are indicated in Fig. 2 by vertical arrows.
Since we did not have experimental information on
the relative concentrations in the sample and de-
tector regions, we analyzed the spectra under the
assumption that two peaks of unknown relative in-
tensity were present.

In order to analyze these spectra, it was neces-
sary to predict the location and shape of peaks
arising from the 8.8V-MeV state. This prediction
has two aspects. One is the calculation of effects
related to the finite counting-cell geometry. This
was done using standard Monte Carlo techniques
and will not be discussed further. The other as-
pect was the determination of the input parameters
for this calculation. For example, it was neces-
sary to measure the response of the detectors for
a particles with the energy expected in the peak
(1.3 MeV), the straggling and energy loss caused
by the plastic foils, and the line broadening caused
by the background P flux. Two types of calibration
measurements were made. Periodically, during
the course of the experiment, pulser and "'Am
n-source calibrations were recorded. This al-
lowed us to monitor electronic stability, radiation
damage, and P-induced line broadening. In addi-
tion, we made auxiliary measurements with the
accelerator o.-particle beam. The beam was al-
lowed to scatter from a thin gold target producing
a monoenergetic source of 1.3-MeV n particles.
Thus, we were able to make direct measurements

of detector resolution, straggling, inhomogenity,
and energy loss associated with the foils. For the
spectrum shown in Fig. 2, the Monte Carlo calcu-
lations showed that the expected peaks would be
well approximated by normal distributions with
most probable standard deviations of approximate-
ly 21 and 26 keV for the lower and upper peaks,
respectively. In Fig. 2 these values correspond to
most probable standard deviations of 3.6 and 4.5

channels, respectively, and are typical of all the
spectra. The expected positions of the peaks were
based on the "'Am e-source calibrations. For use
in the analysis described below we shall denote our
estimated probability distributions for the peak
positions C,. and widths S,. by Dc(C,. ) and D,~(S~),
where j=1, 2 refer to the lower and upper peaks,
respectively. We assumed these functions to be
normal distributions. Since the six spectra were
measured under different conditions, it was not
possible to add them for analysis. Thus, they
were analyzed separately and the results com-
bined for the final experimental result.

ANALYSIS

The analysis of the spectra was based primarily
on the likelihood-function technique. " The essen-
tial idea of this method is as follows: Let x, be
the observed number of counts in channel i . We
associate with x; a probability distribution f(x;,x; )
representing the probability that x,. is the "true"
value of x;. The function f(x, , x;) was assumed to
be a normal distribution centered at x; with stan-
dard deviation vx, . The joint probability for any
set of x; is called the likelihood function,

L(x, , x„ i=n, m) =gf(x, ,x, ).

L(x;,x;, i =n, m) is then the relative probability
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that a given set of x; are the true values of the
measured variables x;. For this analysis we de-
fined x,. by the function

i; =B;+P,'(A, , C, , S, ), j =I or 2

degree polynomial to each spectrum in the region
of interest. We examined the difference between
this background and the data and assigned positions
C',. to channels in the center of regions where peaks
appeared to exist. We then calculated likelihood
functions for a fixed peak position of the form

x; = B,+ P'; (A „C„S,) + P';(A„C„$,),
where B; is a background function and P' and P'
are normal distributions centered at C, and C„
with areas A, and A, and standard deviations S,
and S„respectively, representing the two possible
8.87-MeV-state peaks. These definitions yield the
likelihood functions L(A&, C, , S,. ) and L(A„A„C„
C„S„S,), respectively. In this notation, the de-
pendence of L on B; is implicit.

Consider, for example, the function L(A„C„S,).
We interpret this as the relative probability that a
peak of area A, and width S, is situated at channel

C, on a background defined by B; . In this sense,
L(A„C„S,) represents the information contained
in that part of the o. spectrum defined by n &i &m.
In addition to this spectral information, we have
information concerning the position and shape of
the peaks. This is contained in the probability dis-
tributions D~c(C,) and D,~($,) determined from our
auxiliary measurements. We interpret the product
function

L(A„C„S„)xD, (C,) xD,~($,)

as the relative probability for the variables A„C„
S„B,based on all the information contained in our
measurements.

Now, in general, we are only interested in a prob-
ability distribution for A, . This may be obtained in

principle by integration over all values of the other
variables.

L(A&, C,) =J)L(A, , C, , $,)D&~($,)1$, , j = I or 2.

In no case was there statistically significant evi-
dence for a peak. Therefore, we used the distri-
butions D~(C,.) in our final calculations described
below.

In order to calculate a value for n„(8 87)./n~(9. 6)
we performed the following analysis on each spec-
trum. Backgrounds were calculated by fitting poly-
nomials of degree three through seven to portions
of the spectrum adjacent to the regions where we
expected to find peaks. In general, the level of sig-
nificance (in terms of X' and the number of vari-
ables) of these fits was not a strong function of the
degree of the polynomial. Three criteria were
used to choose a background B,. for subsequent cal-
culations from these fits: a small number of pa-
rameters (low degree), a high level of significance,
and an average area in the region of the peaks
which was consistent with the average of all fits to
a given spectrum. The backgrounds chosen were
either fourth- or fifth-degree polynomials.

Let A~ =A, +A, be the total area in the two peaks.
The probability distribution for A~ for a given
background is then

rs

L(Ar) =
J

L(A„Ar A„C„C„S-„S,)

x D~c(C, )D~c(C,)D~~($,)D2'($, )dA, d C,d C,dS,dS, .

By algebraic substitution it can be shown that L(Ar)
can be closely approximated by

L(A, ) =
J

' ~ )L(A„C„S,)D, (C,)

xD~~($,)dC,dS,dB„~ ~ de
Unfortunately, we were not able to successfully
perform integrations over the background variables.
In order to perform integrations of this type, we
found it necessary to fix the background by an aux-
iliary procedure and then to integrate only with
respect to C, and S, .

In an analysis of this type there are two possibil-
ities: One can or cannot "see" peaks in the spec-
tra. Recognition of peaks in the spectra represents
additional information which may be more accurate
than the auxiliary determination represented by
D,. (C,.). We examined our data for this possibility
in the following way. A background B; was generat-
ed by making a least-mean-squares fit for a fourth-

L(Ar) = ~ L'(A, )L'(Ar A, )dA, , -
where

L'(A, ) = L(A„C„S,)D, (C,)D~s($, )dC,dS,

L'(A, ) = L(A„C„S,)D, (C,)D, (S,)dC,dS, ,

under the assumption that the two expected peaks
do not overlap. This assumption is satisfied in
our case. L'(A, ) and L'(A, ) were evaluated using
Monte Carlo techniques and also several Newton-
Cotes methods, i.e., Newton's method, Simpson's
rule, and the trapizoidal rule. All of these tech-
niques gave the same results, but we found the
Newton-Cotes techniques to be significantly more
efficient. It should be noted that the calculation of
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L'(A, ) and L'(A, ) also provide a check on the inter-
nal consistency of the data and procedure. The
final result for the experiment is a likelihood func-
tion generated by taking the product of individual
L(Ar) obtained from each spectra. From this func-
tion we concluded that there was no positive evi-
dence for peaks in these spectra, and we placed
the following limits on n„(8.87)/n (9.6): 0.057%
(95% confidence limit), 0.069% (99% confidence
limit). Using the values of I' and I' quoted above,
we calculate the following corresponding limits on
I"„b and E: I'„b &2.1x10 ' eV (95'%%uo confidence
limit), I',~&2.6x10 eV (99% confidence limit),
~'&3.2x10 "(95%confidence limit), E'&3.8xl0-"

(99'%%uo confidence limit). These values are consis-
tent with the results presented in Refs. 11 and 12
and are lower than other previous experiments.
They are also compatible with the recent estimates
given by Gari and Kummel" and Henley, Keliher,
and Yu"

We wish to express our appreciation to W. G.
Johnson, who performed the counting-cell Monte
Carlo calculations, and to M. D. Mancusi, who par-
ticipated in early phases of this work.

Note added in proof: The experimental data re-
ported in Ref. 12 has been reanalyzed. This analy-
sis, which gives a positive result, has been recent-
ly reported by HKttig, HQnchen, and Waffler. '
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