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ABSTRACT

The 2881(a,y)323 and 16O(a,y)zoNe reactions have been
investigated to provide data for the calculation of the stellar
rates of these reactions. The gamma rays were counted with a
NaI(Tl) detection system having a high detection efficiency
which is approximately independent of the gamma-ray cascade
structure of a nuclear level; the detection efficiency was
determined experimentally. The reaction 2881(a,y)328 was studied
for He' bombarding energies from 1.4 to 2.7 MeV, and in this
region, five new resonances were found, and their strengths,
(2J+1)FGFY/F, were measured. An upper limit for the cross
section has also been established for bombarding energies
below 1.7 MeV. The 16O(a,Y)ZONe reaction was investigated
in the energy region from 0.85 to 1.8 MeV; strengths for the
previously known resonances were measured, and an upper limit
for the cross section was determined for energies below 1 MeV,
Stellar interaction rates and photodisintegration rates have
been calculated from the measured resonance strengths, and semi-
empirical fits to these rates have been given to facilitate

astrophysical calculations.
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I. INTRODUCTION

A. Astrophysical Situation

The realization that nuclecar recactions must be the primary
energy sources in stars suggests that stellar processes play
a fundamental role in the creation of the chemical elements.
It is evident that a study of stellar processes will require
nuclear parameters that can be provided only by experimental
nuclear physics. The Kellogg Radiation Laboratory has for
many years directed much effort toward specific problems of interest
to the study of stellar evclution and nucleosynthesis; this in-
vestigation is another effort in this tradition.

The motivation for the present experimental study was pro-

ride

[oN

Severa" rears

v al ye
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go when Fowler and Hoyle (196L) discussed
the a- and e-processes ( Burbidge, Burbidge, Fowler, and Hoyle,
1957), for a highly evolved star with a silicon core. It is
now widely accepted that carbon and oxygen burning convert the
core primerily to 325, with traces of other elements. Furtner

32

contraction and heating thermally photodisintegrate tie 5

28.. . ; .
to “¥Si, which is the most refractory (tightl; bound) nucleus
2

. . . e s - . % 28..
in this mass region. The high Coulomb barrier Pprevents Si
from reacting with itself, so that the nexi nuclear burning
e . . . o Oy  =o.
stage, beginning at a temperavure near ;}c109 K, involves

; vt s ar o oae 284 o N s
the photcdisintegravion ol wne Si., The protons, a-particles,

P g P

and neutrons liberated in the silicon photodisintegration, quickly

- . 28... . . .
compbine with other Si nuclel to produce heavier nuclel
& 2

eventually building up to the iron group elements.



Bodansky, Clayton, and Fowler (1968) introduced the idea of
”quasi-équilibrium“, which unified the «- and e-processes into
a single process, now referred to as silicon burning. Because
the 288i photodisintegration proceeds quite slowly, relative
to the other nuclear reactions taking place, a series of reactions
invclving heavier nuclei come into equilibrium, such as

28 32

81+ a = S + ¥

325 NS 36Ar by
and so on. For reactions in equilibrium, the number densities,
Ni’ of the constituents, are related by the statistical Saha
equation (Clayton, 1968). For the reaction, 0 + 1 o2 2 + v,
this is

Moy raxn)¥? G5

= A —  exp(-YkT)
N, h G,

’\

W
~—~
ju-
-

where p is the reduced mass of 0 and 1, the Gi are the nuclear
partition functions, h is Planck's constant, and Q is the energy
release in the forward direction. Note that the relative abundances
do not depend on detailed knowledge of the reaction cross section
when the reaction is in equilibrium. Fundamental to the quasi-
equilibrium model is the fact that the photodisintegration life-
times for A > 28 nuclei are much shorter than the 2851 lifetime,
so that the number densities, Ni’ in Eg. 1 are effectively constant
for periods long compared with the lifetimes of the A > 28 nuclei.
Bodansky et al.(1968) and Truran, Cameron, and Gilbert

(1966) have calculated that, although the photodisintegration
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’

2L 2
rate of Mg, XY( hMg), is faster than XY(2BSi), the equilibrium

2 2
conzentration of hMg is much less than that of ~0Si, so
5 ,
0 (COsm(Ps1) >> n Plgdu(*hg),

and the reaction, 28Si + Y o 2h.Mg + ¢ also comes into equilibrium.
Therefore, the QhMg photodisintegration lifetime determines the

time scale for the silicon burning process., It then follows that
the only necessary nuclear parameters, for the quasi-equilibrium
approximation, are the various reaction Q values, and the
2ONe(a,y)thg cross section, which is thought to dominate the

ZhMg photodisintegration. This cross section has been studied by

Smulders (1965) for 1.2 MeV < B < 3.2 MeV, and is being invest-

He*
igated at lower energies in Xellogg Laboratory.

Bodansky et al. (19068 point out that, although the above model
successfully accounts for the abundances of many of the elements
having 28 < A < 55, the silicon burning stage may be truncated
in such a way that the final abundances could not be calculated
on the basis of quasi-equilibrium. An example would be an ex-
plosive process, in which the resulting expansion might so quickly
cool the system that the photodisintegration lifetimes would
become long compared with the time scale involved. In such a
"freeze out," knowledge of the (a,v), (p,v), and (n,y) cross
sections on each nucleus would be required to calculate the
final abundances. The ?8Si(a,y)325 reaction is of interest for

this reason. Expiosive processes have been discussed by Arnett

(1969), Truran and Arnett (1969), Traran, Cameron, and Gilbert
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(1966), Truran, Arnett, and Cameron (1967), and Wagoner (1969).
16

The reaction O(a,Y)2ONe is also of interest in silicon

burning in that the photodisintegration of 2ONe is one link in
L

the reaction chain 2881-—' 7 "He, which supplies the a particles
necessary for element synthesis in silicon burning. At these
high temperatures, however, the 20Ne lifetime is so much shorter
than the thg 1ifetime that the reaction cross section is not
usually too important to stellar model calculations. The cross
section is important, however, in determining the nuclear
abundances at the end of helium burning, which occurs at much
lower temperatures (= 108 OK). This process begins with the

12C + vy, followed by l2C(a,~{)160, presently

reaction, 3 hHe-—’
being studied in Kellogg Laboratory, and then perhaps followed
by 16O(a,Y)zoNe and 20Ne(a,y)2hMgo That the abundance of

20Ne is so large is not yet understood, for the 16O(a,«r)ZONe
reaction rate, based on presently available knowledge, is too
slow to produce much neon, and any neon produced should be
consumed by the more rapid 2ONe(u,v)thg reaction.
léO(a,y)zoNe could also be of significance in the "helium
flash," discussed by Hayashi, Hoshi, and Sugimoto (1952),
which is thought to accompany the onset of helium burning

in a degenerate core. Asano and Sugimoto (1968) have proposed
the following model to explain the linear relationship between

metal abundance and absolute magnitude in horizontal branch

stars,
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The luminosity due to a helium burning core is determined
by the mass of the core, which is fixed at the time of the helium
flash, The timing of the flash and the core properties are deter-
mined primarily by the abundance of heavy elements (A > 10), and by
hydrogen burning in the shell. The shell burning depends on the
hydrogen and helium concentrations in the shell source itself
(Faulkner, 1966). It has been shown that mixing into the shell source
does not occur during the helium flash (Hayashi et al., 1962), so that
the original hydrogen and helium abundances in a helium burning star
may be obtained from knowledge of the star's luminosity, provided
that the luminosity is due primarily to helium burning, not shell
hydrogen burning, It follows that the study of an extreme population
IT star, in the helium burning stage, could yield the primordial
helium abundance, which is difficult to determine directly.,

Asano and Sugimoto then propose that the heavy elements,

1k

particularly ~ N, may trigger the helium flash at a somewhat earlier

temperature, through the reaction th(a,y)laF, and that this tem-

perature is directly related to the 1h

N concentration in the core.
Since the total concentration of carbon, nitrogen, and oxygen (XCNO)
remains constant during CNO burning, the core nitrogen abundance may
be inferred from spectroscopic observations of the stellar surface.
This, in brief, is the mechanism proposed by Asano and Sugimoto (1968)
to explain the metal-magnitude relationship mentioned above.

A problem arises, however, with regard to the reaction rate

for th(a,y)lBF, which Asano and Sugimoto had taken from Reeves

(1965)., More recent data (Olness and Warburton, 1967; Parker, 1968)



has shown the actual rate to be at least 3000 times slower than
the rate quoted by Reeves; therefore 1hN(q,y)18F could not trigger
the flash soon enough for this mechanism to work,

l()O(u,*‘f)/ONe reaction might

Fowler (1959) suggested that the
do the job if an as yet undetected, low-cnergy resonance existed,

which is further motivation for the present study.,

o

B. Asturophysically Motivated Experimental Considerations

The gamma ray detection system used in the following measurements

is a slightly modified version of a system which was developed sev-

ct
[N

eral years ago in the hope that it could be used to study various
reactions important to the silicon burning process. The earlier
system was used to measure the 27Al(p,v)288i and 2hMg(u,v)288i
reactions (Lyons, 1959, hereatter reierred to 2s PBL; Lyons, Toevs,
and Sargood, 19459, hereafter referred to as L1S). Although the
spectrometer was described in detail in PBL and LTS, its applica-
bility to other astrophysical reactions warrants a discussion here
of the astrophysical requirements for such a system, The effects
of the modifications will be discussed in a later section.

An astrophysical interest in particle-capture yield measurements
affects the philosophy of the experiment in several ways, which are
more easily described with a look at the relevant stellar interaction
rate equation. Clayton (19468) derives the following formula for
the stellar rate, which is the product of cross section and velocity
averaged over a Maxwell-Boltzmann distribution, for a region in which

the nuclear reaction in question is dominated by resonances:



{

., 273/2 wl'~ I’
= _l2nh | z : 0 v ” , "
<J V> [}_1 kT ] - CXp ( ‘ur/k F) (x.. )
r r

. . Lo th
in which Lr is the center-of-mass energy for the r~ resonance,

mFOFV/F is the resonance strength for the rth resonance (this will
be discussed later), PO is the proton or alpha particle width for
that resonance, and the other symbols have the same meanings they
had in Eq. 1. In resonance-dominated regions, the non-resonant or
between-resonanceyield is thought to come from the tails of the
Breit-Wigner resonances, and so is accounted for in Eq. 2. Using
the principle of detailed balance, the cerresponding equation for
the photodisintegration rate is obtained for the reaction v + 2 —

0+ 1,

23+ 1)(2d,+ 1) RV
= 0 1 [”kpl lovdexp(-0/xT)  (?)

Y,0 ~ Sy
2 (x? L(?vlh J

In the stellar situalion, the probability of the decay of

Y

a level by gamma emission could be enhanced by induced emission,
effectively changing the value of FY from the value measurcd in

the laboratory. This problem requires a look at the temperatures
and energies involved. For the helium burning process, the temper-
ature range is S—le:lOY °K, and the corresponding thermal energy

range, kT, is L.3~12.9keV. The silicon burning ranges are 1-5x lO9

°k
and 86-430 keV. The energy level diagrams for the compound nuclei
to be investigated are shown in Figures 1 and ?. These diagrams

28...

. 32, . .
show that the 0 value for the “"Si(«,v) 'S reaction is $.95 MeV.
Typical excitalion cnergies for the reactions of interest in silicon

burning are 8-1%5 MeV, and, since the first transition in a cascade



FIGURE 1: Energy Level Diagram of 32S

The energies, spins, and parities for the 325 levels,

and the threshold energies for 2881 + a and 31P + p were

taken from the compilation of Endt and Van der Leun (1967).
The energy range investigated in the present work is

indicated.
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FIGURE 2: Energy Level Diagram of 2ONe

The energies, spins, and parities for the 20Ne levels,
and the threshold energy for 16O + gq, were taken from the
compilation of Ajzenberg-Selove and Lauritsen (1959),
and from Kuehner (1961) and Gove et al.(1961). The energy
range covered in the present study extended from the

16O + ¢ threshold to the top of the diagram.
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is invariably to a relatively low-lying state, induced emission
from the excited nucleus is weak and can be ignored. The
16O(a,~r)20Ne excitation energies are lower, but the temperature
range for helium burning is so much lower that induced emission
is clearly negligible.

Comparing the thermal energies and excitation energies,
one sees immediately that the exponential factor, exp(-Er/kT),
will cause low energy resonances to be extremely important,
if not dominant, in the stellar situation. This poses a problem
to the experimenter, because, at low energies, the formation of
the resonance is inhibited by the Coulomb barrier. The gamma ray
spectrometer, then, must possess a high detection efficiency so

TS — .

it Tiayr s Ay P R R A
VA v auUw 4T L0 2 CoUlanuweo uay

be observed, and it must alsc have
high enough resolution to allow discrimination between the y rays
of interest and y rays and neutrons produced in contaminant reactions.
The high excitation energies encountered in silicon-burning
reactions cause one to expect complicated cascade structure in the
decays from the high levels in the compound nucleus. As can be
seen from Equation 2, a calculation of the interaction rate requires
the total vy ray width, PY, implying that the different y transitions
from a given level are not weighted differently by the stellar
environment. For the particle capture case, this is clearly so,
because induced emission can be neglected, and because the processes

of pair emission and internal conversion, which could be affected

by the stellar environment, are extremely weak processes for light
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nuclei. For the case of photodisintegration, the level in question
may be created by further excitation of a thermally excited state,
but the thermodynamic probability for such multiple excitations is
the same as for direct excitation from the ground state, since
the excitation energies are so high that the thermal factor for
the y rays involved is given accurately by exp(-Ey/kT).

The gamma spectrometer therefore must treat cascades in
one of the following ways: it can require a detailed knowledge
of the cascade structure, from which the detection efficiency
for the cascade can be obtained, but from which no additional
knowledge of astrophysical interest can be derived; or it can
be used in such a way that its detection efficiency is indepen-
denl of the cascade structure. This second method requires
a spectrum of less accurate detail, since branching ratios for
the cascades are not needed; in view of the very low yield
to be expected from some of the resonances of interest, the
second approach seems more widely useful.
C. Determining the Resonance Strength

Equation 2 contains an expression for the resonance strength,
mror/r, in which @ = (2J_+ 1)/(2Jy* 1)(2J;+ 1). In the literature,
one may find this expression and the similar expression,
(2Jr+ l)FOPY/F, both referred to as the resonance strength.
For the reactions studied here, Jo and Jl are zero, so the
distinction is academic; for consistency, the term resonance

strength will refer to the latter form,
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The resonance strength must be extracted from the available
experimental information, which includes the beam energy; the
total number of incident particles,No;the total number of times
that the resonant level decayed by gamma emission, NY (from the
observed spectrum for the resonance and knowledge of the detection
efficiency of the system); and properties of the target, such as
the number of target nuclei per cm3, n, .

By incorporating the familiar concept of cross section,

o (cm2), the yield at an energy, E, may be expressed simply

as the product of the number of incident nuclei, the number of
target nuclei per unit area seen by the incident nuclei, and
the cross section. In practice, the yield will involve an
integral over all of the incident particle energies for which
G(E-Er), near the resonance at Er, is non-negligible. The
Breit-Wigner shape of G(E~Er) for a single resonance will be
discussed shortly. The targets used for this experiment were
"thick" targets, that is, the beam energy lost in traveling
through the target, AE, was large compared with the instrumental
beam resolution, and with the energy range for which c(E-Er)

is not small. Therefore, for incident beam energies well above
Er’ yet low enough that Er-AE is well below Er’ the following
statements are valid:

(1) The energy integral mentioned above may be extended
to cover all energies (this is simply assuming that the target

is infinitely thick).
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e number o argetv nucleli/cm av a particle e
(2) Th ber of t t 1'/2tht particle in th

target will see, if its energy is between E and E + dE, is

nldE
(dB/dx)
(3) For the narrow resonances expected in this study,
it may be assumed that dE/dx is constant over the energy range
for which o(E-Er) contributes to thé integral.

With these considerations, the yield may be written

Yo f (E-E_) (L)
N = E-E )dE
TEE) T

where

ey - HE)

>
W
Fey

r

X 7
4 /

and is called the stopping power per atom of the target.

For a compound target, the value of (dE/dx)Er for the compound
mst be used. Stopping power values for the silicon and oxygen
in the targets used in this study were taken from Williamson and
Boujot (1962), and Whaling (1958), respectively.

As the beam energy is varied from below Er {o well above Er’
the resonance yield will appear as a step, whose front edge shape
will depend on the shapes of G(E-Er) and the instrumental resolution.
The midsection of the step will appear as a flat plateau, since,
from Equation L, the yield in this region is independent of the
beam energy. The shape of the trailing edge (E>Er) will be deter-

mined by the instrumental resolution, c(E-Er), and the straggling
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of the beam in the target. Because of the straggling contribution,
the trailing edge of the step will be broader than the leading edge.
Note that in the plateau region, described by Equation L, specific
functions describing the instrumental resolution and the beam
profile (related to straggling) in the target, are not required.
This is fortunate, because these functions are usually difficult
to determine,

A completely general formula for the yield in any target
situation is discussed by Gove (1959).

For a single, isolated resonance, the cross section is

given by the Breit-Wigner formula,

2 (2Jr+ 1) Lol s

A 5 >
(2JO+ l)(2Jl+ l)(ECM—Er,CM) + (r/2)

i \
s 1B H
YoM’

in which:
ECM is the beam energy in the center-of-mass system, equal to
EA1/(A0+A1), where E is the lab energy, and Aj and A, are
the masses of O and 1, the incident and target nuclei;
Er,CM is the resonance energy in the center-of-mass system;
12= ﬁ2/2pECM, where, as before, n is the reduced mass of O and 1;
JO, Jl, and Jr are the spins of O, 1, and the resonant level;
FO’ FY, and I' are the widths of the incident particle channel,
total electromagnetic width, and total resonance width, all

in center-of-mass units.

Inserting this form for o into Equation L, integrating, and
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solving for the resonance strength, one obtains

3
A ] MOEr€(Er)(2JO+ 1)(2J1+ 1) Ex 6)

(20,+ 1) (ror/r)CM=[ 222

Agthy

where Ho is the mass of the incident particle. Note that

8,

Er is in laboratory units, and that the subscript "CM"
indicates that the resonance strength is given in the center-
of-mass system, which is appropriate for astrophysical cal-

culations.

D. State of Previous Knowledge

The 288i(a,y)328 reaction has been studied by Smulders (196L),
using a natural silicon target, for He* bombarding energies from
2.1 to 3.3 MeV. Four resonances were found, at energies of
2.618, 2.878, 2.90k4, and 3.162 MeV, all + L keV. The resonance
strengths were measured, and the spins and parities of the levels
were determined. A very weak resonance at 2.183 MeV, was re-
ported by Smulders in an earlier reference (Endt and Van der lLeun,
1962), but could not be confirmed in the 196l paper.

Langevin, Laurent, and Vernotte (1965) studied the reaction
on a natural silicon target for bombarding energies from 3.2 to
4.3 MeV. Nine resonances were found, and spins and parities
were determined for four of these. The strengths were not
measured.

Cross sections for the three known, astrophysically important

resonances in 16O(a,y)zONe have been measured by Van der Leun,
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Sheppard, and Smulders (1965). The laboratory energies of these
resonances are 1.116, 1.319, and 2.490 MeV, and the correspond-
ing excitations in 20Ne are 5.631, 5.808, and 6.7L45 MeV.
Pearson (1963) has measured cross sections for resonances between
4.8 and 9.9 MeV, but this energy region cannot be of importance
to helium burning. His table of gamma ray angular distribution
functions for this reaction were useful, however.

The J=2 level at L4.969 MeV in 20Ne is extremely important, and
would dominate the astrophysical rates if it could be formed
from an a particle and 16O. Gove, Litherland, and Clark (1961),
however, have determined its parity to be negative, eliminating

it from further consideration. The spins and parities of the

Kuehner (1961).
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II. EXPERIMENTAL APPARATUS

A. Beam Source and Target System

The a-particle and proton beams for this experiment were
obtained from the Kellogg Radiation Laboratory 3 MV electrostatic
generator. The beams were analyzed by a 90o double-focussing
magnet, and the generator's terminal voltage was regulated by
signals from a pair of slits, placed after the magnet, that
intercepted a fraction of the beam. The regulating slits and
the remainder of the system are drawn schematically in Figure 3.
The vacuum in the accelerating column and in the beam tube was
obtained with oil diffusion pumps provided with refrigerated
baffles.

After passing the slits, the beam entered a 38 cm. long,
liquid nitrogen filled trap, which was the first section of a
"clean" system, designed to eliminate hydrocarbon vapors from
the target chamber, therefore reducing the buildup of carbon
on the target. Carbon contamination created background in
gamma spectrum through the detection of neutrons from the
13C(a,n)160 reaction.

Continuing downstream, the beam passed an 8 liter/second
ion pump, then entered the final slit assembly and target cham-
ber. In addition to the ion pump, a molecular sieve, liquid-
nitrogen-cooled sorption pump was used to rough the system

from atmospheric pressure to a vacuum at which the ion pump
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could operate efficiently. Thus, there was no hydrocarbon
pumping whatsoever in the clean system.

The slit assembly consisted of a tantalum collimator that
defined the diameter of the beam pencil to be 3/15 inch, fol-
lowed by an electrically insulated suppressor, which was slightly
larger than the collimator, and ccaxial with it. The suppressor
was maintained at a potential of -300 volts with a battery, to
ensure accurate beam current integration by keeping electrons
from upstream slits out of the target chamber, and keeping
secondary target electrons inside the chamber.

The target chamber itself was fabricated from tubular

stainless steel in a tee configuration, and arranged so that

i

1€ Largeis weré mounied

o]

the ilee.

Lol

the beam entered the base o
on a water cooled copper block that entered one arm of the tee,
and made electrical contact with it, so that the entire chamber
acted as a Faraday cup. A viewing port on the other arm facili-
tated alignment of the target chamber and the gamma spectrometer
with respect to the beam axis.

O-ring seals were used sparingly throughout the clean
system, and, where they were necessary, viton o-rings were used.
Low vapor pressure grease was used only on the sliding seal

between the target mounting block and the chamber.

B. The Gamma Spectrometer

The properties of various scintillators are discussed in
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detail by Neiler and Bell (1965) and Harshaw (1962). One

very desirable property of thallium-activated sodium iodide

for gamma detection is the relatively high charge of the

iodine nucleus (Z=53). The three primary processes by which
gamma rays interact with matter are the photoelectric, Compton,
and pair processes, for which the dependence of the interaction

5, Z, and 22,

cross section on the Z of the material is Z~
respectively. Nal will clearly be a much more efficient
detector than organic scintillators (for carbon, 2=6), and
although other phosphors such as CsI and KI have a slightly
higher average Z, the shorter decay constant and higher light
output of NaI(T1l) make it the better choice for present pur-
poses.

Iithium-drifted germanium solid state counters possess
resolution that is far superior to the resolution of a NaI(Tl)-
phototube system, but the low efficiency (2=32) and small size
of the available Ge(Li) counters rules out their application
here. The resolution of the Nal system, although not excellent,
is usable, and with large crystals, high efficiency can be ob-
tained, so sodium iodide was chosen for the detection system.

Two NaI(Tl) crystals, obtained from the Harshaw Chemical
Company, were placed on opposite sides of the target, as shown
in Figure 3. The distance from the center of the beam spot

to the face of each crystal container was 3/4 cm. The larger

crystal was 12.7 cm. in diameter and 10.2 cm. long, and was
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viewed by a CBS 7819 photomultiplier tube, and the other crystal,
10.7 cm. diameter by 10.7 cm. long, was viewed by an RCA 2065
phototube. The two photomultiplier tubes were selected by the
Harshaw Company for excepticnal gain stability under changing
count rates. As can be seen in Figure 3, the crystals were
shielded with three to four inches of lead, which reduced the
background from cosmic rays, natural radioactivity, and X-rays
from the accelerator's high voltage terminal.

The electronic system is pictured in Figure L. Each photo-
tube was powered by a typical high-voltage dividing circuit and
DC supply. The phototube gains were matched by varying the high
voltage supplies. The dividing circuits were each followed
immediately by a charge sensitive preamplifier, and the pre-
amplifier outputs were fed into both an auxiliary coincidence
circuit, to be described later, and a common sumning network,
which passively summed the two preamp outputs, so that the two
crystals acted effectively as one large crystal in this circuit.
Hereafter, this circuit will be referred to as the "sum mode
circuit." The summed signal was amplified, and then fed into
both a 40O channel pulse height analyzer (PHA), and a single
channel analyzer (SCA). The latter was set to monitor the peak
counts from gamma rays to the ground and first excited states
(v, and Yy transitions) of the product nucleus for the reaction

of interest.
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As mentioned above, each preamp also fed an auxiliary
circuit, consisting of an amplifier followed by several single
channel analyzers for each detector, followed by a pair of
coincidence gates. By setting the SCA windows appropriately,
the coincidence system could be set to require simultaneous
detection of both members of a double cascade. This proved
to be a valuable aid in identifying the reaction responsible
for an observed resonance.

The SCA windows were set by using their outputs to gate
the pulse height analyzer {indicated by dotted line in Figure
L), and observing the admitted spectrum in the pulse height
analyzer. Each SCA and each coincidence gate was monitored
by a scaler. A clock kept track of the real time, and the
400 channel analyzer was equipped with an internal clock that
registered the total live time of the analog-to-digital con-
verter. A beam current integrator gated the scalers, the LOO
channel analyzer, and a magnetic beam chopper. The integrator

was calibrated at least once daily.
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ITII. DETECTION EFFICIENCY FOR SINGLE GAMMA RAYS

A. Calibration of the Original Spectrometer

The spectrometer efficiency for detecting single, or mono-
chromatic, gamma rays of various energies must be known before
the detection efficiency for a complex cascade can be discussed.
As mentioned in the iniroduction, the spectrometer used in the
present investigation is a slightly modified version of the
original spectrometer. The experimental calibration of the
single gamma efficiency of the original spectrometer was
described in PBL and LTS, and will be outlined here. The effect
of the modifications on the detection efficiency was cal-
culated to be small, and this was checked experimentally at
the most important energy.

For the geometry used in these measurements, the detection
efficiency, €(E), where E is the gamma energy, will be defined
as the probability that a gamma ray, emitted from a source
located centrally between the two crystals, will cause a pulse
to be registered somewhere in the spectrum. In principle,
€(E) could be calculated for any geometry with the help of
gamma ray attenuation coefficients, such as those given by
Grodstein (1957). For totally bare Nal crystals, this would
be a feasible approach, and e¢(E) could be calculated from the

following formula

e(E) = ;—'/ {1 - exp[-p(E,NaI)x(e)]} sin 6 46 (7)
Nal :
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where n(E,Nal) is the attenuation coefficient at energy E for
NaI (from Grodstein, 1957), X(6) is the path length in Nal
at angle 9, measured from the crystal axis, and the axial
symmetry eliminates the integration over ¢. This formula
neglects the effects of anisotropy in the gamma ray angular
distribution, which are mostly averaged out by the large solid
angle (=80% of Ln) subtended by the crystals. Although minor,
the effects will be discussed in a later section. The present
discussion assumes that the gamma decays are isotropic.

In the actual system, various objects, between the source
and the NaI,could interact with y rays from the source, and

therefore influence the detection efficiency. These objects

2mrluda +tha +tar
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ring, target ch:
containers, and the reflecting material surrounding the crys-
tals. All such material will be referred to as absorber.

The absorber effects are hard to calculate for several reasons.
The scattered y rays from Compton events in an absorber may or
may not interact with the Nal. The fates of energetic electrons
from other gamma interactions in an absorber are similarly un-
certain. For these corrections, one can only make "best esti-
mates," although two limiting cases can be calculated readily,
and provide rough upper and lower bounds for the efficiency.
The lower limit is obtained by assuming that all absorber events

are lost; that is, no electron or Compton gamma interacts with

the Nal. For this case, the efficiency is given by
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e(E) = %/AaIexp [-}1: pi(E,abs.)Xi(6,¢)]{l-exp [—p(E,NaI)X(G)]}

sin 6 dedo (8)

where the sum is over the path length-attenuation coefficient
products for the various absorbers. All attenuation coefficients
were taken from Grodstein (1957).

The upper limit to the efficiency is calculated by assuming
that all absorber events, in the cones subtended by the NaI,

result in interactions in the Nal, and is given by

e(E) = El'v? /Na:[{bexp[-z;pi(E,abs.)xi(e,@ - u(E,NaI)X(e):]}sine dede

o
H
N

A
(o
s

The calculated efficiencies for the three cases are shown in
Figure 5. The dashed, lower dotted, and upper dotted curves were
calculated with Equations 7, 8, and 9, respectively. Uncertainties
in the calculations arise from several sources. (rodstein estimates
an uncertainty of 5% for the attenuation coefficients. An error
of 1 mm. in the measured distance from the source to the front
of the NaIl container, would change the efficiency by about 3
and 3.6 % for the 5" x 4" and L" x L" crystals, respectively.

An error of about 1 mm. could have arisen fraom X-ray measurements
of the thickness of the MgO reflector, packed between the Nal
crystal and the aluminum container. The photcnuclear cross

sections for sodium and iodine are small, and can be neglected.
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FIGURE 5: Detection Efficiency (Original Geometry)

Both calculated and experimentally determined detection
efficiencies are shown in the figure--all for the original
spectrometer geometry. The two dotted curves and the dashed
curve were calculated for the special cases described in the
text, using Equations 7, 8, and 9. The experimental calibration
data are represented by the numbered points. The solid curve
represents the efficiencies used with the original geometry.

The numbered points were determined with:

1) ShHh and 88Y sources

2) The 23Na(p,aly)2oNe reaction

3) 88y source

L) The lSN(p,aly)l2C reaction

5) Th

6) The 191“(p,c11~r)160 reaction

[¢]

29Si(p,y)30P(ﬁ+)BOSi reaction

7) Th

®

2
7Al(p,Y)2BSi reaction

27

8) Th Al(p,y)ZSSi reaction

o

9) Th

]

1
lB(p,Y)lzc reaction
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Also appearing in Figure 5 are the experimental data,
and the solid curve through the data points represents the
efficiencies adopted for the unmodified spectrometer. 1In
view of the errors just discussed, the deviation of the solid
curve from the envelope defined by the two dotted curves
(which represent limiting cases) is not considered to be serious.
The experimental'points were determined in the following
several ways.

a) Points 1 and 3 in Figure 5 were obtzined with 88Y
and 2 1 radicactive sources. Weak sources (=0.1 uCurie)
were prepared by evaporating small quantities of radioactive
solutions on a standard target backing, and then calibrating
the fabricated sources with standard sources obtained from
the Radiochemical Centre, England, and the Commissariat a
1'Energie Atomique, France. The standard deviations quoted
for these sources were 2%4. The radioactive solutions were ob-
tained from the General Radioisotopes Processing Corporation
(San Ramon, California). The Sth source yielded the detection
efficiency for a 0.835 MeV v ray. Since the 881 spectrum
contains both 0.90 and 1.8 MeV v rays, the shape from the
Sth spectrum was used to remove the contribution in the BBY
spectrum from the 0.90 MeV gamma. This procedure yielded the
efficiencies at EY= 0.90 and 1.84 MeV (points 1 and 3).

b) Several (p,aly) reactions were used to obtain the

data points 2, L4, and 6. For these measurements, an Ortec
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surface barrier detector, mounted behind a circular aperture
on one leg of the target chamber, monitored the a particles,
while the gammas were counted by the spectrometer in the usual
way. Coincidence between a particles and y rays was not required,
but the beam current integrator gated both counting systems
simultaneously. Since the area of the aperture and the distance
between the aperture and the source could be measured quite
accurately, the detection efficiency for the a particle system
was well known. The gamma detection efficiency was therefore
obtained by direct comparison of the number of counts in the
alpha and gamma spectra. Angular distributions were taken from
the literature to correct for anisotropy in the distribution of
the « particles. Points 2, L, and 6, at 1.63, k.43, and 6.13 HeV,
were obtained with the reactions 23Na(p,aly)20Ne, at Ep=1163 keV,
lsﬂ(p,aly)lzc, at Ep=898 keV, and lgF(p,cly)léc, at Ep=3hl keV,
respectively.

¢) Point 5, at 5.3 MeV, was obtained from the reaction,
29Si(p,y)30P(B+)BOSi. A Ln B counter was constructed from two
cylinders of Pilot B plastic scintillator, and used to count
the positrons from the 3OP decay. The target was bombarded by
L16 keV protons, then quickly transferred to the Ln § counter.
The transfer took typically one minute, reasonably short com-

30? half-life of 2.5 minutes. The gamma rays

pared with the
were counted as usual during the proton bombardment. A system

constructed by Dr. Dale Hebbard and Mr. Harold Spinka accurately
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monitored the beam current as a function of time, and kept track
of the sequential counting periods. This information, along
with the positron spectrum, provided a direct determination

of the gamma detection efficiency at 5.3 MeV.

d) The 27Al(p,Y)ZBSi reaction, at Ep=992 and 1388 keV,
provided points 7 and 8, at 10.76 and 11.1h MeV. The “1B(p,y)‘C
reaction, at Ep=163 keV, provided point 9, at 11.7 MeV. For
each of these resonances, it was known from the literature
that the decay of the excited level was dominated by a transition
through the first excited state of the product nucleus. Since
the detection efficiency for the low energy member of the cas-
cade was already known from the work just described, the detec-

tion efficiency for the high energy member was readily obtained.

B. Detection Efficiency for the Modified Spectrometer

Two changes were made in the original spectrometer, prompt-~
ing careful thought about their effect on the detection efficiency.
The first change involved the addition of about 1000 pounds of
lead shielding to the original spectrometer, which had no shield-
ing. The lead is pictured in Figure 3.

The detection efficiency would be enhanced if an interaction
between a primary gamma (from the target) and the lead were to
scatter an electron or secondary gamma ray into the Nal. The
geometry of the system, however, requires that, in order to

enter the Nal, the secondary particle must be emitted at a
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back angle (>90°) with respect to the primary gamma, or else
be scattered at least twice. The back angle restriction severely
limits the energy that can be deposited in the Nal, as can be
seen by considering the fundamental interaction processes.
a) For the photoelectric effect, the photoelectron must
scatter into the forward cone
b) For pair production, the positron and electron go predom-
inantly into the forward cone, and, since the quanta from
the subsequent positron annihilation must be emitted in
opposite directions, this process can at most contribute
a single 0,511 MeV gquantum to the detector
¢) For Compton scattering, the electron again must scatter
into the forward cone, and, from the well-known Compton

formula,

b

mc
e

AN = (1-cos8),

it is evident that, for 6>90°, the wave length of the
scattered gamma will be greater than the electron's Compton
wave length, and therefore, the gamma energy will be less
than 0.511 MeV, the electron's rest mass.
Since, in analysis, the gamma spectra have always been ex-
trapolated horizontally to zero for pulse heights below about
1 MeV (PBL), counts at 0.5 MeV or less would not affect the
final result, and their contribution to the spectrometer efficiency

can therefore be neglecied.
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The effects of multiple scattering events are harder to
estimate, but as such events should be relatively rare, their
contribution should not be important.

The validity of the above arguments was tested with an
experimental check. Spectra were taken of the 6.13 MeV gamma
ray from 19F(p,c11Y)160, both with and without the lead. The
detection efficiency changed less than 1%, so the effects
of the shielding were neglected.

The second modification involved the introduction of a stain-
less steel target chamber, which replaced the earlier pyrex
chamber. This had two effects on the detection efficiency.

First, the wall thickness, in mg/cmz, of the steel chamber was
substantially greater than that of the pyrex chamber, resulting
in about 2% greater attenuation of primary gammas at 1-3 MeV.
Between 3 and 7 MeV, the thicker wall stopped some of the elec-
trons that had originated in primary interactions in the target
backing (these account for about 6% of the total efficiency at
S MeV), and, at higher energies, energetic electrons produced
from interactions in the chamber walls contributed to the effi-
ciency.

The second effect of the chamber was simply due to the slightly
larger size of the steel chamber, which required greater distance
between the target and the crystals; this decreased the subtended

solid angle, and therefore the efficiency, by (3+1)%.
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These corrections were included in a '"best" calculation
for the detection efficiency for the modified system, which
included absorber effects. The final efficiency curve adopted
for the modified system was then obtained in the following
way. A similar "best" calculation had been made for the orig-
inal geometry; the ratio of the experimental efficiency to
this calculated efficiency was used to correct the "best"
calculation for the modified system. This procedure can
be expressed in the following way:

e¢(E_, exper., original)

e(E.) = ¢(E , cale., modified) —L (10)
Y Y e(Ey, calc., original)

where calc.= calculated and exper.= experimental. Figure 6
illustrates the experimental curve for the original geometry
(curve 1), the best calculation for the modified geometry

(curve 2), and the efficiency, calculated with Equation 10,

used for the modified system {curve 3). Since the two "best"
calculations were based on similar assumptions, it was believed
that this procedure would tend to eliminate similar errors in

the calculations. The uncertainty in the efficiency is esti-
mated to be not worse than 6% for y rays less energetic than

8 MeV, and 10-12% for higher energies. As a check, the efficiency
was measured in the modified geometry at 6.13, using again the
19F(p,a1y)160 reaction; the result is indicated by the triangular

point in Figure 6. The original experimental points were included
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FIGURE 6: Detection Efficiency (Modified Geometry)

This figure illustrates the experimentally determined
efficiency for the original geometry (curve 1), the best cal-
culation for the modified geometry (curve 2), and the effi-
ciency, calculated with Equation 10, for the modified system.
The triangular datum is the experimental result for the modified
system, and the circular data are the experimental results for
the original system (as in Figure 5).

Curve 3 is the efficiency curve adopted for the modified

geometry.
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to illustrate that the change in the efficiency for the modified
system is roughly equal to the magnitude of the standard

deviations of the experimental data.

C. Angular Distribution Corrections

As mentioned before, the effects due to anisotropy of the
gamma decay should be weakened, because the large detectors
integrate over a major fraction of the solid angle. However,

a quantitative examination of this statement would seem prudent.

In the previous section, isotropy was assumed for the
gamma decay. In general, the decay is not isotropic, and the

angular distribution can be expressed as

w(er) = Za.LPL(cos o1) (11)
"

where 6' is measured with respect to the beam axis (6 still
refers to the coordinate system whose z axis is the symmetry

axis of the cylindrical crystals), the P. are the Legendre

L
polynomials, ay= 1, and, because of symmetry, a = 0 for all
odd L. Then the number, N(8'), of gammas emitted into dR at
angie 6', is
N
N(8') = X w(o')dR, (12)
Lin
for a monochromatic gamma ray. The efficiency, which was

defined as the ratio of the number of detected y rays to the

number emitted, is given by
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€ = 51; /w(e'= 6+B){l-expl:—p(NaI)X(G)]}dQ (13)

where B is the angle between the beam axis and the crystal axis
(B = 90° for this spectrometer). The only difficulty in per-

forming the integral involves expressing the individual P, 's

L
in terms of the unprimed 6 coordinate. From the study of
rotations, it is well known that the spherical harmonics
transform as follows

M! L M
ACORDIE-MCRRAE (14)

where the DﬁM' are the rotation matrices, and a, B, and v are
the usual Buler angles. The notation of Rose (1957) will be
used throughout the discussion. The DEM' can be broken down
into

D= e 1%l (p)e MY (15)

Since there need be no rotation about the z axis for the present
problem, y may be chosen as zero. Furthermore, the desired

transformation is for PL(cos 9') which may be expressed as

0
PL(cos o') =V§-f.—[;:L T (6',0). (16)

Therefore, M'= 0. Noting that, for the special case of
axially symmetric detectors, the only ¢ dependence resides
in the exp(iM®) dependence of the spherical harmonics, so

that the integration over ¢ will remove all but the M = O
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term, only dgo(ﬁ) is required, which is just PL(cos B).

The efficiency integral becomes

€ = %Zl;a.LPL(cos B)/PL(cos 6){1- eXp[-uX(e)]}sine de. (17)

If the integral is replaced by eisoQL’ where €80 is the efficiency
for isotropic decay, thus defining QL (Rose's smoothing factors),
then the ratio of anisotropic to isotropic decay efficiencies
is

f;iso - ;aLPL(O)QL, (18)
where the value P=n/2 has been inserted for the specirometer used
in this work.

The QL have been calculated for this spectrometer, neglecting
absorber effects because they represent a second-order
correction and introduce a further ¢ dependence, rendering
the integral in Equation 13 more difficult. The results (PBL, LTS)
are, for the 4" x 4" crystal, Q= 0.29 and Qh= -0.060; and for
the 5" x 4" crystal, Q, = 0.25, and Qh= -0.075. For higher L
values, the QL's are negligible.

As mentioned, this discussion assumed the emission of a
single gamma. For multiple cascades, involving angular correla-
tions, the calculation would involve the QL's to powers of 2 and
greater (Rose, 1953), which can be neglected for this geometry.

For the levels studied in 1°0(a,v)*’Ne, the multipolarity
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of the radiation was known, and the small efficiency corrections
were included in the calculations of the resonance strengths.

For the 2881(a,y)328 reaction, new levels were found for which
the character of the radiation was neither known nor easily
determined with this system. Assuming a worst case, the a
particle could be captured in a p-wave, exciting a 1~

level. Since the 0° alpha and the 0 20Si nucleus could form
only a Jz= O level, the multipole pattern is determined, and the

angular distribution would have the form:
w(e') =1 - P,(cos 0'). (19)

This angular distribution would require a correction of about
13% to the isoiropic efficiency. Since it is highly unlikely
that the cascade structure would be this simple for levels
that might be excited in this reaction, an uncertainty of
just 10% has been included in the 2BSi(a,y)328 yield analysis

to cover angular distribution effects.
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IV. DETERMINATION OF NY FOR A TYPICAL LEVEL

As illustrated in Section IC, the total number of times
that the resonant level decayed by vy emission, NY’ must be
determined from the resonance spectrum and knowledge of the
spectrometer efficiency. Note that NY is not, in general,
equal to the number of y rays emitted from the target. Equality
would hold only for the special case in which the level decayed
only by a direct ground state transition (yo); otherwise, NY
is smaller than the number of vy rays emitted. A relationship
between Ny, the spectrometer efficiency, and the number of
counts registered in some portion of the spectirum, must be
determined in order that the resonance strength may be cal-
culated. A different method was used for each of the reactions

studied here.
A. Determination for 16O(a,y)zoNe

If the experimental situation provides a spectrum that is
usable to a low enough energy that an extrapolation to zero energy

will provide a reasonably accurate representation of the shape,

the total number of detected events, or counts, NC’ can

be obtained simply by integrating over the entire spectrum.

By defining ¢, as the total probability that the decay of the

T

level by gamma emission will be recorded by a count in the spec-

trum, the yield may be represented by
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NY = gl s (20)

where €p will depend on the cascade structure of the resonance.

If the cascade structure is well understood, €T can be cal-~
culated as follows, using the single gamma detection efficiencies,
€(E), discussed in the preceding section. For a level that
decays only through one intermediate state, emitting two v rays
of energy El and E2, the probability that neither gamma inter-

acts, (l-eT), is clearly just (1-e(El))(1-e(E2)), yielding
€p =1 - (l-e(El))(l-e(Ez)) (21)

For a complex cascade, involving several different transitions,

this can be generalized to

ep = };Bi(l - ?[1-e(Eij)]) (22)

where Ei is the ith branching ratio, or the fractional probabil-
1ty that the level decays through the il cascade; Ey, is the
energy of the jth member of the ith cascade; and the product is
taken over all members of the ith cascade.

For the 16O(a,y)zoNe reaction, the branching ratios were
available in the literature (Van der Leun et al., 1965), and
the resonance spectra were clean enough that N, could be cal-

C
culated.
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B. Determination of N for 2855 (a,v)%s

For this reaction, information concerning the cascade
structure was not available in the literature for the previous-
ly studied resonance, and clearly not available for any of the
new resonances. In addition, background counts, due primarily
to the 13C(a,n)160 reaction, rendered the spectra useless at
low energies, and therefore, NC could not be extracted. A sim-
ilar situation, encountered by PBL and LTS in their study of
27Al(p,v)ZBSi, prompted an investigation of the influence of
cascade structure on the probability that the system would de~

tect the decay of the resonance level by registering a count
t porticn being any-
where above a bias energy, . For 22 resonances in 27Al(p,v)2851,
for which the branching ratios were known and NC could be ex-
tracted, the dependence of the detection probability just de-
fined on EB was studied. The probability, called the partial
detection efficiency, 7(f), was calculated from
Ny(£)

No

n(f) = (23)

T’

in which:
€ is the resonance efficiency defined in Equation 22
f is the bias fraction, EB/EX’ where E, is the excitation
energy of the resonance level

NB(f) is the integral of the spectrum from EB to infinity.
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Clearly, for f£=0, NB(O)=NC, and n(O)ﬂeT. A catalog of "q
curves" was constructed, using spectra obtained for the 22
resonances in the original detector geometry, and the main
features are shown in Figure 7. The dotted and dashed curves
represent averages for resonances whose decays are dominated
by ground state (Yb), first excited state (Yi)’ and multiple
(2v, 3y, etc.) transitions, and their qualitative features
are what one would expect. The solid curves represent the ex-
treme value of 7(f), at each value of f, for all 22 cases.
Since the resonances contained in the catalog covered a very
wide variety of cascade types, the extreme curves should be
reasonzbly good limits.

The interesting result from this study is that, for an
f value of about 0.35, the extreme curves deviate by less than
13% from the median value, 7(0.35)=0.37. Therefore, for any
level in 2831 in this region of excitation (10-14 MeV), one
may determine NY in the original geometry by

N, (£=0.35)

Y (0.37 + 15%)

The existence of this method for determing NY fulfills
the requirement, expressed in Section IB, that the spectrometer
efficiency be independent of cascade structure. The 15% error
introduced by this assumption is acceptable in view of other
uncertainties in the experimental procedure, and of the present

state of astrophysical calculations.
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FIGURE 7: Partial Detection Efficiencies for the Original Geometry

The dotted and dashed curves represent averages for resonances
whose decays are dominated by the indicated transitions. The
solid curves represent the extreme value, at each value of

f, for all of the levels studied.
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Although the change in geometry should have had little
effect on the shape of the partial detection efficiency curves,
and a predictable change in their absolute value at £=0.35,
it seemed prudent to remeasure several of the curves with the
modified spectrometer. Three resonances in 27Al(p,y)2851
were chosen; each one was strongly dominated by one of the
three major types of cascades, and was therefore an extreme
case and a good check. The resonance at a bombarding energy
of 77k keV decays 72% of the time directly to the ground state,
the resonance at 992 keV branches 76% by a Yy transition, and
96% of the decays of the 1118 keV resonance are 3y or Ly cas-
cades. The branching ratios are listed in the review by Endt
and Van der Leun (1567). The 5j curves measured with these
resonances in the new geometry behaved as expected, and would
suggest a new optimum value, % (0.35) = 0.35h, which is L.3%
below the old value, and quite reascnable in view of the change
in the single gamma efficiencies.

The M curves discussed so far were measﬁred only for levels
in the 2881 nucleus, which raises a question regarding their

applicability to levels in 325. As mentioned previously,

28

M curves could not be obtained for the Si(a,y)328 resonances

studied here, but the cascade structure has been determined for

32

many levels in -°S that can be excited with the - P(p,y)>°S

reaction. Although these levels are 0.5-1 MeV higher in

28

excitation energy than the levels studied here with Si(a,Y)328,
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the range of excitation energies under study is 8.5-9.5 MeV,
and the 7 curves would not be expected to vary appreciably

in this region. The levels examined were at bombarding energies
of 5hl1, 642, 811, and 1438 keV, and their cascades were dom-
inated by branchings of 80% v;, 17% ¥os 57% v;, and 95% 3y and by,
respectively (Endt and Van der Leun, 1967). The 7 curves
measured for these resonances are shown in Figure 8. Although
the optimum f for these four curves appears to be lower than
0.35, the spread at f=0.35 is tolerable, and several of the
spectra for resonances in 2881(a,y)323 were not usable for
enegies corresponding to f <0.35. The mean value of the two
extremes is 7(0.35) = 0.337, which is 5% below the optimum

value determined for ZSSi levels in the modified geometry,

and well within the 15% uncertainty assigned earlier. Figure 8
indicates the optimum value for 323 (circular datum with error
bars), and the optimum value for 2851 (triangular datum), both
in the modified geometry.

28

Using this information, NY for the Si(a,Y)BZS resonances

was calculated from
N,(0.35)
« BT (25)
Y (0.34+20%)
where the 20% uncertainty includes both the error estimated

in using the optimum M value, and the 10% uncertainty estimated

for angular distribution effects, discussed in Section IIIC.
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As a further check on the single gamma efficiency curve,
the strength for the 992 keV resonance in 27Al(p ,y)zBSi was
~determined, and compared with the value obtained by LTS, using
the original geometry. The two values differed by 4%, which
is within the 5% uncertainty assigned to each measurement for
the determination of Nc(the total number of counts in the

spectrum).
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FIGURE 8: Partial Detection Efficlencies for the Modified System

The numbers on the four curves are the energies, in keV,
of the resonances in 2881(a,y)323 that the curves represent.

The error bars on the 32

S optimum value are *+ 20% of the value.
This error includes both the uncertainty estimated to arise
from the use of the optimum value, and the 10% uncertainty
estimated for angular distribution effects, discussed in

Section IIIC.
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V. THE 2881(a,Y)328 REACTION

A. Targeta

The spectrometer described in the previous sections was
used to investigate the 285i(a,y)32s reaction for He' bombard-
ing energies below 2.75 MeV. The first of the three targets
used for this work was simply a rectangular piece of semicon-
ductor grade silicon crystal. The beam continously deposited
10- 20 watts in the front surface of the crystal, sufficient
energy to cause the silicon to glow dull red. Examination
of the crystal after bombardment showed obvious damage to
the front surface; it was therefore felt that the possibility
of channeling, which could have reduced the yield from the
crystalline target, was eliminated. Because the target thick-
ness was orders of magnitude greater than the range of 3 MeV
a particles, the yleld from this target was an integral of the
reaction yield over all energies less than EHe*' This target
will be referred to as the stopping target.

The other two targets were made from elemental silicon,
obtained from Oak Ridge National Laboratory, that had been en-
riched to 99.91% 2951, 0.06% 2%si, and 0.03% 3%si (the natural
abundances are 92.21%, L4.70%, and 3.09%, respectively).

A spectrographic analysis from the supplier provided upper
limits to impurity concentrations, which were all less than

0.1% by weight. The important, low-Z contaminants, lithium,
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beryllium, and boron, were present in concentrations of less
than 0.005%, 0.001%, and 0.0l% by weight, respectively.

Both targets were prepared in the following way: under
vacuum, a layer of reagent grade copper, thick enough to stop
3 MeV ¢ particles, was thermally evaporated onto a target blank
of copper stock, 1 cm wide and 0.06 cm thick. While still
under vacuum, a thin layer of silicon was evaporated onto the
copper. The target was then removed from vacuum and screwed
to a water cooled copper mounting piece. The assembly was
then installed in the target chamber. The resulting targets
were roughly 5 and 20 keV thick to 2 MeV alpha particles.
They will be referred as the 288i thin targets (although the
20 keV target was thick enough for the yield to be calculated
with Equation L, Section IC).

Oxygen contamination in evaporated silicon targets is a
common problem, arising probably because the silicon evaporates
at such a high temperature that it will react readily with
residual oxygen in the vacuum system. The presence of oxygen
can have have two main effects: it may provide background
counts from the 16O(a,y)zoNe, 17O(c,,n)zoNe, and lao(a,n)lee
reactions; and it will decrease the stopping power per 2881
atom, thereby reducing the yield from 28Si(c,$)328 (the stop-
ping power is discussed in Section IC).

The oxygen content was determined by comparing the yield

for the 16O(a,y)ZONe resonances at 1116 and 1319 keV, from
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the 20 keV 2851 target, with that from a thick, fused quartz

target (8102). The target composition was found to be 8100.3519.08'

As a further check, the lowest resonance found in 2881(0,y)328,

at 1776 keV, was measured with both the 20 keV 2881 target and
the thick quartz target, and the yields were compared. Although
the presence of L and 6 MeV v rays,from the two resonances in
16O(a,y)zoNe just mentioned, somewhat impaired the precision of
the test, the result supported the value determined from the
measurements of the oxygen yield. Of course, these 16O(a,y)zoNe
8

resonances did not hinder the 2 Si(a,Y)BZS measurements on the

288i target, because the target was thin enough that the a

particles were through it well before reaching the lower energies

AF oA e aem o

Vi WUTOT L TOVLALICTD o

B. Excitation Function

The excitation function for the 2881(a,y)323 reaction,
measured for bombarding energies from 1.40 to 2.61 MeV, is
shown in Figure 9. As indicated in the figure, each datum
represents the yleld measured for 3000 nmC of integrated
beam, after the removal of the contribution from natural back-
ground (beam independent). The windows for the sum mode and
coincidence yield measurements will be described shortly.

The resonance reported by Smulders at 2618 keV was also
measured; its peak, for 3000 uC of integrated beam, would

have been about 25000 counts, so it is not shown in the figure.
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A brief search above this resonance, accumulating 600 uC per
run, and using 10 keV intervals between runs, showed no further
resonance structure up to 2.75 MeV; these results also are noi
displayed.

The stopping target (natural silicon) was used for the
region 1.4-1.7 MeV, so the points in this region represent the
total reaction yield for all energies below the incident beam
energy. The intervals between data in this region were 20 keV.

The 20 keV 28

Si target and 10 keV intervals were used for
all the work at higher energies. One advantage of this thin a
target is that the yield, from contaminants within the target,
is integrated over only a small energy region (=20 keV).

The yield curves from both the sum mode and coincidence
circuits (described in Section IIB) are displayed. For energies
below 2,1 MeV, the SCA window in the sum mode circuit admitted
pulses corresponding to energies of 6.0-9.7 MeV. At the energy
indicated by the arrow labeled "2" in the figure, the window
threshold was raised so that fewer counts from the contaminant
reactions (mainly (a,n) reactions) would be counted. This ex-

plains the discontinuity in the yield curve. The new window
corresponded to 6.9-9.7 MeV. The coincidence circuit was set
to detect the two gamma rays resulting from the decay of the
resonance level to the 2.2L MeV first excited state of 325
(Yl transition), so the upper window on each Nal crystal ad-

mitted 6.0-7.5 MeV pulses, and the lower window admitted 2.0-2.5
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MeV pulses. For the sum mode windows, the natural background
was, very roughly, about 100 counts per run. The statistical
error on a point showing‘N corrected counts, then, was approx-
imately (N+-100)1/2.

Several peaks and regions of high yield were attributed
to (a,n) reactions on contaminants for the following reasons:

1) the peaks and regions were broad (one expects (a,v)
reactions at these energies to be narrow since the a« and v
widths are small and no other channels are usually open;
the (a,n) reactions, however, tend to have large neutron
widths)

2) they showed little or no evidence for Yi transitions
expected from the reaction being measured

3) they occurred at energies corresponding to known
resonances in (a,n) reactions on expected contaminants, had
approximately the correct widths, and were consistent; that
is, all the strong resonances in this energy region for a
particular reaction were present.

From these considerations, yield was attributed to the
resonances listed in Table 1, in (a,n) reactions on the nuclei
lo’llB, 13 C, and 180. The resonance energies and widths in the
table were taken from Bonner et al. (1956). The presence of
these contaminants was expected: oxygen has been discussed

already; carbon buildup on targets is an old, common problem;
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TABLE 1: Resonances in Contaminant Reactions in 2881(0,y)325 Yield

Resonance Total
Reaction Energy Width, T
136 (q,n)% 2.09 MeV 100 keV
2.25 100
2.2 80
2.605 <6
10 (q,n) 2N 2.16 30
2.26 200
13, (b, S ca
DG,y N < JUO o7
2.60 100
18O(a,Y)lee 2.21 30
2.7 <15
2.56 25

The resonance energies and widths were taken from Bonner

et al., (1956).
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and boron had been detected earlier through the 1OB(a,p%y)lBC
reaction at 16h0 keV. It was assumed that the several isotopes

of each contaminant were present in their natural abundances.

C. Resonances in 2881(a,y)32s

Five rescnances, apparently narrow and showing evidence
of the appropriate Y1 transition, were thought to belong to
this reaction, and were further investigated. These appear
in the excitation function at energies of 1776+5, 1995+5,
2187+7, 2370+ Lk, and 2415+5 keV. The assistance of the 0]
coincidence technique in identifying these resonances is evident.
Long runs directly above and beneath each resonance were taken
provide 40O chamnel specira, from which Lhe resonance strengtbs
could be calculated, and from which some qualitative information
about the cascade structures might be obtained. To the accuracy
with which the gamma energies could be determined, the high energy
cutoff in each spectrum corresponded to that expected for the
323 excitation at that bombarding energy, and all of the strong
gammas seen in the spectra could be identified with transitions
between known levels in 32S.

Each of the resonances was fairly close to a resonance
in the 2hMg(a,y)285i reaction, for which the resonance energies
in this region have been measured to 2or 3 keV, as listed

in Endt and Van der Leun (1967). Assuming that the fluxmeter

in the 90o analyzing magnet could determine energy differences
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of up to LO keV accurately, the resonance energies were deter-
mined with a target assembly that had the 5 keV ?831 tar~

get on one side, and a 30 keV, natural magnesjium target on

the reverse side. The target was moved to a fresh spot after
each resonance was traced out, to insure that carbon buildup
vwould not affect the calibration. The energies and uncertainties
listed in the previous paragraph were determined in this way.

The measured resonance energies and the corresponding 328
excitations appear in the first two columns of Table 2. The
lowest energy resonance, at 1776 keV, has an excitation energy
of 8.50 MeV, and is probably the level listed by Endt and

Van der Leun (1967) at 8.495+15 keV, which was seen in the
cascade structure of the ElP(p,v)st reaction, and in the
31P(T,d)325 and\328(e,e')328 reactions. The other L resonances
correspond to levels that have not been observed or confirmed

previously.

Because the resonances are so weak, careful identification

8

with the ° Si(a,y)st reaction must be made. The following

paragraphs describe the analysis used for their identification.

The Q value and the low lying 3

similar in nature to those of 325, and the y decays in

S levels are remarkably

BhS

are not hindered by the isotopic spin selection rule, for-
bidding T=0 to T=0 transitions for the T=0 levels of self-
conjugate }ZS. Although the isotopic enrichment should have

eliminated the possibility that any of the S resonances was
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from a-capture on 30Si, as a precaution, the thick target
step for each resonance was traced out on the stopping target
(natural silicon). If a resonance had been in 3081(a,y)3h8,
its yield would have been enhanced by about a factor of 100;
however, after correcting for the oxygen dilution of the 2881
target and the isotopic dilution of the stopping target, the
yield from each resonance reproduced quite well. This, inciden-
tally, also provides evidence that the 2851 target was qualified
for the thick target approximation (Section IC) for each of the
resonances studied, and that the effects of channeling could
be neglected for the crystalline target.

The fact that the shape of each resonance peak depends on
the target thickness, as seen by comparing the peaks for the
5 keV, 20 keV, and stopping targets, is submitted as proof that
the reaction responsible for each resonance occurs in the target ma-
terial, and not elsewhere, such as in the target backing, cham-
ber walls, or upstream collimators. The spectra verify that
the counts are caused by gamma rays, and not by neutrons. A
search of the review articles by Ajzenberg-Selove and Lauritsen
(1959, 1968), and by Endt and Van der Leun (1967), show that
no par-icle reaction, such as (a,py), for targets up to at least
A =10, can produce y rays of the energies observed, and the

upper limits on impurity concentrations in the 2881'. target

rule out any radiative capture reactions as the source. It also
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seems most improbable that the 2881 targets, evaporated

from amorphous Si that had been reduced from Si0,, and

2
the stopping target, of very pure semiconductor silicon,
would have identical impurity concentrations.

Finally, there was a remote possibility that deuterons
could have contaminated the beam, since the magnet would not
discern between He+ atoms and D2+ molecules of the same energy.
To protect against this possibility, the deuterium bottle in
the ion source was valved off and isolated from the source
by two vacuum seals, and the internal parts of the source
(pyrex bottle, quartz sleeve, and canal) were replaced with
new parts. The only deuterium present, then, should have
been due to the natural abundance of D2 in the residual
hydrogen in the source. The D, abundance is about 2.2 x 10'8
molecules per H2 molecule.

For each resonance, the number of counts in the sum mode
SCA window was compared with the number of counts in the por-
tion of the corrected spectrum that corresponded to the sum
mode window, and the result was used to correct NB' This pro-
cedure corrects for the possibility that the below-resonance
spectrum was not taken completely below the resonance, or that
the above-resonance spectrum was not measured on the yield
plateau. The resonance strengths were calculated with the

method outlined in Section IVB. The resonance energies, exci-

tation energies, and total strengths for the resonances appear
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in the first three columns of Table 2. The fourth column in-
dicates any apparent qualitative features of the cascade
structures. The strength of the resonance reported by Smulders
(196L) was also measured here, and this result is included in the
table. Smulders quoted a strength that is approximately 1/2

of the value obtained here, but he measured only the strengths

of the Yo and Y1 transitions., The spectrum shows some evidence
for decays to higher states, so this disagreement is probably

not important.

The uncertainties tabulated for the resonance strengths
came from two main sources:

1) the uncertainty in £ is estimated at 12 - 15%, which
includes uncertainties in values for £ in the literature plus
uncertainty in the correction for oxygen contamination;

2) the uncertainty in NY was a combination of the statis-
tical error in NB (small) and the uncertainty in 7, which de-
pended on the "cleanliness" of the individual spectra, and
therefore on the background at the resonance energies.

Spectra for the six resonances appear in Figures 10-15.
The arrow on the abscissa in each figure indicates the starting
channel for the integral that determined NB. The quantities
f andn(f), used to determine NY, are described in the captions,

and the various peaks in the spectra are identified.
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D. Upper Limits to Resonance Strengths

Upper limits were established for the resonance yield in
three energy regions, using different procedures in each region.
The procedures and results will be discussed in the following
paragraphs .

1. EHe+= 2581 keV

A level in 32

S at 9.207 MeV has been found in the 31P(p,y)32s
reaction, and the branching ratios for its cascade members have
been measured (Endt and Van der Leun, 1967). The level has

been shown to have J=1, but its parity has not been determined,

so the level possibly could be formed in the 28814-a system.

S

vation of this level would correspond to a bombarding

28

The exci
energy of 2581 keV in the Si(a,y)328 reaction. Competition
from contaminant reactions in this region rendered the sum mode
useless for the study of this level, but it has a branching
ratio of 38% for the Y, transition, and could therefore be
detected with the coincidence system. The Y1 branching ratio
for the 2370 keV resonance was estimated to be (55+10)% from

the spectrum for this resonance, and its strength had been
determined with the sum mode system. The upper limit to the
strength of the 2582 keV resonance, 52582’ was calculated simply
by comparison to the 2370 keV resonance strength, 82370, as

follows:
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(5501008 C,eq,
38% C2370

< S (26)

S2582 2370,

where 02370 was the coincidence yield for the 2370 keV resonance,
and 02582 was the upper limit to the coincidence yield for the
2582 keV region. The result, which also appears in Table 2,

was (2J+~1)rary/r < 0.015 eV. Although this is not a particu-
larly good limit, it is small enough that any astrophysical
contribution at 2582 keV can be neglected in view of the

stronger surrounding resonances.

2. 1400-1700 keV

For bombarding energies in the region, 1.4~1.7 MeV, a care-
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system provided an estimate of the smallest step that could

be detected. This estimate was compared with the yield from
the 1776 keV resonance, which allowed an upper limit of
(2J¢-1)FQFY/P < 0.0008 eV to be placed on the strength of

any resonance in this energy range. A small step in the yield
at 1540 keV prompted long spectrum runs above and below this
energy. A very strong 3.85 MeV gamma ray from the resonance
in loB(a,pBY)BC, at 1640 keV, suggested that the level formed
in the compound nucleus (th) had a large enough electromagnetic
decay width to provide the gamma rays in the 6 - 9 MeV range
that were observed in the yield step. The excitation and spin

1L

of this level in "N, and the cascade structure seen from nearby
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levels of the same spin and parity, support this theory.

3. Ep+< 1400 keV

A long run at 1400 keV on the stopping target allowed an
upper limit to be placed on the strength of any resonance at an
energy below 1400 keV., It was argued that any yield above
8.67 MeV, 0.5 MeV above the 323 excitation corresponding to
1400 keV bombarding energy, must be from a contaminant reaction.
Assuming that the contaminant contribution had a fairly flat
shape, an average yield per channel was calculated for the
region in the spectrum above 8.67 MeV, and was subtracted
from each channel in the region admitted by the SCA window.
After this correction {and the nsunal natural back
correction), the net yield in the channels corresponding
to the window was 3+ 32 counts in 45000 pC of integrated beam.
Comparing this with the yield from the 1776 keV resonance

provided an upper limit of 0.0001 eV for (2J+ l)l‘aFY 1wy /T

10
This result also appears in Table 2.
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VI. THE “%0(a,v)?ONe REACTION

A. Targets

The léo(a,Y)ZONe reaction was investigated with the spec-
trometer, using the prescription discussed in Section IVA for
the calculation of Ny. Because it was desired to measure a
very small reaction yield, careful consideration was given to
the selection of target material. If the material is a chem-
ical compound, the elements other than oxygen should not have
a very low Z, yet the material should contain as much oxygen,
by weight, as possible, so that the stopping power per oxygen
atom will be large. The material should also be available in
a very pure form, particularly with regard to low Z contaminants,
and it should be rugged enough to withstand high beam currents.
This last quality requires an optimum combination of high melt-
ing point and high thermal conductivity.

Fused quartsz, SiOZ, best fitted the requirements. An O2
target would of course offer the highest yield, but gas targets
present other problems. The entrance window on a closed cell
must be extremely thin if it is to pass low energy a particles,
but such a thin foil would not withstand the large beam currents

that are necessary for very low yield measurements. A differ-

entially pumped gas system would be too ungainly to allow the
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close placement of the Nal detectors, so that detection efficiency,
and therefore yield, would be sacrificed. The next two suitable
compounds, in order of stopping power, are silica (of which
fused quartz is the most common form in the laboratory), and
water; the stopping power per oxygen atom for each of these is
5/8 of the stopping power for oxygen. Although ice targets have
been used, they present difficulties; therefore, fused quartsz
was chosen.

Two targets were used. The first, a rectangular piece
of quartz approximately 1/8 inch thick, was used to obtain the
spectra for the 1116 and 1319 keV resonances. Because of the
low thermal conductivity of quartz (one requirement not met),
the beam spot became very hot, which helped to keep the target
free from the deposition of hydrocarbon vapors. However, for
beam power above a certain limit, the quartz became too hot,
and melted fairly rapidly. For a 3/16 inch beam spot, and a
1 MeV bombarding energy, this limit was about 10 microamperes of
He' ions. In addition, the dielectric property of the quartz
kept the accumulated charge from dissipating. On one long run,
the quartz developed a tiny fracture through which the front
surface discharged to a metal clip that supported the quartz.
The discharge occurred at intervals of several seconds, accom-
panied by radiation that produced numerous spurious pulses in the
counting systems. The problem of discharge was remedied by

placing a sharp sewing needle very close to the beam spot, but
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outsidﬁ the path of the beam, allowing a coronal discharge to
the point.

Because of the thermal and electrical problems associated
with bulk quartz, a second target was fabricated and used for
the long runs at 1000 and 850 keV. A piece of very high purity
quartz, manufactured by Amersil, Inc. (Los Angeles), was frac-
tured with a clean hammer, and the small grains were then evap-
orated, in vacuum with electron beam bombardment, onto a copper
block that could be water cooled in the target chamber. The
thickness of the evaporated quartz layer was roughly equal to
the range of an 800 keV a particle, and was measured by tracing
out the yield shape for the 1319 keV resonance, monitoring the
Yy yield with the coincidence system. Information obtained
from the manufacturer indicated that the quartz contained 1.3
parts per million by weight of Li20, and less than 0.1 parts

per million by weight boron.

B. The Resonances at 1116 and 1319 keV

Spectra for the 1116 and 1319 keV resonances were measured
with the thick quartz target, using the sum mode electronics.
At the same time, the coincidence system monitored the 11 tran-
sitions, providing information that was useful elsewhere in
the study. The spectrum for the 1319 keV resonance is shown in

Figure l6. This spectrum is the difference of iwo spectra
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measured just above and just below the 1319 keV resonance;
the contribution from natural background has been removed.
Although this resonance is as weak as the weakest resonance

28Si(a,r)ys, the lower energy produced far fewer

cbserved in
counts from contaminant reactions, and the improvement of the
spectrum is dramatic.

For each resonance, NY was determined in two separate
ways. The first method included the contribution from the
1.63 MeV vy ray by measuring the number of counts contained
in its peak, and then dividing that number by the photofrac-
tion for a 1.63 MeV gamma (the photofraction is defined as
the ratio of the contribution in the full energy peak to the
total contribution in the spectrum from the v ray). The
photofraction was determined from a 1.63 MeV gamma spectrum
obtained with the 23Na(p,aly)20Ne reaction.

For the second determination of Ny, the 1,63 MeV gamma

was ignored, and the low energy tail from the more energetic
gamma rays was exirapolated horizontally to zero energy.
The two values were averaged, and their difference determined
the uncertainty assigned to NY' The values for the total
resonance efficiency, €qy Were calculated using Equation 22,
Section IVA, with branching ratios from Van der Leun et al.
(1965).

Since the multipolarity of the radiation had been measured

by these same investigators for the 4.17 MeV gamma from the
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1319 keV resonance, and was otherwise unambiguous, the effects
of angular distributions were easily calculated, using the

Qi factaors discussed in Section IIIC, and angular distribution
coefficients from Pearson (1963). The resonance strengths

are listed in Table 3, along with the values measured by

Van der Leun et al.(1965--this paper will henceforth be referred

to as VSS). The agreement was quite good.

C. The Resonance at 2490 keV

A resonance at 2490 keV was also investigated by VSS,
who point out the difficulty arising from the nearby rescnance
in 18O(a,n)21Ne at 2470 keV. Their value for the strength,
(2J+1)FGFY/F, was 33+15 meV, and for the total width, I', was
15+7 keV. The evaporated quartz target used in the present
experiment. was substantially thicker than the target used by
VSS, and it therefore integrated even more of the yield from

18

the O(a,n)ZlNe resonance, rendering impossible an investiga-
tion of the 2490 keV resonance with the sum mode system.

The coincidence system, however proved more useful, VSS list
the decay of this level as a pure Y1

1.63 and 5.13 MeV gammas in coincidence. Using six SCA units,

transition, emitting

two with windows set on the 5.13 MeV peak, two set on the
1.63 MeV peak, and two set on a region of similar size just
above the 1.63 MeV peak, coincidences between the 5.13 and 1.63

MeV pulses, and between 5.13 and "> 1.63" MeV pulses could be
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monitored simultaneously. Since neutron processes could pro-
duce coincident pulses in either set of windows, the > 1.63-
5.13 pair could independently monitor variation in the yield
from (a,n) reactions. The excitation function, measured over
the step of the 2490 keV resonance, remained almost flat in
the > 1.63-5.13 yield, indicating that the neutron yield was
changing quite slowly over this region. The ylield step measured
in the 1.63-5.13 system was then attributed to y rays from the
2490 keV resonance of interest., In a manner very'similar to
that used for placing the upper limit on the strength of the
2581 keV resonance in 28Si(a,v)BZS (Section VD), the Y1 yield
from the 2490 keV resonance was compared with the Y1 yield
from the 1319 keV resonance, and the strength was determined
to be 41+12 meV, in agreement with the value 33415 meV as
measured by VSS. From the shape of the yield step, the

width of the rescnance was measured to be 10+5 keV, which is

also in agreement with the VSS value, 15+7 keV.
D. Yield for EHe+< 1000 keV: 1. Sum Mode Results

Very long runs were taken at bombarding energies of 1000
and 850 keV, so that an upper limit for the strength of any
resonance below 1000 keV could be calculated. The water cooled,
evaporated target was used, and beam currents of 20-3C pamperes

were typical. The condition of the target was checked fre-
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quently by retracing the yield step of the 1116 keV resonance.
The total integrated beam current was 0.46 C and 0.36 C for the
1000 and 850 keV runs, respectively. Clearly the main problem
in establishing a good upper limit to the reaction yield is

in handling the background counts from natural sources and
contaminant reactions. The natural background, due mainly to

hOK, ThC", and cosmic rays, was determined accurately by

measuring it for 7x10h

seconds. The spectrum obtained from

a similar run appears in Figure 17. The sum window covered

channels 156-319, corresponding to energies of 3.1-6.L MeV.

In this window, the count rate due to natural background was
0.469 counts/second.

X-rays from the accelerator terminal could have provided
another source of background, but since the counting rate due
to the natural background, and to neutrons, was already high
enough to render useless that portion of the spectrum below
3 MeV, it was not necessary to correct for the X-ray contri-

bution.

As mentioned previously, neutron background from the

13 )16

C(a,n) 0 reaction was to be anticipated. The yield from
this reaction changed with time, depending on the thickness
of the deposited carbon layer, and therefore could not be
accurately calculated. The shape of the neutron spectrum

proved useful, however, and so was measured at several energies,
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including 850 and 1000 keV, with a target of 54% 1°C, supplied
by Dr. C. N. Davids. The spectrum at 1000 keV is shown in
Figure 18.

The importance of boron as a contaminant became clear
when the target thickness was determined. Although present
in a concentration of less than a part per million, the
boron produced a sum mode yield at 1510 keV that equaled
the yield from the 16O(a,y)zONe resonance at 1319 keV. Spectra
measured at this resonance and at a second resonance at 1640
keV, allowed the yield to be identified with the 1013(<1,1:>37)13c:
reaction. The most energetic gamma ray from this is a 3.85 MeV
gamma, which is very near the energetic member of the T tran-
sition in 20Ne in this energy region. A natural boron target,
consisting of boron powder pressed into a depression in a piece
of copper, was used to measure the yield at 1510 keV, 1000 keV,
and several other energies of interest. Since the spectrum for
the 1510 keV resonance, taken on the quartz target, was clean
enough to allow analysis, comparison of the several spectra
provided an estimate for the boron yield from the quartz target
at 1000 keV. The spectrum measured at 1130 keV from the natural
boron target appears in Figure 19.

As mentioned previously, lithium was known to be present

in the quartz. From the Q values for the 6,1

Li+a systems, it
can be seen that only the (a,y) reactions need to be considered

for these energies. Furthermore, 6Li accounts for only 7% of
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the natural lithium abundance, and the only 6Li+a resonance
below 1000 keV is weak enough to be neglected (Ajzenberg-Selove
and Lauritsen, 1966). Therefore, only the 7Li(a,y)llB reaction
could have contributed to the background, but since it 1is
a radlatlve capture reaction on an impurity, it was
at first expected to be negligible, and no special measurements
were made on lithium targets. It was, however, important in
the final analysis, and its contribution there will be discussed
shortly.

After the removal of natural background, the spectra obtained

from the 1000 and 850 keV runs were of too poor a quality to
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As mentioned earlier, the natural background accumulated in
the sum mode window at the rate of 0.469 counts/sec. Beam in-
duced counts accumulated at rates of 0.183 and 0.086 counts/
second for the 1000 and 850 keV runs, respectively, for aver-
age He* beam currents of 20 uamperes. The majority of the
counts therefore came from natural background, and it is to be an-
ticipated that the corrected spectra will show wide fluxua-
tions due to the counting statistics.

Mthough the contaminant peaks could not be clearly dis-
cerned, the spectral shapes were known for each expected source

of counts in the quartz, and the shapes differed greatly in

different regions of the spectrum. This suggested dividing the
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energy region above 3.2 MeV (below which the two spectra were
totally useless) into three large regions, and considering

the contributions of each source to each of the three regions.
The sources considered were neutrons, the 3.85 MeV gamma from
loB(a,pBY)BC, and whatever léo(a,y)2oNe yield might be present.
Although the possibility of a-capture on the silicon in the tar-
get should be considered in principle, it was eliminated on the
basis of the high Coulomb barrier for the reaction.

The neutron response of the detectors was available from
the spectra measured for 13C(a,n)léo at 1000 and 850 keV.
Different reactions, such as lO’llB(a,n)lB’th would have con-
tributed neutrons of somewhat different energy than the neutrons
from carbon contamination, but the shape of the neutron response
varied slowly above 3 MeV, and should have been relatively
independent of the expected neutron energy differences. There-
fore, the 13C(a,n)léo Spectra were used to represent the shape
of all the neutron response curves.

The shape of the 3.85 MeV gamma from loB(a,pjy)D'C had
been measured at 1000 keV on a boron target, as mentioned
before. It had alsc been measured at 850 keV, but at this
energy, contributions from neutrons were clearly evident. Since
the neutron shape was already accounted for, the shape of the
1OB+a spectrum at 1000 keV was used for both runs.

The spectrum shape due to 16O(a,y)20Ne yield was estimated

by correcting the 1319 keV spectrum for the small change in
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excitation energies. This is a reasonable procedure, since
any other levels in 20Ne at these low energies would be ex-
pected to exhibit decay structures very similar to that of
the 1319 keV resonance.
The borders for the three regions are indicated by the
numbered arrows on the abscissa of Figure 16. Regions 1, 2,
and 3 spanned the energy ranges 3.1-4.2 MeV (arrow 1 to arrow 2),
h.2-6.4 MeV (arrow 2 to arrow 3), and 6.4-8 MeV (arrow 3 to the
end of the spectrum), respectively. This selection of regions
provided the highest sensitivity to the shape differences of
the contaminant and oxygen yields, and therefore used most
efficiently whatever information was available in the quartz target
spectrum. The neutron shape was quite flat, and decreased
slowly through each region; the 3.85 MeV gamma from boron
contamination contributed mainly to region 1; and the yield
from 16O(a,y)zoNe could have contributed only to regions 1 and 2.
The following analysis was then applied, independently,
to both the 850 and 1000 keV quartz spectra. For region 1,
the quartz yield, N(1) (corrected for natural background),
was expressed as the sum of the absolute contributions from

neutrons, the boron y ray, and 160(@,7)20Ne:
(neutrons) + (boron) + (oxygen) = (quartz).

Each absolute contribution was then expressed as the product

of the number of counts in region 1 of the corresponding shape
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spectrum, C(1), B(1), and 0(1), and an unknown coefficient, X5
that normalized each shape contribution to its actual contribu-

tion to the quartz spectrum,
XCC(l) + XBB(l) + xoo(l) = N(1). (27a)
Two similar expressions followed immediately,

xcc(z) + XBB(2) + xoo(z) = N(2)

(27p,¢c)
X,C(3) + XgB(3) + X,0(3) = N(3)

where the same set of Xi apply for each region of the spectrum.
As expected from the discussion of the last paragraph, 0(3) and
itle small compared to 0(1) and B(1l), respectively.
Note that the shape spectra do not need to be normalized to
an absolute yield, since the normalization can be absorbed
in the Xi’ The goal of the analysis was to determine the pro-
duct, X,0(1+2), for this represented the yield in the SCA window
from léo(a,y)zoNe, which could be compared directly with the
Yield from the 1319 keV resonance.

Equation 27 was coded in the matrix form, AX = N, where
A is the shape matrix, N is the quartz yield vector for the
c? XB , and XO.
The Caltech-IBM 360-50 computer then calculated the inverse

spectrum, and the vector X has components X

of A and determined the solution for X, for both the 850 and

1000 keV runs. The errors in X are of major importance to
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the determination of an upper limit on the yield. An expression

X
change incrementally, and demanding that X change in such a way

for the error vector, o_, can be obtained by letting A and N

that the matrix equation is still satisfied, becoming
(A+da)(X+dX) = (N+dN). (28)

Expanding, discarding the second order term, dAdX, and sub-

tracting the original matrix equation, one obtains

ax = A~H(aN - aax) . (29)

By replacing the increments with the known uncertainties in

4 and ¥, adding up Uhe coeificienis of each uncertainty linearly,
and summing the resulting independent terms quadratically, the

S vector was obtained. Finally, the solutions for the oxygen
;;ﬁtribution in the SCA window were 659+571 and 172+3L8 counts,
respectively, for the 1000 and 850 keV runs, for total integrated
He® currents of 0.46 and 0.36 Coulombs.

The fact that the answer for the 1000 keV run was not quite
compatible with zero was cause for some concern. However, the
previously neglected 7Li(a,y)nB resonance at 958 keV must have
been responsible for some of the counts. Although the excitation
in 11B is 9.27 MeV, the level decays 67% through the level at
Lh.bhly MoV, yielding two v rays, of energies L.il and L.83 MeV.

For the broad regions considered in this analysis, the spectrum
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shape from these gammas would be represented fairly well by the
16O(a,Y)QONe shape, and so yield from 7Li(a,y)llB could have
resulted in an overestimate of the oxygen yield. Using the
lithiwn concentration quoted by the manufacturer, the literature
value for the strength of the 958 keV resonance (Ajzenberg-Selove
and Lauritsen, 1966), Equation 6, and the Nal detection efficiencies,
the yield from 7Li contamination was estimated to be 1000550
counts. For the purpose of calculating an upper limit, 450
counts were attributed to lithium and subtracted from the 1000
keV solution, leaving 209+571 net counts, which is compatible
with zero,

To convert the results to an upper limit on the strength,
the uncertainty was added to the net counts; this result was
compared with appropriate corrections for the differences in
energy and in integrated beam current, and then normalized to
the 1319 keV resonance strength, 18.1 meV. For example, for

1000 keV, the limit was calculated in the following way:

0.061 C)(1000 keV .)(780 ts)
(2J+1)(FGFY/F)lab< (18.1 mev) EO.hSh C;§1319 k:v)?§§9%é cougz:? -

< 0.04}; meV,

A useful independent check Wwas available for the
1000 keV analysis. Because the lOB(a,p3y)1BC resonance at

1510 keV had been measured with both a boron target and the
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evaporated quartz target, the amount of boron in the quartz
target could be calculated by comparing the yields from the
two targets. This allowed a direct caleculation of XB for the
1000 keV run. The result was X = 0.16+15%; the value obtained
from the matrix analysis was Xp= 0.157:23%.

E. Yield for EHe+<'1000 keV: 2. Coincidence Results

By monitoring the coincident detection of both members
of the Yy transition expected from any level in 20Ne, it was

anticipated that the ratio of beam induced count rate to nat-

The efficiency for coincident detection was estimated to be
roughly a factor of 20 lower than the sum mode detection ef-
ficiency, but, if the natural background could produce only
random coincidences, then, with a background rate in the upper
and lower coincidence windows of 0.32 and 1.9 counts per second,
and a resolving time of 1 usecond (twice the duration of the
logic pulses), the random rate should have been =0.51 counts
per 106 seconds. In practice, however, the background coin-
cidence rate was measured to be 3.56+0.22 counts per 10° seconds,
indicating probably that two or more members of a cosmic ray
shower were being detected, or that an energetic charged par-

ticle at a fairly large zenith angle was traversing both Nal
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crystals. In order to measure the true random rate, a delay
line of arbitrary length longer than the resolving time was
inserted between one SCA and its coincidence input. This
circuit ran for a week (=O.6x106 seconds) without register-
ing a count.

In order to decrease the background coincidence rate,
four paddles of plastic scintillator, each 50 cm by 50 cm
by 1 inch thick, and having its own phototube, were mounted
outside the lead shielding, and run in anticoincidence with
the Nal coincidence pulses. Although a more efficient geometry
for cosmic ray anticoincidence would have the anticoincidence
shield inside the lead shielding, this would have involved
considerable cost and effort.

The plastic shields were checked for uniformity of re-
sponse with an 88Y source, and the gains were matched by vary-
ing the phototube high voltage supply and observing the spectra
of various sources. The four anode signals were summed resis-
tively and DC coupled to four Hewlett-Packard wide-band dis-
tributed amplifiers in series. The fast output signal was
inspected with a tunnel diode discriminator (leading edge
timing), and the slow logic output pulse (0.3 useconds wide)
from the discriminator was stretched and delayed to match the
timing requirements of the Nal spectrometer coincidence system,
which used cross-over timing. The system timing was carefully

inspected before each run, using a pulse generator and an
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oacilloscope. In order to veto as many background pulses as
possible, the discriminator threshold was set very low, passing all
pulses higher than =200 mV, corresponding to roughly 300 keV
of energy deposited in the plastic scintillator. The only reason
for the use of leading edge timing in the veto system was the
superior stability at very low thresholds of the tunnel diode
discriminator over the conventional Schmitt trigger discrimin-
ator. The threshold was kept high enough so that the dead time
due to veto pulses was always less than 3%.

The antlcoincidence shields reduced the background rate
from 3.56 to 1.17+0.13 counts/10° seconds.

Coincidence data and sum mode data were gathered at the
same time. As for the 2490 keV resonance, a second SCA, the
> 1.6 window, was set for the region just above the 1.6 MeV
window to monitor the background. The background coincidence
rate in this window was 0.548+0.129 counts/lo3 gseconds. Coin-
cidence datawere also obtained during the runs in which the
10B(a,pBY)lBC and 130(a,n)160 spectra were measured. For
each case, the > 1.6 coincidence pair registered fewer counts
than the 1.6 pair.

With these data available, the net counts atiributable

16O(a,y)zoNe in the coincidence system wers calculated

to
in two ways. The first way depended on the results of the

previously described matrix analysis. Using the same set of
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X and the coincidence information from boron and carbon

i’
runs, corrections were calculated for the quartz coincidence
yield. For the 1000 keV work, the raw quartz data, and the

natural background, borcn, and carbon corrections combined

as follows (the errors are statistical):

1.6 Coincidence > 1.6 Coincidence
Quartz 2h + L9 20 + k4.5
Natural Background 11 + 1.2 5 +1.2
Boron 3+0.9 2 + 0.6
Carbon 1k :_1.6 11 + 1.k
Nat = + 5.4 sounts 2 + 4.9 counts

The second method was independent of the matrix analysis,
and therefore perhaps preferred. Since, for all sources, the
> 1.6 pair registered fewer counts than the 1.6 pair, a simple
subtraction of the > 1,6 data from the 1.6 data also yielded
an upper limit. The contribution from natural background was
removed because its calculation was straightforward. For
1000 keV again, using the above data for quartz and natural
background, the corrected 1.6 value was 13 + 5.0 counts, and
the > 1.6 value was 15 + 4.6 counts. The difference of these
values was -2 + 6.8 counts.

Similar calculations were carried out for the 850 keV
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data, yielding, in each case, an answer compatible with zero.
The number used for the upper limit was the net counts plus
the uncertainty, for positive net counts, and just the uncer-
tainty for negative net counts. These numbers were converted
to upper limits for (2J+1)I‘al"Y1/I‘ by comparing with the coin-
cidence yield from the 1116 keV resonance, just as the sum
mode counts were compared with the 1319 keV resonance yield.
The results for all of the 16O(a,y)zoﬂe strengths appear in
Table 3.
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TABLE 3: Resonance Strengths for 16O(a. ,Y)ZONe

Resonance Energy (keV)® (2J+1)rar/r (mev)? (2s+1)r L /T (mev)?
1

2u90 bl +12

1319 18.2+ 3.6

1116 1.9+ 0.78
<1000 <0.0lk <0.031
< 850 <0.036 <0.02h

4The energies and strengths are given in laboratory units.
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VII. ASTROPHYSICAL RESULTS

A. 2881(a,7)32s

The astrophysical interaction rate, {ov), for this reaction
was calculated using Equation 2, Section IB; the values are
tabulated in Table L for various temperatures. It should be
pointed out that the rate expressed in Equation 2 considers

28

a~-capture only on ~ Si in its groumd state. For T9= 5 (T9 is

the temperature in units of 10° °k), approximately 7.4% of the
2831 miclei will be found in the first excited state; therefore,
a-capture on this state could make a contribution to the total
interaction rate of 2881. It follows that the photodisintegration
lifetime of 3ZS through a channels could be similarly shortened.
Unfortunately, particle capture on an excited state cannot be
studied directly in the laboratory; therefore, the effects of
excited states on the interaction rate can only be estimated

from calculations. An example of such a calculation for the

2
Th1+p and 2MMg+s is given by PBL.

cases of
. 28. 32
For the calculation of the interaction rate, the ~ Si(a,v)” S
data measured here were supplemented by data from Smulders (196k)
and Langevin et al. (1965); the supplemental date are given in
Table 5. As mentioned in the introduction, Smulders measured

the partial resonance strengths, (2J+1)Far‘Y by /T, only, for
1

0
four resonances; the strength for the resonance at the lowest



TABLE L4: The Stellar Interaction Rate for 28Si(a,

11h

Y)328

Temperature (109 °k)

NAst>(sec'1)

0.3
0.h
0.5
0.6
0.7
0.8
0.9
1.0
1.5
2.0
2.5
3.0
3.5
4.0
L.5S

5.0

2.43 x
5.32 x
3.16 x
9.93 x
5.87 x

1.23 x

et
w
[}]
e

8.59 x
2.6h x
5.68 x
L.12 x
1.63
L.kh
9.h6
17.0

27.1

10723

10-17

10~
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TABLE 5: Supplemental Resonance Data for 2881((1 »Y)3 %s

Resonance Energy (25 +1 )I‘GI‘ /I‘
(kev)a (eV) Source
2878 + L 0.75 + 50% Smulders (196L)
2904 1.3 ¢ "
3162 " 0.37 n [
3413+ 6 0.15 + (x 2) Langevin et al.
(1965)
3616 *® 0.17
3 75 3w 1.0 " "
38 3h n 0. 3 8 1 1"
3879 1 0 .)_‘ 3 " L]
3993 " 0o.L3 v "
h096 n 0.2 h ] 1
h210 n 0. 62 ] f

L298 v 1.8 "




116

energy, 2618 keV, was measured here, and this value was used to
normalize the partial strengths of the other three resonances

at higher energies, measured by Smulders. This estimate of the
total strengths for these resonances was assigned an uncertainty
of 50%.

Although Langevin did not calculate strengths for the re-
sonances that he found, he provided a diagram of the excitation
functions. Because the target he used contained natural silicon,
resonances in 3oSi(a,y)3hS also appeared in his excitation func-
tions. The strengths for three of these resonances had been

measured by McMurray and Van Heerden (1965), which, with know-

-

+W + h ] + 212 amm 2
ledge of the natural abundances of the silicon iseot

|
{0
w

[w]
g
ey
€
Pebe
f

resonances in Langevin's excitation function could be converted
into strengths. The three 3081(a,y)3hs resonances provided
three values for this factor; the values were consistent.
Clearly this procedure could introduce large errors, so the
strength estimates must be assigned an uncertainty of at least
a factor of two.

The contributions from the various data to the interaction
rate are compared in Table 6, which illustrates the importance
of the new data measured here.

Photodisintegration rates were calculated with Equation 3,

Section IB, and the results are listed in Table 7. Again, the
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TABLE 7: 2881 Photodisintegration Rates (ao Channel)
Temperature (109 °x) XY o (seconds_l)
2

0.5 ' 7.93 x 107k

1.0 6.18 x 1071

2.0 3.91 x 1077

3.0 1.4 x 107%

4.0 1.08 x 10°

5.0 2.2 x 105

2531 are ignored. Comparison of

contributions from excited states in

the photodisintegration rates for the a and p channels indicates that

the a channel dominates for T9< 2; the p channel bacomes important at

higher temperatures. The p channel rate was calculated with data from

the Endt and Van der Leun compilation (1967) for the 31P(p,T)325 reaction;

differences in the reported data show the need for further investigation.
The upper limits listed in Table 2 for resonance strengths below

1400 keV show that no undetected low-energy resonance can contribute

appreciably'to<@q)ror T93 2. The contribution from a 1400 keV resonance

of strength 0.0008 eV would be 18% of the 1776 keV resonance contribution.

To equal the 1776 contribution, a resonance of strength 0.0001 eV mast
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lie below 660 keV, implying a width I several orders of magnitude
greater than the Wigner limit,for this energy.

Two and four parameter fits to the interaction rates as
a function of temperature are provided to facilitate astrophysical
calculations. The formula, NA<ovC>= 9.36x10231p(-18.8/T9) fit-
ted the data to within 30% for T

9
= 0.,5. The form, NAvi> = 2.73x102exp(-17.l/T9) +

= ] .5, but was low by a factor
of 7.k at T9
2.81x103exp(-2h.9/’1'9) fitted the data to within 8% over the

range T.= 0.5-5. It should be remarked that the experimental

9
uncertainty in the data is much greater than 8%.

B. 160(@,7)2

with those measured by Van der Leun et al. (1965), and no evidence
was found for resonances at lower energies; therefore the situa-
tion for helium burning is unchanged.

Typical a energies at helium burning temperatures are far
below the energies of the three lowest resonances in léo(a,r)zoNe;
at the low stellar energies, 1"(I will have changed markedly from
its value at the resonance energy, because of the decrease in
the penetration factor. Equation 2 therefore is no longer valid.
Clayton (1948) has discussed in detail the appropriate formulas
for calculating the interaction rates in these circumstances. -

Fowler, Caughlan, and Zimmerman (1967), have given an expression for
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the nonresonant rate for this reaction which should be accurate

to within a factor of 3 for T9< 0.2,

N, (ov)e 1.34x10° (1 + 1.05x10'2T91/3) Tg/BexP(-39.76/T;/3).

The results of the present measurements do not affect this expression.
The hypothesis proposed by Asano and Sugimoto (discussed in
Section IA) receives no support from this work, although it was a pri-
ori unlikely that 16O(a,y)zoNe could have been of much help anyway.

Asano and Sugimoto calculated the rate of energy generation by
the th(a,y)IBF reaction in the core, using a formula for the

reaction rate given by Reeves (1965). Later experimental data

propose the following argument concerning energy generation

by 16O(a,y)zoNe. Assume that a resonance exists somewhere

below 850 keV, having a strength equal to the upper limit deter-
mined in the present work. Assume also that the ratio of the

160 concentration to the 1hN concentration after CNO burning at,
say, T9= 0.1, is 0.003 (Clayton, 1968). Then calculate how low the
energy of the assumed resonance must be for the reaction to gen-
erate energy at 1% of the rate calculated by Asano and Sugimoto
(with the old N(a,y)'%F data). The answer, for the assumed
resonance strength, is Er,CM= 306 keV. A simple penetration

factor calculation shows that a resonance of this strength, at

this energy, must have a value for Fa that is a factor of 10h
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greater than the Wigner single-particle limit (or ei - 10%).,
It can therefore be safely stated that the 160((1 ,Y)20Ne reaction

can not supply the energy needed for igniting a helium flash
in the Asano-Sugimoto model.
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VIIXI. EXPERIMENTAL CONCLUSIONS

2881(a,7)328 reactions were

Both the 16O(a,Y)zoNe and
investigated in energy regions where the reaction yield was
very low. Some of the background problems encountered in
this experimental situvation will be discussed. As the prob-

lems were somewhat different for different He+ energies, two

energy ranges will be treated separately.
A. Incident Energies Between 1 -3 MeV

In this energy range, weak resonances having strengths

(2J41)T' T /T = 20-100 meV w
ay

background was from beam dependent (a,n) reactions on contami-

studiad The main
Luglisqg, & i

A KA ik da

{
(i3

nants in and on the target. A list of the reactions and reso-
nances encountered appears in Table 1. Alpha-capture reactions
were also probably present, but at this yield level, they did
not become important.
Clearly, very high purity targets would be required for further
similar studies, and any steps taken to prevent carbon buildup
or target oxidation would prove valuable. The use of time-of-
| flight techniques with a pulsed beam would eliminate many
neutron counts and natural background counts from the spectrum,
but such techniques would also impair the gamma counting rate.

A Ge(Li) detector could provide help in identifying contaminant
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reactions; it is also necessary to know the features of a-
induced reactions on the contaminants found.

The coincidence technique proved to be very valuable in
identifying yield with the reaction of interest. A 2-dimensional
analysis system, or at least another battery of single channel
analyzers and coincidence gates, would provide the capability
for monitoring other transitions, which would allow a more
positive identification, and at the same time, provide some
information about relative transition strengths. A single
window examining only the high energy region of the spectrum

may miss some astrophysically important resonances.

neh more heam oar 2 hicheyr Ast=nts
g3 BOIe D3l or 2 nlghner S

allow shorter runs, the contaminant background is beam depen-

dent, and would not be reduced by these means.
B. Incident Energies Below 1 MeV

This region is below the energies of most resonances in
particle reactions, such as (a,n) reactions, so yield from
these reactions would be non-resonant in nature, and would
therefore vary slowly with energy. The strengths typically
of interest in this region are of the order of 0-2 meV; it is
often desired to put as low an upper limit as possible on the
Yield. Some contaminant alpha capture reactions can compete

with such low yields, for example, the 7Li(a,y)llB reaction
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discussed in Section VID.
The main contribution to the background, however, was
from natural background, which accumulated 3 - 5 times faster
than beam induced yield. This situation could be improved
by either increasing the beam dependent yield or reducing the
natural background, as discussed below.
Incorporating larger detectors could at most increase the
yield by a factor of 2 or 3, and the larger detector volume
would very likely increase the natural background rate at the
same time. The larger detector might also have poorer resolution.
Increasing the beam current would help, provided that the
target could withstand it, and the accelerator could supply it.
Probably a more profitable approach would be to redesign
the anticoincidence system and shielding so that the natural
background rate is reduced. An obvious step would be to con-
struct an anticoincidence shield inside the lead. At low ener-
gies, hOK (1.49 MeV) and ThC" (2.61 MeV) would still be a prob-
lem unless the anticoincidence shield was thick enough te

efficiently vetc these gamma rays.
D. OQther Reactions

The partial detection efficiency method has now been applied

to the study of two product nuclei: 2881 and 32

S. For other,
similar reactions, it should be possible to check the'q curves

fairly easily by a study of the proton-capture reactions forming
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the nucleus in question, and to apply the result to the
study of alpha-capture into the same nucleus. Branching
ratios for states excited by proton-capture have been
measured for many nuclei having A < LhO, and are available

in the literature.
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