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ABSTRACT

1

The ﬂaZB {p, a)NeZB_ reaction hag been studied for proton bom-
barding energies in the range 100 to 450 kev, Four narrow, igolated
resonances have been observed in this region at proton bombarding
energies of 286, 338, 374, and 445 kev. Excitation functions have been
taken at ecach of theee resonances, and the alpha yield, width, and
regonance energy has been determined for each resonance., On the
basis of angular distribution measurements, spin and parity assign-
ments have been made for the resonances at 286, 33¢, and 374 kev.,
Upper limits have been established for the non-resonant cross section
factor 5 and for the alpha yield from any uncbserved resonance in the
energy region covered. This experimental data has been used to calcu-
late reaction rates for the Na‘:3(p. a)Nezﬁ reaction in stars whoase tem-~

8o

perature is in the range 5 to 10 x 10~ "X, This is the range of tempera-

tures in which the carbon burning process takes place.

1
le i2
The half~lives of and B have been measured with greater

experimental precision than had been achieved in previous measure-
ments. Using the improved values for the half-lives, accurate fi values
have been calculated for the decays of le and ]51‘2 to the Clz ground
state. It is found that £(N'Z)/f(B'?) = 1,14 & 0,025 tmplying that the

_ C 2,02 40 2 2
ratio of the nuclear matrix elements 53 o] (B /| o] “(NT) is L 14,

% od

The significance of the 14% difference in these matrix elements is dis-

cussed briefly.
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PART L

A STUDY OF THE Na®>(p, a)Ne??

REACTION FOR
PROTON BOMBARDING EN ERGIES FROM

100 to 450 KE



e
I. INTRODUCTION

The NaaB(p. u)Ne‘ZG reaction (T = 2,38 Mev(”) has been studied
by several investigators. (t, 2, 3,4) Of these, only Flack et al. made
measurements for proton borhba.rding energies below 500 kev, They
found two resonances in this region, at 287 and 338 kev, and measured
the alpha yield from thase resonances at an angle of 90 degrees with
respect to the incident proton beam. Recently interest has been focused

(5)

on this reaction due to a paper by Reeves and Salpeter, They analyze
a carbon burning star, i.e, a star in which the primary source of snergy
release involves the collision of two CJ]‘2 nuclei, The carbon burning scts
in when the helium burning phase has ended and the subsequent gravita-

tional contraction of the core has raised its temperature to 6 to 9 x 1()8

) 12 3

Ko The C 7 collisions lead to the reactions Clz(Cm. p)Naz

and

12, .12 ... 20 "
C7(C ",a)Ne™ ", and as the carbon burning phase progresses, the pro-
tons and alpha particles thus liberated take part in a complicated network
‘of interactions with the other constituents of the stellar gas,

In order to analyze the carbon burning process completely and
obtain the relative abundances of the elements remaining when the carbon
supply has been exhausted, it is necessary to know the following things:
(1) the initial composition, density, and temperature of the core, (2) the

s : ; iz 12 2%
cross section for the primary reaction C "+ C° — Mg and the
* b ]
branching ratio for the two principal modes of decay Mng& e Naa"-i- P
P
and Lﬁgz‘}* — Ne”d+ &, {3) the reaction rates for other reactions which
can take place as the carbon burning phase progresses. The present

experiment was undertaken in order to obtain an accurate value for the

reaction rate of the NaZS(p, u)l\l’e20 reaction, which is one of the most



important of the "other ieactions" mentioned in {3), We will not concern
ourselves with a discussion of points (1) and (2}, which are discussed
extensively in the original paper of Reeves and Salpeter and in a later
paper by Cameron‘m on the carbon buraing process. We may mention

that Reeves and Salpeter assume an initlal composition of equal amounts

2
of CI"‘. 016. and Nezo. Cameron assurnes an initial composition of

1 and 20% 016, taking advantage of the recent discovery that

" -y
the 4,97 Mev level in Ne“g has J' = 2 » and that as a resulta

0

0% C

5
negligible amount of Ne~ is produced in helium burning.

The importance of the Na33(p, m}NazG reaction in the carbon
burning process is evident since the Clz collisions produce large

amounts of Na23. The rate of this reaction largely determines the

final ratio of Na™>

to Mg’m {see Reference (5) ). This reaction rate
was previously uncertain by a factor of 10 ﬁr 20 due to the sketchy

nature of the data available in the proton energy region below 500 kev,
We have carefully covered the region from 100 to 450 kev and measured
the ylelds, widths, and resonance energies of four observed resonances.
This information is to be found in table 1. For three of these resonances,
we have been able to make spin and parity assignments on the basis of
angular distributions (see figs. 18, 19, and 20), Our valuse for the
reaction rate as a function of temperature for temperatures in the

range 5 to 10 x 102 °% are accurate to within 25% in all cases (see

table 4}.



II. EXPERIMENTAL PROCEDURE

Diagrams of the targat chamber and associated equipment are
shown in figs, 1 and 2. The proton beam from the 600 kev electrostatic
accelerator at the Kellogg Radiation Laboratory was deflected mag-~
netically to separate the protons from other masgs components present,
then passed through a 90 degree electrostatic analyzer. Emerging from
the analyzer, the beam passed into the target chamber striking the target
which was mounted on the end of a 1/2 in. diameter rod. A cold trap
surrounded the target to reduce the build-up of contaminants during
bombardment. The alpha particle counter was mounted at a distance
of 5/8 in. from the target, and could be rotated symmetrically about
an axis through the center of the target rod. A window placed just in
front of the counter defined a solid angle of 0.100 steradians, deter-
mined by a measurement of the dimensions of the window and its distance
from the target. The estimated uncertainty in this determination is
& 5%, The numbér of protons striking the target was measured by an
electronic current integrator, discussed in section IID. | The target
was maintained at a potential of +300 volts to suppress secondary
electron emission, and a ring located about four inches in front of the
target was maintained at a potential of - 300 volts to suppress electrons
présent in the beam. The various parts of the experimental arrange-

ment will now be discussed separately in more detail,

A, Targets
The first targets which were tried were targets of pure sodium

evaporated onto thick copper backings. Because of the reactivity of



pure sodium, the evaporation had to be done in the target chamber
itself and equipment for doing this was part of the original experimental
arrangement. These targets, however, did not hold up well under bom-
bardments of several millicoulombs which were necessary because of
the low yield of the reaction. A gradual decrease in the number of
counts was observed when the proton energy was held constant and the
target was bombarded with succeasive equal amounts of charge., This
is illustrated in fig. 3. A second difficulty encountered with the pure
sodium targets is illustrated in fig. 4, The trailing edge of the excita-
tion function taken with the pure sodium target is coneiderably "smeared
out. " The target thickness is rather ambiguoue, but is presumably
geveral times the width of the resonance. One would expect the excita-
tion function to be flat on top with well-defined front and back edges if
the target were uniform. The reason for this apparent non-uniformity
in the pure sodium targets has not been explained. Gradual oxidation
 of the sodiam layer could account for the first difficulty mentioned above.

| Sodium chloride targets did not suffer from ecither of the above
‘&ifficulties, as can be seen from figs. 3 and 4. These targets were
made by vacuum evaporation of the salt onto thick copper and silver
backings, and were the ones used in taking the experimental data. The
backings were polished to a mirror finish with emery paper and jeweler's
rouge. Silver backings were used for some of the targets because they
gave fewer counts due to contaminants than the copper backings.

Only one contaminant group was observed from the sodium

chloride targets. This was an alpha group at 4 Mev which was identified

#
as coming from the reaction Bn(p, u)l!‘.&e8 {(2a) (the N’azs(p. a)Ne‘m
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reaction produces 2.3 Mev alpha particles at the corresponding proton
energy and angle). The identification wes made on the basis of the
energy of the group and the fact that it exhibited a resonance at a proton
bombarding energy of 160 kev, as illustrated in fig. 5. The energy
spectrum of the alphas from this reaction is shown in fig. 6. The con-
tinuous energy distribution is due to the breakup of the Beg* nucleus
into two alpha particles. Because of this continuous energy diatribution,
it was necessary to correct the counting rates for the presence of this
contaminant group, and the correction procedure is described in

11

section HIB. The source of the B contaminant was not detgrmined.

" We will give special consideration to the possibility of a small

%

19 contaminant because the reaction F‘w(p, a)Ol haa a large cross

F
section at the 340 kev resonance, very close in energy to the 338 kev
resonance which we studied in the Nazs(p, a)NeZﬁ reaction, Fig, 7
shows the energy spectrum of the alphas from the Naa?' reaction taken
at the 338 kev réesonante. Alpha particles from the Fw(p. a)()uﬂl
reactioﬁ would make their appearance in channel 20 of this figure,

Since no significant change was observed in the region around channel 20
as the proton energy was varied from 339 to 345 kev, the possibility

of an Fw contarminant was not considered further,

B. Alpha Particle Counter

The alpha particles were detected in a silicon p-n junction
" counter. The good energy resolution, linear energy response, and small
asize of this counter made it ideal for our purposes. 3uch a counter re-

quires a high gain low noise amplification system for its operation, and
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a special low noise pre-amplifier obtained from £, Nordberg was used.
The pre-amplifier output was fed into an Atomic Instrument model 304 C
linear amplifier. The response of the counter, pre-amplifier, and
amplifier combination to alpha particles from ThC' is shown in fig, 8.

The window in front of the counter (see fig, 2) served a dual
purpose. The window defined thé solid angle subtended by the counter,
and it was covered by a foil which stopped clastically scattered protons
from reaching the counter, This foil had to meet rigid specifications
for thickness and uniformity. Commercially available foils were un-
suitable in these respects, but it was found that a suitable foil could be
constructed by superimposing several laye‘rs of commercial gold leaf,
These foils were very uniform, since nonuniformities in the individual
layers tended to average out, and the thickness could be varied in steps
of 0,194 mg/cm®, the thickness of an individual layes.

Fig. 7, which shows the alpha spectrum from the Na23 reaction,
illustrates the importance of choosing the correct foil thickness., The '
pulses below channel 20 in the figure are due to counter noise and counts
from protons straggling through the foil. If the foil is too thin, the pro-
ton pulses pile up and obscure the alpha peak, If the foil is too thick,
the alpha particles will lose 80 much energy in the foil that the alpha
pulses cannot be resolved irom the noise background. The optimmum foil
thickness, the one which gives the best resolution of the alpha peak from
the background edge, varies with proton bombarding energy. herefore
foils varying in thickness from 13 to 20 layers were used in our experi-

ment (a 20 layer foil will just stop 400 kev protons). Since the range of



o)
- e

a proton is approximately the same as the range of an alpha particle of
four times the energy, the reeolution‘ of the alpha peak from the back-
ground edgs becomes poor as the elastically scattered proton energy
apéroaches 1/4 the energy of the alpha particles., For this reason we
were unable to obtain useful data for proton bombarding energies above

450 kev.

11

Because of the alpha peak from the B contaminant (alsc shown

in fig, 7), two integral discriminators were used in taking data. Refer-
ring to fig. 7, typical bias settings for these two discriminators would

be channel 25 and channel 90, with the upper discriminator biased just

23

above the Na peak and the lower discriminator biased in the valley

-
between the Naf“’3

)
Na“s peak from the background edge was not always so good as in fig. 7,

peak and the background edge. The resolution of the

and in some cases small corrections had to be made for alpha particles
lost outside the counting window. These corrections are discussed in

sections IIIC) and IV(B),

C. Electrostatic Analyzer

‘The electrostatic analyzer was of standard design and has been
described previously by W enzel(g). The calibration procedure for such
an analyzer is contained in many previous theses and will be dealt with
only briaﬂ& here. The voltage between the analyzer plates is determined
by measuring a small fraction of this voltage with a potentiometer., We
have the following relation between the potentiometer reading Vpot and
the energy E of a particle of charge Z which can be passed by the

analyzer:



G

- N
E = chpot @+ ;—-;;2—, (1)

The calibration constant C can be determined by measuring the reso-
nance energy of a known resonance. We determined C by observing

(9)

the gamma rays from the 340,52 0,3 kev resonance in the reaction
Fw(p, ny)Ow. The calibration measurements were made using thick
CaF, targeis evaporated on to tantalum backings. Frequent calibrations
were periormed during the course of the experiment.

The energy resolution of the analyzer is given approximately

by the formula:

AE

=

1

oy =N

(2)

where %j-i is the per cent ensrgy resolution, d is the width of the
slits at the top and bottom of the analyzer, and R is the radius of
curvature of the analyzer. R = 30,25 inches in the present case, 50 that
with the analyzer slits narrowed to G. 030 in. top and bottom an energy

resolution of one part in one thousand was obtainable.

. Current Integrator

The electronic current integrator measures the amount of charge
deposited on the target by charging a capacitor to a pre-set voltage.
When this voltage is reached, a relay is triggered which discharges the
capacitor and the cycle can then be repeated, The current integrator
is calibrated by measuring the amount of charge deposited per cycle,

Fig. 9 illustrates the current integrator and the calibration
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apparatus, Point g is normally connected to the target rod, For
calibration, the procedure is as follows. Point g is connected to
point d and R; adjusted until the trigger for discharging capacitor
C just fires, The corresponding voltage reading on meter M is

designated by V Then points g and d are disconnected, the

max’
capacitor C is shorted out, and the corresponding voltage reading on
meter M is designated by vmin‘ Then, with the switch S open,
point b is connected to point g, point a to point d, and the time T
required for the capacitor to charge up to its maximum value is

measured, We can now derive a relationship connecting Vm v .

x’ min
T, and QO where Qo is the charge required to charge up the capaci-
tor to the point where the trigger fires.

If V(t) is the voltage across meter M as a function of time,

and if the cathode follower arrangement is a linear amplifier we have:

v

-V
in
min Cvmax

where Q(t) is the charge on the capacitor as a function of time and
C is its capacitance. cvmx = Qo. the charge required to fire the

trigger. Q(t) satisfies the differential equation:

v v

- n 9Q(t) | Q(t) _ max  min
ERY - [Vmin+ TV o(t)] (2)

where E and R are the known voltage and resistance shown in fig. 9.
The solution of equation 2 satisfying the boundary condition Q(0) = C

is:
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Q(t) = C{‘E + vmin][ ;’-—n—.’-‘-’-‘- -E {1 - exp \- ;'@2;3)1’ (3)

min - - max

Since (T)=Q_. = CV ,» We have:

0 max
A2 T
1 {
= exp (- min ) (4)

1+ min max ‘

E P

Hence

Q v
_TQ - min . (5)

Rln (1 +_£‘E‘E.

If vmin/z << 1 we can write approximately:

(6)

o D
o
o
rod b
=y
+
:«'<
BlE.
o]
[A—

The approximate values of E and R which were. used in the
actual calibration were E = 300 volts and R = 120 megohms. It was
not necassary‘ to determine both E and R accurately, but only to
determine the ratio E/R accurately. This was done by connecting a
precision resistor R'=150% 0,1% kohme across points b and a as
shown in fig. 9 and measuring the voltage V' across this resistor with
a potentiometer, We then have E/R = V'/R', The estimated uncer-
tainty for the value of E/R thus obtained is 2%, V_. was 20 volts
50 me/E = 1/15 and equation 6 could be used. An estimated uncer-

tainty of =2% was assigned to the value of the calibration constant Qo.

and this comesg entirely from the uncertainty in E/R, since T can be
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measured very accurately and the uncertainty in vmin/ZE has a
negligible effect on Qge Witha 1pf capacitor for C, we obtained

Qq = 95, 2 1 coulombs /integrator.

Z. Procedure for Taking Data

In the proton energy range 100 to 450 kev, four resonances were
observed at proton energies of 286, 338, 374, and 445 kev., The region
of each resonance was studied with a CaClZ target to make sure none
of the resonances was due to chlorine, Excitation functions were taken
at each of these resonances and angular distributions were taken at the
first three. At the 450 kev resbnanca. the resolution of the alpha peak
from the elastically ascattered protons was poor even for the optimum
foil thickness, and the kinematic shift of the alpha peak with observation
angle introduced large uncertainties in an angular distribution measure-
ment, Therefore, no useful angular distribution data could be obtained
at this resonance. »

The four resonances studied were all narrow (< § kev) and well
isolated so targets could be used which were thick compared to the width
of a resonance but were thin enough to give only small contributione
from lower resonances, The first etep in taking data was to set the
biases of the two discriminators (section B) with the aid of a spectrum
such as fig, 7. This spectrum was always taken at the 286 or 338 kev
resonances since the yield from these resonances was greater by a factor
of ten than the yield from the other two. The difference in the counts
recorded by the upper and lower discriminators, when corrected for

counts from the Bn contaminant, gave the number of counts due to



«13-

alpha particles from the NaZ3 reaction. Excitation functions were

taken by varying the incident proton energy in steps small compared
with the width of a resonance, The off-resonance regions were care-
fully studied to obtain limits on yields from unobaserved resonances and
on the non-resonant cross section. The results of the excitation function
measurements are discussed in section IIl

Angular distributions were taken by holding the proton energy
constant and rotating the alpha counter about the target rod axis, The
maximum angular range was from 60 degrees to 150 degrees, The
target surface was always positioned so that the normal to the surface
bisected the angle between the proton beam and the alpha particle
direction (see fig, 2). The 90 degree position of the alpha counter wae
determined by making measurements on both sides of the proton beam
at the 338 kev resonance which has a large cosza anisotropy. DBecause
of the proximity of the counter and target, an uncertainty of *4 degrces
was assigned to this determination. The results of the angular distri-

bution measurements are discussed in section IV,



«jd -
Il. EZXCITATION FUNCTIONS

A, Introduction

The experimental data from an excitation function measurement
are o set of numbers giving alpha particle counts per incident proton as
a function of proton bombarding energy, all other experimental param-
eters remaining constant, We want to obtain from the data the yields,
widthe, and resonance energies of observed resonances and upper limits
on yields from possible unobserved resonances, e also waat to obtain
an upper limit for the non-resonant cross section, by which we meaan
that part of the cross section not due to the observed resonances.

We have outlined our experimental procedure in section I1E,
Let us call the upper and lower ﬁisériminator blases \«"U and VL. For
a proton energy 5, we designate the number of counts recorded above
V., by NL(E) and the number of counts recorded above VU by NU(E).

L

VU' and VL are chosen on the bagis of 2 spectrum such as fig, 7 so

?
that NU(EZ) contains no counts due to the alphas from the Na"‘3 re-
action and the main contribution to the difference N(E) = NL(E) - NU(E)—

2
comes from the Na 3 reaction,

B, Correction for Counts Due to Bn Contaminant

The first step in analyzing the data was to subtract from N(E)

i1

the number of counts NBQE) due to the B~ contaminant (section IIA).

Fig. 6 shows the energy spectrum of the alpha particles from the
Bn(p. a)Beat(Za) reaction measuréd by Beclkman, Huus, and Zupam::ic:g;‘op
at an angle of 97 degrees and a proton energy of 700 kev. A later

measurement by Dearnaley g_gg._!_.m) at an angle of 90 degrees and
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a proton energy of 530 kev is also shown and is almost identical.
Dearnaley et al. report that the shape of the spectrum does not change
appreciably as the proton bombarding energy is varied from 250 to 1400
kev. We assume that the shape in the energy range we are considering
(100 to 450 kev) is that given in fig, 6.
The upper and lower discriminator biases, VU and VL' define
Ey L of the region of fig. 6_which can contribute

to N(E). This region, for a typical case, is indicated in the figure.

the boundaries E and &

If A is the area of this region and AU is the area of the region above

Sy

NU(E} contains only counts from the BH reaction, since no other

% ., the ratic A/AU. is equal to the ratio NB(E}/NU(E). (We assume

alpha groups with energies greater than EU were observed.) The
above procadure determines NB(E) and subtracting this from N(I)
leaves NNa(E). the counts due to the 1*3323(1:. c,)Ne‘wr reaction,

The gquantity NB(E}) remained almost constant over the rergion of
a resonance since the resonances were narrow, Xor this reason, pos-
sible errors in its determination have been neglected in the treatment
of the resonances. Since it accounted for a large percentage of the off-
rosonance counting rates, its evaluation was important in establishing

an upper limit for the non-resonant cross section,

C. xtraction of Yields, Widths, and Resonance Energies
I the numbers NNa( ) had é constant non-zero valus Nconst
at energies below a resonance, this was subtracted to obtain the contri-

bution of the resonance alone., For a particular regsonance R let us call
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the set of numbers thus obtained NR(E}. NR(E) = NNa(E) - N Let

const®
NR(co) and N{oo) be the values of NR(E‘) and N(E) above the reso-
nance, If necessary, the numbers NR(E) were multiplied by a factor
C to correct for counts lost below the lower bias setting due to incom-
plete resolution of the NaB alpha peak. The slight energy dependence
of C was neglected, since the resonances were narrow,.

In the extraction of the resonance parameters, the cross section
in the region of a resonance wag agsumed to be given by the Breit-
Wigner single level formaula in the form ﬁf equation 2 appendix I. Since

the exact treatment of the different resonances varied, we will consider

each resonance separately.
286 kev Resonance

The excitation function at 90 degrees for this resonance is shown
‘in fig, 10, The target thickness is greater than 35 kev. The points repre-
sent the nﬁmbers NE{(E)' and error bars indicate sfatiatical uncertaintiecs
only. | NB(E} was less than 17 of N(co), Nconst wag negligible, and C
wase unity. The solid curve is a least squares fit following the procedure
outlined in appendix I. Values obtained for the yield per steradian per
proton at 90 degrees Y(90), the width I', and the resonance energy Egq
are listed in table 1.

It was alsoc possible to measure the yield from this resonance
with a pure sodium target. Since there are no lower energy resonances,
an infinitely thick target could be used, and to measure the yield it was

necessary to determine accurately only two points on the excitation
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function, one above and one below the resonance energy. Therefore t;ixé
two difficulties discussed in section 1I.A did not interfere seriously with
the yield measurement. The ratio of the yields from a sodium chloride
target and a pure sodium target should be equal to eNa/(eNa+ ECI). Using
values for €Na and €y obtained in‘appendix II, the experimentally
determined ratic agreed with €, /le, * €q,) to within 5%. This agree-
ment ie considered satisfactory since an uncertainty of 210% was allowed
in the determination of €Na and €. in appendix II, The yield measure-
ment with the pure sodium target thus served as alcheck_ on our method

for obtaining the values of €Na and €y
338 kev Resonance

Fig. 11 shows the excitation function at 90 degrees for the 338 kev
resonance., The target thickness, determined from the distance between
the half-maximum points on an e::ciiation function taken at the 286 kev
recsonance, is 35 kev for 320 kev protons. Corrections for NB(E) and
N onst amounted respectively to 3% and 9% of N{w} and the factor C
was unity. The solid curve in fig. 11 is a least squares fit following the

procedure of appendix 1. Values of Y(%0), I' and Eg are listed in

table 10
374 kev Resonance

The 374 kev resonant;:e has been previously observed in the re-
action Naz’z'(p. y)Mga‘g‘ 12) but not in the Na23(p. cx)NezO reaction due

to its low yield. Fig. 12 shows the excitation function at 90 degrees
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for this resonance. Corrections for NE(E) and N amounted re-

const
spectively to 50% and 5% of N(oo), and the factor C was unity. The
target thickness in fig, 12 is 10 kev for 350 kev protons, as determined
from aﬁ excitation function taken at the 338 kev resonance.

Because of the low yiecld from this resonance, the experimental
points in fig. 12 are sparse and the statisticel uncertainties are large.
It is also not immediately evident that we are justified in treating fig. 12
as a thick target excitation function., We the refore use a different pro-
cedure from that outlined in appendix I to obtain the parameters of this
resonance.

To get the values of Ep and I', we assume the cross section is
proportional to [ (T - ER}2+ I‘z/él] '1. ¥We know the target thickness is
10 kev, and using this fact we can calculate the theoretical shape of the
excitation function for any values of LfE:R and I. The calculated curves
for several different values of En and I' are shown in figs. 12 and 13,
The curves have all been normalized to the same height, and are sym-
metrical since we have neglected the straggling of protons in the target
and possible non-uniformities in target thickness. These effects will tend
to broaden the trailing edge of the experimental excitation function, as can
be seen from fig. 4, so the experimental points at 386 and 394 kev are
expected to lie somewhat above the theoretical curves in figs, 12 and 13,

In fig. 12, has been chosen to give the best visual {it to the

Zr
experimental points for a particular value of I, In fig. 13 I' has been
chosen to give the best visual fit to the experimental points for a particu-

lar value of ER. On the basis of these figures, we take I' < 5 kev,



-19-

Eg = 374 £ 1 kev. We would like to treat fig. 12 as a thick target excita-

&

tion function to obtain Y(90), in which case ¥Y(90) would be given by the
point at 378 kev. To justify this procedure, we make use of the width

measurements of previous investigators. The value 374 %1 kev for EL‘R

establishes this resonance as identical to the resonance reported in

Naaa(P, V)Mg24 reaction by Hancock and Ve rdaguer(lz)

a3

and by Wagner

and Heitzman Hancock and Verdaguer report ER = 373,52 0,4 kev,

I'=2%1kev; Wagner and Heitzman report “:'R = 373.7 % 0.4 kev,

IT"= 60 %= 20 ev. We therefore assume that the true value of I' is much

L]

less than the 5 kev limit which we have established on the basis of our
data, and treat fig, 12 as 2 thick target excitation function. The value

of Y{90) obtained from the point at 378 kev is listed in table 1.
445 kev Resonance

This resonance has not been observed previously in the reaction

G. but has been reported in the reaction Nam(p, wMgZé (12)‘

(13)

NazB(p. r.\,)Nez

However, Wagner and Heitzman in the most recent study of this re-

action have ascribed the resonance to chlorine rather than Nazs- Wheth-
er or not there is a resonance at this energy in the Na23(p. y)MgZ4 re-
action, our data leave no doubt that a resonance does exist at this energy
in the NazS(p. Q)Ne;m reaction. |

Because of the incomplete resolution of the alpha peak, 400 chan-

nel analyzer spectra were taken at each proton energy. This enabled us

to make certain that elastically scattered protons were not contributing



-2 -

counts to N{£). Three such spectra are shown in fig. 14. In the spec-

T

tzum at © = 446 kev, the position of the alpha peak corresponds to the

calculated position of alpha particles from Na.z3

, which would have an
enargy of 2. 22 Mev. Alpha particles from (3137, which would have an
energy of 3.0 Mev, would appear in channel 70; alpha particles from
Cls 5. which would have an energy of 1. 95 Mev, would fall in channel 15
and be obscured by the background of elastically scattered protons.
(We remind the reader that the alpha particles pass through a foil, and
the energies of alpha particles from 0135. NaZ3, and 0137 after passing
through this foil are reduced to 350, 670, and 1800 kev. )

The excitation function at 140 degrees is shown in fig, 15.
(Flacing the counter at 140 degrees rather than 90 degrees gave better
resolution of the alpha peak.] The target thickneaé. ag determined
from an excitation function at the 338 kev resonance, is 15 kev for 355

kev protons, NB(E) and N amounted to 25% and 20% of N{wo).

const
The lower discriminator bias VL wase set at channel 25 in fig, 14, and
the correction factor C was determined by assuming that the shape of
the alpha peak was symmetrical about its maximum, C was equal to
1.35, and an uncertainty of = 15% was allowed.

In fig. 15, the target thickness is clearly much greater than the
width of the resonance, 80 we treat this as a thick target excitation
function. The excitation function rises from zero at 444 kev to almost
its maximum value at 446 kev., We therefore take EZR as 445 = 1 kev,

and place an upper limit of 2 kev on the width I' We determine Y(140),

the yield per steradian per proton at 140 degrees, from the two points
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at 448 and 453 kev, and this quantity is listed in table 1.

D, Discussion of Errors
We summarize the sources of error considered in the determina-
tion of the resonance paramesters as follows:
1) Determination of yields.
a) Statistical uncertainty.
b} Solid angle determination.
c¢) Current integrator calibration,
d) Uncertainty in correction factor C.
e) Error introduced by treating finite target as infinite.

2) Determination of widths.

a) Statistical uncertainty.
b} Finite electrostatic analyzer resolution.

3} Determination of resonance snergies.
a) Statistical uncertainty.
b} Electrostatic analyzer calibration.
c) Contaminant buildup on target surface.
The magnitudes of the above sources of uncertainty are shown in table 1
for each resonance. 1fe), 2{(b}, and 3{c) are negligible in all cases.
The other uncertainties are all independent, 80 we can combine them
by taking the square root of the sum of their squares to obtain the total
uncertainty in a particular case, and this has been done in table 1.
E; Upper Limits on Non-Resonant Cross Section and Yields From Other
Resonances '
In the off-resonance regions, the numbers NNa(E) {counter angle
90 degrees) were reduced to the differential cross section at 90 degrees,
(do(BE)/dSB)goc . Cross sections, solid angles, and angles appearing in

the following discussion refer to the lab system. We have the relation:
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(‘\
o = 1 do(E'))N -
(&-13 = ..,J n } F‘ m \——aﬁ-—- ’;gsod ’ (1)

where 5?“1 is the solid angle of the counter, n is the number of incident
protons, and AE is the target thickness, The determination of the
stopping cross section ¢ is discussed in appendix II. To use eguation 1,

we make the approximation that the integrand is a linear function of the

energy:

do(E - "ZE
Nm? (E) = & qie(“___r?( )

The quantity (dq(“)) - contains the contribution of the non-
doyr(E) ) :
resonant cross sectmn \""‘"‘*‘T"‘"" ; plus small contributions from
V4 £ U

the observed resonances. The contribution of a resonance is assumed

to be given by:

do_(2) e(E,) 4 T (E) i
R 1 _ i R .
{ dsé ’ Q}QO_ Y(ija) o - rz .E! ‘“‘Egb (3)
L (E-EP)@FT (SRS

i. e by the Breit-f;“a”igner single-level formula in the form of equation 2
appendix I, The ehergy dependence of the proton width Fp is included
since we are interssted in values of E for which FP(E)/PP(ER) can
differ considerably from unity. At the low energies we are considering,
(E}/T (ER) = exp {-Zﬁwn(E) + Em(ER)} where 71 is the coulomb factor |
for the proton, n": zlzaeg/hv. We can calculate the resonance contri-

butions using the values for ¥(90), I, and ER obtained in section C
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() 5 n—_ o do,, (B
and thus obtain (%} o @\%ﬁ} 'y \ ;{u \‘ o° The
9G i 90 "g i 7 90
experimental values of \.W / are plotted in fig, 16, Error

bars represent statistical errors,
The non-regonant cross section is assurr-ed to be isotropic so
that o (E) = 4«(*————-?;;-_-— : . For application to the calculation of
NR dbd jqeo
reaction rates, it is convenient to express the non-resonant cross

section in terms of the center of mass energy and the cross

5
“CM

section factor S which is almost energy independent:

T eXp {(~2mn). (4)
CM

nrFom! =

The #olid curve in fig, 16 corresponds to the value 100 Mev barns for
S, and we take this as an upper limit for S on the basis of our data.

The upper limit placed on yields from possible resonances other
than those observed in thg energy region 100 to 450 kev is listed in table 1.
To arrive at this limit, it was assumed that any such resonance would be
much narrower than the thickness of the targets used. There are three
known states in Mgz4 lying in the energy range covered from which no
alpha yield was detected. Two have been observed as resonances at 251

24 (12)

and 308 kev in the reaction N323(p.y)Mg The third has been

found in the reaction Neag {a, m)NeBG (14)

and requires protons of about
180 kev energy for its formation, The failure to observe any alpha yield
from the 251 and 308 kev resonances can be explained if these states have

the wrong spin and parity to decay into two spin zero particles. The

alpha scattering resonance, however, would be expected to appear also
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in the Naas(p; a)Ner reaction.

Fig. 17 shows an excitation function covering the region from 120
to 220 kev. The target is 40 kev thick for 325 kev protons. There is
some evidence for a resonance at 170 kev, but we make no definite claim
on the basis of fig., 17 due to the large statistical uncertainties and the
long (as much as 1 hour per point) periods of bombardment which were
required to obtain the points. If a resonance does exist in the region
around 170 kev, the alpha yield per steradian per incident proton at 90°,

Y(90), is less than 3 x 104,
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Resonance FParameters for Resonances in the Na“™(p, a)lNe

i B

Table 1

20

Reaction (See Section II1 I for Identification of Sources of Zrror]

Resonance Parameter Sources of Experimental
Experimental Error Value
¥(90) Wa) 1.5%; 1b} 5% (1,70 & 0.1) x10™12
el 2%
286 kev I 2{a) 20% 1. 75 % 0.35 kev
Epn 3{a} 0.04% 285.9 % 0, 5 kev
3{b} 0.15%
Y(90) ia) 3%; Mb) 5% (.77 % 0,1) x 1672
e} 2%
338 kevw r 2(a) 257% 0.7 % 0, 2 kev
Ep 3{a) ©.04% 338.6 & 0.6 kev
3(b) 6.15%
¥{90) a} 15%; b} 5% (1.3 20,2 x10°13
e} 2%
374 kev Iy < 5 kev
E*.‘.R 3a) =1 kev © 374 & 1 kev
v(140) - i(a) 10%; b} 5% (2.2 = 0,45) x 10713
He) 2%; 1{d) 15%
445 kev r < 2 kev
EE 3{a} £ 1 kev - 445 % 1 kev
Unobserved ‘ .14
Resonances Y{90} <3x10

120 - 450 kev
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IV, ANGULAR DISTRIBUTIONS

£, Theory
The generai theory of angular correlations and distributions has

been worked out by Blatt and Biedenharnus).

We are interested here

in the special case where a nuclear reaction, Na.zg(p. a)Nezo, proceeds
through a single compound nucleus level having definite spin and parity
J¥. A previous application of the theory to the Naz3(p. u)NeZO reaction
(4)

has been made by Stelson’™’, and we have repeated the calculations in-
dependently to check his results. We believe there are a few errors in
the figures he has published, but moasat of our calculations are in agrze-
ment with his and the differences occur in terms which prove to be un-
irﬁportant in the analysis of our experimental results.

The differential reaction cross section in the center of mass

system can be written in the form

5 By
o (5} L gg" PL(CDE 8) (1)
L

Here ¢(Z) is 2 function of incident proton energy which need not be
written explicitly., PL(cos 8) is the Legendre polynomial of order L.
The coefficients E'L; are given, in general, by a summation over all
possible values of incident channel spin & and exit channel spin &',
but since we have s8'= 0 we can write them as a sum over s alone:

B =

L

B, (&) : ()

o ]

23

Since the spin of Na is 3/2, the possible values of s are 1 and 2.
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BL(s) is given by

B, (e} = (-)"f(m..az,(JJJJ.c)I_.)E"n

|3t+s|  |Jts]
b Z(.36.3,8,L)g . g, cos [ &, = £, ] (3)
172 sfl sﬁz % EZ

“

P ,.
11=T3-s| £2=TJ-—5 |
which is the simplified form which equation 5, 9 of Blatt and Biedenharn
takes when s' = 0. The function {(E) is not written explicitly since it
will cancel in the ratio BL/BG' The Z's are well-known quantities

which have been extensively tabulated*®

. The guantities 8y 2TE defined
by 84° :i:(I"‘e‘ﬂ)l/zz whers Tsﬂ is the partial width for the formation of
the state J" by protons with channel spin s and orbital angular momen-
tum £. K“u is the width for the decay of the state J7 into Nea{}é* a.

The &1 's are defined by:

(£ + i:-'i}!l- Gy(ikR} - iF (KR} ] -

exp (2i€,) = —
£ -in? G, (KR) + iF (kR)

where k is the wave number for the proten, R is the interaction radius,
and F, and G, are the regular and irregular coulomb wave functions.
13 iz the coulomb factor for the proton, n = zlzzez/‘hv. If sz > Ff.
which is true for the encrgies we will be considering, the térm in brackets
in equation 4 can be replaced by 1.

The 7's wvanish unléess certain selection rules are satisfied, and
this greatly simplifies the evaluation of expression 3. The selection

rules are L =23, L = £+ £, and 4+ 2,+ L even. Because the



compound state has a definite parity w, we must have (—)!zl = (A--)l!2 = w

which implies £l+ £, must be even, The preceding remarks show that

S

B, is non-vanishing only if L is even and less than 2J.

Eguation 4 which defines «if is an unwieldy expression to handle,
but we can derive from it a simple expression for the guantity gﬁ +2° t';i

which is all we will need:

Gpapm b= ten Py teanT ey (3)

j:s

Using equations 3 and 5 we are now in a position to calcx\xlate theoretical
values of BL /}3{3 for any value of J. By comparing these vs\'ith the ex-
perimental values measured at a partiéular iesonance. we hope to learn
the spin of the comﬁound Evig‘?'ﬁ state involved., The parity will be given
by == (-)J since the emit cixannel spin &' is zero,

| Table 2 gives calculated expressions for the angular distribution
coefficients BL/BO for values of J¥=07,17,2%,3",4" and 5°. The
sxpressions invelve ratios of the .g's, su;:h as gu/gn. which are left

in as parameters since it is not possible to calculate them. The quantity

cos (£

g +2" {5,1’) is not evaluated explicitly in these expressions since it is

a function of proton energy. For any desired energy, it cén be evaluate_d
from equation 5. In table 2, as is indicated, we have neglected some
terms in the calculated angular distribution coefficients for 3= 2% ana 57,
This omission will be justified when we apply the formulas to a particular
case. |

In using table 2 to obtain a spin é.nd ;Sarity asgignment from an

experimental angular distribution measurement, we will follow a pro-
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Table Z

b
Angular Distribution Coefficients for Na“f3(p, «:L)Ne:‘m Reaction

3" B,/By
oF 0
2 2
1 ~(8))/25))"+ 0. 2 + 0. 8(g,3/55)) "+ 2. 94(5,53/8 )08 (£5-E))
2 2
1+ (gn/gm) "'(823/@31)
_ 2 2
' z 2
1+ (gzz/gzg) L (312/320}
2 2
- .8 +0.42(g,3/85)) " * (8)3/85) - 1. 34(g,4 /8, )cos (65-5y)
P 3
1+ (g?j/ggl) + (813/821)
. 2 2 £
o+ 1.02 + 0. 74(g,, /8,50 "+ 1 Mgy 4 /85,) "+ 0. 8lg, 4 /8500 c08 (€ ,-E,)
2 :
- 1+(g,4/852)°* (814/8;55)°
5" 1.11 '
w
3 By/By
ot e
17 o
y 2 ' 2
doe 2 2’
1+ (glzfgz{,)b"" (822/32(3)
2 2 ]
3" ~0.82(8;3/85;) "+ 0. 27183 /85)) "+ 3. 4(g;3 /g5 )e08 (£5-E,)
b ]
1+ 4333/g21)2+ (g3/82)"
3 )
L+ 0:55 - 0.22gp,/8),)" ¢ 0.73(g,/8,5,) %+ 1. (e /8,5 cos {£,-€ )
4 : b z
1+ {854/8,2) + (814/855)
e

w

0. 31
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Table 2 (Continued)

. ,
J Bé/BO
0" 0
17 0
2T 0
. L 26{g,5 /)"~ 2. 27(g)5/B5)
2z 3
1+ (333/8521) + (813/?521)
2 2 .
4+ -G, 93(824/822) - 0, 09(314/&332; + 3 9(824/g22)C08 (;;4"&2}
, 2. z
1+ (854782507 (8)4/852)
e

5" 0,40
il Ba/B,
o 0
1 0
¥ - 0
3" 0

.73 2. 2.7 )2
4+ . (g24/gzz’ - b 4(314/822)

z pJ
i+ (524/822) + (814/322)
L

5" 0

* Terms involving g,y neglected.

I'“"’l‘f:u'ms; involving Sa50 Bops and & neglected.
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cedure of systematic elimination; we hope to be able to eliminate all but
one possibility and obtain a unique assignment. We will rely on some
arguments based on the theory of reduced widths, which will now be
briefly described.

In the formalism of Wigner, the partial width I“d foi' protons

with channel spin s and orbital angular momentum { is written as:

2
3. h 2
r. = ZkRT, 6 (6}
Y ¢ 2 ““"ZMR st
R is the channel radius, M is the reduced mass, and the pehetrétiorx

factor T, is defined by T, = [Fj(kR)+ G2(kR)] "L, 0%, is called the

e

reduced width and obeys the condition / E‘v‘ie = 1, which has been well
o

8,4
2
verified experimentally. The value of reﬁ obtained by setting @; , =1
in equation 6 is called the Wigner limit for Fsﬁ which we will designate
by i"“ (Wigner), The total proton width I"p is equal to the sum of all

» i. h b - *}:’.. =
the partial widths ﬁ,p /) I
8,1

Ve ha "
g2+ We have Pp > FPI"Q/I", and experi

mental values of wi“pf‘a/l‘ are tabulated in table 3, The I‘ﬂJz 's must

then satisfy the set of equations:

fi../ T, = E‘p(exp) > I’pf‘a/l‘
g, 2
(7}
R 3 #?
i{ E‘M/Ti = 2kR N-TTR-'
8, £

Asg an illustration of how we will use equations 7 in determining
2 unique spin and parity assignment, suppose we are considering the

w
assignment J7 = J°° and Eo is the minimum value of { by which the
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WO " "
state Jo can be made. If Fp(exp) > Fsgo(?ﬁrigner} aguations 7 cannot
be satisfied and we can rule out J’oo as a possible assignment. This
type of argument will enable us to rule out values of J greater than
a certain value. It may occur that f’?(axp); < ."f’sﬁ {Wigner) but
E"p(exp} I Tgﬁom(% igner) in which case equa,tionao7 impose a restriction
on the magnitude of iﬁsio;é‘z/xas,@o and hence on gs£o+2/gs£ o. with
the aid of this restriction, we may be able to use the expressions in
table 2 to eliminate J:O ag a possible assignment when we could not
have done so otherwise.

We can place a more drastic restriction on the parameters
8,4 +2/gs£ by assuming that 65)2 does not depend on s and £, This
will be the case if the incident proton shares its excitation energy with
many other nucleons in reaching the final compound nucleus configura-
tion. On the other hand, if the incident proton retains all the energy of
excitation and goes into a well-defined single-particle orbit, all the
@sf 's except one will be zero. At the high excitation energies (17 Mev)
which we will be considering, however, we may expect the first picture

to be more nearly correct.

. . 2 . .
The agsumption that @s p 1o independent of 8 and { implies that

¢ Tﬂ +2 \;,1/2};

Sgt +2 .
= i which is gsmall (0,08 for £ =0, 0.03 for ¢ =1).
\"T," ) 18 e

oy
Cgd
Y7 ith this asgumption, then, the main contribution to the coefficients

B, /Eg will come from the lowest ! value by which the state J° can
be made, We will be glad if we can find an assignment for J* which
does not violate the above assumption since it is a reasonable one, but

will try to avoid using it to eliminate other possible assignments.
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B, Experimental Determination of Angular Distribution Coefficients
Angular distributions were taken at the 286, 338, and 374 kev
resonanées. In each case, the angular distribution was measured at two
energies, one above and one below the resonance energy. DBy subtraction,
the angular distribution of alpha particles from the particular resonance
in question was obtained, We call this set of numbers NR(GL). where
9y refers to the angle of the counter in the lab system. The numbers |
NR(BL) must be corrected for the loss of counts below the lower bias
setting, and transformed to the center of mass system before further

analysis. We write the corrected values in the center of mass system

as 'NR(G), where:

The correction factor C(@L) has the same significance as the
factor C defined in section IIIC, but must be written here as a function
of GL since the alpha peak is shifted considerably as the counter angle
is varied. It wae always unity for 9L< 135° and was never greater than
1.15. The factor G(E, QL) appears in equation 1 because the solid angle
subéanded by the counter varies with angle in the center of mass system.
Formulas for calculating G(E, BL) have been worked out by many authors,

We give here the expression of Richards:uﬂ

ZsinaeL] 1/'?"[xc::c:’s 3L+(l-xzain26L)1/2] &

o @

G(x,GL) = [1-x

x2() =

m, 1, +Im, . 7
1'2[1+_3__9%J
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The subscripts 1 and £ refer to the incident and emitted particle;
the subscripts 0 and 3 refer to target and residual nuclei. E is the
kinetic energy of the incident particle in the lab system. ‘fhe guantity
(=, GL) was always close to unity in our case. For E = 374 kev
G(£,0;) ranged from 0.97 at 60° to 1.06 at 150°,

The number's -ﬁﬁf'j were fitt:c'i by least squares to an expres-
sion of the form A, (1 + xg- cos’ + Z-g cos48§. B'Z/BE; and B;/'B{'J
were calculated from Aé/Aé and AL/Aé; th:is procedure p'rove& to be
simpler than {fitting the expression B('}(l +c§£?2(cos e) +§-§P4(cos a) ),
originally. We have marked the above guantities with primes to indicate
that they are not the true angular distribution coefficients since they
are not corrected for the smearing out of the angular distribution dus
to the finite‘ size of the counter and target spot. We shall refer to this

correction as the finite geometry correction, and now proceed to desribe

two procedures which we used to estimate it.

B,
I the true angular distribution is of the form 1+ ﬁf’-' P,(cos a) +

E ¥
'ﬁ' 4(coa @) the angular dwtrzbution which will bs observed with finite

B B
experimental geometry is 1 + Q,(0) F P,(cos 8) + (.54(9) -B— P,(cos G).

For the special case of a circular counter and a point targat spot, the
8
{.'s are constants and an exact expression for them is given by Rose:u“’)
o = HL_I(cos y) - cos vy PL(cos v)

L (T = o5 ) (3)

where y is the half-angle subtended by the counter. Our actual geom-
etry is shown in fig, 2. If we neglect the finite size of the target spot

and approximate the counter shape by a circle 1/4 in. in diameter,
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equation 3 gives L, =0.98 and Q, = 0,90, These values are close to
unity, which is another way of saying that the finite geometry correction
is small for this simplified picture of our actual geometry. For this
reason, we may expect the correction to be amall in the actual case, and

should not mtrcduc much error by using the simplified picture. We

B' B'
4 1 4

then obtain and = a8 the corrected values
E % 7.98 'E" E 0. 90 EU'.

for the angular distribution coafﬁments.

We have also worked out the finite geometry correction for the
actual geometry of fig. 2, with the exception that the counter shape was .
approximated by a rectangle of dimensions 1/4 x 3/16 in. In this case,
we cannot take advantage of thé orthogonality properties of the Legendre
polynomials, and it is simpler to work out the correction to A! /A'
and A /A’ We write the true angular distribution in the form
1+ o= cosza + Xf cos0, and the angulax distribution which will bo ob-
served with finite geometry is 1 +1,(8) ij cos?e +1,(0) KE cos?e. The
guantities fz(G) and £4(9} are not constants and no simple exact expres-

sion for them can be given, but we have evaluated the appropriate inte-

grals a,pproximatc.ly. We obtain the result fz(e) cos 9 & 0,97 cos’ C and

4 4 Ay 1 A
4(‘5‘) cos®0 = 0,95 cos™® for 60°= 0 =150° so T CTYT Ky and
,4 L A 9

= T KT The two procedures described for making the finite
gmometry corrections gave results which differed by less than 2% for
the final values of BL‘/B@' and in practice it was unimportaht which ;ﬁro—
cedure was adopted. .

The experimental angular distributions are shown in figs. 13 to

20, The points represent the numbers NR(Q) and error bars represent
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statistical errors, Two angular distributions were taken for the 374 kev
resonance because of the large statistical errors in the points, but only
one is shown., The uncertainties quoted in the values of BB/BO and
B4/BD include statistical uncertainties and the uncertainty of 24° in

the determination of the 90 degree position of the counter,

C. Gpin and Parity Assignments
We will organize this section by listing, under each resonance,
the assignments eliminated on the basis of the theoretical arguments of

section A together with the reason for their elimination.
286 kev Resonance

The experimentally measured values of the angular distribution

coefficients are BZ/BO = 0,09 = 0,06 and 54/33@ = 0.

Reason Eliminated

J'K
ot This assignment gives BZ/B() = 0, Also I‘p(exp) >
sy {(w igner)._
37 This assignment gives BZ/B()> 0.4 for any choice
of the parameters g,,/g, and ng/gZI (see table 2).
4+ Equations 7, section A restrict the parameters

gad’i/gz_2 and gH‘/g32 to absolute values less than
0. 01, The theoretical prediction for the angular dis-
tribution coefficients is then Bz/BG =1,02 and
54/}3@ = 0,55 (see table 2).

J=5 For J =35, E‘p(exp) > 1"‘820(%’igner) where £, is
the minimum value of orbital angular momentum by

which J can be formed.
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#e are left with the possibilities J" =1" and J" =27, A 1° assign-

10 0., The assump-

ment gives B,Z/BG = 0,09 and B4/i‘3@ =0 if 85

2

tion 921 = Bfl discussed in section A would eliminate a 1~ assignment,

but we cannot expect this assumption to hold rigorously and a difference

>
[

of a factor of 10 in 8, end 8121 is not impossible. A 2t assignment

2 2 2 2
20= %8, 20 = 92

. + s - ; ;
Our preference is for the 2 assignment, buta 1 assignment is also

gives B,/B, = 0,09 and _54/50; 0 if © and ©

possible on the basis of our data.
338 kev Resonance

The experimentally measured values of the angular distribution

coefficients are E:,/Ba = 0,84 +0.08 and B,/B, = 0.

Reason Dliminated

g

ot This assignment gives .'132/8.{3 = 0,

17 With the restriction imposed on the parameters
323/g21 and g13/gz_1 by equations 7 section A,
-this assignment gives - 1= BZ/Boﬁ 0. 4.

2+ Using equations 7 section A, we can show that at
least one of the guantities Eogr 8pp» and gl'z. must
be greater than g,, bya factor of 100 so our omis-
sion of terms involving 834 Iin the expressions given
in table 2 is justified, We have B,/By< 0.7 for
any choice of gzz/g_;‘,‘O and 212/%.0'

4+ We can use eguations 7 section A to restrict the

parameters g,,/g,, and g14/g23 to absclute values
less than 0,03, We then have BZ/BO = 1,02 and
B,/B, = 0. 55,



=& TFo =5, T(lexp)>»T1T .
J=58 For J . ,Lp(.w {sio

The only possibility left is J© = 3"

(Wignexj.

2 2 2 ;
. K 6[:31 = 323 = @13, this
assignment gives B,/B, =0.8l, B,/B; = - 0.02 in good agreement
with the experimental values. The 3~ assignment for this resonance
is unique and does not depend on the assumption of the equality of the

b J

reduced widths, @;3' for its uniqueness.
374 kev Resonance

For two indepéndent angular distributions taken at this resonance,
we obtain two sets of values for the angular distribution coefficients:
1»32/130 = 0,70 = 0.18, 54/30 = 0,36 = 0.17 (not shown), and BZ/B{) =
1. 09 = 0, 22, Bé/'Bg = 0,70 = 0, 22 (fig. 20). The uncertainties quoted
are standard deviations, and the two sets of values are not in very good
agreement, It cannot be said that they are statistically inconsistent,
however, since the two values of BIZ/BO and the two values of B4/BO
do not differ by more than the sum of their standard deviations., We
therefore average the two sets of values and obtain BZ/BO = 0,90 £ 0,15

and 34/BG = 0,59 = 0,15,

Reason Eliminated

Jﬂ'

ot This a:signment gives B,/By =0, B,/B = 0.

17 This assignment gives ’134/136 = 0.

2* The closeést we can come to the experimental values
 with this assignment is B,/B = 0,55, B,/B= 0.40.

3° By a suitable choice of the parameters, the éxperi-

mental value of BZ/BO can be matched with this
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assignment but it is impossible to ovtain a value
greater than 0. 27 for B4/BO‘

5 Use of equations 7 section A, justifiss the omis-
gion of terms involving Er50 Bz7r and g5 The
theoretical angular distribution is plotted in
fig, 20, and clearly does not fit the experimental
points.

J= 6 For J=6, E‘p(exp; > I"Bio(’w*igner).

We are left with the assignment J¥ = 4+. The 4" assignment,
with 65, =65, =0°,, gives B,/B =102, B, /B, =0.85 B, /B, =0,
BB/B{} = 0, in good agreement with the experimental values.

In the preceding discussion, we have not used the assumption of
the equality of the reduced widths to obtain the 4 assignment., We
have relied, however, on the uncertainties quoted for the average ex-
perimental values of‘ BZ/B{) and B4/BU‘ in order to eliminate the
possibilities I = 3+ and J" = 37. Because of the poor agreement
between the two sets of experimental values for the angular distribution
coefficients, there is some question as to whether the uncertainties in
the average values should not be larger than the ones quoted., Lest it
appear that we have rejected the assignments J' = 2% anda 3% =3"
too hastily, we point out that if the assumption of the equality of the
reduced widths holds even approximately, we must have J = 4 in order
to get an appreciable 22‘3‘4(cos B) termn in the anguiar distribution. The
assignments J' = 2" ana J7=3" give B,/B, < 0.10 unless the re-

duced widths for different s and £ differ by more than a factor of 30,
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V., CALCULATION OF REACTION RATES

A. Determination of Resonance Strengths w""p”"&/ r

A brief derivation of the formulas needed in the calculation of
reaction rates is given in appendix III. We wish to calculate the quantity
P using equations 7, 13, and 14 of appendix III. P is called the reaction
~rate per pair of particles by Reeves and Salpeter(s). and for a specific
reaction depends only on the temperature of the stellar gas in which
the reaction takes place. For the calcuiatiou of P, we need to know
the non-resonant cross section factor S and the values of the resonance
strengths wI’pPBg’f{‘ for all resonances which can give significant contri-
butions to P. In section IIIl © we establish an upper limit of 100 hiev
barns for 3, and we now turn to the problem of obtaining the resonance
strengths.

We will coa'isi&er known regonances at 286, 338, 374, 445, 593,
797, and 815 kev. Resonences at higher energies do not give a signifi-
cant contribution to I for temperatures in the range 5 to 10 x 1@8 °x,

and we limit our calculations to this range of temperatures because this

is the range in which carbon-burning takes place (sec'section Ij.
. 286, 338, 374, and 445 kev Resonances

Here we use the data from the present experiment. The reso-

nance strengths are given by the equationa:

Y= Y(?OP%E- {1+ ‘AE cos“® + E—z 0034@3] as (1)
" Vi 0 :
wi' I©
a Ye !
—_—tl ——y | {(2)

4 2w A
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Y is the total yield from the resonance, and the method for obtaining
the stopping cross section ¢ is discussed in appendix II, For the 286,
338, and 374 kev resonances, Y(90) is listed in table 1 section Iil and
the angular distribution coefficients AQ/A{) and A /A, have been ob-
tained in section IV. Since no angular distribution was taken at the 445
kev resonance, we assume the angular digtribution is isotropic and
write Y = 4w¥Y(140) in place of equation 1 where Y{140)_ is listed in
table 1, section III. This assumption will not introducé any error into
our calculations of P, since the contribution of the 445 kev resonance
to P is negligible in any case,

The values of Y and wrprn/r are listed in table 3. The un-
certainties quoted for Y include the uncertainty in the angular distri-
bution coefficients, and the uncertainties quoted for wﬁ“pi‘a/? include

the uncertainty of % 15% in the stopping cross section €.
593 kev Resonance

We have available the data of Flack et al, m and Bauman et al. (2)
and will use both sets of data. The first problem is to determine the
angular distribption coefficients, Although no angular distribution data
are available on this resonance in the NaZB(p. a)NeZO reaction, the
angular distribution coefficients can be inferred from the alpha scattering
data of Goldberg et al. (14) and the proton scattering data of Bauman et al.

Goldberg et al. have established J' = 3 for the compound Mgz‘} state,

and Bauman et al. report that the formation of this state from Na23+ P
proceeds almost exclusively through the combination s = 2, £ = 1. Refer-

ring to table 2, we have g;3/g5 =0 and g23/821 = 0 so the angular
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Table 3
Resonance Contributions to Total Reaction Rate P

For Different Temperatures

Resonance Energy in kev Y/li}w ff{if-“i in Mev
286 0.224%0.016  (4.60£0.7) x 10°°
338 0.374 = 0.027 (8.40 + 1,3) x 10°°
374 0.021 = 0. 005 (4.9 21.3) x 10”7
445 0.028 % 0. 006 (6.9 =1,7)x10"°
593 (4.7 20.8) x 10°°
797 (2.0 £0.5) x 1074
815 ' (6,0 *1,5) x10”°
Possible un(;ggef\;%% ?:;ifmances in region | < (6 x 10-10)
Resonance
Energy Pg
in kev
sx10° °x 6x10° °x sx10° %k 10x10° °x
286 (64210)x10°2%  (1a#2)x10°2% @0, 510722 ..
338 (B6x6)x10"%%  (9x2x107%3 (320, 5)x10"22 -
374 - . - s Sm
445 - | e i -
593 (68+12)x10°%%  (as28)x10"%%  (51:9)x10"%%  (1823)x10" !
797 220, 5)x10°%%  (320. Mx10°23 (1022. 5)x10722 (6. 521. 8)x10~2

22 <21

815 .- . (320, T)xl0~ (20, 5)x10
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Table 4

Total Reaction Rate P for Different Temperatures

5x10°°% 6x10%°k  8x108°%  10x10%%
Possible
Unobserved _24 -23
Resonances < 30 x 10 <4x10°“ - -
120-450 kev
Pr

Non-resonant <18 x107%% < 7x10"%  <«7x107%%  <3x10°%

PN R.

N L +42_ . -24 _,H2_, -23 HY 5 .=22 +5 -21

P=) Py 170 54%x 107°° 7475 % 10 707 9x 10 2673 ;%10

]
Log, P 21,77 -21.13 -20. 16 -19. 58
Log, P -21.9 -21.1 -20,1 -19.6

{Reeves and
Salpeter)
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distribution coefficienis are Bz/Bg = 0. 80, Bé/"EO =0 or }xz/Aar- 2
Ay /Ay =0,

Flack et al. report a yield measurement at 90 degrees with an
uncertainty of = 20%. Using their valus and equations 1 and 2 we obtain
wi”r)fa/i" = (4,15 = 1) x 16-5 Mev. The uncertainty guoted includes the
additional uncertainty of = 15% in our value for ¢. Bauman et al, give
a differential crn.ss section curve for the reaction Nazs(p, c&)Ne;m taken
at 157. 5 degreea. From this curve and the kﬁown form of the angﬁlar
distribution, we can determine % {(90), the diffierential cross section

at 90 degrees at the resonance energy. The appropriate equations for

determining wfpru/}? are then

ch (Y rf " AZ 2 A4 4 & .
°r T a7 (90) 3 Ll T:E:{:) cos © +I{) cos @] 452 . (3)
r r T'o
52— (4)
Iy z {
4ak

The‘ value of wi“'pI”@/I" obtained using Bauman's cross section curve is
5.2 % _10-5 Mev. Since Bauman quotes no uncertainty for his curve, we
have arbitrarily aesigned an uncertainty of 25% to give the value of
w}{"‘pi"‘u/ I" obtained fromn his data equal weight with the value alstained

from Flack's data. Averaging the two values gives (4.7 = 0.8) x16”°

Mev which is the valus we will use.
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797 and 815 kev Resonances

For these resonances, we must rely on Bauman's data alone.
From his elastic proton scattering data, Bauman obtains J¥ =17 for
the 797 kev resonance with equal participation by s =1, £ =1 and 8 = 2,
2 =1 in the formation of the compound nucleus. This implies (gnz/gal)az T,
gZB/gZI = 0 and from teble 2 the angular distribution coefficients are
B,/Bg = -0.4, Bé/BQ_ =0 or Aa/AG = -0, 5, A4/AO = 0, For the 815
kev resonance, Bauman gives 3" =2 with the compound nucleus formed
mainly by the combinadtion g8 =2, £ =0, The angular distribution at this
resonance is therzsfore isotropic.

Having determined the angular distribution coefficients for these
resonances, we can use Bauman's cross section curve and eguations 3 and

4 io obtain the resonance strengths. These are listed in table 3, and we

have again assigned an uncertainty of * 25%.

B. Uncertainty Limits for Reaction Rates

Table 3 lists the values of PR calculated from the resonance
strengths obtained in the previous section using eguation 7 of appendix IIL
The upper limit on pNR based on the upper limit of 100 Mev barns for
€ is also given in the table. Ve have obtained the valucs of the total
reaction rate P listed in table 4 by summing the contributions of all the
resonances in table 3. A non-resonant contribution is not included in the
sum, because we have not determined the actual value of the non-reso-

nant contribution but only an upper limit for its value.

The lower uncertainty, UL' quoted for P is just the square root



of the sum of the squares of the uncertainties in the values of ?E In
determining the upper uncertainty, UU’ we must allow for the possi-.
bility that P can be increased by a non-regonant contribution and by
contributions from unobserved resonances,

The magnitude of Py for a resonance occurring at some en.ergy
ER is controlled by the product (uf‘p?a/i“) exp (-ER/kT}. In table 1
of section III we have listed the experimental upper limit on Y(90} for

any unobserved regonance in the region 120 to 450 kev. From this we.

obtain (wi"‘p."i"’u/l""; < 6 x 1@‘1@ Mev, for any unobserved resonance above

120 kev, assuming the angular distribution from any such resonance to

be igotropic. Since exp (-'EIR &T) is a sharply decreasing function of
/5

ER. an unobserved resonance having wrpi‘ﬂf I" equal to the experimental
limit of 6 x 10710 Mev will have the maximum possible value of Pp if

it occurs at 120 kev., Ctherwise, the value of PR will be much less,

even though wl pﬂ“‘a/ 1" is equal to the experimental limit. Below 120 kev

we have no experimental data to establish an upper limit for wi"‘pf’u/}?,

but we can assume that (wi' I' /I <wl < %E‘ (Wigner) where
pa D sﬁo

Lys {Wigner) is the Wigner limit for protons of zero orbital angular

o

momentum. The factor 5/8 comes from the fact protons with zero orbi-
. 3 ) +

tal angular momentum must form the compound state J¥ =27 in which

case w = 5/8. At 120 kev, -g- Fs! (Wigner) = 6= 10'10 Mev, i.z. the
o

limit on "’Fprn I' imposed by the Wigner limit for I”'p is equal to the
limit imposed by our experimental sensitivity. Since ra.“; (Wigner) de-
o

pends on the proton barrier factor, it decreases sharply with decreasing

energy and for temperatures in the range we are considering the product
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I'y; (Wigner) exp (—ER/E(T) also decreases sharply with decreasing
o

energy below 120 kev, Therefore the value of ’PR for any resonance

s

occurring below 120 kev will also be much less than the value of Ps
for a resonance occurring at 120 kev and having wfpi’a/f’ = 6x10°10 Mev,
Let us assume that thers exists a resonance at 120 kev which we

13 - ;
Mev, We designate

failed to observe and which has wrpf‘ﬁ/T = 6 x 107
the value of P? for such a resonance by rR(max}. The above con-
siderations have shown that if other fesona.nces exist which we failed

to observe, PR for these resonances will be much less than ?R(mez:}.
We also assume that the non-resonant contribution hag its maximum
value PNR(rnazﬁ. éarrespondin.g to 8 = 100 Mev barns., As a reasonable
pregcription for the upper uncertainty UU in P we take Ué: Ui +
(Pﬁ(max} PNR(max) ‘52. We note that we have considered only the
possibility of an unobserved x;esonance below 4590 kev, in the preceding
discussion, but this is sufficient since the region above 450 kev has been
covered by Flack et al. and Bauman et al. with sufficient experimental

sengitivity to establish that there are no unknown resonances above 450

kev which can give a significant contribuation to P,
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VI. DI¢CKJ."»:>IQPI OF RESULTS

In this section, we give a brief discussion of the significance
of our results in the light of the lwcrk of ather investigatars. We will
discuss sections III, IV, and V, in order.

The only excitation function datea available for comparison is the

) 12
data of Flack et al. ) Cur values of {(1.70 2 2.1) % 10 o and

(1.77 = 3.1) % 10 for Y{(30) at the 286 and 338 kev resonances are
_ -12
in agreement with Flacik's values of (1.6 = 0, 3) = 10 and
=12 5 S i B 3 .
(1. 45 = 0,3) x 10 . Qur values of 258,.9 ¢ 0.8 kev and 338.6 £ 0.6

kev for the resonance energies also agree with his values of 267 = 1, 5
kev and 338 + 1.5 kev. Flack does not report widths for thess reso-
nances, and failed to observe the 374 and 445 kev resonances due to

their low yield. Our failure to observe tha 307, & kev rescnance re

(12)

2 2
ported by Hancock and Verdaguer in the Na 3(}3, yibdig 4 reaction

- -

g . o o P . w : » M
lends support to their aesignment of J = 2 for this resonance. Hancock

(13)

Heitzman

('_

and Verdagusr, Wagne

at 374 kev in the Naz {p, Y)Mg

r and » and others report a resonance

2]

!

Has O

(M

reaction, and Hancock and Verdaguer
also report a feéanance at 445 kev in this reaction although Wagner and
Heitzman do not. The fact that gamma decay can compete with alpha
decay at the 374 kev resonance is interesting, and tends to support our
assignment J" = 47 for this resomance since the alpha decay will bs in-
hibited by the fact that the alpha particles must car‘ry away 4 units of
angular momentum. The sgituation at the 445 kev resonance is aléc: intere
esting. The alpha yiecld from this resonance is about the same as the

yield from the 374 kev resonance, both being a factor of 10 smaller
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than the yields from the 286 and 338 kev resonances. We think it prob-

able that the situation at the 445 kev resonance is analogous to the situ-

: % Z
ation at the 374 kev resonance where the compound Mg 4

gtate has a
large value of J inhibiting alpha decay and permitting gamma decay
to compete. We think, thercfors, that Hancock and Verdaguer are
probably corract in reporting the 445 kev resonance in the Na?ﬁ(p. yiMg
reaction, but the question can only be settled by a more careful study
of this reaction.
: ; g ; -

The only previcous spin and parity assigniments for Mg gtatas

in the energy region we have covered come from the alpha scattering

% . + i 4
(14) Goldberg gives a 2 assignment to a Mgz“ state

data of Goldberg.
at 11, 960 Mev excitation energy. The excitation energy for the 236 kev

resonance is 11, 960 JMev, so the two states must be identical and our

By
%

assignment J' = 2 (17} is in agreement with Goldberg's. (The
parantheses indicate that the 17 assignment is not definitely eliminated
on the basis of our data, bat the Z”} assignment is the preferred one.)
Gﬂldberg fails to observe the 3*.'7’&{._;24 states corresponding to the 338,
374, and 445 kev r2sonances, probably due to the fact that these states
are too narrow to be seen with his instrumental resolution of 2 kev.

In table 4 section V our values for P are compared with those
ugsed by Reeves and Salpeter in their analysis of a carbon-burning star.
The fact that the two sets of values arée almost identical is due to our
failure to discover any new resonances which contribute significantly to
7 (the contributicons of the 374 and 445 kev resonances are negligible).

We have, however, considerably reduced the uncertainty in the values

24



B =

of P by the careful study of the energy region below 270 kev., This un-
certainty was previously as large as a factor of 20. The conclusions

20

-
of Reeves and Salpeter which depend on the Na”s(p, a)Ne reaction

rate are thus on much firmer ground than before.
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APPENDIX

Fitting of Thick Target Ixcitation Functions

In the following discussion we will deal specifically with the re-
" ap. 23 20 " "
action Na ™~ (p, a)Ne so that we can keep most of the notation used
in section Il of the thesis. The results can easily be made more
general.
The reaction yield from a thick target as a function of proton
bombarding energy is given by:
:"li‘: o s b
4 s O -
Y(I) = § (Y, ) a=! {1}

¥(Z) is the yield of alpha particles per incident proton and e(E'") is
the stopping cross section of the target (NaCl)., In a region where the

cross section (') is dominated by a single isolated resonance, o(X')

ia given by the Breit-Wigner single level formula:

ey
- L A4
(B = ™ w B2 (2)

(B'-5_)%+ r’

The quantities X, K‘F. lﬁ.@

o

and I' are themselves functions of the energy,
but we asgume that the resonance is narrow enough that these quantities,
as well a8 ¢, can be treated as constants. We have neglected the level
shift parameter in equation 2 since in the case of a narrow resonance

the inclusion of this parameter serves only to re-define the resonance

width, I, We define the total yield, ¥, from the resonance by:

Y = Y(E = oo} = 2noklw 2.s (3)



and write aguation i in the form:

o 2E - EL) g
Y(E) = % !—tanl “""“}:""B‘ +3 ] (4)

We suppose that we have