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ABSTRACT

Angular distributions for four groups of protons from
the N15(d,p)N16 reaction have been measured using 2.75-Mev
deuterons. These groups are those which leave N1 in its
states at 0, 0.119, 0.293, and 0.392 Mev. The distributions
show pronounced stripping characteristics and have been com-
pared to the distributions given by the simple Butler theory.
The comparisons indicate that the ground state is formed by
the addition of an I = 2 neutron to N'2, the 0.110-Mev state
by an { = O neutron, the 0.293-Mev state by an ! = 2 neutron,
and the 0.392-Mev state by an [ = O neutron.

The mean 1life of the 0,119-Mev state has been measured
by a beam-chopping technique and is found to be 7.83 (1 + 0.04)
microseconds.

Angular distributions for three groups of protons from

the 018(

d,p)019 reaction have been measured, those leaving
o9 in its states at 0, 0.006, and 1.47 Mev. The distributions
of protons leaving 019 in its ground state and in its 1.47-Mev
state are characteristic of stripoing and indicate the forma-
tion of the ground state by an [ = 2 neutron and of the
1.47-Mev state by an [ = O neutron. However, the distribution
of protons leaving o'? in 1ts 0.096-Mev state does not lend
itself to a stripping interpretation.

It is found that the Y-decay of the 1.47-Mev state of 072

proceeds mostly to the 0.006-Mev state. The mean life of the

0.096-Mev state has been measured by a recoil technigue and



~Q
is found to be 1.75(1 + 0.16)1077 seconds. These observa-
tilons appear to restrict the possible assignments of spin

and parity for the 0.096-Mev state to J" = 3/2i or 5/2+.
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I INTRODUCTION

The recent calculations of the properties of certain of
the low-energy states in mass 16, 18, and 19 nucleil have
given a particular interest to experimental investigations
of these states. The calculations which are referred to here
are those which have been made on the basis of an intermediate-
coupling shell model by Elliott and Flowers (1,2) and by
Redlich (3). The following is a description of several ex-
periments undertaken to measure some of the properties of
the four low-energy states of N16 which occur at 0, 0.119-Mev,
0.2093-Mev, and 0.392-Mev excitation and of the three low-
energy states of 019 which occur at 0, 0.096-Mev, and 1.47-Mev
excitation (4).

ITI THE LOW-ENERGY STATES OF N16

At the outset of this work the ground state of N16 had

been assigned a spin and parity, J7, of 2 on a basis of the
B-decay branching to states of known spin and parity in 016
(4,5). However, little was known about the properties of

the three other low-energy levels lying within 0.400 Mev of

the ground state.

A, 'Angular Distributions of Protons from the N15(d,p)N16

Reaction (6)
Butler and others have pointed out that if certain

approximations are valid a (d,p) reaction will proceed by
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stripping‘(7,8). If this is the case, a measurement of the
proton angular distribution will enable one to determine the
parity of the final state relative to that of the initial
state and to restrict the spin of the final state to a few
possible values if the spin of the initial state is known.

15 was believed to have the

assignment J7 = 1/27 (Reference U4), the N15(d,p)N10 reac-

Because the ground state of N

tion promised to be a useful source of information about the
spins and parities of the N16 states.

The relative angular distributions of protons leaving
N16 in its ground and three low-energy exclited states were
measured using 2.75-Mev deuterons. These bombarding particles
were accelerated by the Kellogg Radlation Laboratory 3-Mev
Van de Graaff generator and selected in energy by an electro-
static analyzer,.

For the relative angular distributions the target was
a thin layer of N15 atoms embedded in the surface of a nickel
foil 1000 E thick. The target had been prepared with an
electromagnetic isotope separator. Thils separator used

15 in its radio-freguency

nitrogen enriched to 65 percent N
ion source and accelerated mass 30 ions to about 20 kev. The
thinness of the nitrogen layer meant that the proton groups

were well separated from one another in momentum,and the thin-
ness of the nickel backing made observations at forward angles

convenient, since the protons could pass through the foll with

little momentum loss.
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The outgoing protons were resolved in momentum by means
of an180° double-focusing magnetic spectrometer with an ac-
ceptance solid angle of 0.00024 steradians. The spectrometer
was arranged to transmit protons within a momentum interval
equal in size to about 0.9 percent of the total proton
momentum. This interval was conveniently larger than the
momentum spread within any one group but smaller than the
momentum interval between any two groups. A representative
momentum spectrum recorded at a laboratory angle of 90° is
shown in Fig., 1. The abscissa, fluxmeter current, is in-
versely proportional to the proton momentum.

The protons which were transmitted by the spectrometer
were made to pass through an aluminum foil 0.001 inches
thick in front of the detector. This aluminum served to
exclude from the detector any deuterons which were trans-
mitted by the spectrometer along with the protons. The
detector was a thallium-activated cesium i1odide scintilla-
tion crystal roughly 0.003 incheg thick.

A Dbrief preliminary study of the yields at a laboratory
angle of 90° for ten equally spaced deuteron energies from
2.70 Mev to 2.80 Mev showed that the yilields were constant
with a standard deviation of about + 6 percent. This devi-
ation is approximately equal to the statistical uncertainty
in each yield that is estimated below. This information was
useful as an indication that the regulation of the deuteron
energy was not critical. |

The principal difficulty with the angular distributilion
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measurement concerns the proton group leaving N16 in its
ground state. It was found that protons leaving the 8,32-Mev
state of N15, contributed by the qu(d,p)Nl5 reactlon, were
adding a maJjor amount to the yield in the forward direction.
Unfortunately, the two groups were not resolved from each
other.

An attempt to evaluate this contribution from the small
amount of N14 in the target was made in the followling way.

A target containing natural nitrogen was used To measure the
angular distributlion of the unwanted group by itself. Then
the relative NlLL content of the two targets was measured by
comparing the intensity of the protons leaving N15 in its
7.31-Mev state at laboratory angles of 15° and 20°; this
group appeared to be isolated from other groups for each
target.

The experimental NlB(d,p)N16 yields, converted to center
of mass coordinates, are tabulated in Table I and are plotted
as open circles in Figs. 2, 3, 4, and 5. The solid circles
in Fig. 2 show in addition the distribution that was ob-
tained before the contaminant group was subtracted. The open
circles in Fig. 2, in particular the open circle at about
10° whose ordinate is less than zero, seem to. indicate that
the amount subtracted was too large. The reason for this is
not understood. However, even 1f the amounﬁ subtracted 1s
too large by as much as a factor of two, one may still con-

IS

clude that the distribution leaving NlO in its ground state

really has only one forward maximum and that the magnitude
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and position of this maximum and the shape of the curve at
large angles are not much affected by the contaminant group.

Representative standard deviations for the yields are
shown for a number of the points in Table I and in Figs. 2,
3, 4, and 5., These have been computed taking account of
several sources of error. First, there 1s the uncertalnty
due to counting statistics. Second, there were fluctuations
in the yields because the beam spot had the opportunity to
fall from run to run on slightly different parts of the tar-
get. The target had a somewhat nonuniform surface density
of N15 atoms. The error due to this effect was estimated
from the reproducibility of yields at several angles to be
about + 5.5 percent. Third, there is an uncertainty due to
the slow loss of N15 atoms from the target. This loss
occurred with beam current surface densities of the order
of 0.1 microamperes per sguare millimeter and is estimated
to have amounted to about 12 + 6 percent by the end of the
runs. The ylelds were corrected for this loss assuming that
it took place uniformly with bombardment, and the uncertalnty
in the correction was included in\the calculated standard
deviation.

Another correction to the yilelds arose from the neces-
silty of changing the orientation of the target in going from
laboratory angles greater than 90° to angles less than 90°,
Although in each case the target normal made an angle of 45°
with the beam, it was found that the yields at 90° differed

by 10 percent for the two orientations. This might have been



-6-

due to the beam striking slightly different reglons of the
target or To the presence of wrinkles in the target which
may have caused the same portion of the target surface to
present different surface densities of N15 to the beam in
the two cases. It is believed, however, that the error in
this cofrection is smali compared to the other errors con-
sildered above.
The angles are estimated to be accurate to about + 0.4°,
Total relative yields were obtained for each of the pro-
ton groups by integrating the aﬂgular relative yilelds over the
gsphere. These values are presented in Table II. The normali-
zation of these yields is such that if the angular relative
yields represent the number of protons per steradian the total
relative yields represent the number of protons per sphere,.
Table II: Total Relative Proton Yields for the N 2(d,p)N'C

Reaction at a Deuteron Energy of 2.75 Mev

Final State of N-° Total Relative Yield
0 Mev - 8410 (1 + 0.05)
0.119 Mev 5630 (1 + 0.02)
0.293 Mev 9600 (1 + 0.03)
0.392 Mev 19700 (1 + 0.03)
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The standard deviations listed in Table II were computed
taking into account the lack of knowledge about the angular
relative yields at the far forward and far backward angles
where measurements were not made and the uncertainties in

the measured points which have already been discussed.

Absolute Cross Sections
A measurement of the absolute differential cross sections

16 . .
reactions was made with the spectrometer

for the NlB(d,p)N

at a laboratory angle of 90°., The deuteron energy was the same

as that used for the angular distributions. This measurement

was made by the thick-target technigue, which compares the

nuclear cross section to a known atomic stoppling cross sectilon.
With a thick target the momenta of the outgoling protons

run continuously from some maximum value, corresponding to the

occurrence of the reaction in the surface of the target,

through lower values, which correspond to the occurrence of

the reaction at various depths within the target. The target

actually need be only thick enough so that the range of out-

going proton momenta is greater than the range transmitted

by the spectrometer at any one time. In the present case

1t was important that the target layer be thin enough to

permit the NlB(d,p)Nl6 proton groups to be separated from

one another. To allow such a thin target the spectrometer

was arranged to transmit a narrow range of proton momenta

equal in magnitude to about 0.11 percent of the total proton

momentum.
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The thick-target technique requires a target of known
composition. In the present experiment the target consisted

of a layer of KNO, in which the nitrogen was enriched to

3
61 percent N15. This layer had been evaporated onto a back-
ing of polished chromium-plated brass. The target was cooled
to the temperature of liguild nitrogen in order to inhibit
evaporation or dissoclation of the KNQ3 under bombardment.

The formula which was used to determine the cross gec-

tion is the following:

do Nz cos 8, QEo e Rp
— = €> + & | ——
df Eo \ cosés Cl= 2cvQ

The meaning of the symbols 1s as follows:

do
df)

N is the number of protons transmitted by the

is the differential cross section.

spectrometer.
z is the amount of charge collected from the beam
per incident deuteron, in units of the proton
charge, In the present case z = 1 since it was
determined experimentally that the Hg content of
the incident beam was negligible.
ig the energy of the outgoling protons.
B, 1is the angle of incidence of the deuterons rela~
tive to the target normal. In the present case
8= 50°.

92 is the angle of emission of the protons relative
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to the target normal. In the present case 9é= hoe.
€ 1s the stopping cross section of the target sub-
stance per N15 atom for the incident deuterons.
€o 1s the stopplng cross section of the target sub-
stance per N15 atom for the emitted protons.

é—— '1s the rate of change of the energy of the out-
going protons relative to that of the incoming
deuterons at a given observation'angle. This rate
is computed from the nuclear dynamicé of the\reac—
tion.

e is the charge of the proton,

R is the spectrometer momentum resolution, defined
as the mean momentum of the protons transmitfed by
the spectrometer divided by the range of momentum
transmitted at any one time,

C is the capacitance of the capacitor on which the
beam charge is collected.

vV is the voltage changé of that capacitor during the
time that N protons are counted.

Q is the acceptance solid angle of the spectrometer.

The molecular stopping cross section, €, for KNO3 was

computed from the relationship:

€ k0. = (1.04)€A +te€y + 3¢,

3

where (1.04)€A i1s used to approximate €y . The stopping cross
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sections for argon, nitrogen, and oxygen were taken from the
compilation made by Whaling (9). The only Justification for
the approximation for €K is that at 0.600 Mev the stopping
cross section for calcium, whose atomic number is one greater
than that of potassium, is 1.08 times the stopping cross sec-
tion for argon, whose atomlc number is one less than that of
potassium (9).

The constant of the apparatus, e Rp/QCVQ,, was deter-
mined by measuring on several occasions the yield of protons
scattered elastically by a layer of copper evaporated onto
glass. Here again the thick-target technique was applied. It
was assumed that the differential ¢cross section was Rutherford
below 3 Mev at laboratory angles of 90° and 135°. For the
equipment in use in February 1958 with the full spectrometer
solid angle, with the 1/16 inch spectrometer resolution slit,
and with the 0.1 microfarad "Fast" capacitor of the current
integrator #218, the constant was determined to be (0.222) lO_8
per steradian.

The result of thls cross section measurement is most
easily given as a number which, when divided into the angular
relative yields, gives the differential cross section in
millibarns per steradian and which, when divided into the
total relative yields, gives the total cross sectlion in milli-
barns. This number was determined to be 115.

The standard deviation of this number was estimated by

combining the statistical errors in the various numbers that

were required 1n the cross section formula. The counting
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statistical error in the value of N was estimated to be + 4
percent. The stopping powers, € , were assumed To be known

to + 8 percent. The value of the apparatus constant was
thought to be known to + 3 percent, which represents the
fluctuations from the mean of the several measurements of

this guantity. These uncertainties combine to give a standard
deviation of + 10 percent. However, there is one further
consideration. If the KNO3 had dissoclated to KNO2 in the

preparation of the target or during bombardment then the

divisor 115 should be increased by about 20 percent.

Comparison of the Experimental Results with Theory

The smooth curves which appear in Figs. 2, 3, 4, and 5
are those given by the simple Butler theory for stripping
reactions (Reference 7, Formula 3-20). The determination of
these curves was greatly facllitated by the calculations of
Lubitz (10). Table III shows the values of the various
parameters used in drawing the curves and the values of spin
and parity, J7 , that are allowed for the final 1o states.

In this table, [ . is the orbital angular momentum of the cap-

n
tured neutron, r, expresses in the theory the distance be-
tween the target nucleus and the incoming neutron at which
they begin to interact, and 8% is the neutron reduced width
of the final state relative to the single particle limit,

2 * 2 o
3% /2mC ros where m c is Tthe reduced mass of the neutron-
target nucleus system. The magnitudes of the relative

reduced widths are linearly related to the differential cross

sections. Thus the reduced widths are really not defined for
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the smooth curves until the ordinate scale has been converted

to differential cross sectlon units by dividing by 115,

Table III: Stripping Parameters for the NlS(d,p)Nl6 Reaction,
Final State - Warburton and
in 16 [, J Present Results MeGruer
v, (2341)8%| »_ (23+1)8°
lO—ISCm 1O—lscm
0 Mev 2 17,27,37 | (5.7) 0.098 (5.5) 0.27
0.119 Mev 0 07,17 (6.7) 0.020 (h.2) 0.19
0.293 Mev o | 17,27,37 | (5.7) 0.148 (5.0) 0.33
0.392 Mev 0 07,17 (6.2) 0.092 (h.2) 0.54

Warburton and McGruer have studied this same reaction
using 14.8-Mev deuterons (11). The values of [, that they
obtain are in agreement with the present work. However, the
values that they obtain for the other parameters in the Butler
formula, also shown in Table ITI, are in rather poor agree-
ment with the present ones. This lack of agreement may
simply indicate how inapplicable the Butler theory is for
deuteron energles as low as 2.75 Mev. The values of r, deter-
mined here are appreciably larger than the nuclear radius
values that are determined by other means. The smallness
ofvthe present reduced width values 1in comparison with those
of Warburton and McGruer may possibly be understood as a

Coulomb barrier effect, in view of the fact that simple
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stripping theory neglects the effect of the Coulomb poten-
tial. It 1s a little surprising, however, that even in the
relations between the parameters for the different N16 levels
there seems to be 1little correspondence between the two sets
of measurements.

As a result of these stripping exveriments, of the
B-decay studies mentioned previously, and of observations of
the deéxcitation of the excited states ova16 by y-radiation
(12,13), it has been possible to make plausible the spin and
parity assignments for the low energy states of N16 which
are shown in Fig. 6. Also shown in the figure are the
y -ray branching ratiocs which have been reported by Freeman

and Hanna (13). These are in good agreement with those re-

ported by Wilkinson (12).

0.392 Mev | 1
| <l
|
0.293 Mev y l 3"
|
5% | < 2%
|
|
0.119 Mev \ 0"
25% 100%
0 2
16

Fig. 6: The Low Energy States of N
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These results compare very favorably with those of the
theoretical work of Elliott and Flowers (1). Their work
predicts four low-lying odd-parity states for Nlu having
predominantly pi}g 81 /p OF pi}g d5/2 configurations. That
stripping plays an important role in the formation of each

state is indeed consistent with a single particle descrip-

tlon of the states.
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B. The Lifetime of the 0.119-Mev State of N16

Wilkinson first noted that 7Y-radiation from the
0.119-Mev state showed a lifetime of the order of several
microseconds, supporting the assumption that it is an E2
transition (12). Freeman and Hanna have determined the mean
life to be 9.7 (1 + 0.07) microseconds (13). Both of these
experiments used delayed coincidence techniques. The measure-
ment that is described below, on the other hand, employed

a beam-chopping technique.

15( 16

The 0.119-Mev state is produced in the N - (d,p)N

reaction by two routes, by direct formation and by formation

of the 0.392-Mev state which then decays to the 0.119-Mev

state with a probability of about 75 percent. Since this

latter decay 1s thought to be an M1 transition, its life-

time 1s expected to be much shorter than several microseconds.

Hence the formation of the 0.119-Mev state is expected to be

prompt relative to its lifetime by whatever route it is

formed. One can then in principle measure its lifetime

simply by switching off the deuteron beam and determining

the decay rate of the 0.119-Mev 7Y-ray activity of the target.
A beam of 1.76-Mev deuterons from the Kellogg Laboratory

2-Mev Van de Graaff generator was passed between a pair of

parallel electrostatic deflection plates roughly 5 cm long

and 1 cm apart before being put through the customary electro-

static energy analyzer. The deflection plates were oriented

at right angles to the analyzer plates so that they deflected

the beam 1in a plane parallel to the analyzer plates. A
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voltage of about 1.8 kv was sufficient to deflect the beam
onto a tantalum stop about 1.5 meters beyond the deflection
plates, at the exit of the analyzer. When undeflected, the
beam could pass on through a regulating and collimating slit
system into a target chamber located about 1.2 meters beyond
the %tantalum stop.

The target containing N15 consisted of a nickel foil
2500 2 thick onto which a layer of titanium of about twice
this thickness had been evaporated. This layer of tTitanium
was nitrided by heating 1t in an atmosphere of NHB’ the
nitrogen of which had been enriched to 65 percent N15. How-

16 and possibly with

ever, this layer waé contaminated with O
more N14 than was introduced with the enriched NHB'

The 0.119-Mev radiation was detected at a laboratory
angle of 90° in a cylinder of thallium-activated sodlium
iodide 1/2 inch long and 1 inch in dlameter attached to a
Dumont 6292 photomultiplier tube. The inner surfaces of the
lead shielding which surrounded the scintillation crystal
were lined with 0.010-inch tantalum sheet placed next to
the lead and two layers of 0.018-inch tin sheet inside the
tantalum. The purpose of the lining was to degrade the
energy of the fluorescent X-radiation from the lead and thus
produce a cleaner 7Y -ray spectrum on the low-energy side of
the_O.ll9-Mév photopeak. The pulses from the photomultiplier
were sorted in a gated 100-channel pulse height analyzer.

A voltage signal approximating a square wave in shape

was applied to the deflection plates. This signal allowed
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the beam to remain on the target for about 25 microseconds
and then deflected 1t away from the target for about the
same length of time. When the beam was off, the 100 channel
analyzer was turned on for an interval of about 8 micro-
seconds. This interval began at a time which could be
delayed roughly 1 to 16 microseconds relative to the time
that the beam was turned off. A plot of the number of 0,119
Mev 7Y -ray counts recorded per run versus the delay time
uged 1n the run gave directly the decay curve of the radiation.
The runs were normalized by collecting the charge of
the deuterons which struck the target. In principle the
important quantity for normalization purposes, the sum of
the target activities at the beginning of each beam-off
period, is not strictly proportional to this charge but is
sensitive as well to the shape of the beam current pulse.
In order to allow for possible variations in this shape from
run to run, an independent monltoring system was provided.
This consisted of a gated 10-channel pulse height analyzer
which was run from the same photomultiplier. This analyzer
was turned on a fixed 2 microseconds after the beam was de-
flected away from the target and remained on for about 16
microseconds. In practice, the amount of beam charge col-
lected seemed to glve Jjust as reliable normalization as the
numper of monitor counts. Since the amount of charge was
simpler to measure, it was used exclusilvely for most of the
runs.

The delay time intervals were measured by using an
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oscllloscope to compare the delay signals with the signal
from a 4-Megacycle crystal-calibrated frequency standard.

Representative 7Y-ray spectra showing the reglon around
0.119 Mev for the extreme delay times are plotted invFig. T
The open clrcles in Fig. 8 represent the average number of
counts in the 0.119 Mev photopeak per run as a function of
delay time for a representative set of runs. The solid
line in Fig. 8 represents the assigned mean life of 7.83
microseconds. This mean 1ife value 1s the average of the
values obtained from several such sets of runs.

The largest source of error in the analysis of this
experiment seems to lie in the subtraction of tThe background
from under the photopeak of the 0.119-Mev radiation. It is
difficult to determine the shape of this background, and 1t
is not impossible that this shape varies with delay time.

The broken lines in Fig. 8 represent the uncertainty
of + 4 percent which has been assigned to the value of the
mean life., This uncertainty i1s based on the deviations from
the average of the mean 1life values for the several sets of
runs analyzed and on the deviations which were obtained for
a range of plausible background subtraction methods applied
to any one sgset of runs,

Several different kinds of runs were made in a search
f'or possible defects iﬁ the technigue. A target simllar in
construction to the N15 target but contalining only natural
nitrogen was substituted for the N15 target. However, no

pulse-height peak or exceptional change in background
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appeared in the place of the 0.119-Mev radiation for any

of the delay time-settings. The same was true when the beam
was allowed to fall on a quartz beam stop,which greatly
increased the radiation received by the counter during the
time that the beam was on. Several sets of runs were made
exposing the scintillation crystal to a constant source of
0.088-Mev 7 -rays as well as to the radiation from the NED
or the natural nitrogen target. The 0.088-Mev 7Y-rays were

9

those which result from the e decay of Cdlo to an excited

state of Aglog. The number of counts due to thls source
remained constant to an accuracy of about + 3 percent over
the range of delay times.

It may be noted that the mean 1life value determined here
is not in very good agreement with the value 9.7 (1 + 0.07)
microseconds measured by Freeman and Hanna. The reason for
this discrepancy 1s not understood. A communication from
Dr. Hanna concerning thils matter was helpful to the author
in stimulating the use of the checks on the experiment which
are described above, but the difference between the two
measurements has not been resolved,

It is interesting to compare these measured lifetimes
with the mean life of 3.8 (1 + 0.4) microseconds calculated
by Elliott and Flowers for this transition taking collectilve
enhancement into account (1). They find that without collec-

tive enhancement the lifetime would be expected to be about
&
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1000 microseconds, so that the inclusion of collective ef-
fects is Important. These authors seem to be content that

thelr estimate is at least of the right order of magnitude.
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IIT THE LOW-ENERGY STATES OF 019

At the time that this work was undertaken the following
information had been published about the low-energyv states
of 077, A study of the p-decay of 02 to F'7 had led to the
agsignment of a spin and parity, J7 , of 5/2+ to the 019
ground state (4,14). The assignment J” = 3/27 was believed

19 - +
7 to the J7 = 1/2

to be ruled out because the p-decay of ©
P e o Yal 19 - - 4 - 23 2 3
ground state of F appeared to have a log ft= 6.5 and thus
to be a forbidden transition.
. . X o 19 |
The spin and parity of the 1.47-Mev state of 0 7 had been
8 19

(d,p)0"7 reaction which pro-

duces that state (15). This reaction was shown to proceed

. o 1
determined by means of the O
by stripping for 3.01-Mev incident deuterons, yielding a
proton angular distribution that is characteristic of the
addition of an [ = 0 neutron to the target nucleus. Since
P 3 - Fag) l 8 PN | L] L 1T —z. d
the ground state of O has the assignment J° = 0O , the

A ‘al 1 2 ] 2
1.47-Mev state of O 9 was thus determined to have the assign-
+ . . . .
ment J7 = 1/2°. Little information had been acguired about

the 07 state at 0.096 Mev.

1.47 Mev 1/2"
0.096 Mev|
0 5/2"
o - o o L9
Fig. 9: The Low-Energy States of O
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4. Angular Distributions of Protons from the 0-°(d,p)ot?
Reaction.

The principal purpose of this study was to see what role
stripping played in the formatlon of the ground and 0.096-Mev
states of O19 and to what degree the application of stripping
theory would give additional information concerning the spin
and parity of these states.

The same eguipment that was used to Study the NlB(d,p)N16
proton angular distributions was used for the OlS(d,p)O19 Dro-
ton distributions. Thin targets were called for in this ex-
periment likewise, both to resolve the proton groups from the
ground and 0.096-Mev states of 019 from one another and to re-
16<

solve these two groups from the group due to the 0O d,p)017

reaction which leaves O in its ground state (4,15). As

in the NlS(d,p)Nl6 study, the spectrometer was arranged, for
most of the runs, to:raccept a range of proton momenta 1argerr
than the momentum spread within any one of the groups but
smaller than the momentum interval between any two groups.

A representative momentum Spectrum showing the three adjacent
groups 1s shown in Fig. 10 for a deuteron energy of 2.50 Mev
and laboratory angle of 90°.

The targets used were thin self-supporting nickel foills
having a central region oxidized with OlS—enriched oxygen.
The. folls were elther 500 K or 1000 E nickel foils which
were supplied by the Chromium Corporation of America on copper
backings. One procedure for preparing thém is described by

Bashkin and Goldhaber (16); they are first mounted in stain-
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legs steel clamping frames and then are immersed in acid to
dissolve away the copper backing. An alternative procedure
was found which avolded the necessity of acid-resisting
target frames and which made washing somewhat simpler.

The pilece of foil to be mounted was floated on a small
pool of activated chromic acid solution with the copper side
down. After the copper had dissolved but vefore the acid
had wet the upper surface of the foil the”acid was drawn
off with a medicine dropper and replaced with several ex-
changes of distilled water to wash the foil. Finally, the
foll was mounted by being lifted from the surface of the
water on a thin flat target frame which was brought up from
below, 1nclined to the water surface. A self-supported
circular area 0.7 cm Iin diameter could be prepared this way.
The nickel surfaces tended to be slack after mounting, but
this turned out to be of advantage in the oxidation process.

The foills were oxidized by using the technigue described
by Holmgren et al. (17). This involved heating the foils
in an oxygen atmosphere with a focused spot of light from a
projection lantern. The pressure of the 018-enriched
oXygen gas was typically held at about 5 cm of mercury dur-
ing the heating. Most of the foils seemed to contract be-
fore the temperature reached the oxidation point, and for
this reason the more loosely mounted folls were less
susceptible to tearing during heating than were the tighter
ones.

Relative angular distributions were measured at a



-oh_

deuteron energy of 1.74 Mev for the proton groups which leave
017 in its states at O Mev, 0.096 Mev, and 1.47 Mev, Dis-
tributions for the groups leaving the first two of these
states were also measured at a deuteron energy of 2.50 Mev.
The relative yields have been converted to center of mass
coordinates and are tabulated in Tables IV and V and plotted
in Figs. 11 and 12. In addition, excitation curves for the
first two groups were measured at a laboratory angle of 90°

for deuteron energies between 1.7 and 2.6 Mev. The yields

f'or these curves are given in Table VI and are shown in

Fig. 13.
At the same time that some of the above measurements
were made, the proton group from the 016(d,p)017 reaction

leaving Ol7 in i1ts ground state was observed for reference
purposes, Table VII and Fig; 14 give the angular distribu-
tion of this group in center of mass coordinates for a
deuteron energy of 2.50 Mev, and Table VIII and Fig. 15
give the excitation curve at a laboratory angle of 90° for
deuteron energies between 1.8 and 2.7 Mev. The information
in Fig. 15 has been supplemented by some additional informa-
tion, shown by the solid circles, which was obtained using
a scattering chamber and a target prepared from natural
oxygen.

- The relatlve yilelds for the various curves showing the
Olg(d,p)o19 reactions were measured with several different
targets but have all been normalized to each other. The same

is true for the yields in the two curves showing the



-25-

0*0(a,p)0'7 reaction.

Standard deviations for the yields have been listed
for a number of points throughout the tables and have been
shown in the accompanying figures wherever feasgsible. Most
of these standard deviations refer only to the particular
curve In which the point for which they are calculated lies.
The additional errors involved in the relative normalization
of all of the curves for the Olg(d,p)o19 reaction are men-
tioned in the text below.

A major source of error in the relative angular dis-
tributions at a deuteron energy of 2.50 Mev and in the ex-
cltation curves 1s thought to have arisen from the slow
loss of oxygen from the target during bombardment and the
resulting non-uniformity of the oxygen surface density. This
loss seemed to occur with beam current intensities of the
order of 0.1 microampere per square millimeter,

Errors due to variations of the beam alignment on the
nonuniform target surface were estimated by considering the
reproducibility of yield measurements repeated at the same
angles and energles within short time intervals. It was
determined to what extent the variations in these yields
exceeded those expected from counting statlistics alone. In
the case of the angular disfributions at 2.50 Mev the standard
deviation which described these variations was found to be
+ 2 percent, while for the execltation curves it was + 3.5
percent.

In order to allow for the slow loss of the target oxygen
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and for major changes in the alignment of the beam, as well
as for differences between the two targets used, the various
runs which were made for different portions of the 2.50-Mev
angular distributions and of the‘excibation curves were
normalized to each other at common energies and angles. In
the case of the 2.50-Mev angular distributions the maximum
difference 1n normalization factors for one target was about
[ percent, while for the excitation curves the maximum dif-
ference was 16 percent.

The uncertainties in the normalization factors were
estimated from the uncertainties in the yields at the compari-
son points from which the factors were computed. The uncer-
tainties in the ylelds were those mentioned above due to target
nonuniformity combined with those due to counting statistics.
The errors in normalization for tThe angular distributions
ranged up to about + 7 percent while those for the excitation
curves averaged about + 5 percent. The indicated standard
deviations for the points in the 2.50-Mev angular distribu-
tions and in the excitation curves are then a statistical
combination of these normalization errvors, the errors due
to nonuniformity of the target, and errors due to counting
statistics.

In the case of the angular distributions at a deuteron
energy of 1.74 Mev, it was found that by using sufficiently
low beam Intensitles on a fresh target it was possible to

avold the problems of oxygen loss and nonuniformity. Vari-

ations in repeated measurements at the same points were well
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accounted for by counting statistics alone. For this reason
only counting statistics were used to compute the standard
deviations for these angular distributions.

The angular distribution at 1.74 Mev for the proton

group leaving the 1.47-Mev state of o'? reguired a special

L

¢

correction. The correction arose because this group had a
low enough momentum and a large enough momentum spread so
that there no longer existed a small range of spectrometer
coll currents at any one observation angle for which the en-
tire group was transmitted by the spectrometer. As a result
the number of counts recorded at the peak of the momentum
profile no longer represented the full yield df the group.
The correction to be applied to the peak number of counts
was egtimated at several angles by measuring both the peak
number of counts and the full momentum profile of the group.
The full yield, Y, was determined from the momentum profile

by the expression:

P2

The meaning of the symbols 1is as follows:
Rp is the momentum resolution of the spectrometer,
»defined in Part II A,
P2 is the mean momentum of the protons transmitted
by tThe spectrometer at a polint in the profile.
N(pz) is the number of protons transmitted by the

spectrometer at that point.
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The integral 1s taken over all the values of Do for which N
is non-~zero.

The correction amounted to about 5 percent at many
angles but rose as high as 20 percent for some of the angles
greater than 90°., It is believed that this correction con-
tributed a negligible error to the relative angular distri-
bution, but it is estimated that it caused an uncertalnty of
about + 6 percent in the normalization of this angular
distribution to the other two distributions measured at the
same deuteron energy. This uncertainty stemmed principally
Tfrom an uncertainty in the value of RD for the spectrometer.

The angular distributions at 1.74 Mev were normalized
to the excitatlon data and to the distributions at 2.50 Mev
with an unoerﬁainty due to counting statistics of about
+ 2 percent.

It 1s estimated that the angles are known to about
+ 0.4°, The uncertainty in the deuteron energy scale is
perhaps + 0.5 percent,

Total relative yields were obtained for each of the
proton groups by integrating the angular relative ylelds
over the sphere. The results are given in Table IX. The
normalization of these total ylelds is such that they
represent yields per sphere if the angular yields are re-

garded as representing yields per steradian.
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Table IX: Total Relative Yields

Total Relative

Reaction Final State Deuteron Energy Yield
0*%(a,p)0%? 0 Mev 1.74 Mev 4820 (1 + 0.03)
2.50 Mev 6610 (1 + 0.03)
0.096 Mev 1.74 Mev 1140 (1 + 0.05)
2.50 Mev : 1270 (1 + 0.05)
1.47 Mev 1.74 Mev 20630 (1 + 0.07)
16 17 \
07 (d,p)0 0 Mev 2.50 Mev 74700 (1 + 0.02)

The standard deviations stated in Table IX are a sta-
tistical combination of several errors: the error due to
uncertainties in the shape of the angular distributions at
the far forward and far backward angles, the error resulting
from the errors in the individual points discussed above,
and, in the case of the OlB(d,p)Ol9 reactions, the error

assoclated with the normalization of the various angular

distributions.

Absolute Cross Sectilons
An estimate of the absolute cross section for the

)
0'(a,p)ot”

reaction may be made by using the absolute meas-
urements of Stratton et al. (15). There are two points in

common between that work and the present, a deuteron energy
of 2.65 Mev and center of mass angle of 93.8°, for which the

center of mass differential cross section is given as 11.3

(1 + 0.04) millibarns per steradian, and a deuteron energy
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of 2.50 Mev and center of mass angle of 53°, for which the
differential cross section is 18.0 (1 + 0.06) millibarns per
steradian. The ratio between the vield measured in the
present work and the cross section is 403 for the first point
and 385 for the second. Thus one may convert the 016(d,p)017
angular relative yields to millibarns per steradian and the
total relative yield to millibarns by dividing them by the
average ratio, 394.

The 018(d,p)019 cross sections may be estimated very

18/O16 ratio in the target was

roughly by a guess that the O
0.24 (1 + 0.3). The 018/016 ratio for the oxygen gas from
which the targets were made was thought to have been 0.31
when the gas was first obtained. However, there seems to
exist the possibility that in the preparation of the targets
the gas might have been contaminated with natural oxygen.

8

The 01 yields should thus be divided by 95 (1 + 0.3) in

order to obtain an estimate of the absolute cross section.

Comparison of the Experimental Results wilth Theory

The angular distribution of protons leaving 019 in its
ground state at a deuteron energy of 2.50 Mev shows the for-
ward maximum typical of a stripping distribution and indi-
cates the capture of an [/ = 2 neutron by 018 to form the
ground state of 019. The [ = 2 assignment is based on a
comparison of the angular position of the maximum of the
experimental distribution with that of the distribution given

by the simple Butler theory. It is found that a value of
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r, = (5.7)10_13 cm must be used in the theoretical expression
for [ = 2 to make the maxima coincide. Although large com-
pared to nuclear radius values determined in other ways,

this value compares well with the values for ry needed in

Part II A for the NlB(d,p)N16 reaction, The corresponding
angular distribution at a deuteron energy of 1.74 Mev shows
somewhat less sign of stripping, in agreement with the expec-
tation that the theory becomes less applicable as the deuteron
energy decreases.

An [ = 2 neutron might combine with the J7 = 0" ground
state of 018 to form either a 3/2+ or a 5/2+ state of 017,
These possibilities for the ground state of 019 are gulte
consistent with the p-decay results. It is a 1little unfor-
tunate that the stripping results do not help to strengthen
the preference of JT = 5/2% over J7 =3/2" that is derived
from the B-decay work.

The angular distribubtion of the weak proton group leav-
ing 019 in its 0,096-Mev state is almost isotropic for a
deuteron energy of 2.50-Mev. The absence of the character-
istics of stripping suggests that the neutron reduced width
of the state 1s small,

Ahnlund finds that at a deuteron energy of 0.88 Mev the
intensity of the proton group leaving 019 in its 0.096-Mev
state rises significantly in the forward direction (18},
There is, indeed, some sign of this tendency at a deuteron

energy of 1.74 Mev. Although Popié analyzes Ahnlund's data

as if it were an [ = 1 stripping distribution (19), it is
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perhaps not clear that the forward rise can be understood
so simply, in view of the tendency of this effect to disap-
pear at higher deuteron energiles.

The proton distribution leaving Olg‘in its state at
1.47 Mev appears to show an qu 0 stripping shape, even though
the deuteron energy of 1.74 Mev is quite low for stripping
theory to apply well. This [ value is in agreement with the
value determined by Stratton et al. at a deuteron energy of

3.01 Mev (15).
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B. Gamma-Ray Transitions 1in 019.

A sodium iodide scintillation pulse helght spectrum
of 7Y-rays from an 1000-E OlS-enriched Ni0O target showed
0.096-Mev and 1.37-Mev 7Y-rays when the target was bombarded
with 1.74-Mev deuterons. However, the intensity of any
1.47-Mev 7y-rays was less than 0.2 of the intensity of the
1.37-Mev  Y-rays. The intensity of the 0.096-Mev 7Y-rays
and the absence of 1.47-Mev 7Y -rays suggested that the
1.47-Mev state of 019 preferred to decay to the 0.096-Mev
state rather than to the ground state. This measurement was
not very definitive, however, since 1.35-Mev 7Y-rays are pro-
duced following about 70 percent of the beta-decays of the
ot ground state and may also be produced in the 018(d,n)F19
reaction. These 1.35-Mev 7Y-rays would, of course, not have
been distinguished from the 1.37-Mev 7Y-rays.

A more conclusive measurement was undertaken to investil-
gate the suggestion made above, again using the Olg(d,p)o19
reaction. The procedufe was to measure the yield of the
0.096-Mev 7Y-rays in relation to the total yields of protons
leaving 077 in its 0.096-Mev and 1.47-Mev states.

This experiment was carried out with the same equipment
that was used to measure the vroton angular distributions.
The proton spectrometer was placed at a laboratory angle
of 30° and observed the 618(d,p)019 proton group which leaves
the 019 nucleus in its 1.47-Mev state. At the same time

0.096-Mev 7 -rays were detected in a shielded sodium iodide

scintillation counter placed at a laboratory angle of 90°7,
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and the pulses were sorted in an 100 channel pulse height
analyzer. The bombarding deuteron energy was 1.T74 Mev.
Because proton angular distributions had been measured at
this energy, 1t was possible to infer from the number of
protons éounted the total number of 019 nuclel formed in
the 0.096-Mev and 1.47-Mev states.

The total 0.096-Mev ¥ -ray yield was calculated from
the number of counts recorded in the Y -ray counter
assuming that the emission was isoftropic in the laboratory
system. In so far as compound nuclear processes are involved
in the formation of the 0.096-Mev state, the high excitation
enérgy in on and the absence of marked resonance behavior
in the excitation function make it likely that many states
of different angular momenta contribute to this reaction
in no simple phase relationship and that no marked angular
effects are produced. The 1.47-Mev state, of course, is
thought to be J = 1/2, and so any radiation which follows
its formation must be isotropic.

In analyzing the ¥y -ray spectra care was taken not to
include counts which might have been associated with 0.110-Mev

19

y -radiation from F~~. Such radiation might have been pro-

18(d,n)F19 reaction. Because the photopeak

duced by the ©
of the 0.096-Mev radiation had a width at half-maximum of

about 16 percent, the two y -rays could not be well resolved
from one another. The only evidence for the presence of any

0.110-Mev Yy -radiation was a broadening of the low part of

the high-energy side of the 0.,096-Mev photopeak. The effects
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of the 0.110-Mev y -radiation were avoided by summing up
The coﬁnts in only the low-energy portion of the 0,096-Mev
photopeak. Then the proportion of the total number of
0.096-Mev ¥y -ray counts that this sum represented was
estimated by using. the clean spectrum of the 0.088-Mev

109

y -radiation from a Cd source.

The ratio of the number of protons leaving 019 in its
0.006-Mev state to the number of 0.096-Mev y -rays was found
to be 0.05 (1 + O.l),and the corresponding ratio for the
1.47-Mev state was found to be 0.91 (1 + O.14). The standard
deviations stated here are a combination of a + 12 percent
uncertainty in the measurement of the vy -ray yield with some-
what smaller errors in the determination of the total proton
yields.

The major uncertainty in the measurement of the y -ray
yield arose from the freedom of choice of method of back-
ground subtraction and was estimated to be + 10 percent.

The other uncertainties consldered were a + 5 percent un-
certainty due té fluctuations in the number of y -ray counts
from run to run, a + 3 percent uncertainty in the correction
for the y-ray attenuation in the lucite target-chamber
window, a + 3 percent uncertainty in the estimate of the
'relation between the number of counts in the low-energy
portion of the photopeak and the total number of ¥y -rays
stopped by the crystal, and, finally, a + 2 percent uncer-
talinty in the proportion of all of the y -rays emitted that

were storped by the crystal.
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The uncertainties in the total proton ylelds arose
from an ﬁncertainty of about + 2 percent in the normaliza-
tion of the present yields to the yields in the angular
distribution work of Part III A combilined with the uncer-
tainties described in that part concerning the computation
of the total relative ylelds from the angular relative
yields. The total uncertainty in the proton yleld leaving
the 1.47-Mev state of 019 was estimated to be about + 4 per-
cent while that for the 0,096-Mev state was about + 8
percent,

These measurements make it plausible that the 1.47-Mev
state of 019 decays almost entirely to the 0.096-Mev state
in preference to the ground state. This would suggest that
because an E2 transition 1s allowed to the ground state the
transition to the 0.096-Mev state is E1 or M1l with E2 2
third, less likely possibility. These aiternatives would
allow the 0.096-Mev state to have the assignment J7 = 1/2%
or 3/2*, with 5/2+ a less likely possibility. The lifetime
experiment described below is believed to rule out the pos-

sibilities J "= 1/2%.
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C. The Lifetime of the 0.096-Mev State of 019.

’When this work was begun there existed the possibility
that the 0.096-Mev state of ot? might have a lifetime com-
parable to or longer than that of the 0.119-Mev state of

16 I . s . ,
N™~. However, a preliminary investigation with the same

16

apparatus used to measﬁre the lifetime of the N state re-
vealed that the mean 1life of the 0.096-Mev state was less
than about 2 microseconds.

The measurement of the lifetime was carried out using
a recoil technique., This involved observing directly the
distance that excited 019 nuclel, recoiling from the
018(d,p)019 reaction, traveled in vacuo before decaying. A
detall of the apparatus is shown in Fig. 16, |

A beam of 1.74-Mev deuterons from the Kellogg Laboratory
2-Mev Van de Graaff generator was allowed to pass through a
thin, self-supported, ng—enriched Ni0O target such as was
used for the proton angular distributions. A nickei foil
thickness of 500 2 was chosen in order that the recoiling
019 nuclei would not lose a large portilon of thelr velocity
in the target. Thé beam spot area was typically a sduare
0.06 inches on a side.

As was brought out in Part III B, most of the 0.096-Mev
Y -rays arose from 019 nuclel which were first produced in
the 1.47-Mev state. All of the 019 nuclel so formed recoiled
initially in the forward direction within a cone of halrl-
angle U48°, As these excited recoll nuclei decayed to the

0.096-Mev state there was additional momentum imparted to
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the nucleus, but this momentum was small compared to the
total momentum of the nucleus and has been neglected here.
The ng nuclei which were formed in the 0.096-Mev state
directly also recolled in the forward direction but within
a cone of half-angle 790.

The 7Yy -ray counter was provided with a collimator through
which could be seen a narrow reglon of the space just follow-
ing the target. For reasons of convenience 1t was the target
rather than the collimator and counter that was moved to
vary the distance between the target and the regilon seen by
the counter. The target was moved and 1its positlon measured
£]

by means of a precision screw having a pitech of 40 threads

The critical edges of the collimétor were made of tung-
sten. These edges were very sharp for the low-energy 0.096-Mev
Y -radlation compared to the range of distances from the tar-
get being measured. The 0.096-Mev 7y -rays were detected in a
square prism of thallium-activated sodium lodide 1 inch Dby
1 inch by 3/8 inch which was shielded from stray radiation by
lead lined in the same fashion as 1t was lined for the N16
1ifetime experiment. The pulses from the DuMont 6292 photo-
multiplier were sorted in an 100 channel pulse height analy-
zer,

One set of runs was made with the tungsten collimator
plates separated by a gap of 0.062 inches, as 1s shown in
Fig. 16. Ahother set was made with a collimator plate spac-

ing of 0.125 inches. The following discussion refers specil-
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fically to the first set although the analyses of the two
sets were similar. Fig. 17 shows representative 7y -ray
pulse height spectra for three runs in the first set, each
one with a different relative position of the target. These
spectra are accompanied by a reference spectrum due to

109

0.088-Mev y -rays from a Cd source which is shown in
Fig. 18. This spectrum was taken shortly before the spectra
in Fig. 17 with the same pulse amplification.

For each run, a number proportional to the number of
0.096-Mev y -rays detected was computed by subtracting the
background from the sum of the counts in the six highest
channels of the 0.096-Mev photopeak. The background for these
channels was determined in two ways and the mean of the deter-
minations was used. One way was to draw by eye a background
line connecting the minimum in the spectrum at the left of
the peak to the flat portion of the spectrum to the right.

The other was to assume that the background was well repre-
sented by the spectrum in the vicinity of channel number 57.

There was the possiblility in this experiment, as there

was in the y-ray yield measurements of Part III B, that

0.110 ¥ -radiation from Fr2

was present. There is some evi-
dence of this radiation in the spectrum at the bottom of
Fig. 17 where the low part of the high-energy side of the

10 X
° reference spectrum

peak 1s less steep than that of the Cd
in Fig, 18. It is believed, however, that a sum over the
six highest channels in the 0.096-Mev photopeak was not

apprecilably influenced by whatever 0.110-Mev radiation was
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present;

The relative numbers of 0,096-Mev ¥y -rays per run are
represented by open circles plotted in Fig. 19 as a function
of the relative target position. Each point is typically
an avefage of three runs of the type shown in Fig. 17. The
normalization of the ordinate scale and the choice of origin
for the abscissa scale in Fig. 19 were not determined by the
experiment but were chosen so as to give the best fit to
the smooth curve which appears in the same figure. This
smooth curve 1s a calculated curve and is discussed below.
Only the four lowest points were appreciably affected by
the method of background subtraction. The ordinate of the
lowest of these points would be about 30 percent larger than
it is for the first method alone and about 30 percent smaller
for the second.

In view of the fact that most of the 0.096-Mev y-radi-
ation is preceded by 1.37-Mev radiation from the 1.47-Mev
state, The experiment described so far does not distinguish
which of the two excited states involved is showing the
observed lifetime. An attempt was made to use the same
apparatus to verify directly that the 1.37-Mev y-radiation
did not itself show a comparable lifetime.

For this exXperiment the sodium ilodide crystal was Turned
ﬁhrgugh 90° in order that the y -rays might traverse a
greater thickness of crystal than before. The crystal was
also moved farther away from the collimator so as to aid

the collimator in 1ts selectivity. For these runs the
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tungsten plates had a separation of 0.062 inches. Additional
lead shielding was placed between the collimator and the

crystal, partly to improve the collimation and partly to help
prevent any of the 1.35-Mev 7y -radiation which follows about

70 percent of the 019

R-decays from reaching the crystal.

The results were rather inconclusive. This was due in
part to the smallness of the number of counts in the full-
energy peak of the 1.37-Mev Yy -ray spectrum and to the
presence of a relatively large background which climbed steeply
in the low-energy direction. In addition, the collimator
edges were much less sharp for this energy 7y -ray than they
were for the low-energy one. The rate of decrease of the
1.37-Mev y -ray intensity as the target was moved appeared to
be perhaps somewhat greater than 3 times the rate for the
0.096-Mev 7y -ray. It is believed that this rate was not
significantly different from the rate that one would have

observed for a 7y -ray of this energy emitted from a state

of vanishing lifetime.

Calculation of the Mean Life

The smooth curve which appeafsim Fig. 19 1s a curve
calculated for a mean 1life of (1.70) 1077 seconds. It was
assumed for this calculation that all of the 019 nuclel
formed in the 1.47-Mev state contributed to the 0.096-Mev
Y -radiation by decaying to the 0.096-Mev state rather than
to the ground state. It was assumed also that the lifetime

of the 1.47-Mev state is short compared to the lifetime of
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the 0.096-Mev state. A third assumption was that the
0.096-Mev y -rays were emltted isotropically in the system
of the recoiling nucleus. This was thought to be justified
by the same considerations that were invoked in Part III B to
Justify a related assumption,

The first step in making this oalcuiation was to deter-
mine the direction and velocifty of an excited 019 recoil
nucleus in terms of the direction of the proton emitted with
it. It was then necessary fo correct the lon velocity for
the loss of velocity suffered in escaping from the target.

No attempt was made, however, to correct the directlon of
motion of the 019 recoils for any lege~angle scattering in
the target. Next, the probability that an excited recoil
nucleus with a mean life v would reach a certain perpendi-
cular distance from the target before decaying was computed
as a function of the direction of emission of the coincident
proton; Then, a sum over all proton directions was performéd
using the proton angular yilelds that had already been meas-
ured for the deuteron energy of 1.74 Mev.

An analytical expression for the calculations described

above may be given as follows:

.l z

N(L) = No///l(cose) e T V(Or) costh d(cos8)
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The meaning of the symbols is as follows:

z is the perpendicular distance from the target,
increasing in the direction of the deuteron beam.

T 1s the mean 1life of the decaying state.

8 is the polar angle describing the direction of
emission of the proton measured in the center of
mass system,

fr 1s the polar angle describing the direction of
emission of fthe recoil measured in the laboratory
system.

v(fr) 1s the velocity with which a recoil emitted with
polar angﬂeaQRemerges from the target.

I(cosf ) is the relative yield of protons per unit
solid angle in the center of mass system which
are emitted with a polar angle 6 .

N(z/t) is the number of recoils of mean life v which
greater than z before they decay.

No is just some convenient normalizing factor.

The relationship between 8§ R and 8 is given by the expres-

sion:

cos O = kg~ cos &
R =
V I+-kR2—-2chose




N

where kR is the ratio of the velocity of the center of mass
in the laboratory system to the velocity of the recoil in
the center of mass system. The function v(@zﬁ) is given

by the expression:

kg -cosf Av

(6) =
R Y kg cos Bg

cm

where Vom is the velocity of the center of mass 1n the
laboratory system apd Av is the amount of velocity that the
recoll loses in escaping from the target.

The integral above was evaluated by numerical means for
each of the two modes of formation of the 0.096-Mev state,
and the results were added together to give a function that
may be called NSG%?). The function that describes the num-
ber of reéoils that decay in view of the counter is given
by NSG%QJ - NS(1%¥Q¥L where Az is the interval of z along
the beam axis that is seen by the counter. This last func-
tion is the one which was used to construct the smooth curve.

The correction for the recoll's loss of velocity in the
target was made by constructing curves representing the
recoil'’s velocity as a function of its range expressed in
gsurface denslty units. A curve was constructed for 019 re-
colls in the N10 ftarget and for O19 recoils in the carbon
surface layer which appeared on the target during bombardment.

The velocities of the recolls in this experiment lay between

0 and (2.5)1080m/sec.
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For the construction of the curves an attempt was made
to compare the rather sparse information available on the
stoppiﬁg of moving atoms (9, 20, 21, 22, 23). This com-
parison was based on the assumption that dv/dp , the rate
of change of the atom's velocity per unit surface density
of stoppling material, may be expressed as a product
fla)g(s)n(v). Here f(a) is a factor which depends on the
atom being stopped, g(s) a factor which depends on the
stopping material, and h(v) a function of the atom's velocity.
The form of h(v) that is suggested by some of the experi—
mental work is 1/v for velocities up to about (1.2)108
cm/sec and constant for the velocities of interest above
that velocity, with a smooth transition at (1.2)108 cm/sec.
This form was used for the construction of the curves, and

the values which were chosen for dv/dp 1in the constant re-

gion are as follows:

2

09 atoms in Ni0: dv/dp = (4.9)10° cm sec  /ugm nickel cm”

i

(9.3)105 cm sec ~/ugm carbon em™?

i

oY atoms in C: av/dp

A standard deviation of + 30 percent was assigned to
the velocity scale of the stopping curves. This applies to
both the value of velocity at which the transition occurs
and to the values of dv/dp everywhere along the curve. The
standard deviation is quite large because there appeared to
be a large disagreement between the value of dv/dp deter-
mined from some direct measurements for 016 atoms in copper (20)

and the value determined by an extension to nickel of some
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meagurements for atoms stopping in air and argon.

The surface density of nickel in the target was deter-
mined both from the nominal thickness of the foil, 500 2,
and by elastic proton sbattering, the former value lying
about 20 percent below the latter. An average value of 49 ugm
nickel/cm2 was adopted. The calculations were made by making
the approximation that all of the recoils originated in the
middle of the‘target layer and thus had to pass through a
NiO layer corresponding to one half of the nickel density
measured above,

The surface density of carbon on both sides of the tar-
get combined was determined by the Clg(d,p)cls reaction at
a bombarding deuteron energy of 2.84 Mev and a laboratory
angle of 135° using the cross sections given in the litera-
ture (24, 25). The value obtained for fhe surface density
of carbon after the target had been used for a set of recoil
runs was about 4 + 3 ugm/bmg. Assuming that the carbon layer
built up linearly with bombardment during the recoll runs,
the average recoll had to pass through a layer of roughly
one quarter this thickness, and the correction to its velocity
for the carbon layer was very small.

The final value of the mean life, which was determined
from the set of runs shown in Fig. 16 and from the set meas-
seconds. The standard deviation is based mainly on two
sources of uncertainty. The first source was mentloned

earlier and concerns the amount of background to be subtracted
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from the 7y -ray photopeaks. It is thought that this un-
certainty produces an uncertainty in the lifetime of about
+ 10 percent.

The second source 1s the uncertainty in the rate of

19

stopping of 077 atomg in the target. It is estimated that
this uncertainty produces an uncertainty in the time scale
of the calculated curve of perhaps + 12 percent. This is,
of course, an\over—simplification of the situation since the
uncertainty is not only one of time scale but also of shape,
due to the fact that the low-velocity recoils are influenced
more than the high-veloclty ones. It may be seen in Fig. 19
that the calculated curve 1is not quite‘of the proper shape
to {1t the points well. The calculated curve lies above

the experimental points for target positioné in the region
of 0.08 em. It is found that if  lower valuesof dv/dp and
a correspondingly lower value of mean life are used the
shape agreement becomes worse. On the other hand, 1f

larger values of dv/dp and a correspondingly larger value

of mean life are used the agreement 1s improved. This would
suggest that the values of dv/dp adopted were too low,
that the recoils lost more velocity in the target than was
expected, and that more of them stopped in the target.

These considerations were given weight in the assignment of
a lifetime, but it was believed that they were not sure
enough to dictate the values of dv/dp to be used. It seems
possible that the inclusion of the effects of large-angle

scattering of the moving atoms for velocities less than
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8 . . .
(1.0)10" centimeters per second might also tend %o improve
the shape of the calculated curve by lowering it for target
positions in the region of 0.08 cm without much affecting

the outer end,

Discussion of the Experimental Results

IT one computes rough single particle limits for the
0.096-Mev transition in 019, using the formulae given by
Blatt and Weisskopf (26) witn a radius of (1.5) A+/3 10713 cn
-and without any additional statistical factofs, one cobtains

the following estimates:

Multipolarity Mean Life
El (1.0) 10712 seconds
M1 | (3.5) 1071
E2 (1.3) 107°

The measured lifetime thus could be either a slow El or
M1 transition (27). It is extremely unlikely that it is
an E2 transition. A dipole transition between the 0.096-Mev
state and a J = 5/2 ground state allows J = 3/2, 5/2, or
7/2 for the former state. However, only the possibilities
J7T = 3/2*, or 5/2+ are in agreement with those suggested in
Part III B.

In regard to the possibility that the 1.47-Mev state
might have a mean life of the order of the one observed it
is again useful to take recourse to single particle estimates.

The single particle estimate for tThe mean life of an E2
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transition from the 1.47-Mev state to the ground state is
(1.6)107* seconds. If 1t be assumed that the 1.37-Mev
transition is at least roughly a power of ten faster than the
1.47-Mev transition, then for the 1.37-Mev transition to have
a mean life of the order of 10_9 seconds the speed of the
1.47-Mev transition would have to be more than 100 times
slower than the single particle estimate. It may be noted
that among the eight E2 transitions in light nuclei listed
by Wilkinson (27) only one has a speed relative to its single
particle estimate of this order and that this one 1s not too
well established., It is true, howe&er, as Wilkinson points
out, that fast transitions are more likely to have been
observed than the slow ones. Nevertheless, there appears to
be some basis for believing that it is unlikely that the
1.47-Mev state would show a lifetime that would affect this
measurement of the lifetime of the 0.006-Mev state.

One of the outstanding questions posed by the theoretical
work of Elliott and Flowers (2) in regard to 019 1s whether
or not the 0.096-Mev state is indéed the J7 = 3/2+ state that
1s predicted at roughly 0.5 Mev. Let it be assumed for the
moment that the 1.47-Mev state accounts>for the J7 = 1/2+
state that 1s predicted for about the same excitation energy,
0.5 Mev. It is seen that J7= 3/2+ is one of the possibilities
permitted by the experiments described above. It would be
interesting to compute from the theoretical wave functions
the M1 y-ray transition rate between the 3/2+ state and the

5/2+ ground state and to compare the resulting lifetime with
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the experiméntal one measured here,.

It would also be interesting to determine whether the
theoretical wave function for the 3/2+ state leads to a small
neutron reduced width for this state and thus accounts for
the lack of stripping in its formation. That this is
likely to be the case may be seen by an examination of the
jj;coupling decompositions of the theoretical wave functions
for the O18 ground sbate and for the 09 3/2+ state. The
Jd = O+ ground state of 018 is described as having a con-
figuration for two neutrons outside of an unexcited 016 core
which is 79 percent (d5/2)2, 6 percent (d3/2)2, and 15 per-
cent (81/2)2; In order to form a 3/’2+ state orf 012 by
stripping, a d3/2 neutron must be added to this configuratlon.
However, the predicted configuration of the three neutrons
outside of the 0%0 core for the 3/2% state in 09 is 62 per-
cent (d5/2)3, 33 pércent (d5/2)2(sl/2), 2 percent
(d5/2)(d3/2)(sl/2), and 3 percent (d5/2)2(d3/2). Only the
last of these four terms is seen to be of the right form for
stripping formation.

An interesting extension of the experimental work would
be to determine the internal conversion coefficient of the
0.096—Mev Yy -ray transition. The K-shell conversion coeffi-
cient for an El transition is estimated to be (1.9)1072
while that for an Ml transition is estimated to be (5.9)10“4
(Reference 28), Thus one could hope to determine the multi-

polarity of the radiation and the parity of the 0.096-Mev

state.
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Table I: Proton Angular Distributions for the le(d,p)Nl6 Reaction

at a Deuteron Energy of 2.75 Mev

Final State of N16
0 Mev 0 Mev 0.119 Mev 0.293 Mev 0.392 Mev
Proton Angle Relative Yields

an] Uncorrected Corrected

7.6° 860 3220 360 13870
10.9° 780+50 -30+80 28804200 koo 114804700
16.4° 770 180 21h0 500 9520
21.8° 780 330 1500 730 6810
27.2° 810 530 810 890 4090
32.6° 850460 680460 380+30 1130+80 2320+160
38.0° 900 190 1300 1100
43.3° 960 920 180 1460 580
48.7° 890 250 1410 540
54.0 oko 930 400 1520 680
59.3° 940 550 1470 960
6L.5° 910 890 680 1340 1230
69.7° 800 684 1190 - 1520
74.8° T60+50 710 710450 1020470 16004100
80.0° 720 700 8o 1700
85.1° 660 - 600 640 780 1790
90,2° 540 560 580 1650
95.2° 540 470 470 540 1580
100.1° 460 370 390 1400
105.1° 470 410 310 350 1180
110.0° 490 310 310 1150
11k.8° 480+30 420 250420 310420 1090470
119.7° 460 220 280 880
124,5° 590 540 150 310 900
129.3° 660 120 300 760
134.0° 610+40 580 90+10 400+30 670440
138.7° 700 70 400 600

143.3° / 650 610 70 470 530



Table IV:

Proton Angle

ecm

245
31.5°
41.9°
52.3°
62,6°
72.8°
83.0°
93.0°
103.0°
112.8°
122,6°
132.3°

1Lh1.9°

Proton Angular Distributions for the O

Final State of

ot?

~55-

0 Mev 0.096 Mev

Relative Yields

380+10
170
570
590415
590
530
30
330+10
250
230
230
2LL0+10
270

115+6
125
120
130
13047

130

105
8516
70
55
50
505
55

Proton Angle

8 cm
10.7°
16.0°
21..°

26.7°
32.0°

13
53.1°
63.5°
73.8°
8l..0°
9l.o°
10lL.0°
113.8°
123.5°
133.1°
12.6°

8(a,p)0%9

Reaction at a Deuteron Energy of 1.7k Mev

Final State of

ot9

1.7 Mev

Relative Yield

310

700
3740440
3000
2260
1730
1330
1000420
1130
Lo
1710
1750425
1750
1670
1520
1370425
1270
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Table V: Proton Angular Distributions for the 0+°(d,p)0+?

Reaction at a Deuteron Energy of 2.50 Mev

Final State of O19

0 Mev 0.096 Wev

Proton Angle Relative Yields
90m
10.6° 210415 10248
15.9° 280 99
21.1° 70 ol
26.1 90 98
31.7° 10 109
6.9° 750 103
2.1° 8.0 117
I7.L° 920 102
52.6° 1010440 11147
g g
68.0° 820 80
73.1° 710 90
78.2° 590 87
83.32 i3o 92
88.3 20 13
3%.22 gggils 8045
EE T
122.9° 290 119
Tro.be 320430 123413
. + +
137.1.° 360“3 1287

12.1° 360
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Table VI: Proton Excitation Curves for the Ola(d,p)019 Reaction

at a Laboratory Angle of 90°

Final State of 019 Final State of 019
0 Mev 0.096 Mev 1.47 Mev 0 Mev 0.096 Mev

fols] Ed
Mev Relative Yields , Mev Relative Yields
1.695 350 65 1610 2.205 k4o 105
1.705 320425 6046 16704110 2.215 - 410 90
1.715 360~ 75" 1650" 2.230 410 85
1.730 330 80 1660 2.245 k2o 90
1.740 340 85 1690 2.255 420 80
1.750 340 85 1720 2.270 380 85
1.765 360 90 1690 2.285 380 85
1.775 380 105 1780 2.300 370425 8048
1.785 380 105 1780 2.310 420 85
1.805 350 85 2.325 Lo 70
1.820 - 380 85 2.340 430 80
1.835 360 95 2.355 430 5
1.850 360 110 2.365 420 75
1.860 k410 120 - 2.380 420 80
1.875 430 125 2.395 410 80
1.890 410 125 2.405 L&60 85
1.905 430 115 2.420 430 90
1.915 450 105 2.435 420 85
1.930 Lho 105 2.450 390 95
1.945 470 100 2.460 470 © 90
1.955 k470 110 2.475 Lio 75
1.970 480 115 2.490 450 80
1.985 510 150 2.505 430 80
2.000 510435 110410 2.515 430 85
2.010 560 75 2.530 410 90
2.025 550 75 2.545 380
2,040 540 75 2.555 390
2.055 530 70 2.570 360
2.065 510 70 2.585 370
2.080 510 75 2.600 370+25
2.005 460 65 2.610 390
2.105 450 90 2.625 . 340
2.120  L4ho 100 2.640 350
2.135 4ho 90 2,655 370
2.150 400 85 2.665 390
2.160 420 105 2.680 360
2.175 420 110 2.695 360
2,190 410 105 2.710 330

2.720 350
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Table VII: Proton Angular Distribution for the Olé(d,p)ol7

Reaction at a Deuteron Energy of 2.50 Mev

Final State of 0L/

0 Mev
Proton Angle Relative Yield
10.6° 60304370
15.9° . gooo‘j
21.2° 5970
26.5° 6110
31.8° 6920
37.1° 7010 .
2.3° 7110
L7.6° | 7430
52.8° : 73104260
58.0° 6950
63.2° 61,00
68.3° 580
73.0.° 2110
78.5° 290
83.6° 11280
88.6° 3730
93.6° 3990480
98.6°
103.6° 11390
108.5°
113.4.° 11960
118.3°
123.2° 6080
128.0° 6220
132.8° 70304350

.6° !
%igoB o ;égg
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Table VIII: Proton Excitation Curve for the Olé(d,p)o17
Reaction at a Laboratory Angle of 90°
Pinal State of O/ Final State of O/
0 Mev 0 Mev
Ed Relative Bd Relative
Mewv Yield Mev Yield
1.805 2210 2.31.0 930
1.820 22%0 2.3%5 ﬁ380
1.835 2290 2.365 3950
1.850 2510 2.380 3670
1.860 2850 2.395 3290
1.875 3570 2.&05 2890
1.890 3820 2.420 2970
1.905 3310 2.435 3090
1.915 2510 2.450 500
1.930 2270 2.1160 1060
1.945 2090 2.475 3650
1.955 19L0 2.1190 3860
1.970 1930 2.505 3980
1.985 1920 2.515 3860
2.000 19904130 2.530 1160
2.010 1870 2.5&5 5020
2.025 1870 2.555 3710
2.0L0 1910 2.570 3340
2.055 1970 2.585 3310
2.065 1980 2.600 35704230
2.080 2110 2.610 3690
2.095 2180 2.625 ?890
2.105 2180 2.6L0 1130
2.120 2330 2.655 11350
2.135 2380 2.665 560
2.150 2330 2.680 5010
2.160 2290 2.695 5070
2.175 2360 2,710 5480
2.190 2390 2.720 5600
2.205 2290
2.215 zufo
2.2io 3210
2.2li5 890
2.255 370
2.270 11680
2.285 5340
2.300 56304360
2.310 5710
2.325 5410
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FIG. 4 PROTON ANGULAR DISTRIBUTION
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FIG.15 PROTON EXCITATION CURVE
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FIG.16 DETAIL OF RECOIL APPARATUS
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FIG.17 RECOIL Y-RAY SPECTRA FOR
VARIOUS TARGET POSITIONS

0.096 O0O.110Mev

. o ' ‘ TARGET POSITION

* . 0.413 cm
200 . * ) O... -
o)

.|
w —
Z400 L TARGET POSITION ]
< . e 0.128 ¢m
I R
&) . . O e
m [ J

200 . . . . . ]
lQL., o".o. oe, . '.. . o
g ° . Y
% 0
o)
Q

800 TARGET POSITION

® ~0.032 cm
[ ] ®
600 S —
400 * . . ° —
L J . °
200 ... 0.0.. .o.oc'.o. “. ® .0.-—-1
o) 1 l l I 1 l |
o) 10 20 30 40 50 60 70

CHANNEL NUMBER



1000

800

600

T

COUNTS PER CHANNEL

400

]

200t

FIG.18 REFERENCE SPECTRUM FOR RECOIL
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