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ABSTRACT
Beta-decay to, followed by alpha-particle deexcitation of,

the following levels has been investigated: the 7,656-Mev and

10.1-Mev levels in C12

16

, the 8.88-Mev, 9.59-Mev, and 9.85-Mev

20

levels in O°, and the 5.63-Mev and 5.80~Mev levels in Ne Groups

of delayed alpha particles were observed only from the first, second

and fourth of these levela, The beta-unstable parent nuclei were

| S R . 19

formed through (d,p) reactions on B™", N, and F" 7, after which

the delayed alpha particles were observed for a period of time

comparable to the half«life of the beta-decay process. The beta~

16

decay branching ratio to the 9.59-Mev level in O~ was measured

and is equal to (1.4+ 0.2) * 10’5 corresponding to a log ft

{(9.59) = 6.5 + 0.2. The beta-decay branching ratio to the 9.85-Mev

-7

level was found to be less than 2.7 - 10 ° which corresponds to a

‘log ft (9.85) 2 7.2 + 0.2. The ratio of the decay probability for

alpha-particle emission to the total decay probability for the 8.88-Mev
iy
level was found to be Tg 6.6 10'5. This results in a lower limit
T

for the amplitude of the parity nonconserving term in the nuclear

potential of F 1.5 . 10'5 » where the following quantities were used:

e§2= 0.007 and T, = 10°2 ev.

Alpha-particle emission was not observed from the 5.63<-Mev

leval or the 5.80«Mev level in Nezo.

Limite on the log ft value to
these levels were obtained: log ft (5.63) = 8.0 + 0.5; log ft (5.80) >
8.0+ 0.3. These large values for the iog ft are consistent with the
assigned spin and parity of the levels involved in the beta-decay

process.
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I. INTRODUCTION

A. General Type of Reaction
The reactions investigated in this series of research studies
were the alpha-particle decay of selfconjugate nuclei, following

formation of the nuclei by beta-decay. Excited states in Clz, 016,

and Nezo

were investigated for alpha-particle decay. The excited
states were formed through beta~decay of a beta-unstable nucleus
and the counting apparatus was activated for a period of time com-
parable with the half-life for the beta-daecay. In order to minimize
the background during the experiment, the accelerated deuteron
beam was turned off during the counting cycle. Thus the experi-
mental observations were cyclical with a period given by a few
half-lives, » o’ of the parent aucleui. The parent beta-unstable

nuclei were formed through (d,p) reactions where the production

and decay scheme is illustrated below.

Z+;3'+v+c22 (1)

The target nuclei, Ulzx:i. were B!, N'° and F!7; the remainder of

the pertinent data is shown in Table I.
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Table 1
A A% i 4 '
va Q v E(VA") 3 Q, a,
cl? 1.438  20.34 msec 7.686 of 5.743 0.278%1
» 10.1 (o%) 3.3 2.7
o 0.275  7.35 sec 8.88 2- 1.53 4.72
. 9.89 1- 0.82 2.43
20 9.85 2 0.56 2.69
Ne 4.374 44.4 sec 5.634 3" 1.397 0.904
5.80 1" 1.23 1.4

B. Incentives

Incentive for investigating these reactions stemmed from
the desire to know the relative importance of different alpha-particle
reactions during the process of alpha-particle burning in stellar
evolution. The energy'dovéloped from the helium-burning process
is largely produced during that part of the star"s life when it is a
red giant. The lifetime of this process {8 very short on the stellar
time scale and the mean conversion time for the helium«~burning
process has been estimated as about 105 years (Salpeter 1957a,b).
During this time roughly 10% of the star's luminosity is assumed
to be due to the helium<burning process. In addition to the prob-
lem of energy generation {n stellar systems, there exists also
the problem of nucleosynthesis, that is, the creation of the
various nuclei in their proper relative abundances. In order

to determine the relative abundances of nuclei it {s necessary

T Qg has been measured as 0.278 + 0.004 Mev by (Cook 1957b).
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to know in addition to the simple nuclear cross-sections the history
of the material under consideration, e.g. terrestrial material,
solar material, meteorite material, etc. One should know from
what types of ctais the material originated and through what type
of environments the material has subsequently passed. In general,
one attempts to determine an abundance by averaging over the
material of a fairly large system such as the solar system, the
Galaxy, or the universe. By pontnhting certain physical mecha-
nisms and by using experimentally measured properties of nuclear
reactions, an attempt is made to {it the observed abundance with
a model for the history of the material in question that is consis-
tent with the postulates. A large amount of work has been done in
this field by E. M. Burbidge, G. R. Burbidge, W. A. Fowler and
F. Hoyle and has been described in two review articles (Burbidge
1957) and (Fowler 1961). _

Additional incentive for part of this work came from the
possibility of determining an upper limit for the parity nonconserv-
ing term in internucleon interactions (Blin-Stoyle 1960) {(Tanner 1957)
(Wilkinson 1958). The regular strong interaction, which is parity
conserving, is assumed to have a pseudo-scalar coupling, of the
form (¢ : k) where k {s the momentum transferred, and where v
is the nuclear spin vector. A pseudo-scalar coupling by itself
would not be parity conserving. However, for internucleon inter-

actions the pseudo-scalar coupling enters once for each vertex
f

n
the total internucleon interaction. The strong interaction is therefors

- n
ud in the Feynman diagram and thus appears squared in
f
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parity conserving. Now it is conceivable that an internucleon inter-
action can proceed by the (V-A) type of weak coupling that has been
observed in beta~decay. This interaction may be illustrated in
Feynman notation as y " where the coupling at each vertex
is characterized by (Vn-A). ‘1‘17:15 coupling gives rise, through the
cross product V- A term, t0 a parity nonconserving term in the
internucleon interaction. It will be assumed throughout that the
total nuélur epin is a good quantum number and that the matrix
elements between states of different spin vanish. Consider now the
case of the 8.88-Mev (27) level in 0. This level is strictly for-
bidden by spin and parity to decay by alpha-particle emission to
the ground state of Clz. However, if there exists a weak inter-
nucleon interaction of the (V-A) type one would expect nearby 2t
levels to mix with the 2” level giving a positive parity admixture
to the 8.88-Mev level. Since we have considered J as a good quan-
tum number, there will be né mixing with states for which J# 2.
The 8,88-Mev level would then be capable of duxciﬁng to the ground
state of Clz through alpha-particle emission with two units of rela-
‘tive angular momentumn between the (‘2lz and the alpha particle.
This docuy should be observable as a particle group superimposed
on & slowly vuryh;g bnckgro\ind of alpha-particle decays from nearby
levels.
One can obtain an approximate wave function for the 016
system by using perturbation theory. The Hamiltonian for fhe

system can be written as the sum of the strong interaction part,

Ho' and the parity mixing potential V.
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H=H_+V (2)

The perturbed wave function ie then given to firat order by:

rcg Z irro%q"irreg_ (3)

irreg irreg

where "’irr og are the wave functions of spin two levels with positive
parity, ¢ og represents the unperturbed wave function for the

8.88-Mev leval, and H is the matrix element of the Ham-

reg, irreg

fltonian computed between the 8.88~-Mev level and the spin two
levéla with pénitiv‘o parity. As a further approximation one may
consider only the nearest 2t level because of thé effect of the energy
denominator. This gives one the following form for the wave func-

tion, equation 4, where *irr g represents the wave function of the

Vi e
rqf irre

reg irreg

Y=y (4)

reg irreg

nearest 2t lévol. In order to compute the spectrum shape, one must
compute the matrix element between this wave function, §, for the

C12 4 wave functioxi. hereafter denoted as

initial state and the + He
the 0 state, for the final state. The interaction operator that de-
- scribes the alpha-particle emiuion’éan be expressed as a scalar

. operator (vT)% where v is the frequency with which the alpha-
particle strikes the nuclear surface, and T is the probability of

penetration. The matrix element for the transition between these

Ma<ot | vTH| > (5)
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initial and final states, is given by equation 5. This matrix element
has two parts (one from the positive admixture to the 2" level in 016
and the other from a negative admixture to the ground state of Clz),

and can be written as follows:

_ + * * 3
M= !’F(o )< oirregl ¢reg>+F(¢)< Oregwirreg >:] (vT) (6)
where
<gp_ AV >
F(y) = —Xo& irreg” (7)
v Ereg' Eirreg
and

- E
reg irreg

The first term will be neglected because AE in F(0+) is an order of
magnitude larger than AE in F(y). The tranaition probality can be
obtained from the ''Golden Rule'' and is proportional to the square
of the above matrix element. By substituting equation 6 into the
'"Golden Rule'', one obtains the following relationship for the decay
probability from the 8.88-Mev state,

2 .2 -
I'a=F 8 IaW (8)

where Oé is the dimensionless reduced width determined from Table

vi, T

L the observed decay probability for alpha particle emis-

sion, and I, is the Wigner limit assuming uniform particle dis-
tribution in the nucleus, equations 13 and 20. For an educated guess
of the magnitude of FZ one may start with the coupling constant for (V-A)
coupling as computed for beta-decay G = 1.01lx 1()"5 (—é—?——)2 (Feynman
1959) where mp is the proton mass and m is a mass iwfolved in the
coupling. Forlackof abetter assumptionthe pionmass was usedform.

In this case the intensity of the parity nonconserving term is given by
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2

Fé~10 -14

‘10 P ") =4.10

P

(9)

The experimental measurements do not yield I', but rather an upper
limit on -;-— where I'y is the total decay probability. FT can be
computed thoorcticauy from the single partich model since this
model has been very successful in predicting other properties of

the 8.88+«Mev level {(Freeman 1957) (Wilkinson 1957). In particular
the model has predicted successfully both the gamma-ray branching
ratios and the Ml,E2 admixtures in the gamma-decay to the 6,.14-Mev
level. There is therefore a fair degree of reliability in the calcula-
tion. Since the probability of gamma-decay is many orders of mag-
nitude greater than the probability of alpha~particle emission, the

width for gamma-decay {s a good approximation to the total width.

C. Results

The first of the three reactions investigated in this work
was a qualitative repeat of work done previously by Cook et al.
{(Cook 1958) on the cross-section for formation of ch from three
alpha particles, Blz(m CR‘-* Beb + He“. The present results were
consistent with the previously published results, and the reaction
was subsequently used as a check to insure that the experimental
. apparatus used later was working properly. In particular it was
uéed to determine that the lack of alpha particles from Nezo was
real rather than the result of apparatus or operator failure. The
results obtained were consistent with the existence of levels at
10.1 Mev and at 7.656 Mev in Clz with the proper spin and ﬁarity

‘to decay to an alpha particle and a Be® nucleus. The existence of
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the 7.656~Mev level could not be shown using a solid-state counter
because the low energy alpha particles were obscured by the beta-

particle pile-up in the counter.

The Nlé(p) O + He ™ experiment yielded the results

previously known, namely that the spin and parity of the 8. 88-Mev
(2”) level were such that alpha-particle deexcitation was not allowed,
and that the 9.59-Mev (17) level had the proper spin and parity for
alpha-particle emission. Additional information has been obtained
since this level was obao:véd to be populated by beta-decay from

the ground state of N16 for the first time, with a branching ratio

«5

equal to (1.4 + 0.2) ' 10 ~ of the total beta-decays. The lack of

alpha particles from the 8.88-Mev level indicates that the positive

parity admixture to the level due to a parity nonconserving term in

the Hamiltonian is less than 2.4 - 10'10. This value was determined

by summing the weighted difference between the observed spectrum,
and the theoretical spectrum representing the poorest fit to the low

energy semiempirical points, equations 26, 27, and 28. This cor-

0-10,

responds to a limit on FZS 2.4-1 Other authors obtain values

for F2< 2 1.0']‘z where different values of the width for alpha-particle

emission have been used (Kaufmann 1961) (Alburger 1961) (Segel 1961).

This limit for Fz was obtained for an experimental value of
Y _(8.88)
q £0.052 where Y (8.88) represents the yield of alpha
aT
particles from the 8.88-Mev level as determined above, and YaT rep-

resents the total observed alpha-particle yield. The smallest
value attainable for this ratio in this experiment (with arbi-

trarily good resolution and a 30 pg- em™2

thick self supporting
target) would be 7 x 10‘4 for fifty hours of running time. This limit

is statistical and would vary inversely with the square root of the



time.

The alpha-particle spectrum was fitted accurately using the
parameters of R. W. Hill (Hill 1953) and thus confirmed the spin
and parity assignments for the 9.59-Mev level, producing no changes
in the cross-section factors used by Salpeter (Salpeter 1957a). A
discrepancy between the theoretical and experimental spectra was
observed at the high energy end of the spectrum. This discrepancy
may be due to alpha particles from the 9.85-Mev (2+) level followe-
ing population by beta-decay with a branching ratio of 2.7 - 1077
corresponding to a log ft = 7.2. A more conservative statement
is that 7.2 is a lower limit for the log ft value to the 9.85-Mev
level. The errors in this measurement are mainly due to difficul-
ties in determining the exact shape of the corrections applied to the
spectrum. These corrections are due to finite energy loss of the
alpha particles in the target and to the resoclution of the counting
device. The counts used to obtain the log ft value were in the proper
energy region, had the proper half width and had the proper spectrum
shape. It is not possible to definitely rule out the chance that the
difference between the two spectra was caused by an improper fit
of the experimental data. A definite value for the log ft can only
be claimed when structure corresponding to this level can be seen
superimposed on the background from the 1~ level.

16

In the FZO(B)NQZO‘ - QO + He4 reaction, an attempt was made

to observe alpha-particle decay from the 5.63-Mev and 5.80-Mev

levels in Ne20 after populating the levels by beta~decay from F20
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Since no alpha particles were observed it was particularly important
to determine that the analyzing magnet and the gain of the electronics
were properly set, and that .the timing was working properly. The
ﬁx;st two points were checked by scattering alpha particles of known
energy through the magnet and ob;crving them with a\ pulse-height
analyzer. The N"5 target was substituted for the qu target to check
that the timing was operating properly. The absence of alpha parti-
cles in the part of the experiment that used the alternating gradient
spectrometer as a particle detector, gave rise to a lower limit for
the log ft for beta-decay followed by alpha-particle deexcitation of
the 5.63-Mev level, of log ft (5.63) > 8.0. The experiment was also
carried out with a solid-state counter yielding log ft (5. 63)»7.0+0.7.
However, the state may decay by gamma-ray emission instead of

by alpha-particle emission. R. W. Kavanagh (Kavanagh 1958) has
looked for gamma-rays using a Y°Y coincidence technique, assuming
that the level cascades through the 1. 6-Mev level. From the absence
of gamma-rays and the ba;ckground statistics one can obtain a lower
limit for the log ft (5.63) > 6.5 + 0.2. Limits on the log ft (5. 8)

for beti-decay to the 5.8-Mev (1) level were obtained similarly:

log ft (5.8) » 7.4 + 0.2 for alpha-particle deexcitation, and log ft
(5.8) = 6; 6 + 0.2 for gamma-~ray deexcitation. These limits for the
log ft are consistent with the spin and parity assignments for the
levels given by the Chalk River Tandem Accelerator Group (Chalk
River 1961).
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II. DELAYED ALPHA PARTICLES FROM B12

A. Observations Using the Alternating Gradient Spectrometer

The investigation of the Bu(d.p) reaction was carried out using
a l.8-Mev deuteron beam from the Kellogg Laboratory 2-Mev electro-
static accelerator. The beam was analyzed by a 90° magnetic ana~

Bu target which was a thin layer of Bu

lyzer and then focused on the
deposited on a thick tantalum backing. The target was obtained from

" the Atomic Energy Research Establishment, Harwell, England. In
order to reduce the background due to prompt reactions, the delayed
alpha particles from the 7.656-Mev and 10.1-Mev levels in C12 were
counted, ﬁgure 1. The particles were delayed by the 20. 2 millisecond

beta-decay half-life of Blz.

Two rotating shutters were incorporated
in the beam tube in order to pulse the beam, and to admit the alpha
particles to the alternating gradient spectrometer. The experimental
layout is shown in figure 2 of references (Cook 1957a) or (Cook 1957b),
and a similar arrangement is shown in figure 5 of this report. When
the beam was intercepted on the tantalum shutter above the magnetic
analyzer, the bias for the counter at the focus of the spectrometer
was turned on and the output was recorded in a ten-channel pulse-
height analyzer. A monitor counter, which counted beta- and gamma-
pulses was also turned on at this time, and its output was recorded

in a biased scaler. The pulse-height analyzer was biased so that the
singly-charged alpha-particle peak was displayed and the doubly-
charged group (the group of higher energy at a given momentum set-

ting) was stored in Surplus. A series of observations at different

magnet settings was taken corresponding to the following energy



regions:

0.106 Mev & E(He') € 1.148 Mev
0.424 Mev & E(He' ') % 4.59 Mev

The counts at each magnet setting were then normalized according
to the number of counts in the monitor scaler and the counts per

unit ‘solid angle at equal energies for duferont charge states were
then combined. The contribution due to neutral helium atoms was
taken into account by estimating the fraction of neutral atoms from
the charge exchange curves in figure 2. This method yields the
results illustrated in figure 3, where the ordinates have been nor-
malized at the arbitrary value of Bp = 300 kilogauss-cm. Perhaps

a more realistic normalization would have bsen to normalize the
area under the present curve to the area under C. Cook's curve.
This was not done because of the difficulty in estimating the area
under the solid-state spectrum and the desire to compare the mag-~
netic aﬁoctromotor spectrum with the spectrum from the solid-state
counter. There are two other ways of computing what the total alpha-
particle spectrum from the two levels in (312 should be. One can
take just the doublchhurgod alpha-particle yisld and correct this
using the charge-exchange {raction of figure 2, to give the total
spectrum. This gives a spectrum that agrees well with the one in
figure 3 above Bp = 300 kilogauss-cm, but one which increases more
rapidly than the {llustrated one for low values of Bp. One can also
compute the alpha-particle spectrum by taking the singly charged
alpha particles and correcting their spectrum for the charge-exchange
effect. This gives good agreement with figure 3 below Bp = 150
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kilogauss-cm but a lower value of the yield above this setting. This
inconsistency was also observed by C. Cook and can be attributed

to one of the following three causes. First: if the solid angle of

the magnet varied by as much as 10% between settings of -:l; (Bp)max
and -g- (Bp)m ax’ and if the variation were such that the settings for
low magnetic rigidity had a larger solid angle than the settings for
high magnetic rigidity, one could account for the observed discrep-
ancies. Second: the effective charge-exchange fraction for the
spectrometer may not be the true chargs-exchange fraction. The
alteration would be due to c;alliaions with residual gas molecules

in the vacuum chamber. Third: the charge-exchange coefficients
given in figure 2 may be in error. The magnitude of the necessary
error is indicated by the circlves in figure 2. It seems most reason-
able that the charge~exchange fraction is inaccurate, or that the
vacuum in the spectrometer was poor enough to alter the average
charge. The agreement between figure 3 and the previous resulté
of C. Cook was considered adequate to insure that the experimental
apparatus was working properly. Since the charge-exchange frac-
tion is not needed to better accuracy than it is known, for the follow~

ing experiments, it was not remeasured.

B. Observations Using a Solid-State Counter

The alpha-particle spectrum from B12 was also observed
with the aid of a solid-state counter {Nordberg 1961). ‘I‘he’ experi-
mental arrangement was identical to that used with the alternating
gradient spectrometer, except that a solid-state counter was placed

at 90° to the incident beam to detect the alpha particles. Its
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position is illustrated in figure 5. The solid angle of the counter
was 0.10 steradians. .Thc advantages of the solid-state detector
over the magnetic spectrometer are that the solid-state counter
is not affected by charge exchange in the senae that the magnet .is,
that the entire alpha-particle spectrum can be recorded simultan-
eously, thereby removing the error introduced by having to nore
malize yields at different momentum settings, and that the solid
angle is larger than the magnet's solid angle. The solid-state
counter removes the error introduced by the charge-exchange frac-
tion because neutral atoms of helium assume a charged state after
passing into the counter, and thus can create ion pairs while decel-
erating. There is, however, one serious disadvantage. This is
the presence of background at low energies due to the piling~up of
the beta-particle counts. This background occurs at an alpha-
particle energy of about 800 kev, and obscures the alpha-spectrum
below this energy, as shown in figure 3. No attempt was made to
subtract the background from the spectrum, because no appreciable
change would occur in the spectrum above Ea = 1.2 Mev while below
this energy the error bars would soon become comparable with the
scale of the graph. |

" The energy calibration for the counter was determined by
placing the counter at the image point of the alternating gradient -
spectrometer, and by scattering alpha particles from a thick copper
target. The spectrometer constant for the alternating gradient
spectrometer was obtained by locating the profile of scattered

alpha particles of known energy from the thick copper target.
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The alpha particles of known energy were in turn obtained from
the electrostatic accelerator regulated by a magnetic analyser
whose constant was obtained from the Blo(a,pY)C” reaction using
the 12.70-Mev level in N*4. This determined the scale for the ab-
scissa. The ordinate was obtained bir normalizing to the yield at
Bp = 300 kilogauss~cm.

The agreement with the previous experiment indicated

that the solid-state apparatus was working properly.



-16—

Il. DELAYED ALPHA PARTICLES FROM N!®

A. Introduction

16

The states investigated in O~ are shown in figure 4 and are

the 9.85-Mev, 9.59-Mev, and 8.88-Mev levels. The 8, 88-Mev level

16 with a

was previously known to be populated by beta-decay from N
branching ratio of 1.1% ( Wilkinson 1956), while beta-decay

to the first two levels had not been observed. The 8.88-Mev (27) level
has been observed to deexcite by gamma-emission where the branch-
ing ratios and the multipole mixtures have been experimentally mea-
sured (Kuebner 1959). The spin and parity of this leveil are such

that alpha-particle decay to the ground state of Cl 2 is forbidden.

The levels at 9.85 Mev and 9. 59 Mev are known to have the proper
spin and parity to emit alpha particles if populated by beta-decay.
Thus one would expect to observe alpha particles from the 9.59-Mev
level, since the beta transition is allowed. Alpha particles from the
9.85-Mev level may or may not be seen depending on the sensitivity

of the experiment, because the beta-decay would be a first forbidden
transition. By measuring the alpha-particle yield and by monitoring
the yield with the number of beta particles to, or gamma-rays from

16

the excited states in O° , one can determine the branching ratio for

beta~decay to the excited levels.

\

B. Experimental Arrangement

In order to investigate these two levels, an experimental ar-
rangemen was used simih: to that of the BlZ experiment. The main
difference between the two experiments was caused by the increased

 beta-decay lifetime of Nw compared to that of Blz. The half-life of
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Nl6

is 7.37 seconds (Bleuler 1947) (Martin 1954). With this long half-
life one is not only able to pulse the beam in the vacuum tube but,
since the time constant for the electrostatic accelerator is about two
seconds, one is able to pulse the voltage on the accelerating tube.
The experimental layout is illustrated in figure 5, the target chamber
in figure 6, and the timing cycle in figure 7. The bombarding beam
was a magnetically-analyzed 1.8-Mev deuteron beam, figure 5. The
tantalum beam chopper, located above the analyzer, was solenoid-
operated with a period of about twenty-five seconds. The purpose of
this shutter was to intercept the beam and to define accurately the
time when the beam was removed from the target. As the energy of
the high voltage terminal dropped,an accelerating voltage was reached
such that the mass seéparator magnet would transmit the lower mass
beam. If this beam were not intercepted on the beam chopper it
would pass through the analyzing magnet and strike the target during
the counting cycle. Therefore it was necessary to intercept the
beam, and desirable to intercept it as far as possible from the count-
ers. In case this chopper failed, an event never observed during the
experiment, there was an additional shutter in the target chamber
which would intercept the beam at the entrance to the target chamber,
figure 6. The target chamber shutter served a dual purpose in that
it shielded both the magnet and the solid-state counter from the tar-
get during the bombarding part of the cycle, eliminating saturation
and deterioration of the counters. This shutter system was fail safe
because if the target chamber shutter failed to operate it would

block the incident beam. In addition to these mechanical shutters,
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electrical gates prevented counts from entering the monitor scaler
and the pulse-height analyzer during the bombardment of the target
and during the time when apparatus was switching from the bombard-
ing part of the cycle to the counting part of the cycle. On certain
runs, two additional gates were added, which operated two scalers
recording the alpha-particle spectrum during different parts of the
countiné period. The ratio of counts in these two scalers was used

to determine the lifetime of the alpha particles, Appendix I.

C. Experimental Timing

A typical operating cycle proceeded as illustrated in figure
7. The apray to the belt was turned on and the voltage on the ac-
celerator tube increased to its final value in three seconds. The
mechanical shutters above the magnetic analyzer and in the target
chamber opened before the accelerator reached the operating energy.
When the accelerator reached the proper energy, the regulating _
slits in front of the target chamber held the deuteron beam on the
target. The shutter in the target chamber removed the tantalum
shield from the beam entrance and placed a cylindrical shield
around the target in order to shield the magnetic spectrometer
and the solid-state counter from the prompt particles. The beam
was allowed to bombard the target for approximately eight seconds.
During thie time the voltages on the photomultiplier and the solid-
state counter were turned off. Target bombardment was terminated
by turning off the spray and deactivating both shutters. The counter
voltages were turned on, and after 1.5 seconds, sufficient time for

the voltages to stabilize, the gates on the acalers were opened and



delayed activity was observed in the gamma- and alpha-counters

for about nine seconds. The process was then repeated.

D. Target Construction

The target requirements were that the target should be
capable of withstanding several microamps of beam current, and
that it should be thin enough that the alpha-spectrum would not be
appreciably affected by energy losses in the target. 'ln order to
satisfy the first requirement a refractory material TiN was used.
A successful methéd of making TiN targets is to heat titanium
in an ammonia atmosphere. This process nitrides the titanium
with a density of nitrogen nuclei in proportion to the diffusion of
nitrogen into the titanium. This process gives rise to a poorly
defined target layer, which contradicts the requirement for a
thin target. In order to overcome this difficulty, a thin layer of
titanium was evaporated on a thick nickel backing. This was
then nitrided in the above manner to give a well defined target

17 ktarget nuclei. cm'Z thick. The le was obtained

layer 1.8 . 10
in the form of ammonium nitrate from the Eastman Kodak Company,
and was enriched so that 67% of the nitrogen in the ammonium

15

radical was N The reaction usad to liberats the ammonia was:

NP H

heat

4 NO3 + CaO — ZNH3 + HZO + Ca (N03)2 .

The reaction was carried out in an evacuated chamber and the gas-
eous products, NH; and H,O, were removed from the system by
liquid nitrogen trapping as soon as they were formed. The gas

was then dried by passing the mixture over KOH and the remaining
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dry ammonia was then passed over a targct.bhnk which was heated
in an induction furnace. The temperature of the blank was chosen
high enough to nitride the titanium yet low enough to minimize dif-

fusion of the titanium into the nickel backing. Targets of TiN15 and
14

1

TiN
TiN

were made in this manner by D. Hebbard (Hebbard 1960). The
4 target was used to ascertain that the results of the experiment
‘were really due to le. and not due to a contaminant introduced in

the target making process.

E. Target Thickness

The thickness of the le target was determined by observing
the yi;ld of 4. 43-Mev gamma rays from sz. following the le(p.aY)
reaction, through the 12, 52-Mev level in the compound nucleus 016.
The resonance occurs at an incident proton energy of 429 kev. The
target was found to be 7 kev thick to 429-kev protons, figure 8. As-
suming that the chemical composition is TiN, that the titanium at
the surface is completely nitrided, and that 67% of the nitrogen is

17 target nucleiscm™Z is obtained.

le. a surface density of 1.8 * 10
This corresponds to a thickness of 28 kev for 1. 7-Mev alpha parti-
cles.

The Nu targoi was made from ammonium nitrate where the
nitrogen in the ammonium radical represented the natural abundance
of niti'ogon isotopes. In order to determine the approximate thicke
ness of the Nl'4 target, it was irradiated with the same beam current,
and the same total charge as the le enriched target. The yield of

the 6&7~-Mev gamma-radiation from O16

obtained from the Tile target. Using the natural abundance and

15

was compared with the yield

the quoted enrichment of the TiN'” target, the measurement resulted
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in a thickness of 2.2 - 10° atoms of nitrogen. cm"Z for the natural

17

nitrogen target as opposed to 2.7 - 10" atoms of nitrogen- cm'z

in the le enriched target. The accuracy of the thickness mea-

surement for the natural nitrogen target is + 20%. The TiN14

15

target was considered similar enough to the TiN"~ target to serve

as a background target.

F. Energy Determination of the Peak v

The energy calibration of the solid-state counter proceeded
as follows. The counter was placed at the exit aperture of the al-
ternating gradient spectrometer and a thick gold target was bom-
barded with 1. 82-Mev alpha particles. The spectrometer field was
varied and the alpha-particle pulse-height was plotted versus the
energy of the alpha particles. This measurement resulted in the
crosses of figure 9. The points at E, = 2. 65 Mev were obtained
from a Po(a) source, Ey= 5.3 Mev, after doubling the amplifier
gain, and were later used to determine the change in the calibration
of the electronics so that data accumulated at different times could
bé combined. The points at Ea = 1.75 Mev came from the scatter-
ing of alpha particles through a thin piece of gold leaf. The spread
in the points at E, =1.75 Mev and E, = 2.65 Mev indicates the mag-~
nitude of the corrections applied to the energy scale of the different
spectra in order to combine them. The energy spectra obtained
from the magnetic analyzer and from the gold leaf, for calibration

purposes, are illustrated in figure 12b, curves (3) and (1) respectively.

G. Ildentification of the Observed Spectrum

After the group of particles had been observed it remained
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to be proved that they were alpha particles and that they originated
from the states of interest in 016. The first check was to see that
the energy of the group was consistent with the energy available for

“’_, The solid-state counter was

‘docly of the excited states in O
calibrated as previously indicated and the peak of the group was
found shifted 130 kev lower in anai-gy than would have been expected
from simple consideration of the reaction dynamics. When the
effects on the energy of the spectrum peak due to penetrability, to
beta-decay phase~-space, and to target geometry were considered,
the shift in peak energy appeared reasonable. This is illustrated
by the agreement between the theoretical and the semiempirical
sl;cctra in figure 21.

The origin of the particles was checked ﬁy measuring their
lifetime. This was accomplished by recording the alpha~particle
spectrum in two scalers which were gated as shown in figure 7,
The ratio of counts between the two scalers was computed. The
method used to convert this ratio to balf-life is described in Appen-
dix I. The ratio, R, of counts in the fast scaler to those in the slow
scaler was found to be R = 1.83 + 0.12. This value of R results in
an experimental half-life of 7.3 + 0.7 seconds which is in excellent
agreement with the value of 7.37 + 0.05 seconds printed in the lit-
erature {(Ajzenberg-Selove 1959). This agreement indicates that the
decay products are associated with a reaction involving the beta-
decay of Nu’.

The particles were identified as alpha particles by placing
a 0.0064 mm aluminum foll in front of the counter. This foil was
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sufficiently thick to stop alpha particles of 1.8 Mev. With the foil
in place the group was no longer observed. “The group was also ob-
served through the alternating gradient spectrometer at a setting
that corresponded to Ey=1l 7 Mev for He''. The particles ob-
served in the spectrometer could have been either protons or alpha
particles of 1. 7 Mev, however protons should have been observed
in the spectrum with the foil in front of the sclid-state counter. The
group definitely consiste of alpha partiéles.

The target of natural-abundance nitrogen described previously
was irradiated in order to determine how much of the spectrum was
due to N3 and how much of the spectrum was due to impurities in
the target. This target was prepared, to within the accuracy of the

target making technique, in the same manner as the le

target, and
should have contained any impurities that were introduced in the
target making process. The yield from this target was reduced by
the ratio of the abundance of le between the two targets and thus
lacked most of the low energy tail due to the beta-decays. The
noise from the electronics and the counter increased exponentially
below channel 10. This evidence completed the identification of the

group as alpha particles from states around 9.59 Mev in 016.

H. Efficiency of the Gamma-Ray Monitor

The oﬁigiency of the gamma-~ray monitor was computed in
two different ways. The spectrum of gamma-radiation is displayed
in figure 10. The first method was to determine the efficiency
from the theoretical tables of Nal crystal efficiencies taking into
account details of the present gaometiy. Using the National Bureau
of Standards' tables compiled by E. A. Wolicki et al. {Wolicki 1956),



24«
one obtains a value for the total efficiency of the gamma -monitor of
0.27% where the absorption of the gamn-na rays due to the material
bbetweon the crystal and the target chamber has been taken into ac-
count.
The second method was oxperime:itd. using the qu(p,aY)

reaction. This reaction proceeds through an s-wave interaction at

a resonance I:‘:p = 340.5 kev, and yields an alpha-particle angular
distribution that is nearly isotropic. The experimental measurements
(Van Allen 1941) show that the angular distribution of alpha particles
is isotropic to within 2%. The angular distribution of the gamma
rays has been measured by Van Anor_A (Van Allen 194l1) and was found
isotropic to within 5%. Due to the isotropy of the alpha- and gamma-
distributions, a coincidence experiment is not necessary to determine
the efficiency, rather one needs only to compare the yield of alpha
particles in a known solid angle to the yield of gamma-~-rays in the
monitor scaler. In order to determine the solid angle of the solid-
state counter accurately, the target was assumed to be a point source
which gave an inverse-square yield of alph'n. particles. The ratio of
alpha particles to total charge striking the target was computed for
three different positions of the solid-state counter, and the distance
between positions was measured accurately. The solid angle was
determined using readings from two of the positions and then checked
for consistency with the yield at the third position. This procedure
was necessary because of the inaccuracies involved in making a
direct measurement of the distance from the target surface to the
solid angle defining aperture of the solid-state counter. The values
of thé solid angles obtained at the three different positions and the
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efficiencies computed for the gamma-~ray monitor are given in Table

n.

Table II
Position {inches) Q(steradians) Efficiency %
5(=0.345 + 0.004)  0.218 0.24
0.262+§ 0.070 0.25
0.537+8§ 0.033 0.24

The efficiency computed was the total sfficiency considering
a; gamma rays only those counts above the monitor bias. In order
to compute the efficiency from the tables of E. A. Wolicki et al., -
one must estimate the number of counts that are represented in the
low energy tail of the spectrum. The gammae-ray spectrum was
extrapolated to zero puh/u height by using a straight line parallel
to the abscissa drawn from the point of minimum yield below the
peak. This resulted in a correction factor of 1.5 for the efficiency
computed from the tables. The experimentally determined efficien-
ties agree well with the value of 0.27% computed from the tables of

E. A. Wolicki et al. (Wolicki 1956).

I. Experimental Effects on the Spectrum Shape

Two possible effects of the target geomaetry on the results
of the experiment are a change in the alpha~particle : gamma-ray
ratio and an alteration in the shape of the alpha-particle spectrum.
The ratio of alpha-particle yield to gamma-ray yield can be affected
if one of the decays i3 not observed. Since it is possible for recoil-
ing N16 nuclei to escape from the face of the target at target angles

w < 48°, one must investigate the distribution of the recoil N16 in
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the target chamber. If they are distributed with a geometry such
that one type of radiation is observed preferentially over the other,
the alpha : gamma ratio would vary with target angle. If, for example,

the N16

could recoil to a region where the gamma rays were counted
but the alpha particles were not, the alpha : gammma ratio would de-
crease giving a smaller branching ratio to the state considered than
was correct. The recoiling N16 should have been caught by the tan-
talum beam catcher and removed from the target chamber while
data were being recorded. Since this effect becomes more pronounced
as the target angle is decreased and N16 nuclei escape from the tar-
get in increasing numbers, the ratio of alpha-particle to gamma-
ray counts was plotted as a function of target angle for target angles
be-tween 7° and 45°. No change in the ratio was observed for the
angles considered, to within an accuracy of 5%, figure lla. In order
to determine whether or not the assumption (that the number of nté
recoils escaping from the target increased with decreasing angle)
was correct, the 0"6 gamma-ray yield, multiplied by the sine of the
target angle w to correct for target thickness variation, was plotted
as al function of the target angle for the same range of angles. The
expected results were observed and are shown in figure l1b. As

the target angle decreased, the fraction of escaping N‘16 nuclei in-
creased, and the gamma-ray activity per bombarding particle per
target nucleus decreased. The remaining effect is due to the in-
creasing size of the beam spot on the target. This decreases the
effective alpha-counter solid angle. If appreciable this solid angle
effect should have appeared in figure lla as a decrease in the

alpha : gamma ratio. The change in solid angle was calculated

from the geometry and found less than 2%. Thus the recoil of the
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nucleus out of the target seems to be the most irﬁporta.nt effect
discussed, and apparently has no significant effect on the alpha-
particle : gamma-ray ratio. Figure llb illustrates the decrease
in the number of N‘l6 nuclei that decay in the target Backing as a
function of the target angle. The points have been normalized to

100% at w = 48° where all of the N1°

nuclei will remain in the
target backing. This percentage is expected to decrease to 50%
at w = 0°, and the results appear consistent with this expectation.
The shape of the alpha-particle spectrum can be altered
by various effects. Since the Nm nuclei recoil into the target back-
ing, there will be a depth distribution of decaying 01 6 in the target
and the spectrum will be shifted and broadened by the correapond-
ing energy loss of the alpha particles. The spectrum will also
be altered by the response function of the particle detector, by
multiple scattering in the target backing and target chamber, and
by surface irregularities. |

16

First let us consider the recoil process. The N'  nucleus

is recoiling due to the center-of-mass ixxotion and due to the Q-value
of the (d,p) reaction. It will come to rest at a depth L-cosw in the

~ target where this depth is a function of thé laboratory angle f

for the heavy particle recoil from the reaction, figure 12b and
(Marion 1960), and the target angle w, figure lla. The distribution
of N16 nuclei will lie on a surface of revolution in the laboratory
frame of reference where the density of Nm nuclei on the surface
can be obtained from stripping differential cross-sections measured

by Zimmermann (Zimmermann 1958). To complicate matters fur-

ther, there are three excited states in addition to the ground state
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of N16 that are involved in the (d,p) reaction. The four reactions,
with their respective differential cross-sections have to be taken
into account. This gives four surfaces of revolution as the locus
of stopped N16 nuclei in the target backing. This distribution is
spread out by the fact that the recoiling nuclei suffer a certain
amount of straggling which for the energies consideréd amounts
to approximately 50 p.g-cm'z (Powers 1962). This spreads the
four surfaces together. Additional mixing of the reaction products
might occur through the recoil mechanism from the beta-decay of
N16 to 016. This recoil may distort the spectrum if the depth of
the origin of the alpha particles were varied or if the energy of
the alpha particle were varied due to the reccil from the beta-decay.
The two effects are correlated in that when the dynamics of the
decay are such that the alpha particle loses energy due to the re-
coil, the change in position of the recoiling nucleus increases the
patix of escape from the target. Therefore the two effects add.

The final correction takes into account the increase in path length
for the escaping alpha particles due to the 15° rotation of the tar-
get normal from the axis of the solid-state counter.

16 nuclei was determined as follows.

The position of the N
For a given reaction, the energy as a function of recoil angle was
determined, and the range at the corresponding angle was read
off of a range energy curve for nitrogen in nickel (Powers 1962).

The differential ¢cross-section for N16

recoils in the laboratory
syvstem was obtained from the differential cross-section measure-
ments of Zimmermann. Zimmermann's work gives the differential

cross-section for protons from the stripping reaction in the
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center-of-mass system but this can be converted to the heavy parti-
cle differential cross-gection in the laboratory system by using the
relationships of Appendix II. Upon integration of this differential
croas-section over the aurface at a constant distance along the beam
direction one obtained the number of N16 nuclei in a differential
interval at a given distance along the beam axis. What one really

16

wanted was the number of N" ™ nuclei giving rise to observed alpha
particles that had traversed a distance L while escaping from the
target. This was ébtained by taking the density of particles on the
surface of rotation and projecting it onto the plane defined by the beam
directionandthe directiontothe alpha-particle counter. Thenumber of
N16 nuclei at a given distance from the surface was then given by the
integral of the projected density along a strip at a distance L' cosw
from the target surface. The integration was performed over the
region where the density of N16- nuclei was essentially nonzero. This
integration was then carried out for different values of L yielding the
density of recocil nuclef as a function of the distance from the target
surface in the direction of the alpha-particle counter., Before
integrating over the density at a constant value of L., and in order

to facilitate computation, the densities of recoil nuclei along the
beam axis from the four interactions were combined and an average
value of the positions of the nuclei in the target backing was deter-
mined. This approximation seemed justified since the locus of the
recoil nuclei was spread out due to the effect of straggling. The
distribution thus computed corresponded to N16 nuc.lei positioned

on an infinitesimally thin surface of revolution. The breadth

of the distribution was taken into account by folding a finite width
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gaussian into the computed distribution function where the width of
the gaussian was determined from the positions of the different
groups and the characteristic straggling breadth. The straggling
has been measured for nitr'ogen atoms stopping in aluminum by
D, Powers and has been found to remain essentially constant
over the energy region of intereat. The atoms were found to stop
within 28 pg-em2 of the mid-point of their range, to within 10%
accuracy for 50 kev ‘ENm s 500, .- Appendix II {llustrates the
mathematics invelved {n this calculation.

16

After the beta~-decay, the recoiling O " nuclei have a ve-

locity (£)__ = 1.5 107>, Now since the width of the 9.59-Mav

level is approximately 0.6 Mev, the recoiling O1® nuclei will

-5 3 fermi before

travel (unngg—- 1.8 107 and r =%/I) 4.9 * 10
breaking up into an alpha particle and a carbon nucleus. Clearly
this recoil effect may be neglected. The recoil shift in the energy
‘may also be neglected since the velocity of the alpha particle due

to the excitation energy available in the center-of-mass system

is given by -z- = 3 + 10”2 which is three orders of magnitude greater
than recoil velocity due to the beta-decay recoil. The error in

the alpha-particle snergy due to the center-of-mass motion is much
leas than 1%, 4

16

The recoil N° nuclei calculation was applied to the theo-

retical yield in the following manner. The density of N1°

nuclei
as a function of depth in the target was transformed to an energy
distribution of alpha inrticles leaving the surface of the target by
assuming that the stopping power for alpha particles in nickel was

0.82 kev'-em z/ns. and nearly constant for the alpha-particle energies
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of interest. This spectrum was calculated for a narrow level with
E,=1. 65 Mev. The energy spectrum has been broadened according
to the 50 psg-cm'2 straggling breadth. This computed energy response
function, figure 12a, was then folded into the theoretical cross-
section.

The next effects that should be discussed are the counter
response function and the effect of multiple scattering on the spectrum
shaps. In order to determine the counter response function, the
counter was placed at the image point of the alternating gradient
spectrometer with the slits adjusted for about 1% momentum reso-
lution. The spectrum obtained is illustrated in figure 12b curve (3),
by the open circles. This spectrum is symmetrical with a width
that is characteristic of the resolution of the solid-state counter.

The effect of this response function on the alpha-particle spectrum
would be a simple symmetrical broadening. The solid-line spec-.
trum shown in figure 12b curve (1)’ is that of alpha particles scattered
through a thin piece of g;ﬂd leaf mounted over a hole in a tantalum
target blank. The scattered alpha particles were observed directly
by the solid-state counter. The existence of the pronounced low
energy plateau in this spectrum needs to be explained. One possi-
bility is that the small angle scattering from the beam-defining

slits in front of the target chamber may contribute somehow to the
low energy background. This effect would not have to be considered
in reducing the experimental data since no beam is present during
the counting period. The forward scattering from the beam deﬁniﬁg

slits was reduced by placing a tantalum shield at the entrance to the
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target chamber. This shield had a circular aperture sufficiently
lirge that the incident beam could not strike the edges of the shield
yet sufficiently small that the shield would intercept alpha particles
scattered at more than two degrees from the beam axis. If the low
energy background were due to small angle scattering originating
at the beam defining slits, one would expect a difference in the spec-
trum shape when the beam passes f:hrough the foil as compared to
when the beam is scattered from the surface of the foil. The dif-
ference would be caused by the scattered portion of the incident
beam striking the tantalum support for the gold leaf giving a thick
target yiald of alpha particles fron. the tantalum. In the case where
the beam passed through the foil {(w = -45°), the incident beam that
wag scattered through small angles would strike the tantalum sup-
port and be either absorbed or scattered away from the counter.
In the case where the beam scatters from the surface of the foil
(w = 45°), the incident beam scattered through emall angles can be
scattered by the tantalum tirget support into the solid-state counter.
In addition to the difference in the shape of the peaks, due to the
effect of energy loss in the foil, the ratio of the area under the low
energy plateau to the area under the peak should change in propor-
tion to the amount of emall angle scattering present from the beam
defining slits. This ratio should be smaller for w = -45° than for
W= 45°. This ratio was smaller for the case where the beam was
scattered from the surface of the target, w = 45°, than for the case
where the beamn was scattered through the target by 5%. The ratios

were the same to within the experimental accuracy indicating that
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scattering from the beam defining slits was not respc;nnible for the
plateau. The low energy plateau could also be accounted for by
assuming that the beam scattered from the back of the target cham-~
ber after passing through the gold foil and that the back scattered
particles were counted. This explanation seems unlikely because
the beam was caught in a six~inch long brase tube which waé col-
limated so that the back scattered particles were unable to
reach the counter.

The magnitude of the contribution to the low energy alphae
particle spectrum from backscattering can be estimated by inte~
grating the Rutherford cross-section from 90° to 180°. By assum-
ing that the average range of the alpha particles was 1 mg- cm'z
and that the integrated cross-section could be evzluated for an
average alphae-particle energy of 1 Mev, a value for the peak:
plateau ratio of 103 was obtained. This eliminates backscattering
as a possible cause of the plateau. Multiple scattering may have
contributed to the plateau in the gold foil spectrum but need not
be considered when analyzing the delayed alpha-particle spectrum.

The most plausible explanation for the plateau is the fact
that alpha particles lose energy irregularly as they leave a target
through a rough surface. The surfaces of the gold fofl and the
+TiN target were visibly rough, and could have accounted for the
large energy lost by some of the alpha particles. In order to fit
the experimental spectrum with a theoretical analysis using the

same parameters that Hill obtained from the elastic scattering of
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lz, the counter response function illustrated

alpha parﬁcles from C
in figure 12b curve (2) and the target response function figure 12a
were used. The counter response function that was needed to fit
the experimental spectrum did not have quite as pronounced a low
energy tail as the response function obtained by scattering from

the gold foil.

J. Accumulation of the Experimental Data

"Cnce the spectrum had been {dentified, the problem was
to obtain statistically meaningful data. With typical counting rates
of a few hundred counts each hour it was obviqusly necessary to
maximize the experimental yield. The most effective variables
were the beam energy, the beam current, the target thickness,
. and the target angle. The values chosen were E acs 1.8 Mev,

17 Z, and w =15

i= 6~8p amps, t = l.8A- 10" " target nuclel *+ em”
degrees. Data were accumulated on three separate occasions with
each attempt lasting from two to three days, and were analyzed
separately. These attempts were then combined to give the re-
sults presented here. The untouched data of one of the attempts

is shown in figure 13. The low energy background was determined
by inserting a 0. 0064 mm aluminum foil in front of the counter.
This allowed the electrons from the beta-decay to penetrate the
foil and to be recorded while the alpha particles were stopped in
the foil. The background was plotted versus pulse height on log-

log paper and found to be a straight line. For future runs the back-

ground was determined by plotting the low energy increase of
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counti on log-~log paper and by extrapolating the background linearly
to the energy region of the alpha particles. This background was
subsequently subtracted from each of the runs. After the yield of
each of the three spectra was analyzed in this way, the abscissas
were changed according to the energy calibration and the curves
were normalized so that the total number of counts in each spec-
trum remained unchanged. The three curves were then combined
to give the result {llustrated in figure 14, where the dashed curve
has been drawn through the experimental points. The values of
this solid curve, at 100 kev intervals, represent what in future will
be called the semiempirical points. The semiempirical spectrum,

CIZ 4

plotted in center of mass energy for the + He ™ system, was

then fitted theoretically.
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IV THEORETICAL ANALYSIS
A. Dependence of the Spectrum Shape on the Beta-Decay Probability
Since the level populated in the compound nucleus O16 is very
broad, I cm = 645 kev, the energy dependence of the beta-decay
process must be taken into account in the theoretical analysis of
the alpha-particle spectrum. The total probability of beta-particle

emission, \(€ o). is proportional to the following integral:
07 oy
Me )= P(Z) ) (€ 0-5) £(Z,n) dn,
0

(10)

€ =(1+ nz)

where 7 is the momentum of the electron in units of mc, € is the
total energy of the electron in units of mcz. the zero subscript
indicates the maximum value obtainable, and ¢(Z) is a function
that depends only on Z and notn ((8) = 1 019). The Fermi Funce-
tion f(Z,n) contaiﬁs the electrostatic dependence and part of the
phase-space dependence of the beta~decay probability. f(Z,n) is
tabulated by U. Fano (Fano 1952). Values of \(€ o) were obtiined
that corresponded to energies, E, {n the center of mass system

12

of the C'~ + He‘i nuclei from 1.2 Mev to 3.0 Mev in 100-kev steps.

The conversion from Al¢ 0) to ME) was accomplished using the fol-

lowing relationship:
1
€9 =7 (3.757 Mev - E). {11)
mc

Figure 15 illustrates the variation of AM(E) with respect to both € 0
and E.
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B. Nuclear Effects on the Alpha-Particie Spectrum

The spectrum shape can be described using the single level
Breit-Wigner formalism (Wigner 1947) (Lane 1958), since there are
no other spin-one levels within 2 Mev. Since the level is broad,
one must include the energy dependence of the width and of the reso-
nance energy. The relationship used was:

o(E) ~ far ) ~ (12)

Y
[E-Eqy - 4y, BN %+ 21—

where the terms are defined as follows:

T, (E)=2v7, Pl(r,E;I (13).
r=a

a is the interaction distance in fermi, a variable parameter

yi ¢ is the reduced width in Mev, a variable parameter

Pl (r,E) = +— (13a)

E i
p=kr=23n=0.380 rE*? : (13b)
1 .1
n=0.158 2,Z, t)?=3.28E"% {13¢)

_ ACY?) Ae?
B 12 4
A(C )+ A(He")
217“2"'2 -1
B=-—-;-—-- =17.3a " Mev {13e)

= 3 amu {13d)



-38.

p din A!z

by = Yoy (14— Mev (13f)
n=const

ER is the resonant energy in Mev, a variable parameter

Gl refers to the particular mode of decay of the 9.59-Mev level into

12, He:1 and ! refers to the relative orbital angular momentum,

C
which was taken equal to unity from the elastic scattering work of
R. W. Hill (Hill 1953). By combining equations 10 and 12 one obtains

the theoretical spectrum of alpha particles from the 9.59-Mev level.

C ME) T (E)
orp(E) = T

iy
2 al
[E-Eyy 84BN "+ ——

" (14)

where C is a constant. For additional information see (Griffy 1960).
The cross-section o’Th(E) can be written in the following form
o'Th(E; a, yz, Eps 2) in order to emphasize the dependence of the
cross=-section on the variable parameters. For the 9.59-Mev level
this can be rewritten as o'Th(E; a, yz, ER’ 1) since the relative
angular momentum of the level is known. The remaining parameters
were varied using a Burroughs 220 computer in order to determine

' which values would give a good fit to the semiempirical pointe. The

range of parameters used is given in Table III.



Table 11
Parameter Maximum Minimum Increment
a fermi 6.23 4.63 0.20
2
Yol Mev 3.8 0.2 irregular
ER Mev 2.8 2.2 0.1
E Mev 3.0 1.2 0.1

The values of the natural logarithm of the coulomb function

In Al2 ( pj, lognj) = fn (Flz‘i- Gf) were stored in the computer
for values of P =1.0, 2.0, 3.0, 4.0, 5.0, 6.0 and log n; =
0.0, 0.1, 0.2, 0.3, 0.4, 0.5. The subscript § indicates tabu-
lated values of the variables (Bloch 1951). Values of lnAlz were
stored as a six by six matrix in the computer and are given in
Table IV. p_ and log n, were calculated for the c*® choice of

the center of mass energy E.

Table IV. Values of lnAlz
logn 0.0 0.1 0.2 0.3 0.4 0.5
P

1.0 2.668 3,407 4.451 5.911 7.919 10. 64

2.0 1.4165 1.583 2.233 3.239 4.773 6.982
4 3.0 0.6493 0.8707 4.234 1.844 2.884 4.602

4.0 0.4243 0.5560 0.7681 1.1429 1.780 2.991

5.0 0.3048 0.3982 0.5346 0.7678 1,167 1,957

6.0 0.2320 0.3079 0.4083 0.5633 0.8269 1.334



The value of InAz was then determined by taking the values of lnAlz

1
at constant log 7 j and fitting a polynomial in p of order five to this
set of points. This gave a functional relationship for lnAf H
5
tnal (p;‘ =% c_ o (15)
n=0
log nj--const.

which was then solved by setting p = p ¢’ This computation was car-
ried out for all six tabulated values of log nj and resulted in a set of
six values of tnAf (pc, log nj). This set of points was then fitted |
with a fifth order polynomial in log n, ecjuation 16, and then evalu-
ated at log n = log ne.

1A (o, log n) = % B, (log )" (16)

n=0

which yielded values for !n.Alz cbrreaponding to a
given value of the center-of-mass energy and a given value of the
interaction radius a. Nineteen values of lnAlz were computed for
the values of the center-of-mass energy given in Table III. The
derivative of tnAl2 with respect to p at a constant value of n, was
evaluated by a finite difference method. The interval in p was 0.5

and the following values of py were used to compute the derivative:
Py = Pe ® 1.0; Pe * 0.5;'pc; Pe + 0.5; Pe + 1.0,

The subscript‘i indicates variables associated with the interval used
to compute the derivative. The quantity lnAf (pi, log r;j) was eval-
uated for each of the six values of log nj giving six values of log nj

versus lnAf (pi, log nj). These values were {itted with a fifth
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order polynomial in log 7.
2 3 n
InA, (pi. log n) = Z D (log n) : (17)
n=0
Equation 17 was then evaluated at log n = log n e’ This process was
repeated for each of the five values of o g giving five values of
lm‘\i2 (pi, log nc). The derivative was then determined by substituting
theae values into equation 18 (Hildebrand 1956)

2

dinA -

‘3‘5‘1‘ ] = %{gn@f(pl) -slnAlz(pz) + szuAf(p4).znAf(p5) J (18)
nsnc n=nc

‘X‘aluqzs of the parameters along with the computed values of Alz and
-—-:;—:1—— were then substituted into the equations numbered 13 in order
to obtain %E). C in equation 14 was initially chosen equal to one,
and the maximum value of the cross-section, m ax(E)' was deter-
mined. All the points were then normalized by taking C equal to
100/ ¢ ax'E). The results of these calculations are shown in figures
16, 17, and 18, where each figure illustrates the effect of varying

one of the parameters. Figure 16 shows that the peak of the aspec-
trum moves to lower ensrgies as the interaction radius increases,
that the width of the spectrum at half maximum decreases with de-
creasing interaction radius, and that the curve becomes asymmetric
as the interaction radius decreases. The effect of decreasing the
resonance esnergy, ER’ on the spectrum is to shift the peak to lower
energies, and to decrease the width of the spectrum at half maxi-

mum. This is illustrated in figure 17. The effect of the reduced
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width 721 on the spectrum shape {s illustrated in figure 18. As the
reduced width is increased the peak of the spectrum is shifted to
lower energies and the width at half maximum is increased. The
variation of the level shift as a function of the center of mass energy
is plotted in the lower graph of figure 19. Values of the level shift
for various values of the interaction radius used can be obtained
from this family of curves.

The theoretical spectrum must be corrected for the target
response function and the counter response function before a mean-
ingful comparison between the theoretical and the semiempirical
spectra can be made. As mentioned earlier in section II-I, there
is some question about the exact form of the counter response func-
tion that should be used. In order to evaluate the different response
functions, the theoretical spectra were compared to the semiempirical
points for each of the three response functions considered. The
compavrison consisted of computing the deviation of the theoretical
spectra from the semiempirical points for variocus values of the
level parameters a, ER' and Ygtl' The deviation computed was a

root square deviation as defined in equation 19,

i

3.0 |
‘ 2
6 =[E:i.z(v"‘9m - o, (E)) J i AE = 0.1 Mev a9

where o is the theoretical spectrum, Crh’ after being corrected
for the response functions of the target and the counter, and o exp
i{s the semiempirical alpha-particle spectrum. The upper graph of
figure 19 illustrates the sets of level parameters (a, yﬁl) that cor-

respond to the minimum deviation of the theoretical spectra from
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the experimental spectrum. Curves (a), (b) and (c) represent the
set of parameters that would be associated with the counter response
functions of figure 12b, curves (1), (2) and (3) respectively. As
stated in section lil-I, curve (b) includes the set of parameters used
by Hill in order to fit the elastic scattering data. The values of §
that correspond to these three curves vary from 115 65 20 where
the units for § are given by.tho ordinate of figure 14. Any theo-
retical spectrum that had a value of § lees than 20 was considered
a good fit to the semiempirical spectrum. The value § = 20 was
used as the definition of a good {fit because the difference between
the semiempirical values and the limits of the error bars corres-
ponding to each value resulted in this value of §. The Wigner limit
for uniform particle distribution

Yow=3 Ey (20)

Ka

in the nucleus is givon by equation 20, and is illustrated on the upper
drawing of figure 19,

Figures 20 and 2l {llustrate the shape of various theoretical
spectra corresponding to different choices of the level parameters
and the counter response functions used in figure 19. The great
similarity between the fits for various sets of a and Yél is such that
a unique value for the level parameters cannot be determined from
this experiment alone. Given one of these parameters, the other
can then be determined from the upper graph of figure 19 to within
the accuracy of the experiment: i.e., to within the accuracy that

the counter response function is known. The shape of the theoretical
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spectra changes with the different counter response functions, but
by changing the level parameters good fits to the semiempirical
points could be obtained. Therefore the counter response function
could not be dctermin;d uniquely from this experiment alone.

The theoretical spectrum obtained by using the level parameters
determined by Hill is illustrated in figure 21. The effect of fold-
ing the different response functions into this theoretical spectrum
is illustrated by the three solid curves in the same figure. Since
there appears to be no preference for one set of level parameters
over another, the parameters determined by Hill were used, and
the counter response function that gave the best approximation to
the semiampiriéal points was determined. It should be noted that
although the counter response ﬁmction and the target response
function were determined separately, the experiment could not
distinguish between the two,and only discrepancies between the
product of the response functions and the experiment could be de-
termined. The response function of the system was split into

two parts to facilitate comparison with the known responses in the

special cases already discussed.

C. Quantitative Results

The branching ratio to the 9.59-Mev and 9.85-Mev levels was
determined by comparing the total yield of alpha particles to each
level with the total number of gamma rlys monitored. The gamma
rays were monitored in a 2 x 2 Nal crystal whosse efficiency for

gamma-ray conversion was determined as described in section
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IIIH. The branching ratio was computed by averaging the results
of measurements made at three different times. The results are
illustrated in Table V where the numbers indicated under "Total®

correspond to the yield corrected for solid angle, efficiency, and

Table V
Run  Total-Y,(9.59) Total-¥(N'®) ¥ (9.59)/¥(n!€)
1 6.94-10°  4.72 . 10! 1.47 - 107°
2 2.67 2.8 1.22
3 3.49 2.19 1.59
Combination 13.00 9.09 (1.4+0.2) - 10”3

gamma-~ray branching ratio. The average value of the branching
ratio to the 9.59-Mev level {s (1.4 + 0.2) - 10>, The branching
ratio to the 9.84-Mev level can be obtained by comparing the area
under the theoretical curve to the area between the theoretical
curve and the semiempirical points in the region where E=~ 2.6
Mcv, see figure 21. This calculation results in an upper limit for

the beta-decay branching ratio to the 9.84-Mev level in 016. The

branching ratio is less than 2.7 - 10° .

The log ft value to the 9.59-Mev level has been computed
in two diﬁereht ways. In one case the f-value for the peak of the
theoretical spectrum was used and in the other case a weighted
average of the f-values over the energy range 1.2 Mev € E € 2.8

Mev was used. The half-life was determined from the observed

half life t% (N‘l 6) (Ajzenberg-Selove 1959) and the decay probabilities
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measured above by using equation ZI.

b6y YO 108
t109.59) = ty (N ’Y'{;TTIWY’S‘ZS 10° sec _(zx)

This gave log ti(‘?. 59) = 8.72+ 0.1. The value of log f which corres-
ponds to the peak of the alpha-particle spectrum is log £ = 0.4+ 0.1
(Evans 1955). This gave a value of log ft = 6.1+ 0.2. The second
method determined a weighted average for the f-value over the theo-

retical spectrum according to the following relationship:

2.8
L {(E) 0. (E)
. Esl.2 Th
av 2.8
P v (E)
E=}.2 Tb

which gave log <‘>av =0.82+ 0.1.

<>

; AE = 0.1 Mev (22)

After combining this with the value of log t%. one obtained that the
log ft (9.59) = 6.5 + 0.2. Since the theoretical spectrum of the 9.85-

Mev level is narrow, I = 800 ev, the barrier penetrability and

a2
beta-decay phase space effects will not shift the peak and one can
obtain a limit for the log {t value to the 9.85-Mev level by using the

f-value for the peak. The half-life for the level is:

16 Y (9.59)
II16 . Y(N . a = 107
t%(9. 85) s t%( , Y{‘—ﬁ-.)!-qr m 2.7-10" sec (23)

‘giving log t (9.85)=27.43
and log f = -0.2
whence log ft (9.85)2 7.2+ 0.2
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A relationship for the strength of the parity nonconserving

term in the interanucleon potential has been given in equation 8.

In order to determine the value of Fz from equation 24, one must

determine the probability for alpha-particle emission, or in this

a2 aw '

case, an upper limit for the probability of alpha-particle emission

from the 8.88-Mev level. One must also determine the dimension-

less reduced width 622. The d@ensimlesa reduced width can be

estimated by comparing experimentally measured widths of {so-

topic spin zero levels {n 016 with their computed Wigner limits.

This comparison is presented in Table V1. In order to determine

Table V1. Reduced Widths of O16 {Lane 1960)

JY E(Ow) ‘roba““v) Qz Reference
1° 9.59 6.45 0.85  (Hill 1953)
2t 9.85 0.75 0.0015 "

Py 10. 36 27 0.26 (Bittner 1954)
ot 11.28 2,480 0.76 "
2 11.514 79.5 0.03 "

3 11.62 1,200 0.73 "
1° 12.45 173 0.04 "

an average value for the reduced width one can compute the geo-
metric mean over all the {sotopic spin zero levels which gives 6280.11.

However both known spin 2t levels have lower values for the reduced
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width than the other levels. Until this has been explained theoretically,
and it has been shown that the width of the 8.88-Mev level will not be
reduced by whatever effect diminished the widths of the 2 levels, it
is more conservative to use the geometric mean of the 2" levels.
This gives a value of O‘zzz = 0.007. The Wigner limit raW is given by:

I 2

aw = 2 Yaw T2 (25)

where yzw is given by equation 20. Using the curves for penetra-
bilities by W. T. Sharp et al. (Sharp 1955), this gives rise to a value
of I‘a = 40 kev. This experiment measured the ratio of -;-q—(f-ff-)-
where Y aT is the total alpha-particle yield. Since no structuro was
seen in the energy region of interest, only an upper limit can be
placed on this ratio. The method used to determine this upper limit
was to compute fhe difference between the semicmpirical yield and
the theoretical spectrum figure 21, curve(c) and to weight it accord-

ing to the expected spectrum shape. The expected spectrum shape

is shown by the dotted curve in figure 21, and represents a ratio of

Y ,(8.88)
-Z v
--?-—— =1.67 - 10 . The relationship used to determine the upper
aT YQ(B .88)
limit for the —--7---- ratio was:
2.1
Y (8.88) z Q(E’[ YQ‘E"VTC(E”
* < E=],2 ' (26)
Y = 3.0
oT L Y,(E)
E=].2

where Y a(E) is the experimental yield in the channel corresponding
to the energy E and q(E) ie the ratio of the height of the dotted curve
in figure 21 at the energy E to the péak height of the curve. This
method gives a value of 5.2 * 10~ 2 for z——;a——af—)— This ratio of

yields can be converted to the ratic of decay probabilities by the
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following relationship:

r | Y (8.88) Y (9.59) 16

a a Y{N
Tg = . . ?JTE—&BT (27)
Ar Vor Y(N'°y Yo

where Ya(‘). 59)/Y(N16) is the beta-decay branching ratio to the 9.59-Mev
level, ¥, (8. 88)/¥{N®) is the branching ratio to the 8.88-Mev level, and
Y of = Ya(‘?. 59) has been assumed. One must now eliminate the vtotal
decay probability from aquntioﬁ 27, where I‘T is the sum of the alpha-
particle decay probability, I, and the gamma-ray decay probability

I‘Y‘ Since Pa << I‘Y. we may approximate I‘T by PY. where I‘Y can be
computed using the independent particle model. Credence in the result-
ing value for I”Y is enhanced by the fact that the independent particle
model has successfully predicted ﬁze gamma-ray branching ratios for
gamma-decay from the 8.88~-Mev 1&01. and the position of the 8.88-Mev
level, (Freeman 1957) (Wilkinson 1957). This method results in a value

3 ev. Combining these values in equation 24, one obtains

for .I‘,Y =10
a limit for the {ntensity of the positive parity admixture in the 8. 88~-Mev
level of:
I T '
Fleft - ol— =2.4- 10710 (28)
T

902 Taw

Uncertainties in evaluating I‘V and Oczlz can introduce an order of magni- |

tude error in the estimate of Fz in either direction.

D. Comparison with Other Authors
Table VII compares the results of various authors using experi-

ments that involved the levels of interest in 016.



Table VII. Results

Kaufmann Alburger Segesl Stevens
(Kaufmann 1961) (Alburger 1961) (Segel 1961) (present)

9.59«Mev lavel

Thousands of
alpha~counts 50.14 75.3 11.0 8.5

beta branch + 10° (1.20+0.05) (1.24:0.2)  (0.61+0.15) (4.440.2)
log ft : 6.8+ 0.1 6.5+0.2

9.85~-Mev level

beta branch - 107 <2.7

log ft >7.3 >8.1 >7.2+0.2

8.88«Mav level
2

'Oazraw (kev) 0.6 to 6.0 6.7 3 0.28
T, - 102 (ov) 3 2 3 1
T,/I - 10® <2.74 €24 <2.0 <66
Fe . 10l &(1.3 to 0.13) €0.7 <0.2 <24

Target gas Zr N foil gas TiN on Ni

The experiment of Kaufmann et al. appears to be the most ac-
curate of the four experiments considered. The reasons for this
preference are that the highest accuracy is claimed for the beta-
decay branch to the 9.59+-Mev level and that the experimental cor-
rections to the theoretical spectrum for a gaseous target are
smaller in magnitude than the corrections for a solid target. For
solid targets the recent work of Alburger st al. is more accurate

than the present work bacause of superior statistics and because no
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correction was made to the abscissa of the data. In Alburger's work,
the errors introduced in the present experiment by combining differ-
ent spectra were non-existent. The work of Alburger et al., like

the present work, suffered from the inaccuracies in the determina-
tion of the proper response function for analyzing the shape of the
spectrum. Since the experiment of Alburger st al. was performed
using a self-supporting foil of ZrN, approximately 120-kev thick to

1. 7-Mev alpha particles, rather than the 28-kev thick target supported
on a thick nickel backing as in the prea;mt experiment, the target
effect correction was somewhat reduced. | The value of the branch-~
ing ratio quoted by Segel et al. is lower by a factor of two than that
obtained by the other three authors. In the work of Segel et al.,

the contribution to the total gamma-spectrum due to the gamma-
decays in the target chamber as distinct from the observation cham-
ber in which the alpha particles were detected, has apparently not
been measured and appears to be a possible source of the factor of

two difference between their results and the results of other authors.
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DELAYED ALPHA PARTICLES FROM FZO

A, Experimental Frocedure
The alpha-particle decays from the 5. 63-Mev and 5. 8-Mev ex-

cited states in Nezo. figure 22, were looked for in a manner similar to
that used to detect alpha parti_cles from the excited states in 016. The
(de p) reaction on Fl‘g vields the beta-unstable nucleus on which decays
with a half-life of 11. 4 seconds (Wong 1954). The nearness of this decay-
time to that of N'®, 7.35 seconds, enables one to use the identical ex-
perimental apparatus and procedure in both cases. In this particular
case, since no alpha particles were obszrved from Nezg. oz;e was able to
check the operation of the apparatus with the le (d, p) experiment in
order to ascertain whether the null result was real or the result of some
instrument failure. '

» The alpha-particle spectrum was observed both by using the al-
ternating gradient spectrometer and the gold-silicon barrier counter.
The results obtained in both cases were consistent with each other. In
order to obtain reproducible results when using the alternating gradient
- spectrometer, it was necessary to locate the object point very accurately.
When the be#m was not aligned at the object point of the spectrometer,
the counting rate fluctuated by as much as 20%/0 with variations in the po-
sition of the beam spot on the target. By positiening the incident beam at
the object point of the spectrometer, the variations in counting rate were
reduced because the rate of change of counting-rate with po sition becomes
small at thie point, The object point was determined in the following

manner. By varying the position of the beam defining slits at the en-
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trance to the target chamber in the vertical direction, a plot of counting-
rate versus beam position was made, where the position of the beam was
located by gsing a small optical telescope mounted on the spectrometer.
The target angle was w = -45° for this measurement. Then the beam
. was returned to the position where maximum counting rate was observed,
and the target angle changed to « = -20° At this target angle the beam
was moved horizontally by the beam deflning slits at the entrance to the
target chamber. The spectrometer entrance slit was adjusted for maxi-
mum Yyield for each setting of the beam defining slits. This yleld was
then plotted as a function of target position in order to determine the lo-
cation of maximum yield along the beam direction. Finally the target
angle was changedto w= -80° and the counting rate was recorded as a
function of distance from the face of the magnet. Typical curves of the
counting~rate variations In the target chamber are shown in figure 23.
It is clear from this figure that the target chamber axis needed to be
moved away from the magnet. ‘

The calibration of the incident beam was accofnplished using the
Bm(a P y)CB reaction at Ea = 1,78 Mev. Alpha particles were then
scattered from a gold Hank and the alternating gradient spectrometer was
calibrated from the position of the scattered élpha-pa.rticle step. The
alpha particles were detected at the image point of the spectrometer by a
thin Csl crystal which was thick enough to stop 1. 5-Mev protons. The
thickness was approximately 0. 5 mils. The Csl crystal was mounted on
a quartz disc with Eastman 910 adhesive and the quartz disc was in turn
mounted on a Dumont 6291 phototube with Dow Corning ZOb Fluid lt:)6 cs
silicone grease. The phototube was followed by a preamplifier, ampli-

fier, and a ten-channel pulbe height analyzer. This detection system was
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calibrated by scattering alpha particles of known energy through the
spectrometer and observing their pulse-height as a function of the photo-
muitiplier voltage and the amplifier gain. The results are shown in fig~
ure 24, They allowed one to choose the photomultiplier voltage and the
amplifier ga.in such that the centroid of the energy gpectrum would ap-
pear in the center channel of the pulse height analyser. Alpha particles
from the 5, 63-Mev (37) level would have 700 kev energy. They can be
expected to lose on the average 80 kev while escaping from the CaF,

20 recoiled due to

target surface and the copper backing, into which the ¥
the Flg(d. p) reaction. In order to observe as much of the spectrum as
possible the magnet was set for 620-kev He' nuclei with the poorest reso-
lution possible Ap/p = 12% . The photomultiplier high voltage used was
1080 volts, and the fine attenuator was set at 40, according to figure 24.
Since the expected yleld of alpha particles was very small, the
target should be stable to iarge beams. The target shoud also be thick
enough to produce a reasonable yleld yet thin enough that the spectrome-
ter, when used with the poorest résolution. would cover the major part
of the energy spectrum. Since the alpha particles had to escape from
the target surface, it was necessary to hold the surface contamination to
a minimum during the experiment. Alpha-particle spectra are known to
be severely affected by irregularities in surface structure, therefore it
wasg necessary to have an extremely smooth target. In order to satisfy
the above requirements the following target-making technique was pur-
sued. Can was chosen as the target material. This material has the
undesirable characteristic of being unstable at 1300°C and of being non-

conducting. For cooling purposes, a copper sheet was used for backing,
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and the gsheet was lapped and buffed in order to obtain a smooth surface
for the CaF, . The CaF, was then évaporated onto the polished copper
backing in a vacuum system. By choosing the proper amount of material
a thickness which was consistent with most of the above requirements
was obtained. Because of the instability of the CaFZ. the target could
not be run at temperatures high enough to keep carbon from depositing on
the surface. The rate of deposition of carbon on the surface was meas-
ured by observing the shift of the elastically scattered alpha particles

from the CaF, surface. The rate of deposition was such that after 300 pu

2
coulombs of charge had struck the target, the surface layer of carbonwas
20-kev thick to l. 0»Mev protons. In order to circumvent this carbon
build-up the obvious solution of moving from one target spot to another
after bombardment by 300 1 c¢oulombs was incorporated in the experi-
mental procedure,

Since many targets would be used, it was necessary to provide
several targets of similar thickness that were uniformly thick over the
individual targets, This control was accomplished by measuring the dis-
placement of the proton step, scattered from the backing material, due to
the layer of Can on the surface. A profile of a 50-kev thick target is
shown in figure 25, The normal target thickness used was 20 kev to 1-
Mev protons. This corresponded to 120-kev energy loss for 0. 7-Mev
alpha particles at w = -20°,

The experiment was conducted in a manner similar to that of the
le(d. p) experiment. The target was bombarded; the electrostatic ac-

celerator was turned off; the counters were activated for 11 seconds: and

then the cycle was repeated. After 300 p coulombs the counts were re-
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corded and a background run (as described below) ‘was taken for a com-
parable amount of charge. The target was then moved to & new spot and
the procedure repeated. The pulse height spectra obtained are illus-
trated in figure 26 where the sbectra appear to be mainly those of
photomultiplier noise. There is a consistently high rendiﬁg of the low
energy spectrum duﬂng the runs compared to the low énergy spectrum
during the background checks. The background run was obtained by
inserting a 0. 008-mm-thick aluminum foil in front of the Csl crystal
and then proceeding with the usual counting cycle. The difference in
counts may be attributable to scattered light from the fluorescent tar-
get reaching the Csl crystal. The background counting rate was sen-
sitive to the amount of light in the room and the t’argot chamber was
always enclosed in a black cloth during runs. It wae also noted that
the background could be decreased by about a factor of two by not
forming FZO. This contribution to the background was probably due
to scattered neutrons or electrons.

In order to obtain a limit for the log ft value for beta-decay to
the 5.63-Mev and 5.80-Mev levels, assuming that they can alpha-

20

decay, one must know the total number of F~ that were formed.

Since approximately 100% of the F20

nuclei beta~-decay to the 1. 6-Mev
level which subsequently decays by a 1. 6-Mev gamma ray, it is pos-
sible to determine the on activity by monitoring the gamma-decay

of the 1. 6-Mev level of Nezo. In order to observe the delayed gamma-
radigtion a plastic scintillator was used. The plastic scintillator
was placed at 90° to the beam axis in the plane defined by the incident

beam and the spectrometer trajectory, at a distance of fifteen inches
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from the target. The plastic scintillator was a cylinder 1.7 inches in di-
ameter, and 0. 68 inches thick, mounted on a Dumont 6292 photomultipliex.
Both the solid angle of the spectrometer and the solid angle of the plastic
scintillator were 0, 01 steradians. The efficiency for the plastic scintil-
lator, excluding solid angle corrections, was taken equal to 10 %, and
was obtained from the attenuation coefficients in the tables of G. White
{White 1952) by assuming that the gamma-ray spectrum could be extra-
polated horizontally to zero energy. A typical gamma-ray spectrum with
monitor scaler bias is shown in figure 27, where the bias is indicated by
the dashed line. |

B. Results

A limit for the log ft value to the state at 5. 63 Mev can be com-
puted using the following relationship:

20, ¥
log ft >logf+ log[ ty (F") YZ:] | (29)

where log £ is obtained for beta-particles with a maximum energy of
1. 42 Mev from the tables of Feenberg and Trigg (Feenberg 1950); log f =
1.3+0.1, YY is the total yleld of gamma-rays after correcting for
counter efficiency and saolid angle. t %(FZO) is the experimentally deter-
mined half-life of F0; given by Wong (Wong 1954) as 11. 4 seconds. Y,
is the total yield of alpha partin.;:lea. after correcting for charge exchange;
where the limit for the total number of alpha particles was chosen a8 the
difference in counts between the spectrum and the background above the
twenty volts bias, figure 26. By cohabh:ing the histograms of the two

runs, a difference of Y = 18 + 11 was obtained. Although the error ie
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small enough to indicate that Y represents a value rather than a limit,
it is believed that the difference could be attributed to some process
such as phosphorescence of the target. In determining Yor @ value for
the charge exchange ratio He+/ He of 3 has been used, and a factor of
two has been included in order to account for the fact that the momentum
window of the spectrometer admits only half of the spectrum. Using
Y& = 4Y, and YY =3,1. 107. one obtains a lower limit for the log ft to
the 5.63-Mev level of:
log ft 8.0+ 0.5
The error is determined by the inaccuracies in evaluating the efficiency of
the gamma-monitor and by the unknown fraction of counts that could be at-
tributedtothe 5. 80~Mev level. The theoretical spectrum shown infigure
26 was obtained by using the energy calibration indicated infigure 24, the
measured momentum resolution of the alternating gradient spectrometer
of 129, andthe electronic and Cslcounter resolution of 14%. Thisgives
. an overall energy resolutionof 28% which is indicated by the breadth of the
theoretical spectrum. EBecausethe identical procedure was used success-
fully todiscover the 1. 7-Mev alpha particles fromthe 9. 59-Mev level in 016 ,
it was felt that the value of the log ft>8. oio. 5 represented a reliable meas-
urement.
The experiment was later performed by substituting a solid
state detector for the magnetic spectrometer, and a two-inch cyl-
indrical Nalcrystalfor the plastic gamma-ray monitor. A pronouncedlow
energy tail was observed inthe alpha-particle spectrum due tothe large
flux of beta-decays to the l.6-Mev level. See figure 28. This made
observation of the possible alpha particles extremely difficult,
because the energy region where alpha particles were anticipated

coincided with the tail of the beta-particle spectrum.
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In order to obtain an estimate of the log ft for decay to the two excited
states, assuming alpha~decay as the mode of deexcitation, it was neces~
sary to compute the spectrum shape of each lovel. This was done using
the Breit-Wigner formaliem with penetration factors obtalned from the
Chalk River work of Sharp, Gove and Paul (Sharp 1955), and the beta-
decay phase-space corrections from the graphs of Feenberg and Trigg
(Feenberg 1950). The spins and parities used were those stated by Chalk
River (Chalk River 1961) and a reduced with of y> = 100 kev, roughly 0.2
of the Wigner limit was érbitrarily chosen. It was then assumed that the
effects of the target and alpha-counter on the spectrum could be approxi-
mated by the response functions used for analyesis of the alpha-particle
spectrum from 016. These responsee functions were folded into the theo~-
retical cross-sections in order to obtain the expected spectrum. The up-
per limit on the number of alpha particles was defined as the sum of the
square roots of the number of counts in each channel, where the summa-
tion was evaluated over the channels contained between the half-height
points of the theoretical spectrum. The results of this calculation give
82 probable counts to the 5. 63-Mev level and 31 probable counts to the
5.80-Mev level. These correspond to log ft values of:

log ft(5. 63 Mev) 2 7.8 + 0.3

log ££(5.80 Mev) 2> 8.0+ 0.3 .

When the alternating gradient spectrometer was used, only alpha
particles from the 5. 63-Mev region were observed; however, the low
energy tail of the 5. 80-Mev level should have been observed in this re-
gion. This would have amounted to 10 % of the total spectrunr; from the

above assumed theoretical calculations. Since a value of log ft 28, 0+0.5
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was obtained for the 5., 63-Mev level, a value of log ft = 7, 0 +0.7 would
follow for the 5.80-Mev level. The error has been arbitrarily increased
to take into account the unknown spectrum shape.

If the levels are populated by beta-decay and decay by gamma-
radiation rather than particle emiesion, the above calculated log ft values
would merely attest to the fact that the spin and parity of the states did
not allow alpha-particle emission. In order to establish a value or limit
for the log ft to any giﬁn stae, all possible modes of decay must be in-
vestigated. Kavanagh (Kavanagh 1958) has investigated y-y and -y co-~

' incide‘nces from the FZO(B )Nezo"l reaction in the energy region of inter-
est. The B-y coincidence work could not be applied to the 5-Mev levels
because the discriminator bias on the beta-counter was too high to c‘ount
beta rays with energies as low as those leaving Nezo in the 5-Mev levels.
For the y~-y coincidence to be applicable the 5-Mev levels must deexcite
by a cascade through the 1. 6-Mev level. Because of the isotopic selec-
tion rule on El ré.dia.tion in self-conjugate nuclei, the decay of the 5. 80-
Mev level to the ground state will be inhibited compared to E2 decay to
the first excited level. Decay of the 5. 63~Mev level directly to the
ground state will be inhibited by the high multipolarity of the radiation
required. Assuming that these two levels cascade through the 1. 63-
Mev (Z+) level, one can obtain limits on the log ft from y-y coincidences
as follows:

log ft (5.63) 2 6.5+ 0.2
log £t (5.80) = 6.6 +0.2 .-
The large limits obtained for the log ft value indicate that the

beta-decay is probably at least first forbidden, a conclusion which is
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consistent with the spin and parity assignments of the levels concerned.
Since the spin and parity of the 5. 63-Mev and 5. 80-Mev levels are such
that alpha-particle emission is poséible. the levels will decay preferen-
tially by particle emigsion. The limits for beta-decay can then be ob-
tained from the alpha-particle experiment and the best limits obtained in
these experiments are given below.

log ft (5.63) > 8.0 + 0.5 page 58

log ft (5.80) = 8.0 + 0.3 page 59
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APPENDIX I

Alpha-Particle Half-Life Determination

The calculation of the lifetime of the alpha particles was ac-
complished with the timing illqstrated in the last two lines of figure 7.
One assumes, for this calculation, that the beam intensity is nearly
constant throughout the measurement and that it strikes the target for
the same length of time d»;xring each cycle. This implies that the activity
of the target is the same at the beginning of each counting period, or
that the number of cycles is sufficiently large to average out any effects
due to varying target activities. If the number of N16 formed at time
t=0is given by Aj. then the nu:;:ber remaining after a time t will
be given by Aj e"tA where A is the decay rate for Nm. The number

of decays counted in the fast scaler after one cycle will be given by,

c, Aj(e"l‘ -e"t2My c, Bj('e(‘5'T)" LSV (30)

where Bj represents the activity at t = T for the second half of the

cycle, and Cb is a constant of proportionality depending on the geometry
of the counter. The total number of counts in the fast scaler Nf is

given by the sum of the above expression over all j cycles.

CtA et 4.-T)A  ~(t,-T)r
N, = COZ,I:Aj(e 1 - 2 ) + Bj(c > -e é )] (31)
j ‘
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A similar expression results for the number of counts in the slow

scaler N ,
8

“t, A =t,A ~(t,-T)A «(t_~T)A
NS = COZ[Aj(e 3 -e 4 ) + Bj(e 7 e O )] (32)
J ,

By making use of the above assumption one can equate A, to Bj’ and

3

then the ratio, R, of counts in the fast scaler to counts in the slow

scaler is given by,

N “t,A -tA -(tS-T)}\. -(tb-'r))\.
£ e -8 +e -2

s -t A -t A “(t,-T)A <(t_-T)r
7 8
e -e + e -e

(33)

The values of t, were obtained by ating a 60 cycle pulser with the

switching circuit. The following values resulted.

Table VIII ti

t1 1.05 sec t5-'I‘ 1.00 sec
t3 6.75 | t.,-T 6.92
t4 12.28 tB-T 12.55

The above equation for R can be solved graphically by substituting
different values of A and obtaining corresponding values for R. A
curve can then be plotted of log R versus A which is nearly a straight

line over the range of 0,0 < A € 0.4. The experimentally determined

value of R is
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R = 1.83 + 0.12.

From the graph of log R versus A one obtains a value for A which
when converted to half-life gives t; = 7.3 + 0.7 seconds, which agrees
1 -
well with the values quoted by (Bleuler 1947) of t; = 7,35 + 0,05 seconds,
.2 -

and (Martin 1954) of 7.38 _1_'_.0. 05 secondas. -
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APPENDIX 11

Calculation of the Target Response Function

The range of Nl4 in A127 has been measured by D, Powers

(Powers 1962) and is presented in the second column of Table IX, In
14 .58
order to convert these range measurements to the case of N~ in le

- equation 34 was used. Equation 34 is applicable for M, < M,

2 2
2,3 ., 3
, M_(Zz +2 JE
<> = 0. 68 ¢ 2V T4 1 (34)
av M Z zZ. (M +M)
. 1] 122 W M,
TN,
and € is given by
2
(M, - M) M, -M
=1+ —2 b gn| -2 '1] . (35)
2M, M M, +M

271
By substituting the proper values into equations 34 and 35, one obtains

the range at a constant energy by the following relationship,

i}y>
‘S_R'.(.Ei)._ = 2. 03 ‘]
<R(Al)>

At constant energy

The range was reduced by 6,2% to tranéform the range for N14 to the
range for Nlb. The factor of 6.2% was also obtained from equations
34 and 35. The corrected ranges are given in the third column of

Table IX.



Table X
N energy <R(A127)32 <R(N158) Stragghné
kev pge cm pgs cm ‘ _pgecm”
50 314 10 59 41
100 75 + 8 142 25
200 116 i 13 221 45
300 158 + 14 300 61
400 201 + 15 381 46
500 221 i 17 419 58

When the N16 nuclei recoil, their distribution will be symmetric

about the beam axis and can be determined from the reaction dynamics

and the above stated range-energy relationship. Let us define the dis-
tance along the beam axis as the 2z direction and the origin of the
coordinate system will be the poinf of interaction. = p{z) then describes
the distance of the le recoil from the beam axis. From the reaction
dSma.mics one obtains the energy of the N16 recoil for a given value

of recoil angle !‘,; and by combining this energy with the range-energy

relationship the position of the stopped N16 can be obtained where:

o(z) = <R> sin { (36)

" This determines a surface of revolution which contains all the N16

recoils, Of course, one will obtain four different surfaces, one for each
of the different levels involved in the reaction. These four surfaces are

then averaged to give one common surface. This average was a weighted
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average computed for constant =, and the values of p(z) were weighted
6
according to the number of Nl recoils present on each surface.

In order to perform this average one must know the density of

N!6 nuclei along each of the surfaces, N(s). The (d,p) stripping

reactions to the ground state and the first three excited states of le

have been studied by Zimmerman (Zimmerman 1968)., The relationship
used to convert from the center-of-mass system to the laboratory system

is given in equation 37, where @ is the angle of the light particle in the

2
0 sin 6
sig) s —A__ ( ) (37)
cos(6 + () sin {
center-of-mass system, { 1is the angle of the heavy particle in the
laboratory system, and o represents the respective cross-sections.
This is then converted to the density of particles along the beam direc-

tion, N(z), ac\cording to equation 38:

N(z) = 27 ofg) g% sin { (38)

N(z) is presented in Table X for the four levels involved in the inter=
action. The sum of N(z) for the four levels is also presented. The
values for the sum of the N16 densities and the weighted average of
p{z) were used to determine the distribution of Nlb nuclei at a constant
depth L-cos w where L is the distance the alpha particle must travel

in the target before escaping and being counted in the solid-state counter.
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Table X. N(z) for different levels in Nlé
E(N'6) 0.00 0.119 0. 295 0.392 35 N(a)
Cz{uge Cm‘z) _E
25 0 140 (7) (600) 747
50 12 50 18 300 380
75 28 7 50 65 150
100 27 ) 7 62 18 111
150 23 18 42 37 120
200 17 18 25 52 112
250 13 14 15 47 89
300 11 10 9 38 68
350 12 7 9 27 55
400 15 3 11 17 46
450 16 2 15 6 39
500 18 (0) (19) (0) 37
L=ztan w + p(z) cos Y (39)

y is the angle that p(z) makes with the scattering plane, such that
when y ®= 0°, p(z) lies in the scattering plane and is directed away
from the alpha-particle counter.

The density of Nm on the surface of revolution, N(s), was
determined by dividing N(z)ds by the area of 2 circular strip with

radius p(z), equation 40, This surface density was then projected

N(s) = % _ (40)
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onto the scattering plane where N(p) is the density in the plane. This

density was integrated along the z variable for a constant value of L

Np) = 2N(e) S (41)

sin y

where the constraint on z is given by equation 39. By using equation

39, p(z) sin y can be replaced, and the integral over z becomes:

%2
N 8/ N(z) dz ; (42)
|

z[pZ-(L - 2 tan w)z] :

where N(L) is the linear density as a function of L, and % and z,

are given by the following expressions:

« L - e(z) e =« Ltelz)

tan @ tan w

2

This integral was then evaluated using Weddle's six«point rule in order

to obtain the density of Nl6 nuclei as a function of the distance traversed
in the target before reaching the solid-state counter. This dependence

is given in Table XI for a target angle w = 15°. The straggling was

taken into account by folding a gaussian function with a 50 .g- cm-z

width at half-height into the calculated distribution. The distribution of
N16 nuclei was converted to an energy loss spectrum for a monoenergetic

alpha-particle source with Ea ® 1.65 Mev. The values of L. were



converted to alpha~particle energy lost, by assuming that the stopping

power was nearly constant over the region of interest and was given by

2
cm -kev

€ =0.82 The resultant response function is shown in figure
12a.
‘ Table XI
L(p.g-_cm-z) N(L)
0 276
10 256
20 263
30 252
40 - 206
65 150
90 126
115 99
140 | 98
165 96
190 81
215 74
240 61

250 62
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Figure 1. Energy levels of CZ”2

The Bn(d, p) reaction produces Blz nuclei at an energy
E = 1.8 Mev with a cross-section of 290 millibarns {Cook 1957a)
which then beta-decay to various excited states in C12 as indicated
in figure 1. The states of interest in this experiment are the 7. 656~
Mev and 10.1-Mev states. Both of these states alpha~decay either
by passing through Be8 in a two body decay or by breaking up di-
rectly in a three body decay. The energy spectrum of the alpha
particles from these two states is illustrated in figure 3. The spec-
trum varies from zero up to 1.8 Mev, and has been successfully

described by Cook as a series of two body decays,
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Figure |
13369 |*
Bl2
ooi3/l|B”
10.84 (I‘)/
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Figure 3
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Figure 4. Energy levels of 016

nté beta-decays from its ground state to various levels in

016 with the branching ratios indicated in figure 4. The excited
levels of interetat are the 9.85-Mev (Z+) level, the 9.59-Mev (17) level
and the 8.88-Mev (2°) level. The first two are allowed to alpha-decay
to C12 while the last is not. Heretofore the first two levels were not
known to be populated by the beta-decay process. Alpha particles
from the 9.59-Mev level were observed, figure 21, with a peak
energy of 1. 69 Mev in the laboratory system. The shift in energy of
the spectrum's peak from the value obtained from the reaction
dynamics was consistent with the theoretical shift induced by pene-
tration factors, beta-decay phase-space, target geometry, and
solid-atate counter effects as discussed in sections Ill-I and IV-A,B,
The 8.88-Mev level ia forbidden by spin and parity to emit alpha
particles, The absence of alpha particles from this level gives rise
to a limit on the positive-parity admixture in the 8, 88-Mev level,

and thus a limit on the magnitude of the parity non-conserving term

in the nuclear potential,
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Figure 10. Monitor gamma-ray spectrum

This figure displays the gammae-ray spectrum which was
used to determine the total number of beta-decays that occurredv
during the counting period, The branching ratio of the beta-decay
to the 7.12-Mev and 6.13-Mev levels in 016 was given by Ajzenberg-
Selove and Lauritsen (Ajzenbcrg-Solove 1959), and thus by working
backwards one can obtain the N}'6 activity during the counting cycle.
The bias of the monitor scaler is shown on the drawing. The gamma
rays were counted in a cylindrical 2 x 2 inch Nal crystal that had a
1. S-inch-tbick carbon absorber interposed between the source and
the crystal in order to stop the beta particles. The efficie'ncy of
the monitor counter was determined using the Flg(p,o.xg)o16 react_ion'

12 4

with the same geometry that was used in the Nlb(ﬁ)Ow——) C™" + He

experiment. The measured efficiency was 0,24%. See section III-H.



y - counts

1,000

500

100

50

_.80_

Figure 10

|

11117

y-ray pulse height

! o | j

Monitor scaler counted
pulses above channel 44

oy~

l ] | L

|

*
spectrum from 0'® —,+0'®

]
—

50 60 70 80

Channel number

90



*o8¥ = ™ 1B PIIUNOD SJI® PIUIIO}

N 341 JO %001 32U} Yyons s} UOREZI[EWIIOU Y} 2aaym ‘qrr 3anByy ur pajeiIsni(: 81 s1Y] ‘edejing jadiwmy

91
ay; wroay adedsa jeqy 1210NU ﬁz 1100231 jo r3quinu 3y} o3 uoniodoad uy ayBue j081e; YI1m 28w 109D pINOYSE
pretdjueimsal a3 ‘pra1f Lel-ewrwred peAIssqo 29l JO INO PaIOIDEY ST PIIRIID N JO I9QUINU 8Y3 JO IOUP

91
-puadap zemBue ayj jo J03DeJ S1YI JI °™ D360 OY} s® S98EIIdUI sSIWNOTY} 19811 sAnDe) I I esnedaq.

®D380D S® §38EIIDUT paanpoxd ﬁz JO Iaquunu 3INJOSqR Y} pesessdap e1 [Bue 1981w oYy SV

‘pa3daiSau usaq SEBY PU® 6§ = ™ pue

-8la~-

«Sle®™ uadmiaq &1 st a{3ue prios Yy Jo UOPeIIEA Y] °Ldeandde [EjuwitIadxe Oyl UTHIIM O3 JUBISUOI 81 1}

1ey; moys ([ 2anB1 ur opea sy Jo duspuadap semBue Y] JO FIUBIAINSLIWL I JO SI[NSIY *SISESIOUL

@1onuU ~Z Buidedsss jo zaquinu 3y pue ‘paseaidadp s1 a(8ue 1081w oYy se 9sea122p pmoa onex Ajo o

9

*a127e06 IOJIUOUI Y} Ul PARAIISQO 9I3M PIdWYS winieiue; ays uo sfedap ﬁz o1y Buimoroy sfex ewwaed a3 I

*gdoip proIys S UIYM IIUNOD 23LIS-PIOS 3Y] JO MS1A JO PI[O1} 9Yl UIOJI] PSACIISI 3IB PUT PIAIYS wWIN(E}

-u®e} ay; uo 3yEned sae juswipaequoq SBurinp adeyins ayy woaj adesss eyl 1BIONU .waZ ?YY ° I-III uon

=228 99g *£31ATID® PIONPU] SYI JO JITY JUO O] IUOU WO} §I5VIIDUT 9dvJIns j98aey oyl wos; adedsd jep

muﬂuna fZ ﬁououmo.ﬁunﬁncoﬁ..o-sou ..w«. s ™ wou} pasesidap st ® a18ue 398xe) oYl SY

§139]J0 Ola30d) ] 3andr g



_8'_.

Figure [

saaibap urm

ov

(q)
02

Ol

T

_

_

20

v0O

90

8°0

Ol

™ Uls x PaAIasqo sADOdp-D}aq o,N Pa}DaJd JO UOI}IDJ 4

sagibap urm (D)

09 ov 0¢ o_o
_ | _ _ _ I
— Ol
| &
X
a|bup j8bip} uo Ay = Py jo 5
aousapuadap |Djuswiiadx3 —10¢ %
-_.
I S
~
M — 0¢

19bip )

- \\W woaqg-g
-~ oY A

, e
9|bup j8bip} jo uorjiulyag



-82a-
Figure 12, Response functions used in analyzing the data

The response function due to the energy loss of alpha par-
ticles escaping from the target for a delta-function alpha-particle
source at 1. 65 Mev is illustrated in figure 12a. This response func-
tion was calculated from the reaction dynamics of the le (d,p) re-
action. The differential cross-section, range, and straggling were all
taken into account. The computation leads to a‘ density of alpha par-
ticles originating from a given depth in the target which can be cén-

verted to an energy loss spectrum after the alpha particles escape
from the target., This calculation is illustrated in Appendix II,

The effect on the target response function of the le dis-
tribution in the target has not been taken into account. This distri-
bution would affect the total response function similarly to the arti-
ficial low energy plateau included in figure 12b, curve (2), and would
result in a better value for the upper limit of F‘Z.

In order to determine what effect the target chamber
geometry had on the alpha-particle pulse-height spectrum, the solid-
state counter was exposed to alpha particles of the same energy both
inside and away from the target chamber. Time pulse-height spectrum
inside the target chamber was obtained by observing alpha particles
scattered at ¢ = 90°, and w = -45° through a thin self-supporting pieée
of gold leaf. This gave rise to the curve illustrated by figure 12b,
curve (1). The counter was then exposed to a group of particles at
the image point of the alterﬁating gradient spectrometer. This

~ gpectrum is illustrated by the circles in figure 12b. See section III-I.
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Figure '13. Experimental alpha-particle yield

The spectrum shown in this figure is the uncorrected
data from one day's run. The spectrum was accumulated on a
100-channel pulse-height analyzer. No corrections have been made
to either the abscissa or the ordinate. The baékground. indicated
by the open circles, was determined by placing a 0,0064-mm
aluminum foil over the entrance aperture of the solid-state counter
and is due primarily to 10-Mev and 4-Mev beta-particle pile-up.
The gamma-ray monitor (figure 10) recorded é corresponding total

of 2.9-107 counts during this x;un, Table V, run 3.
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Figure 14. Corrected experimental data p'cints

| The curve consists of the semi-empirical values used
in the computer program which evaluated the difference between
the different theoretical curves and the semi-empirical values. By
""semi-empirical values,'" the fact is emphésizcd that the values
used were those of a curve that had been drawn through the ob-
served data points. The ordinate of the data points has been cor-
rected for the beta-particle background, and the abscissa has been
corrected for amplifier gain changes between runs. These correc-
tions were made before combining data accumulated on different
days., The combined yield has been normalized to a peak height
of 100 in arbitrary units. The integrated yield cor;-esponds to
8

8465 actual counts, and a gamma-ray monitor total of 1,210

counts.
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Figure 15. Beta-decay phase-space considerations
This graph illustrates the energy dependence of the beta-
decay process. It can readily be deduced from the graph that the
population of the high energy region of the broad 9.59-Mev level
will be less than that of the low energy region. This effect tends
to shift the maximum particle yiéld to lower energy values than
would be expected from a simple analysis of the reaction dynamics,
The function plotted in figure 15 is the Fermi Integral

Function, A(E) , which is related to the beta-decay probability, A

Ip| 2

T
L+

characteristic time, and P is the beta decay matrix element,

by the following expression, A_ ® AME) where T, isa

The matrix element has been assumed to equal unity over the broad
level. The plotted values of A(E) were obtained by integrating the
Fermi Function f(Zq) given in Fano's table (Fano 1952), as

described in section IV-A,
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Figure 16. Variation of the theoretical alpha-particle spectrum
shape with changing interaction radius a
The dependence of the spectrum shape on the interaction

radius, a, is illustrated for the particular set of values ¢ =1,

2

Yo & 0.6 Mev, and E_ ® 2.43 Mev. The theoretical expression

R
used was the usual Breit-Wigner resonance formula with the beta~

decay phase-space factor A(E) included:

ME) I (E)

o) = FZTE)

4

(E- & (E)-E u’z +

where E is defined asuch that at resonance

al

ER - éu(ER)'Eul 20

It can be seen from the illustration that changing the
interaction radius varies the width of the resultant spectrum and
shifts the energy at which the maximum yield occurs., The sym-
metry properties of the spectrum are also affected by the inter-
action radius. For further discussion of the mathematical re-

lationships, see section IV.B,
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Figure 17. Variation of the theoretical alpha-particle spectrum
shape with changes in the resonance energy
The dependence of the spectrum shape on choices of
the resonance energy is illustrated in this graph for the following
selection of parameters: £ 21, a ® 5.43 fermi, and yzal = 0.6
Mev. The theoretical expression used is given in the argument

for figure 16.
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Figure 18. Variation of the theoretical alpha-particle spectrum
shape with changes in the reduced width
The dependence of the theoretical spectrum shape on
variations in the reduced width is illustrated in figure 18. The

parameters chosen were: £ £1, E_ » 2,43 Mev, and a ® 5.43

R

fermi. The theoretical expression used is given in the discussion

of figure 16.
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Figure 19, Effect of the counter response function on the
theoretical spectra

The upper graph illustrates the variation of the level
parameters that is necessary to maintain a good fit between the
semi-empirical points and theAthcoretical spectra when different
counter response functions are used. Curves (a), (b), and (c)
correspond to the response functions illustrated in figure 12b,
curves (1), (2), and (3), rcspectively'. This experiment e;ccludes
. values of the level parameters that lie above curve (c). The most
probable values for the level parameters are those which lie to
the left of the Wigner Limit and between curves (a) and (c).

The lower family of curves shows the variation of the
level shift A 283 function of the center of mass energy for

various values of the interaction radius a.
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Figure 20
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Figure 22, Energy levels of Nazo

FZO was formed by the qu(d.p) reaction using 1.8«
Mev deuterons, where the cross-section is about 45 millibarns
(Jarmie 1957). on is known to beta~decay almost entirely to the
first excited stats of Nezo which deexcites by the emission of a
l.6-Mev gamma-ray to the ground state. The beta-particle
branches of interest in thi- experiment are those to the 5.63-Mev
and 5,8-Mev levels. The levels have spin and parity assignments
of 3" and 1™ respectively éccording to the results of the Chalk |
River Tandem Accelerator Group (Chalk River 1961). The results
from this experiment and an experiment by R, W. Kﬁvanagh (Kava-
nagh 1958} indicate that the beta-decay is at least firat forbiddeén.

Thisis consistentwith a spin and parity assignment for either level

of 17 or 37 which agrees well with the results of Chalk River.
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Figure 22
| 7.17_7.20 3-O+ .
703__ _ 4- 7.028 2
+ 20
6.72 0 Y, F
/
?
Vs
5.8 - //
5.63| 3~
4.969 27
4.730 o* T
0'® + Het | ~100%
4,248 | lgt
I
|
io.95
0.05
l
|
1,632 ! 2%
T
|
|
y O




=933~

Figure 23. The object position for the alternating gradient spec-
trometer.

In order to obtain results that are reasonably insensitive
to variation of the beam position, it is deairable to determine the
position in space at which the maximum yield occurs and to arrange
sorme method of returning the heam‘ to this position. The method
used to fix the beam poasition is identical to the method described by
Cook (Cook 1957a) and consists of locating the beam spot by means
of a telescépe mou;xted on the spectrometer. The position of maxi;
mum yield was deter;nined by varying the beam position and record-
ing the dependence of the counting rate at the image point as a func-
tion of the obj/ect position., The position of maxdmum yleld in the
vertical direction was first obtained and then the curves illustrated
in figure 24 for different positions in the horisontal plane were ob-
tainéd. For target angles of w » -80°, -45°, and -20*, the yield
plotted corresponds to the obsarved yield less a constant .value which
is given by Y{) (1-x) , w:vher'e Ypia the peak yield and x is the frac-
tion indicated on the graph, 0.22, 0.33, and 0.20. The yield is plot-
ted perpendicularly to the target angle. The position of maximum
yield can be seen to lie.approximateiy 1/20 of an inch to the right of
the target axis, which is indicated by the intersection of the three
target angles. The beam was located optically to coincide with this

position of maximum yield each day before accumulating data,
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Figure 25
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Figure 26, Pulse-height spectrum of alpha particles from the

'5,63-Mev energy region of Nezo

The upper curve was taken with the lower level bias set
at twenty volts, and the peak of alpha-particle spectrum was ex-
pected to appear with a pulse height of thirty-two volts. The lower
spectrum wasg obtained by decreasing the lower level by four chan-
nels or ten volts. This illustrates the bé.ckground in the experiment
most of which is due to either electronic noise, 5.4-Mev beta par-
ticles, or phosphorescence. Both histograms are plotted to the
same abscissa. In order to determine the lower limit for the log ft,
the difference between the background and the real counts was used.
This difference was then multiplied by two in order to account for
the fact that the momentum window of the spectrometer admits
only half of the spectrum, and by two to account for the charge-
exchange effect. Tﬁe monitor counter recorded 9.4- 105 counts

during the 7 10‘3 coulomb run and 5,4 105 counts during the

3. 1‘0.3 coulomb run.
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Figure 26

Alpha-particle yield from the 5.63-Mev region in Ne2° when
that level is supposedly populated by beta-decay from F2°
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F"igure 27. The gammae-ray spectrum from Nezo*_

In order to determine the log it for beta-decay to the 5,63~
Mev and 5, 80-Mev levels, it is necessary to know how many on
nuclei decayed during the period of observation of the alpha particles.
Since the beta-decay proceeds almost entirely to the first excited
gtate of Nezo, it is sufficient to observe the number of gamma decays
from this state during the counting cyéle, and then to determine the
branching ratio and log ft from this number. The gamma-ray spec-
trum as observed in a 1. 7-inch~diameter plastic scintillator is dis-
played in figure 27, The bias shown is the lower level for the scaler
that monitored the gamma rays., The efficiency fér this arrangement
wa.s calculated from the tables of G. R. White (White 1952) (Grod-
stein 1957) as 0.0036%, where the aclid angle and counter bias have
been included. The solid angle was 0.0l steradians,and the bias
introduced a factor of two increase in the number of gamma rays.
The factor of two waé obtained by extrapolating the recorded spec-
trum to zero gamma-ray energy with a horizontal line passing
through the intercept of the spectrum and the bias setting. This as-
sumption may be in error by a factor of two and the error has been

included in the error of the log ft values.
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Figure 27
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Figure 28. The pulse-height spectrum from the solid-state
counter

The spectrum shown indicates the experimental data as
points and the beta-particle spectrum and background as the
‘dashed curve. The dashed curve was obtained by placing a 0.0064-
mm aluminum foil in front of the solid-state counter and recording
the spectrum for the same n@ber of monitor counts as were
recorded during the runs wi;thout the foil. The displayed spectrum
wag obtained with a solid angle of 0.039 steradians. While the spec-
trum was being accumulated, the monitor scaler recorded 4. 5-106
counts, in a 2-inch-diameter Nal crystal with a solid angle of
0.127 steradians, a crystal efficiency of 36%, and a bias such that
only the photo-peak was counted,

The predicted shape and position of the yield of alpha

particles from the 5.63-Mev and 5.8-Mev levels (taken as the

upper limit of detectability in the present experiment) is plotted

to scale along the abscissa in the upper part of figure 28.
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Figure 28
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