
PH YSI CA L RE VIE% C VOLUME 10, NUMBER 1

Parity non-conservation in the alpha particle decay of the 8.87 Mev 2 state of 0
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The energy spectrum of 2.5x 108 c particles from the sequential decay l N(p ) 60(0)l C
has been analyzed. Superimposed on the broad energy distribution which originated from
the decay of the 1 9.60 MeV state of 0 into 2C+e, a group of 9538+1810 o particl. es
with an energy of 1282 keV has been identified with a maximum error of + 5 keV. This
group is attributed to the parity non-conserving decay from the 2 8.87 MeV state of ~~O

into ~~C+G.'; the n-particle emission width for this decay has been determined to be I'~
= (1.03+ 0.28) x 10 ~ eV. In a separate measurement the relative ~N p decay branching
ratio to the 9.60 and 8.87 MeV states in ~80, which was necessary for the calculation of I'„,
has been determined to be {9.98+ 0.70) x10

RADIOACTIVITY '~N(P ) 80(&)l C; measured energy spectrum; deduced e-
particle group E~ = 1282 + 5 keV attributed to parity non-conserving &-particle

decay F80(8.87 MeV 2 )
~ C+0. ; deduced I'~= (1.03+0.28) x10 l eV.

1. INTRODUCTION

In the context of first order perturbation theory,
the amplitudes E„are given by the expression
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where V "' is the parity non-conserving nuclear
force potential, E, is the energy of the state l

()(',"),
and E„ is the energy of the state &g'„"l.

In 1958 Wilkinson' proposed three types of exper-
iments in which parity non-conservation might be
observed: (i) circular polarization of nuclear y

rays, (ii) left-right asymmetry in y-ray emission
after capture of polarized nucleons, and (iii) n-
particle emission from unnatural parity states in
self-conjugate nuclei. The first two types of ex-
periments are indirect in that they use electro-
magnetic transitions to determine parity mixing
in the nuclear states involved, but both are inter-
ference effects which are directly proportional to
the amplitudes E„of the admixed irregular parity
states in Eq. (1.2). The third type of experiment
is direct in that only nuclear constituents partici-

Parity non-conservation in hadronic interac-
tions has the consequence that the wave function g
of a nuclear state wil. l no longer have a definite
parity. However, if the parity non-conserving
part of the nuclear force is small the wave func-
tion wil) consist of a dominant part with the nom-
inal parity (s) and a small admixture of wave func-
tions of neighbouring states ()(„with opposite parity
(-v):

y(w) + Q p y(-w)

pate; however, the nuclear level width for o-par-
ticle emission is proportiona1. to the square of the
nuclear wave function and thus is proportional to

The value of I for these processes has been
reported' as =10 ', making the expected level
width for a-particle emission very small. For
this reason successful investigations of parity non-

conservation have been to date restricted to only
the first two types of experiments (see Ref. 2).

A nuclear state
l P) of unnatural parity, which is

energetically unstable against n decay but stable
against disintegration into other fragments, de-
excites by radiative transitions if e-particle emis-
sion is strictly forbidden by parity conservation.
By assuming for simplicity one neighboring state

l
()', ") only to contribute to the parity admixture,

the nuclear wave function from Eq. (1.1) becomes

g(w& +p p(-w)

The reduced n-particle emission width y is then
given by the overlap integral

1.=&~I 0).=+(&ol 0'( "').=F»' "

where &o. l
is the state vector of the nuclear sys-

tem dissociated into an e particle and daughter
nucleus within the a-decay channel radius a and
y' "is the reduced n-particle width of the ad-
mixed state. Since &al must have parity (-((),
only the admixed wave function (I)',

"will contribute
to the overlap integral in Eq. (1.4). By introducing
the Coulomb barrier penetrability P (e), where e

is the kinetic energy of the n particle and daughter
nucleus in the center of mass system, and using
Eq. (1.4), the experimental o-particle emission
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width is obtained as

(1 5)

In Eq. (1.5), I'„"is the n-particle emission
width for the admixed state

~
g', ") and c, is the

kinetic energy of the a particle and daughter nu-
cleus in that state.

The decay rate of the parity non-conserving n
transition which one would like to observe is pro-
portional to the ratio of the level widths I'„/1"
where I" is the total level width for deexcitation
of the state (P) and can be well approximated by
I'&, the total radiation width of this state. A
small width I'z is therefore helpful for the detec-
tion of parity non-conserving o. decay. From this
it follows that in even-even nuclei, states with iso-
spin T =0 are more favorable for this type of ex-
periment than states with isospin T =1, since the
lowest order multipole transitions F.l and M1 be-
tween T =0 states are inhibited in these nuclei,
thus increasing the ratio I' /rz. No hindrance
exists for transitions from states with T =1 to the
lower lying T =0 states.

For an experiment in which parity non-conserv-
ing Q. -particle decay is to be investigated, the un-
natural parity state of interest must be selectively
excited, since the simultaneous excitation of
neighboring, natural parity states would create
a background from parity-conserving e-particle
decay and in this way mask the small parity non-
conserving effect. Such a selective excitation can
be obtained by using a radioisotope which by al-
lowed P transition leads to the unnatural parity
state of interest. The P decay to neighboring
states with natural parity is in this case frequent-
ly inhibited by selection rules. Furthermore, the
recoil of the daughter nucleus produced by the P
transition is small, and therefore the width of the
energy distribution of the subsequently emitted n
pa, rticles is in general not greater than the energy
resolution of modern surface barrier detectors.

At present the best conditions for an experiment
of this type seem to be offered by the 8.87 MeV
2 (T =0) sta.te in "0which can be populated from
the P decay of "N (T», =7.1 sec) with a branching
ratio of 1.1% (see Fig. 1). This state exceeds the
Q.-particle emission threshold in "O by 1.71 MeV,
has a small width (I'„=8 &&10 ' eV), and deexcites
to the ground state by y-ray cascades.

Neglecting the extremely weak P-decay branch
from the 9.85 MeV 2' state, there is only one other
state in "0 above the a-particle emission thresh-
old populated by the p decay of "N, i.e., the 9.60
MeV 1 state which deexcites by regular 0(-parti-
cle decay. This state is broad (I' =650 keV) and
therefore its n-particle distribution mill overlap
with the. group. of o. particles to be expected from
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FIG. 1. Level scheme of ~60. The e-particle spectrum
from the decay of the 9.60 MeV state is shown on the
left. The arrow marks the position of the parity non-
conserving 0-particle group from the 8.87 MeV 2 state.
Level, s not relevant to the experiment are omitted. The
energy values {in MeV) are taken from F. Ajzenberg-
Selove, Nucl. Phys. A166, 1 {1971).

TABLE I. Compilation of published results on the 0.-
particle emission width I'~ of the '~0(8.87 MeV 2 ) state.

Author Year Ref. (eV)

Segel et al.
Alburger et aL.
Kaufmann and

Wiffler
Segel et al.
Donovan et aL.
Boyd et al.
Sprenkel-

Segel et al.
Hunchen et al.

1961 3
1961 4
1961 5

1961 6
1961 7
1968 8
1970 9

1970 10

&3.9x10 '
+~.8x1p 8

&8 x10 9

&6x 10-s(I' /r„& 2x 10-~)
«M. 4x10 9

1.1x10 '
x]0 9

(1.8+0.8)x10 '0

a parity non-conserving decay of the narrow 8.87
MeV 2 state. Since the P branching ratio to the
8.60 MeV state is only about 10 '%, the o. -particle
background from the decay of this state will be
relatively small, but still about 100 times greater
than the expected peak from the parity non-con-
serving O.-particle decay of the 8.87 MeV state.

During the past decade, several attempts to de-
tect parity non-conservation in the sequential de-
cay of "N have been reported; the results of these
investigations are summarized in Table I. As can
be seen from this table, with the exception of Refs.
9 and 10, upper limits only have been obtained for
the of-particle emission widths r„of the "0 (8.87
Me V 2 ) state by the different authors In mo.st of
these experiments, it was mainly the l,ack of suf-
ficiently high n-particle yields which prevented a
discrimination of the small group of parity non-
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FIG. 2. Schematic view of the experimental layout. D—detector, PA—preamplifier, ABCD—amplifier chains,
N—needle valve, St—storage tanks, T—Toepler pump, C—compressor, H2—hydrogen gas cooling, 8—reservoir for

N

conserving Qt particles from the background spec-
trum. The result of Ref. 9, based on a total of
about 10' a particles, was stated by the authors
as preliminary and is difficult to explain in view
of the considerably smaller values obtained in
Ref. 10 with about 100 times more n particles.

The present work is a continuation of the investi-
gation presented in the preliminary report (Ref. 10).
In these measurements, a technique was applied
which combines the production of "N at high con-
centrations in gaseous form with an e-particle
counting device of high efficiency and good energy
resolution.

2. EXPERIMENTAL PROCEDURE

A. General experimental arrangement Csee Fig. 2 j

Radioactive ~N was produced from the "N(d, P)
reaction by bombarding 96/~ enriched "N gas at a
pressure of 1.1 atm with 3 MeV deuterons from
the Max Planck Institute, Mainz, Van de Graaff
accelerator. The deuteron beam entered the tar-
get cell (a hollow water-cooled cylinder 3 mm in
diameter and 30 mm long) through a window of
two 5 p, m oxydized aluminum foils which were

cooled by hydrogen gas flowing between them. The
oxidation of the foils inhibited ruptures and result-
ed in foil lifetimes of about 20 hours for beam cur-
rents «8 p.A.

At 5 sec intervals during data acquisition, ap-
proximately 10/~ of the irradiated target gas was
transferred into a small reservoir which was con-
nected to two identical counting chambers by a
thin nickel capillary tube (1 mm in diameter). A

gas pressure of 6-8 Torr was maintained in the
counting chambers by continuously exhausting the
chambers through a needle valve into a low-pres-
sure (1 Torr) storage tank from which the "N gas
was returned to the target cell by means of a
Toepler pump and a small compressor.

Both counting chambers had a spherical volume
of 2 cm' and were located 1 m from the target cell.
Each chamber (see Fig. 3) had four circular win-
dows of 6 mm diameter, each of which was covered
by a -30 p.g cm collodion foil and viewed by a sil-
icon surface-barrier detector which subtended a
mean solid angle of 0.11+0.005 sr. This geom-
etry yielded a counting rate of approximately one
e particle per detector per p.C of incident deu-
terons.

Each counting chamber was constructed such
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FIG. 3. Counting chamber with detectors and absorb-
ing screens.

that a B coated prism coul. d be inserted into the
volume normally occupied by the irradiated target
gas. It was then possibl. e to determine o.-particle
energy loss in the collodion foils by using o. par-
ticles from the "B(n, n)'Li*, 'Li reaction as dis-
cussed in Sec. 2 D below. Only foils with energy
losses between 25 and 35 keV for 1.47 MeV inci-
dent n particles were used.

8. Detectors

For each a particle from the decay of "0, ap-
proximately 10' P particles from the decay of "N
were also expected, resulting in a jtI-particle con-
tribution to the n-particl, e spectrum. In order to
minimize the energy loss of these electrons in the
detector, partially depleted Ortec A-018-025-100
surface-barrier detectors of low-resistivity (435
0 cm) silicon were used, and the lowest possible
operating voltage still giving a good peak response
was applied to the detectors. This corresponded
to a depletion depth of 35 p.m, giving an energy
loss of about 30 keV for fast electrons while com-
pletely stopping o particles of energies up to 6
Me V.

The n-particle energy loss in the gold surface
layer of each detector was measured by using a
magnetically analyzed 4He" beam from a 1.5 MeV
accelerator. The angle at which the incident beam
impinged on a detector was varied, and the energy
loss was determined from the corresponding change
in energy of the detected e particles. For 1.5 MeV
n particles at normal incidence to the gold layer,
the energy loss for individual detectors was found

to vary between 10 and 20 keV and was obtained
for each detector with an accuracy of +2.5 keV.

The 1.5 MeV 'He" beam was also used to deter-
mine the a-particle resolution for each detector,
both before and after it had been used for data
acquisition. This insured that the detector resolu-
tion contribution to the o.-particle response func-
tion of the detecting system (see Sec. 2 E) re-
mained constant. Only detectors with resolutions
between 12 and 18 keV were used.

C. Electronics

During data acquisition a counting rate in the de-
tectors of about 5 n particles and 5&10' P parti-
cles per second was expected. For this reason,
the electronics were chosen mainly to minimize
the contributions to the n-particle resolution of
pulse pileup in the detectors and of electronic
noise. Each detector was connected to a separate
amplifier chain in which pulses corresponding to
an energy ~500 keV were eliminated. Each ampli-
fier-chain output was then routed into a separate
128-channel subgroup of one of two 512-channel
Laben multichannel analyzers (MCA's) (see Fig. 2).
For 80% of the data, the Laben MCA's were used;
however, to determine whether analyzer peculiari-
ties were important, the last 20%%ug of the data, was
taken with a 4096-channel Hewlett-Packa, rd MCA.
The amplifier-chain output for each detector was,
in this case, routed into separate 512-channel sub-
groups, which were later reduced to 128-channel
spectra by summing every four adjacent channels.
Since the energy interval between channels for 128-
channel spectra was kept the same for all three
MCA's, all pulse-height distributions could be
compared or added channel by channel.

The differential nonlinearity of the Laben MCA's
was determined using a sliding pulser and was
found to be about 1%. Since the number of counts
per channel due to the expected n-particle group
from the parity non-conserving decay was esti-
mated to be also about 1% of the main spectrum
produced by the allowed o, -particle decay of the
9.60 MeV state, this differential nonlinearity had
to be reduced by at least an order of magnitude.
This was achieved by the following averaging pro-
cedure. The MCA's were modified in order to al-
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low the arbitrary shifting of the whole pulse-height
distribution by applying a variable subtraction step
to the incoming pulses. Every two hours during
data acquisition, the accumulated pulse-height
spectrum was stored, and the MCA's cleared. The
subtraction step was then appl. ied such that the new
spectrum would be displaced by one channel from
the previous one. This procedure was used for
each consecutive spectrum until a maximum dis-
placement of 25 channels was reached. The chan-
nel shifting was then reversed, and the spectrum
stepped back over the 25 channels in the opposite
direction. The individual spectra were realigned
by the computer before being summed or com-
pared. %hen the Hewlett-Packard pulse-height
spectra were reduced to 128 channels, the differ-
ential nonlinearity was less than 0.1%,' thus no
averaging by spectrum displacement was neces-
sary.

D. Energy calibration of the analyzing system

For the absolute energy calibration of each de-
tector and its respective amplifier chain, 5.48
MeV n particles from '"Am were used to deter-
mine a high energy point, and n particles from
the reaction of thermal neutrons with ~B were
used for the region of the experiment (1-2 MeV).
In this latter case, magnetically analyzed 2 MeV
protons from the Van de Graaff accelerator bom-
barded a metallic lithium target producing neu-
trons from the 'Li(P, n) reaction. The neutrons
were thermalized in paraffin and allowed to react
with the "Bcoated prism (see Sec. 2A and Fig. 3),
which had been inserted into the counting volume,
producing a particles from the "B(n, o.)'Li*, 'Li
reaction ( „*E=1 74. 2+30.9 keV and E =1776.5+0.7
keV for thermal neutrons). Since the layer of "B
on the prism was thick (=1 mg cm '), the pulse-
height spectrum for each o.-particle energy is
represented by the integral of a Gaussian function.
This integral was approximated by a trapezoidal
curve (see Fig. 4), the midpoint of which defined
the respective energy, F. * or E~, minus the @-
particle energy loss in the gold surface layer of
the detectors. The maximum error in this approx-
imation, which also included the uncertainty for
the n-particle energy loss in the collodion foils,
was estimated to be +3.5 keV. The combination
of this error with the uncertainty in the a-particle
energies (+1 keV) and the uncertainty for the ener-
gy loss in the detector gold layers (+2.5 keV)
yielded a maximum estimated error in the abso-
lute calibration of the energy scale of +4.5 keV in
the vicinity of 1.5 MeV.

The relative energy scale for each amplifier
chain was determined using a precision guiser
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FIG. 4. {a) Pulse-height distribution of the & particles
from the ~ I}l{a,a. )7Li~, 7Li~, reaction, giving the cali-
bration points {1472~)keV and {1776m) keV, where e is
the energy loss in the front layer of the detector; {b)
precision pulser pulse height against digital voltmeter
scale divisions, indicating the conversion of the digital
voltmeter scale into o.-particle energies.

which was connected to the individual. preamplifier
inputs. The ampl. ified pulse height was measured
to one part in 10' with a digital voltmeter, and
when plotted against channel number in the MCA's
(see Fig. 4), demonstrated an integral nonlinearity
for the energy scale of +0.7% in the I aben MCA's
and of +0.75'Po in the Hewlett-Packard MCA.

E. n-particle response function

The o.-particle response function of the detect-
ing system, i.e. , the pulse-height distribution pro-
duced in the MCA's by a group of monoenergetic
n-particles originating in the gas of the counting
chamber, depended mainly on three factors: elec-
tronic resolution, detector resolution (see Sec.
2 B), and counting chamber geometry.

The resolution of the electronics (including ef-
fects of pulse pileup in the detectors) was deter-
mined with a precision pulser which was connected
to the preamplifier input while o. particle counting
from the sequential decay of "N was in progress.
The pulse height of the pulser peak was adjusted
to correspond to the energy (1.28 MeV) of n par-
ticles from the decay of the 8.87 MeV state in "O.
The full width at half maximum (FWHM) of this
pulser peak was found to be a linear function of
the total counting rate, increasing from 25 keV
for zero a-particle intensity to 29 keV for five
n particles per second entering the detector. This
latter counting rate was adopted as a standard and
maintained during all measurements.

The expected energy spectrum for monoenergetic
n particles emitted from arbitrary points inside
the spherical volume of the counting chamber was
calculated by integrating the n-particle energy
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loss over the different path lengths in the "N gas,
the collodion foil window, and the detector gold
layer. (The small additional contribution to this
energy spectrum from the recoil of the "0nucle-
us in the P decay of "N was neglected because it
is a function of an unknown amount of mixing of
Fermi and Gamow-Teller transitions. ) When this
energy spectrum is combined with the electronic
and detector resolutions, a calculated response
function for the detecting system results, which
is shown by the solid line in Fig. 5(a) for 1.28
MeV o. particles in nitrogen gas at 7 Torr and a
particular set of detector characteristics. The
broken line in Fig. 5(a} represents a Gaussian
function with the same peak height and width

(FWHM =40 keV) as the calculated response func-
tion and contains about 95% of the area defined by
the response function. The mean energy shift

C

~ 6—

0
e 4—

(nF),„, from n-particle energy loss in the "N gas,
the collodion foil window, and the detector gold
layer, was determined for each detector and col-
lodion foil, allowing each individual pulse-height
spectrum to be corrected to give true o.-particle
ene rgies.

To test the calculated response function, one of
the counting chambers was filled with trimethyl-
borate vapor [B(CH,O),] at a pressure of 2 Torr,
which is equivalent to nitrogen gas at a pressure
of 7 Torr with respect to n-particle energy loss.
Oxydized aluminum foils, with an energy loss of
42 keV for 1.47 MeV incident o. particles normal
to the surface, replaced the collodion foils. Ther-
malized neutrons from the 'Li(P, n} reaction were
used to produce n particles from the 'OB(n, n) re-
action as discussed in Sec. 2 D. The measured
n-particle pulse-height distribution is presented
in Fig. 5(b) where the solid line represents the
best Gaussian fit to the experimental data and
yields a FVi6iM of 41.4+2.8 keV. The calculated
response function for this experiment is shown by
the broken line in Fig. 5(b} and has a FWHM of
38.6 keV. Since the experimental FTHM differs
from the calculated value by only 1 standard devia-
tion, the calculated response function reasonably
represents the experimental system and, as shown
in Sec. 2 B, an uncertainty of =10% in the width of
the response function has only a small influence
on the final result of the experiment.
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FIG. 5. (a) Calculated response function and energy
shift (b,E)&v for monoenergetic 0, particles with an ener-
gy of 1280 keV. The dashed line shows a Gaussian with
the same FTHM, H. The calculation was performed for
the following parameters: N& pressure = 7 Torr, collo-
dion foil. window thickness = 30 keV, detector resolution
= 18 keV, detector goM layer thickness = 20 keV. (b)
Measured response function for 1.47 MeV 0. particles
from the B(, ~) reaction in trimethylborate vapor.
The solid line shows the best Gaussian fit through the
points, and the dashed curve shows the calculated re-
sponse function for this experimental arrangement.

The three most probable contributions to back-
ground in the n-particle spectrum from the se-
quential decay of "N were: (i}particles from neu-
tron induced reactions in the detectors and their
surroundings, (ii) P particles from the decay of
"N, and (iii) particles from deuteron induced ac-
tivity in impurities in the "N target gas.

Neutrons, primarily from the "N(d, n) reaction
in the target cell, produced a background from
(n, P) and (n, n) processes in the detectors and
their surroundings. This background was mea-
sured with the "N gas flow stopped, so that the
n-particle decay of "O was not detected; however,
the neutron flux in the counting chambers was un-
disturbed. After shielding the target cell with 10
cm of lead and VO cm of boron-impregnated paraf-
fin, the background from these neutron induced
reactions was reduced to less than 10 ' of the
number of n-particle counts in each channel.

In the energy region below 1.3 MeV, the main
contribution to the background was P particles
from the decay of "N. The p-particle spectrum
was measured with 12 p.m aluminum foil absorb-
ers situated between the collodion foil windows
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FIG. 6. (a) Pulse-height distribution of 2.5x 108 n
particles. The arrow indicates the position of the ex-
pected parity non-conserving e-particle group. The
errors are smaller than the size of the points. (b) Pulse-
height distribution of the P-particle spectrum on a fifty-
foM enlarged scale. The solid line shows the result of
a least-squares fit to the points using Eq. (3.1).

and the detectors (see Fig. 3), such that n parti-
cles with energies less than 3 MeV were complete-
ly stopped in the absorbers while P-particle energy
loss was minimal. During data acquisition, P-par-
ticle spectra were measured using the aluminum

foil absorbers for 7% of the total counting time.
The total P-particle spectrum, normalized to the
total a-particle counting time, is presented as the
set of data points labeled (b) in Fig. 6 and in chan-
nel 32 (1.28 Me V) contributes about 3% to the total
n-particle spectrum which is shown by the set of
data points labeled (a) in Fig. 6.

To determine the background contribution from
deuteron induced activity in impurities in the "N
target gas, pulse-height spectra were measured
for air and for ordinary nitrogen which were the
primary contaminants in the gas system. These
spectra corresponded within statistical limits to
the natural "N content of these gases. Thus, any
contribution by these contaminants to the normal
a-particle counting rate was &0.05% in each
channel.

G. Data acquisition

Approximately 2000 hours of beam time were
used to obtain the present results. At the end of
each two hours the measured pulse-height spectra
were recorded on tape, after which the stability
of the MCA's and the amplifier chains was checked
using two pulser peaks separated in energy by 678
keV (10.59 keV per channel}. This energy separa-
tion had been chosen such that the pulser counts
at each energy would fall equally into a, pair of
adjacent channels, e.g. channels 33/34 and chan-

nels 97/98. A shift in amplifier gain or in MCA
zero point or integral linearity could thus be de-
tected with an accuracy of +0.1 channels. The
maximum shift allowed was +0.5 channels, and the
few runs with larger fluctuations were rejected.

The analyzing system w'a, s checked daily to ex-
clude the possibility that features seen in the
pulse-height spectra could have been produced by
instrumental anomalies. This was accomplished

by the following test procedure. Four '"Am
sources had been mounted on the faces of a small
rectangular prism and covered by appropriate ab-
sorbing foils in order to give broad smooth a-par-
ticle spectra resembling those from the sequential
decay of "N. The prism was inserted into each
counting chamber in turn, and pulse-height spec-
tra measured under the same conditions as for
those pulse-height spectra from the decay of "0,
including averaging by spectrum displacement.
The intensity of these '"Am sources was chosen
to allow o-particle counting rates about 100 times
higher than those with "N. The analysis of these
spectra is presented in Sec. 3A.

At the end of each 50 hours, n-particle data,
acquisition was stopped, and P-particle spectra
were measured (see Sec. 2 F). n particles from
the "B(n, o) reaction were then used to check the
energy calibration of the analyzing system (see
Sec. 2 D) and collodion foil window thicknesses
(see Sec. 2A}.

H. Relative N I3 branching ratios to the

9.60 MeV (I ) and 8.87 MeV ]2 ) states in 0

N8 (9.60)
NB {8.87) ' (2.1}

where Ns(9. 60} and Xs(8.87) are the number of P
particles from the decay of "N which leave the
daughter "0nuclei in the 9.60 MeV and 8.87 MeV
states, respectively. Since essentially all of the
9.60 MeV state decays by a-particle emission,
Aj'8(9. 60) is well approximated by the number of
a particles from this decay, N„{9.60). The 8.87
Me V state decays by y-quantum emission to the
6.13 MeV state with 76 + 3% probability" allow'ing

the indirect measurement of N&{8.87) by counting
these y quanta: N8(8. 87) =[X&(8.87}]/0.76, where
Aj'& (8.87) is the number of y quanta from the 8.87
—6.13 MeV transition. If the 1.77 MeV n particles
from the decay of the 9.60 MeV state in "0 are
then measured simultaneously with the 2.74 MeV

To calculate the n-particle emission width I'
of the 8.87 MeV state in "O, the relative "N P
branching ratio to the 9.60 MeV state and the 8.87
MeV state is required (see Sec. 3 B). This branch-
ing ratio is defined by
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3. DATA ANALYSIS

The total "0 n-particle pulse-height spectrum
from all measurements is shown by the data
points labeled (a} in Fig. 6. In this spectrum the
P-particle contribution (see Sec. 2 F) has not been
subtracted; the measured P-particle spectrum is

X
X 0—

I
'I

I
10,6 keV/channel )|

I I ' I I I I I I I I I I

15 20 25

I(::.(b) channels 30- 34 excludedt
X' =27, P(X —X )= 57'&o

I:

: I

I P
I

I +OI,. i' R I

~ i (a) all chonnels

X3,=76, P(X» X3 ) 0.05'~o~f

E0- 1285 ke V

30 35 40 45 50
channel number x

FEG. 7. Deviations M(x) of the measured pul. se-height
distribution {Fig. 6(a)) from the least-squares fit with

Eq. (3.1): (a) all the channels, 13-51, included for the
fit; (b) fit with channels 30-34 omitted.

y quanta from the decay of the 8.87 MeV state in
"0, and if the efficiencies (e and e&) and sub-
tended solid angles (Q and Q~) of the detectors
are known, A in Eq. (2.1}can be determined from

0.76N' (9.60)e&Q& (2.2)
N„' (8.87)e „Q

where N' (9.60} and N&(8.87) are the 1.77 MeV o.-
particle and 2.74 MeV y-quantum counts from the
respective detectors.

For this measurement, a counting chamber with
a cylindrical gas volume and one -30 p,gem ' col-
lodion foil window was used. The collodion foil
window was viewed by a detector of the same type
and in the same geometry as described in Secs.
2A and 2 B. It was directly opposed by a 50 cm'
coaxial Ge(Li} detector situated on the other side
of the counting chamber. The factor e&Q„ in Eq.
(2.2) was determined for the Ge(Li} detector in
this geometry by measuring the ratio of the num-
ber of P particles from a "Na source in coinci-
dence with the y quanta from the 4.12- 1.37 MeV
transition in the daughter ~~Mg nuclei to the total
number of P particles from the '4Na source.

The relative "N P branching ratio R was then
measured with "N gas in the detection system, as
described in Sec. 2A above, and was found from
Eq. (2.2) to be (9.98+0.70)F10 ~. This value for
R is some 11/& smaller than that used in the pre-
liminary report (Ref. 10).

shown by the data points labeled (b) (on a fifty-fold
enlarged scale). Channel 32 (designated by an ar-
row) corresponds to an n-particle energy of 1285
keV which would be expected for n particles from
the decay of the 8.87 MeV state in "O.

A. Statistical analysis of the n-particle

spectrum around 12S5 keV

For the 39 channels (13-51) which correspond
to an energy interval of 413 keV the n-particle
spectrum was fitted, using the method of least
squares, by the smooth function

W(x) =4 exp(- nx) + Bexp(px) +C, (3 I)

where W(x) is the number of events in channel x
and 4, a, B, P, and C are the parameters to be
determined. The least-squares fit yielded a X'„
(where f, the number of degrees of freedom, is
34) equal to 76, which corresponds to a probability
P(y' o X'„)& 0.05%. The largest contribution to X'

comes from the five adjacent channels, 30-34.
This can be seen in curve (a) in Fig. 7 in which the
ordinate function M(x) is the deviation of the mea-
sured pulse-height distribution for each channel x
from the least-squares fitted curve, defined in
units of the standard deviation

M(x) = [6,N(x)] /[N(x)] "', (3.2)

where N(x) is the number of events recorded in
channel x and AN(x) =N(x) —W(x). A second least-
squares fit of Eq. (3.1) was made for the interval
x =13-51 omitting channels 30-34 and yielded a
X'» of 27 with a corresponding probability P(X'
o X'») =57/&. The deviations M(x) for this fit are
plotted as curve (b) in Fig. 7.

If the number of events in channels 30-34 is
summed and statistically treated as one channel

(X„„),the total deviation [M„„]of X» „from
the least-squares fitted curve can be defined in
units of the standard deviation as

34

[M„„]= g M(x) .
x =30

(3.3)

For the least-squares fit of Eq. (3.1}to the mea-
sured n-particle spectrum [M» 34]& 5; i.e. , it is
farther than 5 standard deviations from the fitted
curve. Since the direction (positive or negative)
of the individual deviations M(x) is preserved by
Eq. (3.2), the positive value of [M„„]corresponds
to a positive excess in the measured pulse-height
data which, in this case, is statistically significant.

This statistically significant positive excess in
the interval x =30-34 could be a measured n-par-
ticle energy distribution, or it could be caused by
(i) the P-particle contribution to the o.-particie
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TABLE II. Results of the least-squares fits to Eq.
(3.1) for the eight detectors.

Detector
(j)

All channels

[~3{)-3g(j)1 x 3&

Channels 30-34 excluded
[~30-3g(j)] X'29

2.01
1.05
2.41
2.07
1.80
1.76
0.96
1.92

39
58
50
31
26

33
38

3.18
1.84
3.49
3.36
3.12
2.48
1.39
3.46

28
46
38
21
17
18
31
28

8

(Mso-34) —=
~& p (Mso-3~~j}l

= 13.98/Ws =4.94 = 22.32/&8= 7.89

spectrum, (ii) peculiarities in an amplifier chain
or detector, and/or (iii) MCA pecularities includ-
ing differential nonlinearity. These possibilities
are discussed in the following paragraphs.

(i) The measured P-particle spectra, when least-
squares fitted by Eq. (3.1) in the interval x =13-51,
yielded a [M» „]&1; the fitted curve is plotted in

Fig. 6. However, to explain the positive excess in
the e-particle spectrum as structure from the P-
particle contribution would require an [M» „]&8
for this P spectrum.

(ii) The a-particle pulse-height spectra from all
eight amplifier chains with their respective detec-
tors were individually least-squares fitted to Eq.
(3.1) both including and excluding channels 30-34.
The results of these fits are given in Table II. The
y"s for both sets of fits fall within f+2v'2f (except
for detector 2), indicating the statistics for any
given detector j are insufficient to determine a
positive excess in channels 30-34. However,
[M» „(j)] for each detector has a positive sign
and increases in value when channels 30-34 are
excluded from the least-squares fit. The large X'
(y'&f+2v'2f) for detector 2 cannot be attributed to

a deviation in the channels 30-34 since [M» „(2)]
is onl, y 1 standard deviation. The sum of the

[M»,~(j)] 's for the individual detectors agrees
well with the total deviation [M„„]as can be seen
from a comparison of Tables II and III ~ A peculiar-
ity in one amplifier chain or detector, thus, does
not account for the positive excess in channels
30-34.

(iii) Since the '"Am spectra discussed in Sec. 2 G
were measured under the same conditions as the
e-particle spectrum from "O, they were used to
investigate MCA peculiarities and differential non-
linearity. The total '"Am spectrum contained &10'
events per channel and is plotted in Fig. 8 for the
energy domain relevant to the experiment. The
small standard deviation per channel ([N(x)] 'i'/
N(x)(0. 1'g for this spectrum allowed a sensitive
evaluation of differential nonlinearity in the MCA's;
Eq. (3.1) was used for the least-squares fit and the
individual M(x)'s are plotted against channel num-
ber in Fig. 9(a) for the interval x=18-54. The re-
sultant X'3$ 120 indicates these deviations are not
of statistical origin but rather demonstrate MCA
nonlinearity. %hen the deviations are replotted
as percentages in Fig. 9(b), it can be seen that the
average differential nonlinearity is less than 0.1%

and in the interval @=30-34 is more in the neigh-
borhood of 0.03%. Since the positive pulse-height
excess from "0 is almost 1% of the total number
of events in channels 30-34, the MCA differential
nonlinearity or peculiarity as seen in the '"Am
spectrum cannot account for this excess.

As a further check on MCA peculiarity, the
Hewlett-Packard data alone were analyzed; these
results together with the results for all the data
are presented in Table HI. The ratio of the devia-
tion [M» „]for all the data to the deviation [M» „]

40-
6

x lo

35—

TABLE III. Deviations of the five ad)acent channels
30-34.

[So-SZ~
Fit with all Ff.t with
the channels channels

(13-51) 30-34 omitted

4lc 25
O

O

20—

O
O

l5—

All data
(2.5x 108 u particles)

Hewlett Pac1mrd data
(5,4x 10 0.' particles)

[hf30 3g] (All data) 5.4
[M30,~]@-Pdata) i25

0.92 + 0.44

8,2

1,00 + 0.47

20 30 40
chorme I number x

FIG. 8. Pulse-height distribution from the 24~Am test
runs. The curve represents a least-squares fit to the
points with Eq. {3.1).
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I3-
80

Y M channel number x 70-

X
X X

ZZ

0.1P--
0.08-o~

O.P6-
O.P4-

0.02-
0

-0.02-
-0.04-
-0.06-
-OQB-

-0 .10-

R.rt

(b)

4OY ~ channel number x

60-

X' 50-
31

40-

30-
20 24 28 32 36 40 44 48

channel number x0

FIG. 9. Deviations of the measured points from the
least-squares fit as given by Fig. 8 (a) in units of the
standard deviation and (b) in percent.

:2xl0~—

io'-

for the Hewlett-Packard data, adjusted for count-
ing statistics, should be equal to 1 if both sets of
data show the same percentage deviation in the in-
terval x =30-34. The poor statistics for the Hew-
lett-Packard data give rise to a large uncertainty
in the value of this ratio in Table III, but since
within this uncertainty the ratio is 1 and since
[M~ „]for the Hewlett-Packard data is positive,
MCA peculiarity cannot account for the positive
pulse-height excess.

The foregoing investigations indicate that the
positive excess for channels 30-34 in the mea-
sured pulse-height distribution (Fig. 6) is an ener-
gy distribution of 0. particles corresponding from
kinematics to the decay of the S.87 MeV state in
16O

8. e particles from the decay of the

8.87 MeV state in 0

Assuming the energy distribution of the n par-
ticles responsible for the positive pulse-height
excess belongs to a monoenergetic group, a Gauss-
ian function was chosen for the form of this dis-
tribution according to the results obtained in Sec.
2E. To determine the energy of this group, a
function W'(x) was constructed by adding a Gauss-
ian to the function W(x) given by Eq. (3.1):

W'(x) =W(x) +D exp[-(x, —x)'4(ln2)/H'], (3.4)

-2x]0~—

FIG. 10. (a) The values for g from the least-squares
fit to the experimental points in Fig. 6(a) with Kq. (3.4)
as a function of the position of the axis of symmetry of
the Gaussian, so. (b) Number of events D in channel. xo
as determined by the fit in (a).

x, is plotted against x, in Fig. 10(a); the corre-
sponding value of D is plotted against x, in Fig.
10(b). On the basis of the )(' minimum in Fig.
10(a), x, was restricted to the domain 31 ~ x, ~ 33
and, along with H, determined by the least-
squares fit. With a minimum X' [X'„(min)] of
27.97, xo was found to be 31.7 with a correspond-
ing H of 36.2 keV. In view of the calculations giv-
en in Sec. 2 E, this value of H is somewhat less
than one would expect for the mean from the dif-
ferent detectors used during the measurements,
but still within the error of 10/p determined for
this quantity; in Table IV the variation of X'»(min)

TABLE IV. Values for y~s& (min), D, and N~ (8.87)
from a least squares fit with xo =31.7 as a function of
the FTHM H of the Gaussian.

where D is the number of events in channel x„
the axis of symmetry of the Gaussian, and H is
the FTHM. The e-particl. e pulse-height spectrum
in Fig. 6 was least-squares fitted by Eq. (3.4) in
which A, n, 8, P, C, and D were determined by
the fit. The value of H was taken from the calcu-
lated response function (see Sec. 2 E), and x, was
sequentially allowed to take on the value of each
channel number from 16 to 48. The X', y for each

H (keV)

42.4
39.1
37.0
36.2

35.3
33.3
31.2

y 3& (min)

ae.94
28.19
27.99
27.97

28.00
28.14
28.65

2532
2581
2611
2623

2635
2650
2680

N' (8.87)

10 770
10 100

9713
9538

9350
9050
8549
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2500—

2000-

1500~

(bj
1000-

c 5QQ-

Vl Q..
j

-500—
Xz

-1000-

II
ij l {aj

t

N~(8. 87)
N q(8. 87) ' (3 6)

To show that the foregoing results are not solely
dependent upon the choice of the smooth function
Eq. (3.1), two other types of functions with super-
imposed Gaussians have been used to fit the data
of Fig. 6: (i) polynomials of order p=3-7 and

(ii} a Breit-Wigner distribution. " The results
for all three types of functions are presented in
Table V; only the polynomial p=5 is quoted since
it was sufficient to give a P(X' o y'~) close to 50%.

Since the levels in "0 are populated entirely
by the P-particle decay of "N, the Qt-particle
emission width I for the 8.7 MeV state in "0
can be calculated from

-1500—
J

1282 KeV

I I I I I I I ll I I t I I I I I

16 20 24 28 32 36 40 44 48

channel number x

where I' is the total width of the 8.87 MeV state
and N„(8.87) is the number of n particles which
are emitted from N~(8. 87) "0 atoms in which the
8.87 MeV state is populated (see Sec. 2 H). Mul-
tiplying Eq. (3.6}by the ratio NB(9.60)/N (9.60)
= 1 yields

and D with different values of H is shown. In Fig.
11 the deviations of the measured values from
W(x) in Eq. (3.4), AN(x), are plotted against chan-
nel number, and the Gaussian part of Eq. (3.4)
IW'(x) —W(x)] is plotted as curve (a) for x, =31.7
and H =36.2 keV. This value for x, corresponds
to an energy E, =1282 keV with a maximum esti-
mated error from Sec. 2 D of a4. 5 keV. Using the
level scheme in Fig. 1, the value for E, agrees
within 1 keV with that calculated for n particles
from the decay of the 8.87 MeV state in "O.

To determine N'„(8.87}, the number of a parti-
cles populating the measured peak at 1282 keV,
the Gaussian part of Eq. (3.4) was integrated:

N'„(8.87) = —,'DH (v/ln2}"' . (3.5)

For H =36.2 keV, N'„(8.87) =9538' 1810 detected
o particles; the variation of N' (8.87) with H is
also shown in Table IV. The error calculation for
N~(8. 87) is presented in the Appendix.

FIG. 11. The points represent the deviations of the ex-
perimental. values given by Fig. 6(a) from the function
8"(x) in Eq. (3.4). Curve (a) is the best fit Gaussian with
D=2623 and H =36.2 keV. Curve (b) represents the &-

particle distribution given by Eq. (4.2) in arbitrary units.

NB(9.60) N (8.87)
N 8(8.87) N (9.60)

(3.7)

In this case I =—I'„, the total radiation width of
the 8.87 MeV state and N8(9. 60}/N8(8. 87) is the P
branching ratio R measured in Sec. 2 H, thus

r.= r, ftPV. (8.87)/N „(9.60)j, (3 8)

where detector efficiencies and subtended solid
angles have been omitted because both n particles
are being analyzed in the same detector. Using
I' = (2.7+0.5) x10 ' eV, "3 N'(8. 87) =9538+1810,
and N„'(9.60}= 2.49 X 10, I' was calculated from
Eq. (3.8) to be (1.03~0.28}X10 "eV.

4. DISCUSSION

The group of n particles observed in the pres-
ent experiment has been identified by its energy
as the decay product of the 8.87 MeV sta, te in "O.
A decay of this state into "C+n may proceed
either (i) by a direct parity non-conserving pro-
cess or (ii) by a multiple parity conserving decay.
The simplest parity conserving multiple process
is the emission of a y quantum together with the
n particle. Such an electromagnetic transition

TABLE V, Results of fitting three different types of functions by the method of least
squares to the measured e-particle pulse-height distribution in Fig. 6.

Type of function P(g —g' {min)) xo {keV) H {keV) D Ã' {8.87) +QN'

Exponential [Eq. {3.4))
Polynomial {P=5)
Breit-%igner

40%
49%

1282
1282
1281

36.2
35.8
37.8

2623
2442
2611

9538
8860
9925

1810
1820
1980
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may proceed from the 8.87 MeV 2 state to the
low energy tail of the 9.60 MeV 1 state which
in turn decays into "C+n. Moreover, an electro-
magnetic transition into the continuum of "0with
subsequent decay into "C+e would in principle
be possible. The lowest order electromagnetic
transition is in both cases magnetic dipole and
leads to an z-particle spectrum of approximately
the form

W" (x) = W'(x)+G(x, -x)'P'(x), (4.2)

and the pulse-height distribution in Fig. 6 then
fitted by Eq. (4.2) in which the parameters A, o. ,
8, P, C, D, and G were determined by the fit. The
parameter Q obtained in this way turned out to
become negligibly small (G= -4), while all the
other parameters remained essentially the same
as obtained by fitting Eq. {3.4). This result ex-
cludes a substantial contribution from the proposed
multiple process to the decay of the 8.87 MeV

f(x) = const(x, —x)'P'{x); „-,= 31.7, x «x, , (4.1)

where the channel number x stands for the energy
of the emitted a particle, (x, —x) for the energy
of the emitted y quantum, and P'(x) for the barrier
penetrability of an o, particle having an energy
corresponding to the channel number x. A decay
of this type would give rise to a broad peak with
maximum around an energy of 1 MeV, as shown

by curve (b) in Fig. 11. The experimental pulse-
height distribution shown in Fig. 11 can therefore
not be reproduced by such a decay spectrum.

Whether the experimental pulse-height distribu-
tion contains both kinds of transitions, i.e.„a
direct parity non-conserving decay into "C+ o.

as well as the foregoing described multiple decay,
has also been investigated. Equation (3.4) was
extended by adding Eq. (4.1);

state.
It is possible to postulate other multiple, parity

conserving processes which involve the emission
of soft photons or low energy electrons accompany-
ing the n-particle decay, e.g. , internal brems-
strahlung or orbital electron emission. While it
is very difficult quantitatively to assess the con-
tributions that might come from such sources it
seems most unlikely that processes of this type
could be strong enough to produce the observed
effect.

It is from these considerations that the authors
propose to attribute the group of n particles ob-
served in the present experiment to the parity
non-conserving decay from the "O(8.87 MeV 2 )

state into "C+ e.
The numerical value for the width I", as deter-

mined from the experiment, is in good agreement
with recent theoretical calculations" "done by
the use of the conventional model of weak inter-
actions. It should be noted, however, that not-
withstanding the conformity between the experi-
ment and the conclusions drawn from this model,
the experimental result does not contradict the
existence of extra currents, as these show very
little effect in weak AT =0 interactions.

For a detailed discussion on these theoretical
investigations, we would like to refer to a recent
review article. "
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APPENDIX

The number of a particles, N„'(8.87), is given
by Eq. (3.5) as the area under the Gaussian part of
Eq. (3.4). By taking this quantity as a parameter
A [a.„=N' (8.87) =9538], it can be introduced in
Eq. {3.4):

W'(x, A) = W(x) + D exp[ —vD-'(x„—x)'/X'] . (A1)

-20 -10

The standard deviation of A. , 0(A.), can now be deter-
mined with the help of the formula"

p(ax. ) = [x-'(w.„+m) —)t'(z„„)
~

51

x p [W'(x, x.„+nz) —W' (x, z.„,) ]-',.!X(x)
x'=13

FIG. 12. p{~A) as a function of the variation of A. , EA, . 0(&) ' (A2)
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where }t'(A.„,) is the minimum value of y' and a~
is the change in A.. When p(AX) = l, hX represents
the error in the parameter X, o(A.). p(AX) has been
calculated as a function of b A. with the help of
least-squares fits and is illustrated by Fig. 12,
from which o(A, ), e.g. the error of N' (8.87), has
been inferred.

It might be noted that in the case of linear pa-
rameters, Eq. (A2) reduces to the well-known
formula

X'4. ~+o(&))= y'(&., ) + l

(A3)
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