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Abstract

The o-induced thick-target 4-ray yield from light elements has been measured in
the energy ranée between 5.6 MeV < E, < 10 MeV. The v-ray yield for E, >
2.1 MeV from thick targets of beryllium, boron nitride, so&ium fluoride, magnesium,
aluminum and sili;aoh were measured using the a-particle beam from the Lawrence
Berkeley Laboratories 88" cyclo_t;on. The elemental yields from this experiment were

used to construct the a-induced direct production 4-ray spectrum from materials

" in the SNO detector, a large volume ultra-low background neutrino detector located

in the Creighton mine near Sudbury, Canada. This background source was found
to be an order of magnitude lower than predicted by previous calculations. These
measurements are in good agreement with detailed theoreti;:al calculations of this
spectrum based on a statistical nuclear model of the reaction, with the gross high
energy spectrum structure being reproduéed to within a factﬁr of two. A detailed
comparison of the experimentally and theoretically deduced excitation population
distribution of several x;esidual nuclei indicate the same level of agreement within

experimental uncertainties.
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Glossary

Glossary of Terms and Acronyms

FWHM: full width at half maximum of a peak.
HPGe: hyper-pure germanium.
MCA: multi-channel analyser.
SCA: single chapnel analyser.

background region: the channel region in a spectrum to either side of a peak used :
to calculate the background area beneath a peak. Preceded by “lower” and
“upper” to indicate the section of the background from the energy region

below and above a peak, respectively.
detector #1: detector positioned at the forward beam angle, 30.9° from the target- -

beam line codrdinate system

detector #2: detector positioned at the backward beam angle, 109.9° from the target-

H

beam line coordinate system

direct level population: the thick-target population per a-particle of a level in a resid-

ual nucleus induced by an (a,z) reaction. This is calculated by subtracting

x1



the population of the level by v-ray cascade decay of higher energy levels.

direct production 4-rays: Gamma-rays resulting from the decay of residual nuclei
from (e, z) reactions, and in particular excluding +-rays resulting from neu-

tron capture

escape order: a number used to identify peaks associated with a single y-ray transi-
‘tion. “0” indicates a full energy peak, “1” indicates a first escape peak and

“2” indicates a second escape peak.

level population: the thick-target population per a—particle of a level in a residual

nucleus as deduced from the observed yield for different decay branches. |

peak region: the channel region in a spectrum used to calculate the area and centroid
of a v-ray peak. The area of the peak is calculated by subtracting the inter-
'polated background area beneath the peak from the total area of the peak

region.

population distribution: the total level population per a-particle in a 1 MeV wide

energy interval (bin) for a residual nucleus.

reduced spectrum: spectrum from which some first and second escape peaks have

been subtracted
resolved levels: an energy level in a nucleus whose level population is known.
resolved transition: a transition whose yield is calculable.

transition: the de-excitation of a nucleus, and subsequent production of a 7y-ray, from

one level of definite energy to another level of definite energy.

xii
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unresolved transition: a transition whose yield is known only in combination with

other transition yields.

Glossary of Symbols

a: the level density parameter for a nucleus
a;: the fitted coefficients from a linear regression

b+ 6b: the background area and uncertainty. When indexed, refers to the background

area for one channel.
¢ the gross channel counts, without any escape subtraction.

cijk £ 8cijx: the intensity and uncertainty of an escape of order j from channel k in

full energy peak <.
e: the charge of an electron, 1.602 x 107°C
fws(z): the Woods-Saxon potential function -

g(z): composite Gaussian function. Subscripted to indicate individual Gaussian fits

making up the composite
J: - the total angular momentum quantum number of an incident particle
ji(z), m(z): the spherical Bessel and Neumann functions of order !
k: | the wave number of an incident particle
l: the orbital angular momentum quantum number of an incident particle

Mg the mass of an a-particle.
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m;:

Nept

ng:

Nef-

'8¢

Uy

the net positive counts in a channel above background

the index reserved for the detector number (1 or 2).

the number of channels in the background regions of a fit.
the number of beam dump (scalar) counts.

the effective number of counts used in the centroid calculation
the charge state of the a-particle beam, in units of e.

the intrinsic spin quantum number of an incident pé,rticle '
th¢ energy dispersion of a spectrum :

the channel offset for a spectrum :

i:he radial logarithmic wave function

the velocity of an incident particle

weight used in linear regressioh fits, usually defined as one over the square of

the uncertainty

the channel number of a fit. Subscripted when involved in a summation.

: the channel centroid and uncertainty of a peak

the amount of shift of a centi'oid

the total uncertainty in the channel counts. May differ from the statistical

value due to escape peak subtractions.
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bz the additional uncertainty introduced into a channel due to escape peak sub-

traction.
A £ §A: the net area and uncertainty of a peak

6Apigq: the background area uncertainty due to the selectibn of a particular back-
ground form, reflecting changes in the area reported from different background

shapes
Apulser n: the net pulser peak area for spectrum n.

B; + 6B;: the branching ratio of a transition :. Subscript may appear as : — j to

indicate the branching ratio of the decay of level i to a level j.

Ci: counts per a-particle in a detector peak, normalized to 47 emission.
Eu: the kinetic energy of an a-particle. '
E,: the energy of a v-ray emitted in a rest frame.

E' the Doppler shifted energy of a v-ray. Subscripted with maz to indicate

maximum possible energy shift.
AFE,;: the maximum chahge in energy due to a Doppler shift.

E.: the transition energy between the constant temperature and increasing tem-

perature level dénsity form
Egr:  the total reaction energy available for the excitation of a residual nucleus
Fy(z), Gi(z): the regular and irregular Coulomb functions of order !

Hy;: the interaction Hamiltonian from a state 7 to a state f

Xv



Jo: the ground state spin of the target nucleus

J: the spin of the compound nucleus

Ji: the spin of the residual nucleus

L;: the live time fraction for the detector t spectrum
N: the number of particles on target

Nfree: the number of degrees of freedom for a fit
P,ps: the probability of a nucleus absorbing a particle
P;: the Legendre polynomial of order i

P;(cos 6,): the intensity of the i Legendre polynomial averaged over the area of de-

tector n

Q: the energy released by a reaction

St the scattering matrix elerﬁent for a particle from an initial state i to a final
state f

S(17): the elastic (diagonal) scattering matrix element for a pa.fticle with orbital

angular momentum [ and total angular momentum j

S: the scattering matrix operator
S: the variance of the channel centroid distribution
T: the level density temperature for an excited nucleus

Ti(z): the Chebyshev polynomial of order .

xvi



U: the pairing energy corrected (back-shifted) excitation energy of a nucleus used

in the calculation of the level density

Uixé U,-(’tat) + JU,-(’”):_ the level population per a-particle for a level ¢ and associated

statistical and systematic uncertainties, based on the yield Y
V. the nuclear potential

Ve, re: the magnitude of the Coulomb part of the nuclear potential and the’nucleon

radius defining the potential shape

VR, TR, ar: the magnitude of the real part of the nuclear potential and the nucleon
radius _and diffusivity defining the potehtial shape

Vios Ts0y Qsot thg magnitude of the real spin-orbit part of the nuclear potential and

the nucleon radius and diffusivity defining the potential shape

Vi, Wy the isospin dependence parameters of the real and surface imaginary part
of the nuclear potential, used to extrapolate phénomenological potentials to

unstable nuclei

Ve, W,eo,l Wiew: the energy dependence parameters of the real and surface imaginary
part of the nuclear potential, used to extrapolate phenomenological potentials

to different energies

Wi, T1v, ar,: the magnitude of the volume imaginary part of the nuclear potential

and the nucleon radius and diffusivity defining the potential shape

Wis, T1s, a1t the magnitude of the surface imaginary part of the nuclear potential

and the nucleon radius and diffusivity defining the potential shape
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Wi.54,: the decay probability of a compound nucleus with spin J by the emission of
a particle b with total angular momentum ] and a residual nucleus with spin

i

W; + W) £ W ). The direct level population of a level i and associated uncer-
tainties, determined by subtracting the «-ray cascade contribution from the

level population U;.

E,.+ 6E,: The mean excitation energy and statistical uncertainty for a residual

nucleus

Yim(€): thespherical harmonic function for orbital angular momentum ! and magnetic

substate projection m

Y:: the yield per a-particle from a transition z. Subscripted with “peak” to indi-

cate the total yield from peaks consisting of multiple transitions.

6Y,~(’m): the statistical uncertainty in the yield. Contains the uncertainty in the peak
areas, the uncertainty in the efficiency and the statistical uncertainty in the

live time.

5Y,-(sys): the systematic uncertainty in the yield. Contains any uncertainties that affect
all yield determinations, including systematic live time and beam normaliza-

tion effects.

a: functional coefficient derivative matrix used in linear regression fits
B: the ratio of a velocity to the speed of light
€ the kinetic energy of an emitted particle in the centre-of-mass system
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ar.

the error matrix of a ﬁt, e=al

multiplicative term in uncertainty calculation used to account for a x? > 1

the angle subtended by a detector, measured in from the centre (symmetry

axis) of the detector crystal
the wave function of a particle interacting with a nuclear potential
the level density spin cut-off parameter

the reaction or absorption cross section for an orbital angular momentum .
l. May contain additional subscripts and superscripts to refer to particular

angular momentum and reaction channels.

p(E,J): the level density of nucleus at excitation energy E and level spin J

é:

Xs¢

the angle in the plane defined by the beam path and the detector positions,

as measured from the target origin.

the measure of the goodness of fit of a linear regression, usually defined as the
ratio of the root mean square sum of derivative coefficients to the root mean

square sum of the data point uncertainties

the reduced 2, defined as the x? divided by the number of degrees of freedom

for the fit
the intrinsic spin part of a wave function

the angular cobrdinates
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Chapter 1

Introduction

In recent years theré has been a growing iﬁt'erest in experiments to test the predictions
of Grand Unified Theories (GUTs) and extensions of electro-weak theories. These
experiments, including proton decay, double beta decay and neutrino astrophysics
investigations, typically involve measurements with low event rates and hence require
large detector volumes. In many cases events in these detectors can be mimicked
or overwhelmed by background effects, and particularly by high e;lergy ~-rays. This
study is an investigation of the high energy 4-ray component of the background and,
in particular, the high energy «-ray background above 5 MeV in the Sudbury Neutrino

Observatory (SNO).

The SNO detector is a large volume ultra-low background Cerenkov detector de-
signed to observe neutrinos from the Sun and other possible astrophysical sources.
The detector consists of 1000 tonnes of heavy water (D,0) contained in a spherical
acrylic vessel 12 m in diameter surrounded by a 7300 tonne light water shield. The

detector is located in a barrel shaped cavity within norite, the host rock, 2 km below



ground level in the Creighton mine near Sudbury. Neutrinos are detected from their
reactions in D26 and are observed by an array of 9450 photomultiplier tubes fitted
with aluminum light concentrators (reﬂectbrs). The photomultiplier tube array is ar-
ranged in an inward facing concentric geodesic shell, approximately 17 m in diarﬁeter
and 2.5 m away from the acrylic vessel to provide a 60% surface area coverage of the

D,0 [Wa92, Ro93]. The neutrino reactions,

d+ve = p+p+e E (1.1)

e H+v: = e 4, (1.2)

produce relativistic electrons which emit Cerenkov light seen by the photomultiplier
tube array. The decay of ®B in the sun is the primary source of neutrinos detected
by SNO, and produces a spectrum containing neutrinos up to 14 MeV, with a spec-
trum peak close to 6 MeV in energy [Ba;89]. The major iﬁteraction in SNO, given
by equation (1.1), produ;:es électrc;ns with an energy 1.442 MeV less than the react-
ing neutrino energy.’ These reactions are responsible for the rﬁajority of the neutrino
events, occurring at an anticipated rate of 10 events per day above an electroﬁ thresh-
old of 5 MeV in the D,0, assuming a B neutrino flux one third of thaﬁ predicted by
the standard solar model, and in accordance with flux measurements repo_rted. from

other solar neutrino experiments [Ew87, Ba89]. Another neutrino reaction,
' d+v.=n+p+v. (1.3)

with a reaction threshold of 2.225 MeV also produces a signal through the detection

of the neutron in the D,O [Ew92].
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Extensive effort has gone into understanding and reducing the backgrounds which
could mask or mimic these reactions in the SNO detector. A large component of

these backgrounds consists of high energy <-rays created through nuclear reactions

- and decays, or as is the case for neutrons, through radiative capture, which then

produce high energy electrons through Compton scattering. Background sources can

"be broadly separated into two categories: external backgrounds and intrinsic back- -

grounds. External backgrounds are controlled by shielding the detector, while intrinsic
backgrounds, arising from the radioactive contamination of the detector components,

can only be reduced through the careful selection of materials.

The primary external background component arises from cosmic rays and is re-
duced by the shielding provided by the rock overburden. The muon flux, the most
penetrating component of the cosmic ray background, ié attenuated to the point where
it produces an estimated 1.5 spallation events per day in the detector. The neutron-
rich spallation products in turn produce §-particles with energies up to 10 MeV. These
events can be distinguished from neutrino events through the timiﬁg characteristics
of this two-step process [Ew87]. Neutrons and v-rays from the cavity host rock and
backfill concrete are another external source of background which is reduced by the

light water shield surrounding the detector.

The uranium and thorium contamination of the detector components is the pri-
mary source of intrinsic backgrounds. These elements and their decay daughters
produce neutrons and ~-rays from spontaneous fission and a-induced reactions. Sev-

eral other studies have determined the effect of neutron sources in and around the



SNO detector [He88, Sk94]. The «-ray component of the background has not been as
fully explored, and is the focus of this study. In particular, we are concerned with the
production of 4-rays above 5 MeV which would interfere with the portion of the solar
neutrino spectrum investigated by SNO. In a background study of the Baksan low
background laboratory, Pomansky [Po86] presenfed yield estimates for the sourcés of
these high energy 7y-rays. The primary intrinsic 4-ray background came from (o, n)
followed by (n,’y) reactions in the rock, with a surprisingly substantial contribution
attributed to (a, py) and (a,ny) reactions. This secondary 7:ray' background source
had not been considered significant and had not been investigated in previous back-

ground studies.

The a-induced «-ray background is more important in the SNO detecto; than in
the Baksan laboratory due to the light wé,ter shield and the boro-silicate glass of the
photomultiplier tubes. In the presence of a good neutron moderator and a strong
neutron absorber such as boron, neutron capture reactions produce few high energy
4-rays, and production through (e, py) and («, n<v) reactions can come to dominate
the intrinsic y-ray background from a material. This is the case for the radioactive
contamination in the photomultiplier array, where a-induced 7-rays are _the largest
single component above an energy of 5 MeV. The v-ray background contribution from
the photomultiplier tube array is comparable with that of the surrounding rock, with
each accounting for approximately half of the y-rays above 5 MeV entering the D,O
[Skgl]. This a-induced «-ray background source has not previously been the subject

of a detailed experimental study, and its characterization is the primary goal of this
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study.

1.1 Components of the y-Ray Background

The 4-ray background is primarily caused by the radioactive decay of °K and the 28U
and ?*?Th chains, and subsequent decay particle induced reactions. Below 3 MeV, the

background is dominated by 4-rays accompanying the radioactive a-, 8-, and fission

-decay of these isotopes [G171, So73]. Above 4 MeV, the 4-ray background is dominated

by neutron capture 7-rays, both from fission and (a,n) reactions, with significant
contributions from the (a,nv) and (o, py) reactions. The contribution of these a-
induced reactions to the y-ray backgrounci not only depends on the concentration with
which 28U, 232Th and their decay daughters are pfesent, but also on the composition

of the materials which contain these contaminants.

The compositional dependence of the high energy v-ray background is a result
of the generation of these neutrons and 4-rays primarily throﬁgh seconda,r}" (a,n)
and (o, p) reactions. The probability of the emitted a—partiple causing a reaction in
neighbouring nuclei depends primarily on the probability Qf the a-particle peﬁetrating
the Coulomb barrier and reaciling the nuclear surface. The a-particles in the ?*2Th and
233U chains have energies léss than 8.8 MeV and so. Coulomb barrier considerations
suggests that elements with atomic numbers grea.te.r. than 17 (C{) are unlikely fo
undergo a-induced reactions. Since the light elements are present in many components

of the detector, such as in shielding concretes and photomultiplier tube glasses, an

- investigation of this source of background must focus on the yields associated with



these light elements.

The generation of neutrons and fheir suBsequent capture producing v-rays is well
understood [He89, He90, Sk91, Sk94], and is known to depend on a number of addi-
tional factors, including the details of geometry and the preseﬁce of neutron absorbing
elements. These high engrgy 7-ray are generated by the capture of neutrons on heavy
nuclei such as iron, which prdduce ~4-rays with energies up to 10 MeV [Lo81]. For
rock, neutron capture y-rays account for 70% of the background above 5 MeV [Po86).
in components of the SNO photomultiplier array, this background source is reduced
substantially throu.gh non-radiative neutron capture on boron, and the (a,py) and

(a,n) play a more significant role in the high energy background [Sk91].

Among the light elements, only a few possess reaction Q-values allowing highly
energetic excited states in the residual nucleus. The feactions and elements likely to
produce high energy v-rays are the (a, n) reaction on °Be, 1°B, !B, '°F, 23Na, BMg,
Mg and *Si, and the (e, p) reaction on 1°B, 1'B, 2*Na, 2’A¢, and 2Si [G178, Wa88].
Each of these isotopes is found in and around low background experiments, with AZ,
Mg and Si commonly found in bulk rock and construction materials, B, Na and Siin

glasses, Be in photomultiplier. tube components, and F in some plastics.
1.2 Studies of the (a,nv) and (a,py) Reactions

The (a,n7) and (a, py) reactions have not previously been the subject of an exper-
imental investigation of their absolute yield. Virtually all knowledge to date on this

background is derived from information provided by Pomansky based on the the-
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oretical work of Glotov [G178, Po86]. Glotov used total neutron production yields -
published in the literature and a statistical model of the reaction mechanism to esti-
mate the y-ray yield from both reactions. One purpose of our study is to check these

estimates and establish the accurécy of such theoretical 4-ray spectra.

Although. no catalogue of the high energy 7-ray yield from the (a,nvy) and (o, py)
reactions in light elements is available in the literature, some studies have established
the thick—target yield, or an energy survey of cross sections, for some transitions of
interest. Many of these studies have focussed on extractihg nuclear data and nuclear
structure information from experiments, such as lifetime measurements, branching
ratios and lével spin assignments. In some of these studies, the neutron or proton
emitted in the reaction ‘was detected and associated with the excitation of a particular
level in the residual nucleus. In these studies, only the highest energy particles were
detected, corresponding to tbe ground state and first few excited states in the residual

nucleus, which frequently fall below our energy of interest.

A notable exception to this situation is fqund in a number of detailed studies of
the 9Be(a, n) reaction which prodﬁces a 4439 keV ~-ray from a population of the first
excited state in 12C. The extensive investigations of this reaction arose from iﬁtérest in
determining the exteﬁt to which the direct or cbmpound nucleus reaction mechanisms
contributed to neutron production [Kj62a, Kj62b, Se63]. The studies by Kjellman et al
used thin targets of Be to inv.estigate the angular correiat_ion between the neutron
and y-ray. Neutron energies were measu;'ed using a time-of-flight technique with

a plastic scintillator, while y-rays were detected using a Nal(T?) scintillator. From



their measurements and those of other groups, they concluded that the direct reaction
dominated the production of all neutron groups, with some small contribution from the
compound reaction mechanism. In addition, they also provided several measurements

of the total cross section between F, = 10 and 14 MeV.

Seaborn et al surveyed the 7-ray distribution from the ®Be(a,n) reaction for
a-particle energies between 3 and 10 MeV using a Nal(T£) spectrometer, but reported
only differential cross section measurements. Total cross sections measurements at
four a-particle energies spanning a range between 7 and 10 MeV were obtained by
Verbinski et al [Veﬁé] using a proton recoil liquid scintillator and pulse shape dis-

crimination to reject y-ray signals. Measurements at twelve angles were used in the

determination of the total cross sections for three well resolved neutron groups corre-

sponding to population of the first three levels in 12C.

Perhaps the most comprehensive determination of the °Be(a,n) reaction cross
section, and consequently of the cross seétion for populating the 4439 keV level in
12C, was performed by Geiger and Van der Zwan [Va70, Ge75, Ge76]. Their studies
were aimed at providing detailed cross section information for determining the neutron
yield and spectrum from standard radioactive (o, n) sources as well as investigating the
importance of compound nuclear processes in the reaction. Their measurements were

performed using a stilbene crystal scintillator supplemented by some measurements

using an organic scintillator similar to that used by Verbinski et al. They measured

the Be(a, n) cross sections for populating the first three levels in 12C by measuring

the 0° differential cross section in 0.1 MeV intervals between 1.5 and 7.8 MeV, and

x
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constructing the integrated cross section from interpolations of their own and other

groups measurements of the neutron angular distribution.

Similar angular studies for both isotopes of boron have also been reported in the
literature, but at energies below those of interest in this study. Gallman, Hibou and
Fintz [Ga69] used a Ge(Li) detector to measure the relative intensity of y-rays up to
4 MeV from the 1°B(a, p) reaction at c-particle energies between 1 and 3.5 MeV in
order to study the level structure of MN. Wilson [Wi75] extended these measurements
up to 8 MeV, studying both the (a,p) and (e, n) reactions using a movable silicon
surface barrier detector for protons and using a high pressﬁre gas scintillation cell filled
with 3He for neutrons. Wilson investigated tile angular distribution of the highest
energy neutron group, populating the ground state of 1*N, and as well the four highest
energy proton groups, populating states in 13C up to 4 MeV. Total cross sections were
npt reported in a refereed publication. Cseh et al [Cs83] also investigated the level
structure of N with 2.5 to 3.1 MeV o-particles through the °B(a, p) reaction by

‘measuring the resulting y-ray distribution with a Ge(Li) detector. Again, no total

cross sections for the excited states in 13C were reported.

A similar situation is also seen in the literature covering a-particle reactions with
11B. The "'B(a,p) reaci;ion was studied by both Dayras, Switkowski aﬁd Tombrello
[Da76] and Hou et al [Ho78] at energies between 1.43 and 2.94 MeV, and 4.4 and
6.7 MeV, respectively. Both studies used silicon surface barrier detectors to r;xea-
sure the angular distribution of protons populating the ground state of 4C. The

"B(e, 7o) giant dipole resonance reaction has also been studied by several groups us-



ing Nal(T¥¢) spectrometers to map out the angular distribution. Del Bianco, Kundau
and Kim [De77] measured only the 90° differential cross section for E, between 5.74
and 17.8 MeV, while Degré et al determined the total cross section for the 16.5 MeV
~-ray between a-particle energies of 6.8 to 9.5 MeV from angular distribution mea-

surements.

The low energy ~v-ray yield from other light elements of concern in background as-
sessments has been measured by several groups. Lappealainen, Anttila and Raisanen
measured thick-target v-ray yields resulting from 2.4 MeV a-particles on Li, Be, B,
C, N, O, F, Na, Mg, A¢, and Si targets at a 55° angle to the beam using a Ge(Li)
detector [L§,83]. Their measureinents, inténded for use in elémenta1 analysis, studied
only a few 4-rays up to a maximum energy of 4.6 MeV. A more .extensive survey
of 7-ray yields was performed by Seamster et al V[Se84], and Dyer et al [Dy85] who
measured a-particle induced reaction croés sections on light element isotopes of 29N e,
24Mg., 27A¢L, %853, 12C, N and %0. These cross sections, intended for use in y-ray as-
tronomy, were measured from a-particle energies near threshold up to 26 or 27 MeV.
In these two studies, the total cross section was determined by simultaneously mea-
suring the yield at 30.6° and 109.9° using two Ge(Li) detectors. Only the first two
even terms in the Legendre polynomial expansion of tﬁe differential cross section con-
tributed fo counts in the detectors for tﬁe y-ray multipolarities studied. The authors
of these two studies measured the cross section‘fo.r producing the strongest v-rays,

typically with energies up to 2 MeV.

Norman et al [No86] also measured «-ray cross sections intended for use in astro-
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nomical studies from a-particles reacting with °F and 23Na. In this investigation,
the cross séctions for several 7-ray$ with energies below 2 MeV were measured at 90°
for a-particle energies from 4.5 to 26 Mev. Conversion of the 90° differential cross
section into a total cross section relied on an interpolation of angular measurements

taken at intervals over the a-particle energies.

In our study, we have measured the a-particle induced 4-ray yield for 4-rays
above 2 MeV from thick targets containing Be, B, F, Na, Mg, A¢ and Si at energies

encompassing the major a-particle energies associated with the uranium and thorium

decay chains. Our experimental methods are similar to those employed by Seamster

[Se84] and Dyer [Dy85]. The details of our experimen£a1 measurements are presented
in chapter 2, and conversion of our measurements into thick-target v-ray yields is
detailed in chapter 3. The results of these measuremehts are presented in chapter 5
in two forms: the first set of tables lists the thick-target y_ields in a form appropriate
for calculations of the y-ray backgrounds; the second set lists the v-ray yields fromv
individual transitions which we have used to test our theoretical nuclear reaction

models.

In chapter 4, we outline theoretical calculations based on the statistical model of

" nuclear reactions which we used to predict the measured y-ray spectrum. We have

investigated different sources for the theoretical cross sections and decay probabilities
used by this model. In addition, we have explored several simplifying approximations
frequently employed in these calculations, and have assessed their effects on the cal-

culations. In this part of our study, our goal is to determine the applicability of these

11



calculations to light elements and the accuracy to which these calculations can predict

the high energy.'y-ra.y background.

The direct-production ~-ray background spectrum (ie excluding (n,~) reactions)
from a-pafticles for a number of materials in the SNO detector was constructed using
the first set of tables in chapter 5 and is presented in chapter 6. Theoretical pre-
dictions for these materials are also presented and compared, and the differenceé in
the mea.su_rement-ba.sed and theoretical spectrum are discussed. These differences are
further explored using the second set of tables in chapter 5 to examine the induced
population density of the residual nucleus. An understanding of these differences is
important in assessing the limitations of this reaction model which has been the pri-
mary method of obtaining «-ray spectra prior to this study, and which may be used
to assess the contributions from addition@l elements not covered by our experimental

investigation.

12
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Chapter 2

The Experiment

Measurements of the high energy 4-ray yields were performed using the facilities at the
Berkeley 88" cyclotron. Since the primary purpose of this study was to determine the
high energy v-ray yield, self-supporting thick tafgets of A¢, Be, BN, NaF, Mg and Si
were used in the measurements. Each ta.réet, except for Si, was exposed to a-particles
With energies of 10.0, 8.8, 7.7, 7.0, 6.3 and 5.6 MeV. Only one measurement using
10 MeV o-particles was performed on the Si target, the weakest y-ray source. The

physical arrangement of the beam line and detector components is shown in figure 2.1.

The emitted 4-rays were detected in two HPGe detectoi's, denoted as detectors #1

- and #2, located at 30.6° and 109.9° with respect to the incident beam direction and

approximately 19 ¢cm and 15 cm frorn the target, respectively. The low energy vy-ray
counting rate was reduced by placing 0.95 cm lead shields directly in front of each
detector. The signels from the forward angle detector were processed by an Ortec 572
amplifier, while the backward angle detector used a Canberra 2021 amplifier. In the

initial 10 MeV a-particle runs, the unipolar output of each amplifier was input directly
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Figure 2.1: The experiment target and counting area for the <-ray measure-
ments. The target holder shown was positioned at a 30° angle with
respect to the beam direction.
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into an Ortec PC/MCA system. In subsequent a-particle runs, a low energy cutoff was
implement by triggering an Ortec 442 linear gate and stretcher with an Ortec 551
timing SCA. The SCA generated a gating pulse whenever the bipolar amplifier signal
exceeded an adjustable lower energy threshold. On receiving a gating signal, the
linear gate and stretcher passed the delayed unipolar amplifier signal through to the
MCA. This lon energy cutoff is illustrated in figure 2.2. The linear gate and stretcher
unit also functioned as pile-up reduction circuit by rejecting pulses occurring after the
detection of a signal peak prior to the signal on the linear input dropping below the

discriminator level.

The targets were attached to a 0.32 cm thick aluminum target ladder with a
2.22 cm diameter target hole. A 0.16 cm thick lead shield with corresponding 1.91 cm
diameter holes protected the aluminum holder from the a-particle beam. The target
laddef was rotated 30° clockwise frofn the Beam direction to minimize the interference
of the target ladder shield with v-rays produced in the target. The current on target
was measured by a beam current integrator which generated one dump count‘ for
each 1 nC éf 'char.ge on target. Beam dumps were accumulated in Ortec 871 and
875 counters. Beam current leakage and secondary electron effects were minimized
by collecting the beam current from the combined target ladder and target chamber.
The target chamber was electrically isolated from the rest of the beam line as shown
in figure 2.1. Beam currents were adjusted to maintain the detector dead times to
between 15 and 25% as reported by the MCA units. All targets except for Be were

exposed to currents ranging from 4 to 100 nA, while the more active Be target was
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Figure 2.2: Detector counting system for the 8.8 through 5.6 MeV a-particle
runs. The signal type for each component is indicated by the pic-
togram adjacent to the signal lines. The 10 MeV a-particle runs were
recorded without the low-energy v-ray suppression provided by the
linear gate stretchers and timing SCA’s. In this case, the unipolar
output of the primary amplifiers (the Ortec 572 and Canberra 2021)
were connected directly to the PC/MCA.
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exposed to lower currents typically between 1 and 20 nA. Beam position and diameter
were monitored using the quartz phosphor on the target ladder which could be viewed
remotely through a camera. The beam spot diameter was estimated to be between

0.3 cm and 0.6 cm on the phosphor in each run.

Pile-up and dead time were rﬁonitored by placing a pulser signal on the test input
~ of each detector preamp. Two pulse generators provided the pulser signals and were
externally triggered by the beam current integrator. The pulser voltage was adjusted
to place the pulser peak in the high energy (> 10 MeV) region of each spectrum,
‘exc.ept during the 10 MeV runs in the forward angle detector wheﬁ it was placed in
the low energy portion of the spectrum. The pulser peak live time monitor was tested
by taking spectra of calibration sources while a battery provided current for the beam

_current integrator circuit.

The absolute efficiency of the detector system was measured by a combination of
sources placed in the target ladder. Spectra from calibrated sources of *’Cs, %°Co,
#2Na and **Mn were recorded both before and after the target runs. In addition,
spectra from an uncalibrated ¢Co source placed in the target position were used to
determine the energy‘dependence of the detecfor efficiencies. These spectra wére also
recorded before and after the target runs. A 238py.13C 4-ray source was us;ed after
the target runs to obtain a high energy 4-ray calibration point. This source, as well as
the ®°Co and '37Cs sources were then used to determine the effective thickness of the

lead shielding by recording spectra from each source with the lead shielding removed.
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Chapter 3

Spectrum Analysis

The goal of our analysis was to convert the peak intensities observed by the detectors
into absolute y-ray yields from particular levels in the residual nuclei and so measure
the excitation of the residual nuclei. The first stage of this analysis required that
a peak area be defined; this is described in. section 3.1. In some cases these peaks
contained interference from higher énergy ~-rays due to their associated escape peaks;
the removal of this interference is described in section 3.3.2. Once a peak area had
been found, the absolute efficiency and live time of each detector was used to convert
the area into a yield per incident a-particle. The yields from each detector were then
used to determine the angular distributibn of the y-ray yield as well as the 47 v-ray
yield.

The complete set of total yields into 4w were used to calculate the excitation
distribution of a residual nucleus. The direct poéula.tioh of each level was calculated by
subtracting the cascade feeding of higher level decays using published decay schemes.

A mean excitation energy was then used to characterize the dependence of the residual
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nucleus on the a-particle energy. This procedure is described in section 3.4.

3.1 Peak Fitting and Area Determination

ot

The a-particle kinematics coupled with the use of thick targets in this experiment and-
the energy dependence of the y-ray cross sections resulted in the observed spectrum
peaks following a complex shape which could not be reliably parameterized. Instead
of fitting the peak shape, the area of the peak was determined from the difference
between the total number of counts in a peak region and the interpolated backgroun(i

area in the peak region.

3.1.1 Background and Centroid Determination

The peak backgrounds in each detector were fit using a discontinuous (stepped) second

order polynomial expansion which in its most general form can be written

fz) = { ao+a1(z —Z)+az(z — ) (3.1)

<z

ao+a1(z—i)+a2(x—5)2+a3 z >z,

where 7 is the peak centroid, and the a; are the fitted coefﬁéients. Different types of
background were obtained by fixing some of the a; coefficients to zero. A total of four
different forms of backgfound were used. The two continuous forms were obtained by
using only the linear, ap and a;, and quadratic terms, ag, a; and a;. Two additional
background types were obtained by adding a step at the centroid by including the
a3 term. Each fit used three regions to determine the background. A central peak
region was used to determine the centroid and fhe net peak area. Lower and upper

background regions were used to determine the a; parameters, and were chosen in
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the closest region on either side of the peak which was free of subsidiary peaks after
neighbouring escape peaks had been subtracted. The peak region was chosen as the

smallest region which encompassed the entire peak.

The background was fit to the spectrum using standard linear regression to obtain
values for the a; coefficients of equation (3.1) [Ly86, Be69b], by minimizing the x? of
the fit defined by

=Y wi (ve — f(z0))?, | o (3.2) |

k

where y; is the number of counts in channel zi, wy is the datum weight based on the
uncertainty of each point, and k sums over all the channels contained in the lower and

upper background reéions. Coeflicients were obtained by solving the matrix equation,
B = aa. ' (3.3)
The column matrix B was calculated according to

B; = Z Yk af(xk) B (3.4)

Wg Ba,
The elements of the square matrix a are given by the products of the derivatives of

equation (3.1),

a‘;j — Z_l_af(a:k) af(mk). (3.5)

Py Wi 6a,- 6(1 7

The weight, wy, for each channel was calculated from the counting uncertainty in each

channel] £ according to the equation,
w =1/ (f(zx) +62) (3.6)
where the statistical uncertainty, |/f(z;), was taken from the parent distribution,

(background function) and 82, accounted for any additional uncertainty in the counts
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in channel k introduced by escape peak subtractions. It has been shown by Bevington
[Be69b] that a least squares regression using weights.derived from the data rather than
* the parent distribution syétematically underestimates the area of the ﬁttéd region by
an amount approximately equal to the ).<2 for the fit. The iterative procedure reduces
this underestimate, and provides a better determination of the background area under
the peak. However, since the weight of each point depgnds on the background fit, the
weights used to calculate the background are changed by the ﬁt; It was thus necessary -
the iterate the background calculation until the coefficients converged onto stationary

values.

The peak centroid was calculated from the weighted average of net positive counts
above the background, m;, in the selected peak region. The calculation used the

method of moments [Ly86] to calculate the centroid Z according to the equation,

Z rsm;
1

(3.7)

= Zm; )
The weight m; was calculated as
) v f(;'ii) yi > f(x:)
™= { 0 vi < flz:) | (3.8)

where z;, y;, and f(z;) are channel, channel counts, and background function given
by equation (3.1). The variance of the distribution, 2, is then given by the equation,

s Zmi(z—5)" na (3.9)

B m; neg— 1’

where the effective number of counts, n.g [Ly86], depends on the uncertainty §m; of
each y;,

Neff

_(=m)? | -
—_— _2_—67_,1_?—'- (3.10)
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In the event that ém; is purely statistical, then ém? = m;, and n.g reduces to the
expected value of 3" m;. In the calculation of the centroid, ém; includes the subtracted

background uncertainty 6b; and escape peak subtraction uncertainty 6z;,
§m? = c; + 6b% + 62} (3.11)

The variance in the centroid, 6%, is then given by the expression,

__‘_S‘_z__zm,-(x,-—:}:')2. 1

Neff rmy neg— 1

5§32

(3.12)

This variance is taken as the uncertainty in the centroid determination, and is used

in the calculation of the péak area uncertainty.

The a; coefficients of equation (3.1) are defined using the peak centroid as an
origin. After eacil fit, a new value fér the peak centroid was calculated using the
fitted background shape, and the fit coefficients were adjusted to reflect the new
position of the origin. Since a movement of the centroid changes the peak background
subtraction, the centroid calcui?.tion was iterated after the fit parameters had been
traﬁsformed into thé new coordinate system. .These calculations were iterated until
the peak centroid converged to a stationary value. Sirice the peak centroid only
serves to define an origin for the background fit, the fit regions and hence the fit itself
are unaffected by the centroid shift. For a quadratic background fit of the form of
equation (3.1), the transformation of the coefﬁcients from a; to a! for a shift of the

centroid from Z to ' = T + Az can be shown to follow the relations

ay = ag+a; Az +az(Az)? ' (3.13)

ay = a;+2a3Az ' (3.14)
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i, = a, , (3.15)

These relations were used to transform the fitted coefficients into the new reference
frame defined by the new centroid. The step a3 at the centroid of a fit is unaffected
by the change of coordinate system as long as the centroid does not overlap the upper

and lower background regions.

3.1.2 Area Calculations

The net area under a peak is defined as the sum of the gross counts in the peak
region less the counts under the background in the region. The area underneath a
background function f(z), described by equation (3.1), between channels z; and z,

is given by the integral

baries) = [ " f(2) da (3.16)

1--0.5

= ag(z—z1+1)+ % ((1‘2 + 0-5)2 = (=1 - 0-5)2)

+% [(1:2 + 0.5)?’ —(z1 - 0-5)3] +a4(z24+05-2), (3.17)

‘where the half channel shifts account for the fit being defined in the centre of the

* channel. The uncertainty in this background area, 6b, is due to the uncertainty in the

fit parameters and is calculated from the error matrix of the fit ¢ = o™} accdrding te

the equation,

db b
882 = | (6% - a3)? — & =— ] - : .18)
(CRERS A I (319
where « is defined in terms of the reduced x2, x?, by
L x< \

23



and the reduced x? is defined as

2
2 X
= 3.20
=5 (3:20)

where N free = Nen — N — 1 is the number of degrees of freedom for the fit with n,
channels (data poin.ts) :;nd N parameters varied in the background fit. The summation
term in equation (3.18) accounts for the standard uncertainty from the fit. The first
term accounts for the uncertain£y introduced into the peak background area from
‘the uncertainty in the centroid position. This uncertainty must be accounted fbr
separately as the centroid is not varied in the fit. The contribution to the uncertainty
in the area from the centroid was estimated by considering the effect of shifting the
centroid. When the centroid is shifted, the origin of the fit is redefined, but the fit
itself is not changed. Thus, a displacement of the centroid only causes a change in
the position at which the background step is calculated, giving a difference in the
ca,lcula,_ted area of the shift size times the step height. This centroid uncertainty is
thus incorporated into the area by treating the centroid uncertainty as a centroid shift
and adding in quadrature the result‘;ant chénge in area to the standard fit uncertainty
area. The factor éf K sir.nplyb increases the calculated uncertainty when the reduced

x? is greater than 1.

The total peak area was calculated by subtracting the background area from the
gross counts in the reduced (escape peak subtracted) spectrum. The uncertainty in the

peak area, 6A, is the quadrature sum of the gross and background area uncertainties,
6A2 = 562 + 6A§kgd + Z&y?, ’ (3.21)
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where 8y; is defined in terms of the gross channel counts ¢; and the statistical uncer-

tainty due to an escape peak subtraction éz; according to the equation,
8y =¢; + 6z;. (3.22)

The § Aprgq term repreéents the uncertainty in the background area due to the type of
background selected, and is calculated from the differences in the background areas

as described below.

For each peak, four different types of the background defined by equation (3.1)
were used to calculate the area. The simplest type of background fixed the coefficients
a2 and a3 t(; zero. This form of background, referred to as the “linear” background,
was typically used in the determination of relatively weak peak transitions. In these
cases, the statistics of the spectra wére usually insufficient to generate a reliable or
beljevable step. The next order background fit type added the a3 step term and is
referred to as the “linear + step” background. This background type was used to fit
most peaks. The step portion of the background parameterization was used to model
the increase ink the background expected in the energy region below a full-energy
peak. A “quadratic” form of the background consisting of coefficients from ao to a;
was used when a significant curvature was observed in the background. regions of the
peaks being fitted. This usually occurred when large background regions were used,
or when a low intensity peak was observed in the vicinity of a high intensity peak.
The most complicated form of background used all the terms in the equation (3.1),
and is referred to as the “quadratic + step” background. This background was used -
under similar conditions as the simple quadratic shape, when a reasonable step size
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was obtained.

Once a background type was selected, the remaining fit types were used to estimate
a systematic uncertainty for the fitted peak area. The systematic uncertainty was
calculated from a weighted sum of the squares of the differences of the net peak areas

according to the equations,

> wij (A~ A;)° |

S, = (3.23)
> wi
§,i#]
1 |
o= 3.24
Wi 8b + 6b;2 . (3.24)

-

where 7 indicates the adopted fit, : sums over all fit types, b; is the net peak area for
fit type i,. and 6b; is the fit uncertainty in the net area. This estimate of the systematic
uncertainty provides a measure of how well the peak area is known; however, in some -
instances, one or more of the background fits may be non-physica.l in the sense of
producing foo large a step or a negative net a;eé. in peak region. This océurs most
often when a “1inear” ba,ckground has been selected for the peak, and in these cases

may over-estimate the systematic uncertainty.

3.1.3  Composite Peak Fitting

In a number of cases, two different 4-rays had a significant overlap of peak areas in
a spectrum. In these cases, an attempt was made to separate the peaks by fitting
the net peak shape' to a pair of Gaussians. “To ensure consistency with other area
determinations, the Gaussian fits were used only to determine the ratio of the two

peak areas. The individual areas, and hence the yields, were calculated by multiplying
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the total area by the Gaussian area ratios.

The fit to the Gaussian was calculated within the ba.ckground-subtracted peak
region. The two Gaussians, each defined by three coefficients, ag through a; and a3

through a5, combine to give the peak shape described by the equation,

9(z) = azexp [—% ("’ - “°)2] + asexp [—% (z = “3)2] . (3.25)

1 aq
This peak shape was used to determine a non-linear least squares fit to the peaks.
The ratio of the peak areas, Ay and A, is given by the equationé

Ap=—2 |  (3.26)

a2a; + asay

an&

as50a4
1= -,
aza; + asaq4

(3.27)

with an uncertainty given by the equation,

3.3, 84; dA;

A=Yy

' ’ 3.28
i=2 k=2 00j43i ok Oakysi (3.28)

where ¢, is the appropriate error matrix element for the Gaussian fit, and & is again
given by equation (3.19), using the reduced x? for the Gaussian fit. This uncertainty
in the fit was added in quadrature to the statistical uncertainty in the peak area for

each transition.
3.2 Detector System Properties

There are three important properties of the detector system that must be determined.
in order to accurately calculate the absolute y-ray yield. These are the absolute full-

energy peak energy efficiency, the relative first and second escape peak efficiencies,
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and the energy calibration. The absolute full-energy peak efficiency was used directly
in the conversion from peak areas into <-rays per a-particle. The-ﬁrst and second
escape peak efficiencies were also used in some cases to calculate the 4-ray yield, and as
- well were needed to remove interfering escape peaks from regions of full-energy peaks.
Finally, the energy calibration affected both the peak identification and fhe calculation
of the peak yield, as well as the escape peak subtractions. The peak efficiencies were
determined using a combination of calibrated sources and a Monte Carlo model of the
detector system. This préce_ss is discussed in section 3.2.1. The energy calibfation of
each detector was determined by a series of successive a,pproxima,tions;. this procedure

is discussed in section 3.2.2.

3.2.1 Detectof Efficiencies

The absolute full energy peak efficiency of each detector was determined using a com-
bination of calibrated sources; uncalibrated sources and Monte Carlo calculations.
We utilized a series of Monte Carlo calculations to characterize the functional form
Qf the efficiencies of each detector between 500 keV and 10 MeV. These efficiencies
were also used to supplement the‘ high energy efficiency data where few vy-ray source
measurements were made. In order to do‘ this, the y-ray sources were used to de-
termine a scaling factor for the Montei Carlo results. The scale factor was primarily
dgtermined from the Co source which provided energy calibrations up to 3.6 MeV
and a calibrated 2*Pu-!3C source. The ¢Co source was calibrated using a number of

low energy standard sources.
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The relative escape peak efficiencies were measured in a similar manner. Both
calibrated and uncalibrated sources were used to determine the ratio of the escape
peak to thé full energy peak areas. The use of area ratios eliminated the dependence
of these efficiencies on the source strength, and also allowed the use of data from the
target runs. AThe relatfve escape efﬁéiency line shape was defined from a Mcsnte Carlo.

model of the detectors, and was scaled to the source and run data.

The peak areas and uncertainties were determined by the methods described in
section 31 The areas were directly converted into efficiency measurements uSirig the
know source strengths and relative «-ray intensifies. Mulﬁiple measurements of the
detector efficiency e at aL given vy-ray energy were combined into a reduced data set

before a fit was calculated. The data were combined according to the equation [Ly86],

e = Ze; / (&;Ssm)).2 (3.29)

1 1
(Selstat))? = ; W (3.30)
Set = (56(““))2 + (56(5213))2 ) | (3.31)

where 6¢(*29) is the total statistical uncertainty in the efficiency, including the statis-
tical uncertainty from the peak.area and the uncertainty based on the background
function selected for fhe peak, and 6ef*¥*) is the systematic uncertainty in the efﬁciency
due to the uncertainties in the calibrated source strength. In the case of relative escape

efficiencies, this systematic uncertainty cancels, and so 6e(**9) is treated as zero.

The low energy calibrated sources were used to obtain a polynomial fit of the

efficiency between 500 and 1500 keV. The least-squares fit was based on an expan-
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* sion using the Chebyshev polynomials in order to minimize the coupling between the
different order coefficients. A fourth order fit to the calibrated data was used to de-
termine the strength of the %*Co source by scaling the low energy 7-ray efficiencies to

the fitted line.

A scaling factor a, for any function f(z) was calculated by minimizing the one-

dimensional x? defined by the equation,

x* = Z wi (aof(2:) — ¥:)° ‘ (3.32)

= q Z w; f*(z:) — 2a, Z‘w;y;f(xi) + Z w;y? (3.33)

where the weight for each point, w;, was calculated from the total area uncertainty
added in quadrature, §A; of equation (3.21), and the functional fit uncertainty from

the error matrix € according to the equation

-1

v — |sa2 _y_ P = 0f(z)  8f(=)]
‘ [M‘ * (f (a:,-)> Jzk da; * Bay | (3:34)

(3.35)

The minimization of the x? with respect to a, yields a value for a, and its uncertainty,

ba,, given by

6 = __—__é‘z‘;@}f((;)) | (3.36)
' -1
§a2 = 2 (a;;‘:) (3.37)

-1
= «(Swr@) (3.39
where « is defined as in equation (3.19) with the number of degrees of freedom, Ny,
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determined by the number of efficiency data points, n., by
Njroe = 1o — 2. (3.39) -

In the calculation of w;, the value y;/f(z;) is used as a “local” scaling factor for the
functional uncertainties, since the value of a, is not known during the calculation of

the sums.

The determination of the 6Co source strength extended the efficiency measure-
ments up to a v-ray energy of 3.6 MeV, while the 23Pu-13C calibrated source provided
a measurement at 6.13 MeV. These measurements alone did not provide a sufficiently
accurate measurement of the efficiency over the entire energy rangé of interest, with

uncertainties rapidly increasing above E, = 7 MeV.

The uncertainty in the high energy efficiency was reduced by supplementing the

'source measurements with Monte Carlo generated efficiencies, and so constraining

the fits with the known 4-ray interaction cross sections. The physical diménsions
and geometry used iﬁ the simulation are given in table 3.1 and figure 3.1; these
dimensions and geometries were derived from x-ray measurements of the LBL detector,
and from the Ortec technical drawings. An accurate measurement of the thickness
of the lead shield in front of each detector was determined by 7-ray attenuation '

measurements using the *7Cs, ®°Co and 23¥Pu-!3C sources. These measurements

provided a more accurate determination of the thickness by averaging over surface

variations and irregularities in the shield. All other dimensions were determined from

measurements taken at the experiment site.

31



Table 3.1: Detector Geometry for EGS4 Simulation .

Parameter Detector #1 | Detector #2

| (cm) (cm)

. Source to Detector Face (Lt) 18.98 15.33
Outer Reaction Chamber Diameter (D¢) 15.26 15.26

Reaction Chamber Thickness (T¢) 0.3175 0.3175

Lead Chamber Liner Thickness (TL) 0.1588 0.1588

- Lead Attenuator width (Ws) 8.89 7.62
Lead Attenuator height 8.89 7.62

Lead Attenuator thickness (Ts) 1.025 1.006'
Detector Canister Diameter (Dv) 6.99 6.95
Detector Canister Thickness (Ty) 0.15 0.127
Beryllium Window Thickness (Tw) 0.0051 0.05
Beryllium Window Diameter (Dw) 2.223 5.715

Thermal Barrier to Window Distance (Lg) 0.00178 0.0025
Thermal Barrier Thickness (Tg) 0.2 0.2
Germanium Crystal to Window Distance (LcF) 0.5 0.5
Germanium Crystal Diameter (Dco) 5.09 5.20
Germanium Crystal Length (L¢) 5.40 5.70
Germanium Crystal Core Diameter (Dcy) 1.0 1.0
Germanium Crystal Core Depth (Lcc) 4.57 4.95

Outer Surface Dead Layer Thickness (Tcs) 3.0x107% | 3.0x10"°

0.1 0.1

Inner Core Dead Layer Thickness (T¢c)

1 Derived from experimental measurements of shielded and bare

detector efficiencies
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Figure 3.1: Geometry for EGS4 model of detector system. Dimensions for the
detectors are given in Table 3.1.
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The Monte Carlo data was combined with the source measurement data by first

fitting the source data to a general equation for the absolute efficiency,

_exp [2?:0 ai+2Ti(E)]

(3.40)

where T;(E) is the appropriate Chebyshev polynomial. An equation of this form was
found to provide a good fit to all the data over a range from 500 keV to 10 MeV.
rvl‘his fit of the experimental source measurerﬁents was used to determine a scaling
factor for the Monte Carlo results according to equation (3.36). Source data above
2000 keV was used in this calculation, as uncertainties in modelling dead regions of
the detector caused difficulties in obtaining the exact form of the efficiency maximum
near 600 keV. The sensitivity of the scale factor to the 2000 keV cut was estimated by
varying the cut between 1500 keV and 3000 keV. The calculated scale factor varied
by approximately 5% for this range of cuts, and showed deviations of up to 15% from
the measured 6130 keV calibration value. Based on this, an additional uncertainty
of 15% was adopted for this scale factor, and applied to the Monte Carlo data aBove
4 MeV. This data Qas then combined with the source calibré.tion da,.ta, set and fit to
equ#tion (3.40). The coefficients obtained from the fit are given in table 3.2 and the
resulting efficiency curve is shown in figure 3.2. The individual y-ray efficiencies are
indicated by the open circle, and the central curve indicates the fit results, while the
lo range of the uncertainty using the fit error matrix is given by the lighter bracketing

curves.

The Monte Carlo simulation was used to establish the form of the single and
double escape relative efficiency curves in both detectors. The Monte Carlo results
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Figure 3.2: Absolute full energy peak efficiencies for detectors #1 and #2. The
efficiency curves for both detectors were determined from a least-
squares fit of calibration sources supplement with Monte Carlo re-
sults above 4 MeV.
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Table 3.2: Absolute Full Energy Peak Efficiency

Detector #1

Detector #2

as | (—3.03 +0.21)10~4 keV-!
ag | (2.97 % 11.4)1071° keV -2

X? 0.544 0.556

ap 531 £ 13 keV 484 + 13 keV
a; 206 + 16 keV 200 £ 17 keV
as —8.316 £ 0.034 —7.780 £ 0.032

(—3.09 £ 0.20)10~* keV-?
(7.86 £ 10.8)1071° keV~2

Table 3.3: First Eéca,pe Peak Efficiency

- Detector #1 Detector #2
Scale Factor 100.3+£0.01% 100.4+0.8%
ao (keV)° 0.08210.027 0.11+£0.02
a; (keV)' | (-1.75£0.33)107* | (—2.03 +0.27)10~*
a; (keV)? (4.91 £0.69)10°8 (5.39 £+ 0.56)10~®
a3 (keV)® | (=2.13+0.57)10712 | (—2.49 £ 0.45)1072
aq (keV)* (3.24 +1.54)10717 | (3.99 +1.22)107"7

above the pair creation threshold were fit to a fourth order polynomial as a functiqn
of the full energy peak energy, which was then scaled to the experimental data above
1200 keV using equation (3.36). Since only gelative peak intensities were required in
this calculation, data selected from the target runs were also used to extend the data
into a higher energy region than was available through the use of standard sources |
alone. The Monte Carlo fit to the single escapé efficiency in bofh -deteétors required
no scaling within uncertainty, while the fit to the double esca,pé efficiency was reducea
by 2% té 3% in each detector. The resulting efficiency curves are shown in figures 3.3
and 3.4. The circles on this plot indicate calibration source data, while the squares
indicate escape peaks taken from the target run data. The absolute efficiency for an

escape peak of order k is easily calculated from a product of the absolute and relative
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Det #1 Relative 1st Escape Efficiency (Monte Carlo x (100.3+1.0)%)
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Figure 3.3: First Escape Peak Efficiencies. The curve shows the escape effi-
ciencies and uncertainties for the two detectors as determined by
the Monte Carlo simulation. The efficiencies have been scaled to
match the first escape peak efficiencies determined by the calibration
sources (“()”) and by selected peaks from the target runs (“0%).
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Det #1 Relative 2nd Escape Efficiency (Monte Carlo x (97.1+1.0)%)
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Figure 3.4: Second Escape Peak Efficiencies. The curve shows the escape effi-
ciencies and uncertainties for the two detectors as determined by the
‘Monte Carlo simulation. The efficiencies have been scaled to match
the second escape peak efficiencies determined by the calibration
sources (“(0”) and by selected peaks from the target runs (“07).
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Table 3.4: Second Escape Peak Efficiency

Detector #1 Detector #2
Scale Factor 97.1+1.0% 98.4+1.0%
ao (keV)? 0.077 £ 0.024 0.081 £0.020
a (keV)! | (—1.67+0.31)10~* | (—1.64 +0.25)10~*
a; (keV)? (4.85 +0.64)1078 (4.59 £ 0.50)10~®
a3 (keV)® | (—2.38 £0.52)10712 | (—2.17-+0.41)10712
aq (keV)! | (4.14£1.41)107Y | (3.42+1.09)107"

efficiency, €} according to the relation

ex(Ey — k- 511.03 keV) = eo(E,) - éx(Es)- (3.41)

3.2.2 Spectrum Energy Recalibration

Gain shifts in the detector system over the course of the experiment necessitated a
_recalculation of the calibration of each spectrum. This entailed a two step process
in which each step produced a more refined energy calibration for the spectra. The
initial part of the procedure useci the peak energy of positively identified transitions
to determiine the energy calibration. The centroids of the peaks were fit using linear
regression to a straight line. This reca.libratioﬁ allowed the majority of the péa,ks- to
be positively identified. The next refinement to the calibration used clea,nly identified
peaks and escapes to determine the most accurate calibration. The details of this

calculation are described below.

In the first step, a number of condi.tions were placed on the peaks used to recali-
brate each spectrum. First, the peaks had to be uniquely identiﬁeci, and the Doppler—
shift of the peaks had to be known. This meant that peaks with a small .Doppler
shift had to be used, and also that the peak had to be well separated from adja-
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cent peaks. Since thick 1':argets were used in the experimenf, peaks with a negligible
Doppler shift could be identified by their narrow width, which was typically ~ 4 keV
FWHM. In a number of cases, an insufficient number of narrow peaks ‘were available
in the detector #2 spectrum. For these spectra, Doppler shifted peaks were used in
the recalibration. The énergy of the Doppler shifted peak centroid was obtained by
first calculating the energy of the corresponding peak in the recalibrated detector #1
spectrum, and expressing the peak energy as a percentage of the ;na.ximum Dopplér
for that detector angle .and a-particle energy. The maximum Doppler shift, AE, ..., 1s
defined as the difference between the transition energy E., and the maximum Doppler

shifted energy E! AE .z = E! .. — E, and is given by the equations,

mazx? max

1- 12na.1: o ' .
AEme, = E, (—————-" —1) (3.42)

1 - ﬂmaz: cos §

V)az o V2E ,my
c  c(ma+ M)

g = (3.43)

~ where E. is the energy of the y-ray transition, 8 is the angle of the observing detector,

‘and v!___ is the velocity of the compound nucleus after the absorption of an a-particle

maz
of energy E, and mass m, onto a target nucleus of mass M. It was assumed that
the peak centroid in detector #2 experienced the same percentage of the maximum
,Doppier shift, and this energy was used to calculate the centroid energy of the y-ray in
the detector. As the Doppler shift energy range observed in detector #2 were signiﬁ-
cantly smaller than those in detector #1, the energies of the centroids in detecéor #2
could be accurately determined. These v-ray energies were fit to a straight line as a
function of channel number for each detector. Typically 6 to 12 peaks spread over 2

to 4 MeV were use in the first stage of the recalibration.
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The calibration determined from the above procedure was then used to obtain bet-
ter peak transition identiﬁcations and escape subtracted (“reduced”) spectra. These
reduced spectra were used to reiine thé energy calibration using positively identified
escape peaki; in the spectra. Typically 2 to 6 sets of tiansitions contaiping both full-
energy peaks and escape peaks were identified above 4 MeV. Poorly known peaks
were discarded from the calculation using a cut criterion based on the peak area un-
certainty. Initially, any peak with an uncertainty exceeding 25% of the net area was
removéd from the calculation; however if a sufficient number of escape peaks could not
be obtained, this cut criterion was relaxed to 40%. The calibration in each dei,ector
n, Sn, Was calculated from a weighted average of the centroid separation according to

the equations,

2 2
E E Z Wayijk (:En;j — im‘k) -511.003 (] — k)
sy = —I=2k=i (3.44)

t 7=0 k=j+1

1
8Znii’ + 6Znit’

(3.45)

Wrijk

~ where ¢ sums over the set of transitions used in the calculation, j and k sum over the

escape order for each transition (full energy peak = 0, first escape = 1 and second
escape = 2), and where Z;; and OZ i a.ré the centroid channei and uxicertainty of
the j'th order escape peak for the ith transition in detector n. Aftei a new slope
had been obtained, a new escape peak subtracted spectrum was calculated for each
detector, and the calculation was iterated until the dispersion s, converged on va
stationary value. This iteration was required because a change in the energy dispersion
changes the calculated escape subtraction, and therefore the reduced spectra, enough.
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to significantly affect the dispersion calculation. In some cases it was necessary to
adjust the peak ranges between iterations to get a valid fitting range for the peaks

used in the calibration.

The zero intercept of the energy calibration was then calculated by selecting
uniquely identified peaks and selecting a value of the intercept so that the Doppler
shift for each 7-ray. was the same fraction of the full Doppler shift given by equa-
tion (3.42) for each detector. The zero intercept calculation begins by considering the
mean observed Doppler shifted energy of a y-ray, E’, obsérved by a detector at an

angle 0, which to first order is given by the equation,

vi=F (3.46)

/ — OV A
E = E71 — Bcosd
E’Y
I (3.47)
~ E,(14 Bcosb). | (3.48)

The value of § in this equation is not treated as the maximum possible value, but
instead is treated as a constant between 0 and Bn. for the escape orders of each

transition. Now, for two observations of the same ~-ray at angles 6, and 6,,

Ei+ E, = 2E,+ E,B(cosb; + cos 6,) (3.49)
El—E, = E,B(cosf; — cos¥b,) (3.50)
(3.51)

which combined to eliminate the velocity dependency () gives,

9E, = E.+E,- u(E, - E}) (3.52)
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where

cos 0y + cos 0, |
_ 02 3.54
cos 0 — cos 0, ( )

Calculating a linear regression over a number of transitions ¢ with peak centroid energy

E.:, the x? is then defined as

(A (2Ex))*

= 2GR (3:5%)

where
(6(2Ex))? = [8E;(1 — W+ [6E5 (1 + )], (3.56)
A2Ey = Bl(1-p)+ Ex(1+p) — 2By (3.57)

Expressing the peak centroid energy for the transition ¢ in terms of the spectrum

calibration for detector n,

Epi =t + $aZuni, (3.58)
the x? takes the form,
XX = ) = 21 - 2“[(1—ﬂ)t1
T (1= ) s16Z0]" + [(1 + ) 526721]
+(14p)te+ (1 —p)siZi: + (1 + p) s2Z2)" (3.59)
= Ew; [V -+ (1 et p) $1Z1: + (1 + [L) 32532,']2 - ‘ . (360)
where,
v = L ' (3.61)
‘ [(1— p) 1620)" +[(1 + ) 52622 o
v = (1 el [t) t1 + (1 + [l) tz. ' . (362)
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Minimizing the x? with respect to v,

Ox? .
FXV— = w;2 [V + (1 - ﬂ) 81Z1; + (1 + ﬂ) S2ZTo; — 2E"n] ’ (3'63)

i
which when set to zero yields a value for v of

v = 2y iwiEy — (1 —p) Y wis1Z1; — (14 p) X wisaZa;

= (3.64)

The spectrum offsets ¢; and ¢, are related to a calculated value of v by equation (3.62).
A maximum valid physical range was calculated by restricting ¢, and tz’ to values
which placed the centroid of each peak, within uncertainty, between the maximum andb ’
minimum Doppler shift energy range. This typically determined the energy calibration
to within 10 keV (approximately 2 channels in a 2k spectrum). A value for t; (and
so t; through equation (3.62)) wa; selected which minimized the overall Doppler shift
in both detectors. This step was repeated several times to ensuré the convergence of

the calibration.

3.3 Spectrum Analysis and Yield Calculation

3.3.1 Peak Selection

Once the energy calibration for each detector spectrum had been adjusted, a search
for transitions was performed. This was done by marking out regions in the spectra
corresponding to the maximum possible range permitted according to the Doppler
shift of each kinematica.uy allowed transition. A valid transition consisted of the
presence of a peak in each spectrum in its kinematically allowed region. The paired
peaks used the same type of background fit, and in cases of overiapping composite
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peaks, the peaks in both spectra were fit to double Gaussians. In many cases peaks
within the spectra were consistent with more than one transition, and as a result were

assigned multiple identifications.

The peak area was calculated according to the method discussed in section 3.1.
The upper and lower background regions of the peak were chosen so that they were
free of interference from other transitions. In some cases it was necessary to se-
lect background regions which bracketed more than one peak; in such inétapces, the
same background was used to analyze each contained peak unless this created an
unphysically large step in the peak background. In all cases, the peak region, used
to determine the area, was selected to include as little of the background regions as

possible.
3.3.2 Spectrum Reduction

In many instances, escape peaks from higher energy transitions interfered with the
background and area calculations for full-energy peaks of lower energy transitions.
This interference was accounted for by either separating the peaks through a fit to a
composite curve as described in section 3.1.3, or by removing the escape peak through
a subtraction process. The escape peak subtraction proceeded by first calculating the
escape intensity of a given escape peak using the centroid of the full-energy peak.
Then a channel subtraction value, éjk, was calculated from each channel in the full-
energy peak range, and this subtraction was applied to the escape peak region. The

contribution of a full-energy peak 7 to an escape of order 5 due to y; counts in channel

45



zx is denoted by c¢;;x and is given by the equation,

cik = &;j(yk — fi(zx)) S (3.65)

feie = En/ou’ + CR@E?E (3.66)
where ¢;; is the relative escape efficiency of the full energy peak centroid and f;(ik)
is the full-energy peak background in channel z; as deséribed by equation (3.1). The
uncertainty &f;(z;) was calculated according to equation (3.18) for integration over
a single channel. In cases where the full-energy peak was part of a composite peak
itself, the value y; was reduced by the strength attributed to the pdrtnér Gaussiaﬁ,
and the uncertainty dy; was increased according to the uncertainty in the partner

Gaussian fit.

lIn general, the escape contribution calculated from one channel of the full energy
peak corresponds to two channels in the escape peak. For a j order escape peak
with the correspdnding positvion z in the escape region j x 511 keV below channel z
bracketed by spectrum channels [ and ! + 1, the reduced countv y; and yi,, for the

spectrum channels are given by the equations,
v = w—cip(l+1—x2) (3.67)
(6y)® = &y} + 62} : o . (3.68)

= (89)* + (1 + 1 —2) (8cije)® + (1 + 1 — z) (cizn - 6&:5/855)°  (3.69)

Yy = Y1 — (I — ) (3.70)

2 . .
(6y;+1) = byl + 820, (3.71)
= (6yia)" + (1 = ) (eije)” + (1 = =) (ciju - 88i5/835)°, (3.72)
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where 6€;; is the uncertainty of the relative escape efficiency based on the error ma-
trix of the fit, and §z is the additional uncertainty in the channel referred to in

equation (3.22).
3.3.3 Sample Spectrum Fits

Examples of the different fits used in the area calculation fit are provided in figures 3.5
‘through 3.7. In ea.ch' of these figures, both the transitions éssigned to the peak and
the subtracted escapes are listed above the spectrum plot. Each transition has been
assigned a number which corresponds to a Doppler-shift range marker plotted beneath
each spectrum. These Doppler-shift range markers show the kinematically allowed en-
ergy range of each v-ray transition, corresponding to the maximum a-particle energy
and the detector position. In detector #1 the Doppler-shift range covered an energy
region typically 30 to 60 keV above the transition energy, while in detector #2 the
range spanned a region approximately half this size below the ’tra.nsition enefgy. The
recoil of the residual nucleus following the emission of a particle was not considered

~ in calculating this range.

In each figure the unadjusted spectrum is shown by the dotted line, while the
open circles and. associated error bars indicate the escape-subtracted spectrum and
uncertainty, respectively. The results of the background fit are shown by the thick
continuous line beneath each peak. The regioﬁs involved in determining this back-
ground are indicated by the set of bracketed regions: square brackets (“[ 1) indicate

range of the the upper and lower background regions, while the brace brackets (“{ }")
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Figure 3.5: The 7255 keV peak from 10 MeV a-particles on A¢

. indicate the peak area and centroid region. The lower part of each figure shows the
Doppler-shift range of the identified t;ansitions ‘and subtracted escape peaks in the
background régions.‘ The Doppler-shift‘ range of the identified peaks are indicé,ted .by
a thick continuous line, while the regions of subtracted escape peaks use a thinner

broken line.

The 7255 keV transition from the Af target, shown in figure 3.5, illustrates the |
conditions under which a simple linear Background was used in the area determina-
tion. The linear background was usually employed in regions of the spectrum which
contained on the order of a few hundred counts per channel. In the case shown here,
the backgrounds to either sidelof the peaks show a random fluctuation on the order of
the statistical uncertainty which is also of the same order as the expected step in the

background. This results in a step size which is highly dependent on the exact back-
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Figure 3.6: The 4140 keV peak from 10 MeV a-particles on the Af

ground range used. In these cases, the step was considered to be a small background

effect and the term describing it was dropped from the fit.

In regions of the spectra which contained a few tho.usandfcounts per channel, a
linear + step background, shown in figure 3.6, was employed. In addition to the pres-
ence of the backgrbund step, this particular peak contained three individual 4-ray
transitions as well as significant escape peak subtractions. Although the three transi-
tions can be clearly seen in the spectrum for det;ector #Z,Vthe overlap of the Doppler
shifted regions in detector #1 made it difficult to separate the individual transitions
at the forward angle, and so a combined yield based on the total peak areas was
calculated. The separation of the individual transition yields from a groﬁp such as
this was accomplished through the use of published decay schemes as described in

section 3.4.

49
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Figure 3.7: The second escape peak at 2720 keV from 10 MeV a-particles on AZ.
The Doppler-shift range for the higher energy peak is not shown.

Ap example of a Gaussian shape separation of interfering peaks is shown in fig-
ure 3.7. In this case, the Gaussian fit for the identified transitions is shown by the
thick solid line above the background line, while the thick broken line shows the sum
of the two Gaussian functions. A non-stepped background was used for most sets of
peaks separated by Gaussian fits, in order to avoid ambiguities in determining the step
position and magnitude. Technically, a small step at the centroid of each Gaussian fit
was expected, but insufficient information was available to determine these reliably.‘
' Thé_ area of each peak for such a separation was calculated from the ratio of the areas

of the Gaussian fit in each case.
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3.3.4 Yield Calculations

The peak area of each detector was conve;'ted into a yield for that detector. This yield
can be expressed in terms of two components: an isotropic component which provides
total y-ray yield erﬁitted into 47, and an angular dependent component, which.pro-'
vides a measure of the angular distribution of the yield. These two components are
characterized by an expansion of the distribution in térms of Legendre polynomials

and fitting the yield in each detector to this expansion.

The yield in a given detector, Y(8,,), is given by the equation,

fAn

Y()= —x 1 (3.73)

where e, is the absolute energy efficiency for the peak in detector n of the appropriate
escape order according to equation (3.41), N is the number of o-particles on target,
and L, is the live time and pile-up correction. The numbgr of particles on target
was calculated from the beam dump count ny4, which recorded one count per 107°

Coulomb of beam on target. Thus, N is calculated according to the equation,

-9
N = M}L’ (3.74)
ge :

where ¢ is the charge state of the a-particle and e = 1.602 x 107'° C is the charge of
an electron. The dead timé and pile-up correction were calculated from the counts in
the pulser peaks of each spectrum. A pulser signal was-injected into the test circuit

of each detector preamp-every time a dump count was produced, so the live time and
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pile-up corrections were simply given by the ratio of these two numbers,

A rn
L, = fpern (3.75)

n4
Combining these expressions for N and L, into equation (3.73), it then becomes,

geA, x 10°
en,O"‘ipulsu::r n

Y (3,) = : (3.76)

where the dependence on the number of a-particles striking the target has been re-
duced to the effective number of a-particle counts cbntained in the pulser peak area.
The uncertainty in Y(6,) has been divided into two components: a “statistical” com-
ponent that includes uncertainties in the relative detector efficiency and background
shape, and a “systematic” component which includes uncertainties in the live time,
beam condition and overall normalization. The statistical uncertainty in the detec-

tor yield, §Y(,,)***"), was calculated from the relative uncertainties according to the

equation
OY (@) \* _ (54.\'  (64RL, : Ay 517)
Y(an) B A'n Apulser n €n ’ )
The systematic uncertainty in the detector yield, §Y (8,)¢%), is calculated by a similar
equation
D \(sys) (sys) 2 2 (sys)\ 2 '
6Y(0n) SApulsern + _f‘_JY_ + 6Ln (3 78)
Y(yn) - Apu.lser n N Ln ? )

where 6 N/N is the fractional uncertainty in the number of a-particle on target and

§L(¥) is any additional systematic uncertainty in the live time of the detectors.

The yield in each detector, Y (0,), sampled the angular distribution of ~-rays.
From symmetry considerations, it is known that only even order Legendre polynomial

terms appear in this distribution. The detectors were positioned at angles where
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they would be most sensitive to the first two orders in the expansion, and would
permit higher ofder terms to be neglected. The yield in each detector was then
treated as containing an isotropic component, given by the magnitude of the zeroth
order polynomial, a.nci an angular dependent term determined by the magnitude of
the second order polynomial. The total yield for a «-ray transition is then vgiven.
directly by the magnitude of the zeroth order polynomial. Expressing the detector
area averaged intensity of the‘polynomial ¢ over detector n as m, the yield in

each detector is expressed by the equations

Y(8:) = aoPo(cosb;) + azPz(cos ) (3.79)

Y(0:) = aoPo(cosb3) + azP(cos b;), (3.80)

where a; is the coefficient of Legendre polynomial of order :. The average value of
the Legendre polynomial subtended by a detector is roughly given by the value of
the polynomial at the angle of the detector. In our calculations, we compensated for
the effects of the finite de;tector geometry by approximating the contribution of each
Legendre polynomial to the detector yieldvby the integral of the polynomial intensity
over the area of each detector face.. This calculation obtained values for the P(cos 8,,) -

to FPo(cos8,) ratio of 0.6081 and -0.3180 for 6,, = 30.6° and 109.9°, respectively.

/

Rearranging Equations (3.79) and (3.80) to solve for ao and a,,

- = 1 Y (6,)Py(cos 83) — Y (82) Pz(cos 6) (3.81)
® 7 Po(cosby) Po(cos b5) Pylcosty) _ Palcostn) '
‘ Py(cos 82) Py(cosb,) N

4G = — 1 Y (61)Po(cos 6;) — Y (8) Po(cos 6;) (3.82)
Po(COS 01) Po(COS 02) P2!0059z! _ P(cos6y) . ‘

Py(cos8z) Py(cosby)
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Defining the constant ¢ as

‘TF (cos @ )1P (cos ;) | Falcosfa) : Py(costy) |’ (3.83)
0 1 0 2 Po((;osaz) - Po(cosal)
Equations (3.81) and (3.82) become
aQ = € (Pg(COS 6,)Y (6,) — Px(cos 01)Y(§2)) (3.84)
a; = —e(Po(cos8)Y(B:) — Po(cos61)Y (82)) . (3.85)

The Pi(cos 6,) are normalized to the zeroth order term in order to remove geometrical
effects accounted for by calibration measurements. The zeroth order intensity terms

are thus unity, and the equations for ¢ and a; reduce to the simple form of

1

€ = ‘ (3.86)
P (cos 03) — Py(cos 61)
a; = —e(Y(B:)-Y(B)). (3.87)
The normalization of Y(0,) causes the yield, Y, to be given directly by
Y = a,, (3.88)

and the ratio of the a; to the ao term provides a measure of the asymmetry of the

angular distribution.

The uncertainty in the calculated yield was separated into two components, a
“statistical” and “systematic” uncertainty, 6Y(***) and 6Y (%) respectively. These
uncertainties were separated on the basis of how they propagate when yields were
summed. The “statistical” uncertainties, which include statistical area uncertainty,
the background shape uncertainty and the relative efﬁciency uncertainty, are added in
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quadrature. The “systematic” uncertainties, encompassing the live time uncertainty,
the detector efficiency systematic uncertainty and the a-particle on target count un-
certainty, are not reduced when yields are summed. Thus the yield for a number of

transitions, Y., = Y; Y; had uncertainties

sum

(5Y(stat))2 — Z(b‘y{(-’t“t))z v (389)

sum

§YLw) = syl , (3.90)

For an individual transition i, the statistical uncertainty was calculated from the
uncertainties in the peak pair by assuming statistical uncertainties were uncorrelated,
while systematic uncertainties were assumed to be fully correlated. Thus for statistical

and systematic detector yield uncertainties as defined by equations (3.77) and (3.78),

(6}/',(stat))2 = ¢ [(Pz(cos 02)6]’;(51)("“‘)) 4 (Pg(COS 01)5}’;(52)("“‘)) 2] (3.91)

§Y4) = ¢(Pcosb5)6Yi(8,)*) — Palcos 0)6Yi(8)) . (3.92)
3.4 Transition Consistency and Level Excitation

Once all peak yields had been determined and transition identifications had been
made, the reported yields were checked for identification consistency using the known
decay échemes [Aj87, En90]. Oxﬂy transitions from levels with é decay b;'anch greater |
than 2% were identified. In the cases where peaks with multiple transition identifica-
tions existed, positive identifications and separation of the transitions werévattempted
by searching for different branches originating from the same level. When branching
ratios and maximum possible yields indicated that a particular transition was expeéted
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to contribute less than 5% to a peak with multiple identifications, the particular tran-
sition identification was removed. The number of peaks with multiple identifications
varied from target to target. Approximately 50% of the peaks below 5 MeV had two
or more possible identiﬁca.tions in most targets. Hdwevet, in the case of the NaF tar-
get, virtually every peak below 7 MeV contained at least two associated transitions,

and could not be completely separated.

Yields from multiple transition peaks were separated into the individual trénsi-
tion yields through an iterative process. The procedure simultaneously determined
the le\l/el,population per a-particle for every residual nucleus from a target. Peak
yields with unique transition identifications were used to determine the population of
individ.ual levels through the decay schemes reported in the literature. Peak yields
with multiple identifications then had trans;;tions from levels with known populations
subtracted according to the branching ratios.' This increased the number of level pop-
ulations which could be determined. The calculation was iterated until no additional

level population determinations were obtained for any residual nuclei.

The level population per a-particle U; of a level I was calculated from the transition

yield Y; with a branching ratio B; according to the equation

_ TiwYi/B;

U 2w

(3.93)

where i sums over the measured transition branches from a level. The weight w;

assigned to each determination of the level population was based on the total statistical
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uncertainty, - .
21—
. 6B 2 6)/-(3‘“‘)
. = {y2d = s 3.94
w; = Y, ( B, ) + ( Y: | (3.94)

where §Y,***9 is the statistical uncertainty in the yield, and 6B; is the uncertainty in

the branching ratio. The statistical uncertainty in the population, 5U,("t°t) was given

by
| 1

. {395
2 Wi ’ )

6 U[(Stat) -—

The systematic uncertainty in the population, § U,(’y’), was calculated from the average

systematic yield uncertainty as defined by equation (3.89),
(v) _ g, L 8Y 3.96
SUSY = Uy mZY (3.96)
where n; i1s the total number of determined transitions from level [.

The yield intensity for a particular transition Y; with statistical and systematic .
uncertainties §Y,"* and 8Y,°*) contributing to a multiple transition peak was cal-
culated from the level populations of the other transitions in the yield. The yield was

then calculated from the total peak yield, Y,eqk, according to the equation:

Yl = Y;)eak - Z BiUi o {597)
1,0l :
: ' 2 (stat}y “:
(stat) 2 _ 2 a7 2 SBg 5U‘ ) ! Q¢

(SYI ) - (6)/peak) +i§I (BtUt) X (E‘) + ( Ui } 15,)8)
sYsy)

S =yt (3.99)
)/peak v

The interdependence of U; and Y] necessitated the iteration of the calcuiziion until

stationary values were obtained for each. -
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The direct population of a level in the residual nucleus, W;, was calculated by
subtracting the v-ray cascade contribution from levels i decaying to level ! by the

equation

W, = U-3 Bl (3.100)
| (stat)\ 2 2
(stat)\2 __ (stat)\2 ) \2 oU; 0B;_
(sweN)" = (sUut=dY +X;:(B'—"U‘) ( 7 B (3.101)
WP = U 4 B 6USY. (3.102)

This direct population of levels in the residual nucleus was used to calculate a pop-
ulation distribution by summing the p;pulations into 1 MeV bins. This population
distribution is directly comparable to the f)opulation distribution predictions of the
statistical model calculations descr‘ibed in section 4.3. A mean excitation for a residual

nucleus, E, was also calculated from a weighted sum of level excitations,

LiWIE
Wi - 3
(5E{Stat))2 3 P (au/l(stat))2 El2 _ 2‘Ez > (6vVIstat)2 E +E,
: - - wy '

E. (3.103)

(3.104)

No systematic uncertainty was obtained for the mean excitation energy since system-

atic effects cancel in this calculation.
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Chapter 4

The Statistical Model of Nuclear
‘Reactions |

4.1 Introduction

St;tistical models of the nucleus have had some success in predicting average reaction
properties such as the nuclear temperatures of compound nuclei and reaction cross
sections. .These calculations are typically performed on medium and heavy nuclei at
high excitation energies where the level density of the nuclei can be treated as a con-
tinuous function of energy. In this study we are interested in extehding this model
to lower energies and lighter nuclei in order to determine its ability to predict the -
producti_on rate and excitation of the residual nuclei. Our célculations are similar to
that of GlOtO;I [G178] who used a simple statistical model description of the parti-
cle emission process to estimate the excitation distribution of the residual nucleus.
Glotov reliea on' experimental measurements of .the (a,n) cross se'cti.on for most of
his calculations, and assumed that the (o, p) cross section was of the same order of

magnitude, modified by energy phase space considerations and Coulomb barrier pen-
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etration probabilities. In these calculations Glotov used an exponential form for the
level density of the residual nucleus, and neglected all spin and angular momentum

effects.

In this study we are interested in extending the type of calculation used by Glotov |
to predict the v-ray spectrum resulting from a-induced reactions. In extending his
calculations, we investigated several cross section data sources, the effects of apgular
momentum, and the effects of discrete level dehsities on the calculations. We compared
the predictions from each of these calculations with results from our experimental

_measurements.

The statistical model of nuclear reactions is based on the assumption that a_),ll re-
actions proceed through the formation of a compound nucleus which then undergoes_
decay through all energetically possible channels. The excitation of the compound nu- |
cleus is assumed to be sufficiently high- that individual levels overlap aﬁd so the decay
depends on statistical processes rather than the detailed conﬁguration and structure
of individual levels. The reaction cross sections calculation under these assumptions
can be separated into two steps: the calculation of the probability for forming the
compound nucleus, and the calculation of the branching ratios for the decay of the
nucleus by the various channels. The first step is accomplished by calculating the
absorption cross section for the incident particle based on the optical potential of the
nucleus. The second step is accomplished by deducing the channel decay probability
from the inverse absorption cross sections, which is calculated from the optical model

absorption cross section and the density of nuclear states. These components are
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combined using the principle of detailed balance to obtain the total cross section for
a particular reaction, and, through an extension of this principle, the average exci-
tation energy of the residual nuclei. Caléula.tions of this type are frequently used to
determine cross sections for use in aétrophysical models of energetic events such as
supernovas, and agreement with éxperimenta,l measurements of the total cross sec-
tion to within a factor of two has typically been achieved for reactions on nuclei with

" masses down to A = 27 [Mo91, Mi70].
4.2 Absorption Cross Sections

Theoretical absorption cross sections are available from a number of different sources.
Perhaps the nﬁost readily available source is that of Chatterjee, Murthy and Gupta
[Ch81], who parameterized the optical model absorption calculations of other re-
searchers [Ma63, Hu61, Au62] as a function of ma.ss, atomic number and eﬁergy for
neutrons, protons and a-particles. This pararhgterization, which reproduced the cal-
culated cross sections to 10%,. only p'rovides values for the total a,bsorptiqn Cross
section for each of these nucleons, and so can only be used in calculations which ig-

nore angular momentum coupling. Calculations using this data set are referred to in

this study as “spin independent, parameterized”.

More detailed calculations required the use of optical model codes to obtain more
accurate absorption cross sections. OQur own calculations used the Oxford computer ‘
code DSTWAV [Ha69] to obtain absorption cross sections from the scattering matrix

calculated by this module. This distorted wave, Born approximation (DWBA) calcu-
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lation and its relation to the S-matrix is presented in ‘appendix A. The absorption
cross sections from this calculation were used in two ways. First, calculations were
were performed using total cross sections, ignoring all angular momentum couplings,
in a caiculation identical to that using the parameterized cross sections of Chatterjee.
These calculations investigated the effect of using.a parameterized interpolation of the
cross section instead of va full calculation for the nuclei of interest. These calculations

are referred to in this study as “spin independent”.

In addition to these calculations, the cross sections derived from the DWBA calcu-
- lation were used in properly coupled angular momentum calculations of the reaction
rate, and through a comparison of these calculations the importance of angular mo-

mentum considerations in these calculations was assessed.

As well as investigating the various levels of complexity in using the 6ptical model
cross sections, we also investigated the different data sources for the optical potential
used in optical model calculations of the absorption cross section. qu major sources -
are readily available in the literature. The first sources are global potentials, which
apply to a range of nuclei and projectile energies. A major limitation in this study
for many of these global potentials is that they have been derived from reaction cross
'sections for medium and heavy nuclei, and may not appI); to the reactions and nuclei
considered here. Another source of optical poteﬁtial parameters is from phenomeno-
logical determinations from elastic scattéring cross sections. These phenomenological
determinations have usually been obtained using particle energies much higher than

those of interest here, and as well may be inconsistent in the use of various parameters
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such as the mean nucleon radius: The cross sections frpm both these data sources,
referred to as “global” and “phenoinenological”, respectively, have been used in the
spin independent and angular momentum coupled calculations in order to evaluate‘
which data set provides a better description of experimental reéults. Béth the global

and phenomenological optical potentials are described below.

4.2.1 The Optical Potential

The most common general form of the optical potential is expressed in terms of the

Woods-Saxon potential, and can be written as [PeT6]

V(r,l,s,7) = Veo(r)— Vafus(R:7)—1 [WI,,fw,(Iv 1r)— 4W1,£I—fw,(I§ :r)

R

mgcC

Vo3 ) ( )2%%fws(80 LI (4.1)

where the subscripts “C”, “R”, “Iv”, “Is” and “so” signify the Coulomb, real, imag-
inary volume, imaginary surface and spin-orbit components of the potential, respec-
tively. fus(z : r) is the Woods-Saxon function shape for a nucleus of A nucleons,

parameterized by an average nucleon radius r; and surface diffusiveness a; of the form
fus(G:r) = (1 + eg‘(’))_l , where ¢;(r) = (r - r;A1/3) a;. (4.2)

The Coulomb potential V¢ for an incident particle on a target nucleus with charges

ze and Ze respectively is taken as that for a uniformly charged‘sphefe,

2 .
zZe ’ r> Ro

Var) =4 7.2 . (4.3)
2Re ( “R_é)’ r<fe
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where the charge radius of the nucleus is given in terms of the nucleon charge radius

rc, Ro = rcAY3. The spin-orbit strength is defined in terms of the pion mass, m,

2
R ) = 2.00 fm?2.

which for historical reasons is always taken as (m p
x

There are two terms in this potential responsible for the absorption of particles.

These are the imaginary surface term and the imaginary volume term. In general

low energy neutrons and protons have a short mean free path in nuclear matter, and

the majority of the absorption occurs in the surface region of the nucleus. For the

energiés considered in this study, the imaginary potential can be treated as solely a

surface function. For incident a-particles, the potential normally contains only the

- volume absorption term [Pe76].

A number of studies of have established global optical potential parameters for neu-
trons and protons. The two most recent studies by Becchetti and Greenlees [Be69a]
and Varner, Clegg, McAbee and Thompson [Va87] indicate a dependence of the po-
tential depths on both particle energy and nuclear isospin (fhe relative number of
protons and neutrons). Both groups also restrict their parameterizations to nuclei
with mass numbers of 40 and greater anci to relatively high energies. These restric-
tions were adopted in order to avoid non-systematic nuclear structure effects in light
nuclei, and to avoid significant compound nucleus contributibns to elastic scattering
in low energy nucleon scattering. These restrictions complicatg the use of these global
parameterizations for the studies conducted here, since we are interested in light nu-
clei with A < 40. In order to quantify our sensitivity to these problems, we performed

two calculations using different sets of optical potential parameters. The first set
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of parameters was derived from the phenomenological potentials tabulated by Perey
and Perey [Pe76] which were extfapola.ted to different energies and mass numbers,
where necessary, acéording to the behaviour observed by Varner et al [Va87]). The
phenomenological potential derived from experimental measurements is expected to
contain the variations due to nuclear structure and shell effects that cause departures
from the smooth dependence of the optical potentiﬁl on atomic and mass numbers.
The second set of potential parameters consisted of global parameterizations which
have been developed and used by other researchers. in this set, the parameterization

for the mass and energy region closest to that of interest in this study was used.

Only the potentials for neutrons and protons were treated as having an energy

.dependence. This energy dependence arises in part from the energy dependence of

the nucleon-nucleon potential and in part from the presence of a non-local (ie velocity

dependent) component to the nucleon-nucleus potential [Ho71].

The potentials based on the phenomenologiéal potentialsvta,bula.ted by Perey and
Perey [Pe76] were obtained by extrapolating the phenomenological potentials, where
necessary, to different mass numbers. This was usually required to obtain the decay
cross sections for the compound nucleus. These derived potentials were then treated

as having the same energy dependence as the global parameterizations.

The extrapolation started with the tabulated potential for a low energy nucleon

incident on a nucleus with the same atomic number. The real and imaginary terms
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were then adjusted by

N—Z_NO—ZO]
A Ao

I N-2 No—-Zo]
Wi(Bs) = WiaWa|—= - =C

Va(Es) = Vo2 Vi (4.4)

(4.5)

where the “0” subscript signifies the tabulated potential, and E, is the laboratory
'energy of the incident particle. The ‘4’ in the ‘%’ is used for protons, while the ‘-’
in the ‘4’ is used for neutrons. The magnitude of the isospin dependence given by

Varner et al [Va87], V; = 13 MeV and W,; = 14 MeV was used in the calculation.

Varner et al found that both proton and neutron potentials exhibited the same
energy dependence. This energy dependence was incorporated to these potentials

according to the equation

VR(E) : VR(EO)'*‘Ve(E_Eo) (46)
Wi(E) = WIS(EO)(lliz‘;{{[fg:z’:;ﬁ//u“f:}}) (@
E. = 6e?2Z/5R, = 1.132Z/R. (MeV) (4.8)

The energy dependence is given by Varner et al [Va87] as V. = —0.30 fér energies in
MeV, W, = 29 MeV and W, = 23 MeV.l The form of the energy dependence of
the imaginary potential was chosen by Varner et al to provide a smooth transition
between the surface and volume form of the potential. The values of the potential

parameters for neutrons, protons and a-particles are listed in table 4.1.

The second type of potential used in these calculations is a full global parameteri-

zation applicablein the low energy and medium mass range. As a result of the reaction
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Table 4.1: Optical Potential Parameters from Perey and Perey [Pe76]
for Absorption Cross Sectlon Calculations

Target | Particle and Real Potential Imaginary Potential’ | Spin-Orbit Potential | Coulomb
Nucleus Energy Vr TR ap Vi rI ar Vio Tso a, | Radius r¢
_ (MeV) (MeV) (fm) (fm) | (MeV) (fm) (fm) | (MeV) (fm) (fm) (fm)
TAL o, 8.7 MeV 77.0 25 031 | 220 25 031 —_ - — 2.5
3Si |p, 1713 MeV | 52.39 1.17 065 | 3.85 133 0.6 6.51 094 0.6 1.2
op n, 797 MeV | 469 122 054 | 11.6 1.30 047 | 129 122 0.54 —
Mg a,22.1 MeV | 51.2 1.694 0.585 ] 11.13 1.694 0.585 -—_ — — 1.65
BAYL p, 17 MeV 48.47 1.17 0.75 4.91 132 144 6.2 1.01  0.75 1.20
28G) n, 14.7 MeV | 48.6 1.27 060 | 12.1 1.23 045 6.0 1.27 0.60 —
Mg | o, 15.7 MeV 80 1.61 0.52 | 13.5 1.61 0.52 — — = 1.5
AL p, 17 MeV 48.88 1.17 0.75 5.36 1.32  1.44 6.2 1.01  0.75 1.20
296i n, 147 MeV | 48.2 1.27 060 | 121 1.23 045 6.0 1.27 0.60 1.27
AL n, 4.0 MeV 49.1 1.20  0.62 7.99 1.20 0.48 8.0 1.26 0.48 —
31p p, 8.1 MeV 53.1 1.25 0.65 8.3 1.25 047 7.5 1.25 0.65 1.25
Ne | «,16.8 MeV | 56.90 1.73 0.584| 5.18 1.73 0464 | — — — 1.73

t Absorbing potentials for neutrons (n) and protons (p) use a derivative Wood-Saxon
surface form, while those for a-particles (o) use a volume Wood-Saxon form.




Q-values for the nuclei considered here, only the neutron, proton and a-particle poten-
tial were required in these calculations. In all these parameterizatipns, the laboratory
frame energy of the incident particles is used, all energies and potential depths are
in units of MeV, and all distances and diffusivities are in Fermis. For neutrons, a

potential used in a study by Alexander et al [Al190] has been adopted:

Ve = 4072 — 03E 17 (ﬁi-‘z) MeV,
rR=1256 fm, cp=0.626fm (4.9)
Wi = 5.22+404E —10 (y_%g) MeV,
r1s = 1.26 fm, az, = 0.0045E + 0.555 fm (4.10)

to which we have added the spin-orbit potential of Varner et al [Va87] with V,, =

5.9 MeV and a,, = 0.65 fm.

The global parameterization for low energy protons sﬁggested by Perey and Perey

[Pe76, Pe63] was used and has the form

Ve = 53.3—0.55E +27 (N - Z ) +0.4 (75-/3) MeV,
rr=125fm, ap = 6.65 fm (4.11)
Wi, = 343 MeV, r;, =1.25 fm, a7, = 0.47 fm (4.12)
Vi = 15MeV, ry, = 1.25 fm, a,, = 0.47 fm C(413)

It should be noted that both these potentials provide a reasonable description of the
elastic scattering data for nuclei down to a mass number of ~30 [Pe76], and so are just

within the mass range of the nuclei considered here. The proton potential used here
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was derived from data between 9 and 22 MeV, and as such represents an extrapolation

of the potential into a region where it may not be valid.

Although many investigations have attempted to parameterize the optical po-
tential for a-particles, consistent systematic potentials have not been found [Pe76].
The low energy beha;viour has not beéh well ‘established due to the predomina,nce
of Coulomb scattering in the region below 20 MeV [Mc66]. McFadden and Satf:hlex;
[Mc66] have éxtensively investigated the optical potential at 24.7 MeV for elements
ranging from oxygen to uranium, and were unable to find a reasonable mass pa-
rameterization of the poténtial. As well, there has been no well established energy
dependence for an a-particle potential [Ma86], although there are reasons to expect
an increase in the real potential in the energy region equal to the Coulomb barrier
height due to the rapid rise of the imaginary potential. Given this, we have adopted
‘the average values suggested by McFadden and Satchler for startiné polints in their
search for fitting experimental angular distributions [Mc66] and have not introduced

any energy dependence into these value. The global a-particle potential is then given

by
Vi = 185 MeV, (4.14)
Wi, = 25 MeV,- (4.15)
rR=rr=r.=14fm . gy (4.16)
ar = ay, = 0.52 im . (4.17)

for all nuclei considered here. Calculations using this potential might be expected to
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Absdrption Cross Section for Neutrons on 2’Al
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Figure 4.1: Neutron absorption cross section for 2?A¢. The points (o) indicate
the tabulated results of Auerbach and Perey [Au62], while the lines
indicate the present calculation using the phenomenological potential
(solid line) and global potential (dashed line).

show a large deviation from the experimental results as the scattering cross section of
light nuclei similar to those studied here tend to be bettef fit by shallower potentials
(Va ~ 50 MeV) with a larger nucleon radius (~ 2 fm) [Mc66]; however, penetration
of the Coulomb barrier is expected to dominate the absorption of a-particles at the
energies considered here, and hence our calculations were not expected to depend

heavily on the form of this nuclear potential.

Examples of absorption cross sections derived from these potentials are shown in
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Absorption Cross Section for Protons on 81p
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'Figure 4.2: Proton absorption cross section for 3'P. The points (o) indicate the
tabulated results of Mani et al [Ma63] while the lines indicate our
present calculations using a phenomenological potential (solid line)
and the global potential.
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figures 4.1 through 4.3. Also shown in these figures are the absorption cross sections
calculated by other groups. Previous calculations were typically performed for select
stable target nuclei, and so similar nuclei in the mass region of interest of our sttlxdy
were chosen for this comparison. The different cross section calculations for neutrons
and protoﬁs agree to within 20% over most of the particle energy range. Significant
differences of up to 40% are seen in the neutron cross section below 0.8 MeV. The
largest differences in the calculations are seen in the a-particle absorptionvcross sec-
tions, where disagreements on the order of 40% are observed between the different

determinations.

4.2.2 Level Density

A large number of investigations have concentrated on the description of the nuclear
level density. .In recent years, efforts have focussed on deriving the level density struc-
ture under the assumption that the nucléons behave according to the generalized
superfluid model as described by BCS theory [Be92, Ra90]. These theories derive a |
level density function which follows a constant nuclear temperature form at low ex-
citation energies, and a Bethe form at higher energies [Ra90]. At excitation energies
approaching 30 MeV, shell effects are expected to disa.ppe;r; this has been a.ccou/nted
for by some researchers through an energy dependence in the level density parame-

ter [1192].

The nuclear level density used in the determination of the reaction cross sections

was calculated according to the parameterization of Gilbert and Cameron [Gi65c],
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Figure 4.3: o-Particle absorption cross section for ?Ne. The points (o) indicate

the tabulated results of Huizenga and Igo [Hu61] while the lines

. indicate our calculations using the phenomenological potential (solid

line) and global potential.
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and in one case, the data of Von Egidy et al [Vo86): This model of the level density
is based on statistical thermodynamic descriptions of the excited nucleus as a non-
interacting Fermi gas. In this parameterization, the level density behaviour is divided
~ into two regions: a constant nuclear temperature region at low excitation energies,
and an increasing nuclear temperature at higher energies which follows the standard

exponential behaviour first derived by Bethe.

At low excitation energies E, the level density p follows the form

exp [(E — Eo) /T]

p(E) = 7 , (4.18)

where T is the nuclear temperature and Ejy is the energy associated with the ground
state. At higher energies, the density of levels for all spin states is given by the

equation

/T €Xp (2\/aU) 1
p(U) = 12 ql/aysia

4.19
o\ 27 ( )

where a is the level density parameter; U is the pairing corrected excitation energy,
and o is the spin cut-off parameter. The parameters fér these equations were listed
by Gilbert and Cameron for all nuclei of consequence here, as well as the transition
energy E, between the two density forms. The level spin dependence of the density
function has also been discussed by various researchers. In all cases, the density of
levels of both parities with a spin J has been described by the equation

o(E,J) = (2J+1) exp [_(J+ 1/2)

The integrated level density for the nuclei involved in the 2’ Al+a reaction are shown
in figures 4.4 and 4.5, along with the observed levels. The solid line shows the integral
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summed over the 6 lowest spin quantum numbers. In all cases the integrated level
densities fall below the observed number of levels, primarily due to the non-statistical
nature of the first few levels of the nucleus. The effects of these deviations from the
statistical behaviour was explored by creating a modified level density which used
thel same form and values as the statistical level density, but whose functional form
was modified over- a small energy region. These modifications consisted of adding
a constant to the density,' and treating the density as a constant over particular
regions. These modifications were independent of spin and distributed according to
quatio-rx (4.20). The integrated modified levels densities are shown as a broken line

in figures 4.4 and 4.5.

Von Egidy et al investigated whether the constant temperature or Bethe form of
the level density provided a better parameterization of the low energy level density.
They used both “complete” nuclear level schemes and s-wave neutron resonance spac-
ings to obtain fits to both forms of the level density. For 30Gi, the level scheme up
to 7.6 MeV was used, while for 3!P, the level scheme up to 6.0 MeV was used. Von
Egidy et al concluded that at low excitation energies both the constant temperai:ure
and Bethe formulae provided equally good fits to the data [Vo88], with the fitted

parameters ranging in agreement with those of Gilbert and Cameron [Vo86]. For the

nuclei of consequence here only the 2A¢ level density of Von Egidy using the constant

temperature form provided a significantly better agreement with the observed level

scheme, and so in this case was used in preference to that of Gilbert and Cameron.

In summary, there is a solid theoretical justification for the use of the constant
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Integrated Level Density for 27p1 to spin 11/2
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Figure 4.4: Integrated level density for 2?Af. The solid line show the number

of levels resulting from a numerical integration of the level density
equation (4.20) summed over the 5 lowest spin quantum numbers.
This integration follows the general trend of the observed levels, in-
dicated by the open circles on the plot. A better agreement with the
low energy levels is obtained using a modified level density, where
the level density behaviour has been changed in particular energy
regions.
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Integrated Level Density for 3p to spin 6
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temperature level density formula at low energies and Fermi gas form at higher en-
ergies. The most comprehensive parameterization has been provided by the work of
Gilbert and Cameron, and is used here unless significant disagreement with more re-
cent level schemes was noted. More recent determinations of the level density have
used similar parameterizations, and obtained values for the parameters that cover a
range of agreement with Gilbert and Cameron’s earlier work. For the nuclei of con-
cern in our calculations, all parameterization provide essentially the same description
of the level density, except in the one case, and are in agreement with the observed

level structure.
4.3 Reaction Cross Section

The statist.ical reaction cross section for a reaction A(a,b)B can be calculated ac-
cording to the evaporation, or statistical, model of the reaction process through the
optical cross séctions for compound nucleus formation. Implicit in tﬁis calculation
are the assumptions that the structure of the nuclei can be neglected and that the
optical potential remains essentially unchanged by excitations of the target nucleus.
The following is a summary of the theory based largely on the presentation of Roy

and Nigam [Ro67], Marmier and Sheldon [Ma70] and Hodgson [HoT1].

In calculating the reaction cross section in the compound nucleus formalism, we
require the probability for forming the compound nucleus, and the probability for the
decay of the compound nucleus through each open channel. In addition to the cross

section and decay probability factors, there is also a geometrical or statistical factor
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that arises from joining the angulaﬁ- momentum states of the particles involved. This

factor is obtained by coupling angular momentum states of the reacting pérticles to

a particular compound nucleus angular momentum and summing over the magnetic

substates. Now, the cross section for forming a compound nucleus of a given spin

- J from an incident a-particle with a total angular momentum ! on a target nucleus

with spin J, which then decays through a particle b of total angular momentum j

and residual nucleus with spin J; is defined in terms of the absorption cross section

~0c(l) = o(lj) of equation (A.41) with s = 0 and j = ! and a branching probability

Wi.154, for the compound nucleus through the particular channel:

-az(."J’J‘) 2J°1+ 1 "::«M ae(1) (1,0, Jomo| T M)|*
x |(j,mj, J1,m1| I M) Weain, | (4.21)
= "—g}—“ﬁ’—”—’ Y KLO, Jemo|IM)* 3" ({5, mj, Ji, ma|J M)|*(4.22)
b+l Sy e,
= E—J;—”ac(l)wwh m§M|<l,o,J°mo|JM>|2 | (4.23)
= 2741 o(YWh.s50,- | (424

@do + DI+ 1)

. where the 2J, + 1 term averages over the initial spin substates of the target nucleus

and Wb:jj_fl is taken as the substate averaged probability. In general we are interested

" in the total cross section for forming a compound nucleus of a given spin J, and can

sum over all channels for creating the compound nucleus without affecting the decay

probability W;.z,5. The total cross section for creating the compound nucleus with
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spin J, oy, is then calculated through the sum

T 2J +1
oy = ool (4.25)
- I=|JZ—J°] (2Jo +1)(20 +1) 0 '

In the calculations performed here we have combined the cross section for positive
~ and negative parity states. This approximation is pefmitted only by the fact that our
method for calculating the decay probability W,.;;4, does not distinguish between par-
ity states in J. In more detailed calculations which distinguish between the different

parities, this sum should be separated into even and odd values of I.

Having obtained the probability for forming the compound nucleus, it is next
necessary to determine the probability for each decay channel. The probability of
decay of the compound nucleus via different channels is related to the probability
of the reverse reacfion through the principle of detailed balance. For a compound
nucleus C' with excitation energy Eo and spin J that can decay into the residual
nucleus B with energy and spin E, J; and particle b with kinetic energy and total
angular momentum ¢, j, the transition prol;ability Wi.;5, can be calculated from the
compound nucleus formation cross section through the principle oi:' detailed balance
[Ma70, Ro67]. The transition probability Wy; from an initial state i to a final state f

1s given by perturbation theory as

Wi = Zolmf ED

= O (427)

where HY; is the matrix element for the transition from : to f, py is the density of final

states per unit energy, oy; is the cross section for the process and v; is the incident-
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particle flux. The principle of detailed balance holds that the transition probability

from i to f must be the same as from f to ¢ so that
|H| = || | (4.28)

and hence

Wip W

pi Py Py

OfiV;

(4.29)

The cross section oy; is actually an average over initial states and a sum over final
states which must be taken into account in callculating the magnetic substate averaged
probability. The averaging over initial statés is removed by multiplying the .cross.
section by the 2s;+1 substates of the incident particle. The effect of the final substates
sum is accounted for by the principle of semi-detailed balance, or reciprocity, which-

holds that
D Whi=3 Wy , (4.30)
f f -

so that the decay probability used in equation (4.24) is given by

285+ 1 pi )
; VOC—bB—, 4.31
25 +1 70, (4.31)

We.gi0 =

w_heré for clarity the angular momentum labels for the cross section have been ab-
sorbed into the particle labels C, b and B. TIn this case tﬁe term py is the density |
of states i-'or the cbmpound nucleus and p; is fhe density of states for the particle -
b and residual nucleus B. The density of states for ‘B is given by the level density
equations (4.18) and (4.19) discussed previously,v while the density of states for b is
assumed to be that for a particle emitted into free space. p; is simply the product Qf

these two densities, integrated under the restriction of conserving the available energy
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E* and assuming a sufficiently massive residual nucleus so that momentum is always

conserved:

veprdE = wvpy(€) depp(E)dE §(E* — E —¢) (4.32)
_ _p_47rp2dp —
= @rhR po(E)dE§(E* — E — €) (4.33)
mye
= ;‘;%,pb(E) dE » (4.34)

where the momentum p has been expressed in terms of the particle energy € and mass

my. The transition probability is thus

Wigin = (2s4+1) my ps(E)
b:JjiJy 2j+1 7r2h3 pC(EO)

€0C—Bb dE (435) .

Combining this equation with that of the total cross section for forming the compound -
nucleus with a spin j, 0, as given in equation (4.25), the cross section for decay by
emission of b is given by

- - Wes—c
Bb—Aa = O,
S > Wauc

ErJE %‘%mbeac_gbpa(E) (437)

aJ E! s
) fo RAE %%_’%lmb/EUcﬁ_B’b'PB’(E)

(4.36)

where we have normalized the total deéay probability to unity and removed the de-
pendence on the compound nucleus density of states by dividing over the sum of all
possible decay channels of the compound nucleus with spin J. The integration oc-
curs over the entire range of valid residual excitation energies between 0 and Epg, with
¢ = Ep— E. We are also interested in determining the cross section into a residual nu-
cleus excitation energy range between E; and E,. This is easily found by substituting
these values for the integration limits 0 and Eg in the numerator of equation (4.37),
and summing over all spin contributions (I, J, j and J;) to this energy range.
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It should be noted that in this calculation we have neglected the compound nuclear
elastic scattering component Qf the absorption cross section. In calculations such as
this, thi.s component is only a small portion of the total é,bso:ption cross section and
so can usually be ignored. However, it is known that at low energies where there are
only a few open reaction channels, the compound elastic cross section is a significant
| fraction of the absorption cross section. In these calculations, this increase in the low
energy absorptfon cross section would cause an increased probability of a low particle
energy/high residual nucleus excitation energy decay, and consequently, a larger than
otherwise v-ray background cémponent near the maximum spectrum energy. In more
elaborate calcula£ions this cross section can be removed by solving a set of coupled
differential equations which use é more elaborate coupled-channel poténtial. Such

calculations are beyond the scope of this study.

4.3.1 Numerical Cross Section and Yield Calculations

The optical cross sections were calculated using the optical code of Hay and Perez
[Ha69] and the optical potentials provided in sections 4.2.1. This programme solved
equations (A.10) by numerical integration out to a radius where the nuclear potential
was judged to be negligible, and the asymptotic form of the solution could be used. In
the cases considered here, the integration proceeded out to one nuclear radius beyond
the point where the nuclear potential fell below 0.5% of its maximum value, typically
15 fm for a-particles, and 10 fm for neutrons and protons. The required phase shifts

and S-matrix elements were then obtained by matching the amplitude and logarithmic
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derivative of the radial wave function of the internal and asymptotic solutions.

These cross sections were used together with the level density formula to numer-
ically evaluate the integrals in equation (4.37). The upper limit of each integration
was calculated from the equation,

M, | _
p——vg a 4’
Egr Q+E”’Mt+Ma ( 38)

where the first term, @, is the energy released by the reaction and the second term is
the fraction of the incident particle kinetic energy, Ej,;, available within the centre of
mass system. In order to avoid unrealistically large neutron cross sections at energies

near zero, the neutron cross section dependence was changed to

0a(€) = Tnleont) (fj—*)l/z (4.39)

below a suitable cut-off energy €.:. The sensitivity of the calculation to E,. was
estimated by varying E.,; in the calculation between 0.1 and 1 MeV. Variations in

the excitation energy cross section on the order of 5% were observed.

In addition, a large fraction of the a-particle ai)sorption cross section occurs for
high spin levels in the compound nucleus which are not experimentally observed.
Such high spin levels primarily contribufe to the elastic scattering of the a-particle.
In order to remove this component of the cross section, the sum over J was restricted
to the highest observed level spin near 8 MeV excitation in the compound nucleus; this
restriction is equivalent to a restricting the suni over J to the first 5 or 6 lowest spins
of the compound system. The effects of this restriction on the calculated *"Aé(e, n)
and (e, p) cross sections are shown in figure 4.6, where our.calculations using the
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Optical Model Cross Sections for SN
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Figure 4.6: 27Af (a,n) and (@, p) cross sections. The lines show the results of a
' statistical calculation using the global potential under unrestricted
compound nucleus spin and restricted (Jc < 11/2) spin conditions.
These cross sections are compared with Hauser-Feshbach calculations

by Woosley et al [Wo76].
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global potentials are also compared to a Hauser-Feshbach calculation by Woosley
et al [Wo76]. We calculate somewhat different strengths for the neutron and proton
channels than Woosley et al, with all cross sections agreeing to within 30%. The effect
of restricting the compound nuclear spin to observed values is cleariy seen from the

15 to 30% reduction in both channel cross sections at high a-particle energies.

In figure 4.7 the total thick-target neutron yield from the 27A€I(oz, n) reaction us-
ing- the calculated cross sections has been compared to reported experimental yields
[We82, He90], and to the optical model Hauser-Feshbach calculations of Woosley et al.
A number of different cross section calculations were used to generate our yields. In

‘
particular, we are interested in how the accuracy of these 'stétistical model calcula-
tions is affected by a range of approximations. In the first level of approximatidn,
the angular momentum coupling of the cross sections was ignored, except for a 2s+1
factor term in the density of states for the incoming/out-going particle. Within this
_ approximafion, we have three different sets of cross éections: an interpolation of pub-
lished optical cross sections by Chatterjee et al [Ch81], and the total cross section
from optical calculations using the phenomenological and global potentials described
in section 4.2.1. Each of these cross section s;ts is éeen to over-estimate the total
thick-target neutron yield by as much as a factor of three to five. The global poten-
tial cross section calculation provided the closest agreement with the neutron yields
published in the literature. Introducing proper spin-coupling improved the overall

agreement with published yields by close to 50% for both sets of optical potential

cross sections, with approximately half the difference resulting from the restriction of
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Ziegler et al [Zi85]. The yields labelled “spin independent” have -
been derived from cross section calculations which neglected spin
coupling except for a 2s + 1 factor in the density, while the last two
lines considered full spin coupling in the cross section, restricted to
a maximum compound nuclear spin of 11/2. The yield derived from
the calculation of Woosley et al is also shown.
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the compound nuclear spin to 11/2 or less. These results are similar to those from
the Hauser-Feshbach calculations of Woosley et al, which differed primarily in the
treatment of discrete levels. Both calculations reproduced the total neutron yield to
within the same accuracy and obtained agreement with the reported experimental

yield to within 50% over most of the energy range.
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Chapter 5

Results

The E, = 10 MeV 4-ray spectrum frdm detector #2 for each target is presented iz
figures 5.1 through 5.12. Each figure shows the recorded spectrum with the identified

transitions labelled at the peak centroid position. Multiple identifications of the same

-peak are indicated by successive level transitions following the reaction label, or by a

brace bracket (“{”) for identifications from different reactions. Escape peaks, when
used in a yield calculation, are also indicated, and have a trailing identifier for firs*
(1**) and second (2"9) escape peaks. The remainder of the peaks not labelled in each
spectrum are esc;pe peaks. In a number of cases escape peaks overlaéped full energ; .
peaks, and were removed prior to assigning an identification. The complexity of the
~-ray spectra vary from very sirﬁple for the beryllium target with 12 identified peaks,
to that of the sodium ﬂuoride.a,nd m;gnesium targets, with each containing over
100 identified transitions.~ The identification of these transitions was baséd on the
reaction @J-values, given iﬁ table 5.1, and the pubiiéhed decay schemés and branching
ratios [En90, En78, Aj87]. In addition to the target y-ray transitions.several neutron-

induced background peaks were observed. In particular virtually all target spectra
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Table 5.1: Q-Val'ues for Target Reactions

Target Reaction @-value Target Reaction Q-value
(keV) (keV)
Beryllium 9Be (a,n)'*C 5701 || Magnesium | >*Mg (a,p)*’Af | —1600
Boron Nitride 1B (o, n)°N 1059 Mg (a,n)?8Si | 2654
198 (o, p)®N 4062 Mg (a,p)*8AL | —1206
108 (a, d)!?C 1340 ' 26Mg (o, n)?°Si 35
1B (a,n)N 158 Aluminum | ‘Al (e, n)*™P | —2643
1B (@,n)!*C 784 " 2TAL (a,p)30Si | 2372
- MN (o,p)''0 | —1192 Silicon 28BSi (a,p)’’P | —1916
Sodium Fluoride | F (a,n)**Na | —1949 | Gi (a,n)*?S | —1526
ISF (a, p)??Ne 1676 | 26i (a,p)3?P | —2454
23Na (e, n)?0AL | —2968 ' 305i (@, n)33S | —3493
BNa (a,p)*®Mg | 1818 30Si (o, p)*3P | —2960

contain a 7646/7631 keV doublet from thermal neutron capture on iron in the counting
area and a 2614 keV ~-ray due to the inelastic scattering of fast neutrons on lead.

Other general features of each target spectrum are discussed below.

5.1 ~-Ray Spectra

5.1.1 Be

The spectrum in figure 5.1 contains énly the 4439 keV 4-ray transition from the first
excited state of '2C created through the (a,n) reaction. The higher excited states
‘of 12C are unbound to c‘x-pa,rticle emission [Le78], and so produce negligible numbers
of y-rays, with the decay of the second excited state proceeding by 4-ray emission
1 in 2500 times [Aj80]. The remaining peaks result from ngutrons interacting with
materials around the target site. The strongest such peak irlh.the spectrum results
from the 2614 keV ~-ray from the 2®®Pb(n,n’) reaction. The detector yield for this

peak exhibited a large asymmetry with a yield in the forward detector typically twice
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Figure 5.1: Beryllium target ~-ray spectrum in detector #2 from 10 MeV

»8

a-particles. All peaks used to calculate transition yields have been
labelled. The remaining unlabelled peaks are comprised of escapes

peaks. No 7-ray peaks above 4.6 MeV were observed.
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that of detector #2, reﬂecting the known forward peaking of thé neutron distribution
and indicating that the lead shielding in front of each detector was the primary source
of these ~-rays. The next strongeét neutron induced reaction peak was the inelastic
57A£ neutron scattering peak at 2211 keV. Aluminum in the target area included
the positioning table for the detectors as well as the detector canister and cryostat.
Because of the high yield of the 4439 keV ~-ray transition, only short runs. with»the Be
target were performed, and a relatively small total number of neutrons were produced.

Because of this, the neutron capture 4-rays from iron were not observed for this target.

5.1.2 BN

The principal v'y-ray reactions observed in the BN target (figure 5.2) are the °B(c, p)
and (o, d) reactiox.ls,-the 11B(a,n) and (a, p) reactions and the *N(a, p) reaction, in
addition to inelastic scattering on target nuclei. The N nucleus was excited both
by inelastic scattering and by the .“B(a,n) reaction. The peaks resulting from the
former reaction on the short-lived first, second and third excited states (Tj/2 < 0.9 ps)
should exhibit substantial peak broadening due to the additional Doppler shift from
~ the scattered a-particle. The magnitude of such broadeniné should be comparable
(approximately half, considering v-ray energy, for a short-lived level near 2 MeV) with
that of the °B(a, d) peak seen at 4440 keV in th;: spectrum. Since this broadening
is not observed, inelastic scattering was not significant. This is supported by the
results of Dyer et al [Dy85] who measured the inelastic scattering cross section on N

between E, = 7 and 27 MeV. They reported observing significant excitations of only
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Figure 5.2: Boron nitride target 4-ray spectrum in detector #2 from 10 MeV

a-particles. All peaks used to calculate transition yields have been
labelled. The remaining unlabelled peaks are comprised of escapes

peaks.
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the second excited state of 14N for E, bélow 10 MeV which decayed through a cascade
emission of a 1635 and 2313 keV ~-ray. From an integration of their reported cross
sections, inelastic scattering was determined to be less than 15% of the (a,n) yield

for this 4-ray at all energies.

Thermal neutron capture v-rays from iron can be seen in the high energy region
of the spectrum. The intensities of these peaks were affected by a number of factors
including the neutron angular distribution and energy spectrum as well as the position
of neutron thermalizing materials and neutron absorbers in the target area. The
identification of this y-ray is significant only for removing its interference and escape

peaks from the spectrum.

5.1.3 NaF

The four observed reactions in the sodium fluoride target spectrum, (figures 5.3
through 5.5), consist of the (a,n) and (a,p) reactions on both °F and 2*Na. These
reactions produced the most complicated 7-ray spectra of the targets studied here,
and necessitated the subtraction of virtually all escape peaks. Reactions with the 19F.w
nucleus produced the most intense peaks, and in some cases o'l>scured the less intense
Na reactions of a similar y-ray energy. Peaks that contain signiﬁcant contamina-
tion have been labelled with multiple videntiﬁca.tions, and in some cases the individual

intensity of these transitions could not be determined from the decay schemes.
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5.1.4 Mg

The magnesium target spectrum, shown in figures 5.6 through 5.8, produced the
most energetic y-rays observed, with energies approaching 10 MeV. Five reaction;
contribute to the observed ~-ray spéctrum: the (o, n) and (o, p) reactions on **Mg and
%6Mg and the (@, n) reaction on Mg. The *Mg(a, n) reaction provided the dominant
yield of high energy v-rays for this target. The existence of the very highest energy
~-rays was indicated by the presence of the first and second escape peaks rather than
the full energy peak, as escape peaks occurred at approximately twice the intensity

~ of the full energy peak at these energies.

The pulser peak placed in the high energy part of each spectrum can be seen in
figure 5.8. This peak occurs above 10 MeV in the sf;ectra, and so is only shown when

v-rays approaching this energy were detected.

5.1.5 A/

The aluminum target spectrum is shown in figures .5.9 and 5.10. Both the (o, n)
and (a, p) reactions on 27A¢ contribute y-rays to the spectrum, with the highest
energy 7-rz;,ys resulting from the (a,p) reaction. At high a-particle energies the
7646/7631 keV iron doublet from thermal neutron capture doublet interfered with

the 7623 keV ~-ray from the target.
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5.1.6 Si

Figures 5.11 and 5.12 show the silicon target y-ray spectrum for 10 MeV a-particles
in detector #2. This was the only a-particle energy at which this target was studied
due to the relativély low activity and energy of the observed y-rays. Reactions were
seen fforn each of the 28Si, 2°Si and 39Si isotopes, although only the (a,p) reaction
Voccurred in 285i, the most abundant isotope, while both the (a,n) and (q, p) reactions

were observed from the other two isotopes.
5.2 Thick-Target Yields

Yields were determined from the area of the measured peaks in detectors #1 and #2
as described in section 3.3.4. The conversion of the peak areas into yields required
knowledge of the absélute detection efficiency, the detector live times, and the number
of a—particies on target. Each of these contributed to the systematic uncertainty of
the measured yield. The detector efﬁciency contributed a vy-ray energy dependent
uncertainty bétweep 1% and 10%, in addition to a 3.5% uncertainty determined from
stability measurements and targét positioning considerations. The live time in each
detector was determined for runs other than E, = 10 MeV.to within 1% from the
area of the pulser peak inserted into each spectrum; in some cases this uncertainty
was increased in detector #1 by gain instabilities, and in detector #2 by a pile-up of
7-ray counts on the tail of the pulser. In these cases the live time uncertainty did not
exceed 6% for either detector. In the 10 MeV runs, the live time was deduced from

the counting rate in each detector, resulting in larger systematic uncertainties. The

104

(¥



000¢€

(A9N) LBasuyg Ley-L

0062 000¢ 0061 0001

— L

— ¥ 11 T — T v ¥ 1 ]

— T v v

Illlll Lt

1 IIIIII llllllll 1 llllllll | -

Illllll 1

1TSS} 1

sjunopn

Figure 5.11: Silicon target y-ray spectrum in detector #2 below 3.1 MeV from

All peaks used to calculate transition yields

have been labelled. The remaining unlabelled peaks are comprised

10 MeV a-particles.
of escapes peaks.
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Figure 5.12: Silicon target 4-ray spéctrum in detector #2 above 3.1 MeV from

All peaks used to calculate transition yields

10 MeV a-particles.

have been labelled. The remaining unlabelled peaks are comprised

of escapes peaks.
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uncertainty in the live time was taken as the difference between the rafe—bésed live
time and the pulser peak live time, which contributed an additional uncertainty of less
than 10% in these live times, except. for the A¢ and B_e- targets, where an uncertainty
of close to 20% was assessed for the fo'r.ward detector. This live time calculation is

detailed in appendix B.

The total number of particles on target was determined by the number of counts
generated by the beam current integrator and accumulated in the scaler; since the
pulser system was triggered by the sanie signal as the scaler, the area of the pulser
peak directly determined the live-time corrected particles on target, and as such the
beam count uncertainty was included in the determination of the live time uncertainty.
The only case where an additional uncertainty was assessed for the number of particles
on target was in thé E, = 8.8 MeV runs, where a large beam halo was responsible
for a loss of particles on the target ladder lead shielding. A 23 + 10% beam 1oss was
determined for the E, = 8.8 MeV runs. The determination :of this factor is discussed

below.

The beam halo in the E, = 8.8 MeV runs resulted from a degraded beam focus
caused by using the cyclotron at the lower limit of its range in extracting Het* at
8.8 MeV. Both systematic changes in the yield behaviour and comparison of the
measured yields to cross section data reported by other groups indicate that 20% to

30% of the beam was contained in the halo.

The size of the beam halo loss was deduced from a comparison of our thick target

yields with those calculated from the cross section measurements of other groups.
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Figure 5.13: The 2230 keV yield from the AZ target. The points indicate the
fully corrected yield measurements, while the solid line indicates the
thick-target yield calculated from an integration of the cross sections
of Seamster et al. Both data sets contain the yield from the 2235 keV
and 2210 keV +-rays resulting from the (a,p) and (o, a’) reactions
respectively. The large increase seen in the yield at 10 MeV is at-
tributed to an increase in the 2210 keV (¢, a') yield at this highest
energy. '
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The cross sections for the 2230 keV and 2210 keV 7-rays from the ??Afl+a and the
24Mg(a, p) reactions respectively have been measured by Seamster et al to an accu-
racy of 10% [Se84]. A comparison of our thick-target yields to those -calcula.ted from
' the cross sections reported by Seamster et al is shown in ﬁgufes 5.13 and 5.14. At
energies other than 8.8 MeV, our thick-target yields are approximately 13% higher
than those based on the cross section measurements of Seamster. However, the un-
adjusted measured yields at E, = 8.8 MeV are significantly lower. Since no anomaly
in either cross section was reported by Seamster et al, this behaviour was attributed
to a large beam halo. A beam loss of 19% would increase the A¢ target yield to the
level of the measurements of Seamster et al; while a b'eam loss of 30% suggested by
thick-target yields at other energies would increase the calculated yield to_16% above
Seamster et al. Similariy, a beam loss of 24% would increase the yields from the Mg
target to that of Seamster et al, while a beam loss of 30% would bring the yields to

11% above the cross section based yields.

'A smaller beam halo loss is inferred from the Be i’.arget data. The 8.8 MeV data
falls 12% below that of the cross section based yields and is consistent with the lower
energy yields. The yields below 8 Mev were calcul@ted from the cross section data of
Geiger ar;d Vén der Zwan [Ge75, GeT76], who report a total uncertainty between 11
and 15%. The differential y-ray cross section measurements of Seaborn et al [Se63] at
0° and 90° were used to obtain yields above 8 MeV. These cross sections agree within
'30% with measurements at four energies by Verbinski et al [Ve68]. Consequently we

have assessed the yield above 8 MeV with a larger uncertainty than that quoted by
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Figure 5.14: 2210 keV yield from the Mg target. The points indicate the fully
' corrected yield measurements, while the solid line indicates the thick-
target yield calculated from an integration of the cross sections of
Seamster et al[Se84].
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, . ,
Geiger and Van der Zwan, and so used these yields only as a guide in characterizing

the beam halo loss. ’

As a result of these considerations, a beam loss of (23 £+ 10)% was attributed to

all 8.8 MeV run data, resulting in a scaling of the yields by 1.30 £ 0.13.

The yields were calculated from the combinéd full energy .a,nd escape peak yields -
when available. The escape and full energy peak yields were found to be in agreement
within statistical uncertainties in all cases. A representative number of the thick-
target 4-ray yields are shown in figures 5.15 and 5.16. These yields cprrespond to
single transition peaks from various reactions, and have been adjusted to provide yields
from elemental targets. The thick-target yields in most cases follow a smooth function
of energy. The yields for individual transitions change by as.much as three orders
of magnitude between 5.6 and 10 MeV o-particle energies. All thick-target yields
follow the expected monotogic decrease with a-particie energy. In some instances,
such as the °B(a, d)!2C 4439 — 0 keV reaction in figure 5.15 and the *Mg(a,p)* AL
3004 — 0 keV reaction of ﬁgure 5.16, the effects of strong resonances cause a éigniﬁcant

change in the yield behaviour.

The uncértainties in our calculated yields combine contributions from a number
of different sources. In the highest a-particle energy runs, the most significant source
of ﬁncertainty resulted from the 10 MeV live time determinations and the 8.8 MeV
beam halo adjustment. The 10 MeV live time determination introduced uncertainties
ranging from as much as 15% for thé A?¢ and Be targets to as little as 3% in the

NaF target. At other energies, the detector live time contributed between 0.5% and
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Figure 5.15: Selected yields from the BN and NaF targets. Only yields from
peaks with unique identifications have been shown. The joining line
between yields is provided as a visual aid only.
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Figure 5.16: Selected yields from the Mg and A{ targets. Only the thick-target
yields from peaks with unique identifications have been shown. The
line joining measure yields is provided as a visual aid only.
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2% to the yield uncertainty, and the detector efficiency uncertainties, discussed pre-
viously, played a more significant role with ’contributions as large as ,11%' Statistical
uncertainties in the peak area accounted for a contribution on the order of 10% to
15% for all but the weakest transitions. Uncertainties based on the selection of the
background type were typically of the same order asv‘the statistical uncertainties, with
values ranging frqm 2% to 15% in most cases. In cases where branching'riatios were
required to separate individual transitions, the branching uncertainty typicaily added
“between 10% and 25% to the total uncertainty in the yiéld. Branching ratios were

primarily used in the calculation of the NaF, Mg and A/ target yields.

Our yield measurements are presented below in two forms, reflecting the require-
ments of our studies. The first set of tables provides a basis from which v-ray spectra
for a composite material may be constructed for use in background calculations; such
spectra are of importance in assessing the results obtained in rare-event experiments,
and have been calculated for a number of materials in the SNO detector. The second
set of tables reports the reaction based yield, and has been used in this study to-quan-
tify the excitation state; of the residual nucleus, and so assess our statistical model

calculations of nuclear reactions. Both these calculations. are discussed in chapter 6.

5.2.1 High Energy 7-Ray Yields for Spectrum Calculations

Tables 5.2 through 5.8 provide a basis from which a-induced v-ray spectra for com-
posite materials can be calculated. The tables consist of the thick-target y-ray yields

~ for each element, summed into 1 MeV wide bins. These elements consist of com-
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mon light elements with favourable Q-values for the brodugtion of high energy «-rays.
All a-pa.rficle energies investigated, except for 10 MeV, correspond to the range of
primary a-particle energies encountered in the ‘natural uranium and thorium decay
chains. The 10 MeV measurement provided.a limiting measurement for the highest
possible yield. The yield for each element has been adjusted to reflect elementally
pure targets with normal isotopic abundances. The yields measured from the com-
posite BN and NaF targets were adjusted based on the ratio of the stopping powers
of the individual elements in each target [He89]. For the BN target, this resulted in a
multiplication of the observed boron yields by a factor of 2.30 aﬁd the nitrogen yields
by a factor of 1.77. Similarly, for the NaF target, the ﬂuorine yields were multiplied
by 2.25 #nd the sodium by 1.80. Variations in-the stopping power ra.tiq calculation
of 0.5% over the beam energies considered here were qbserved; this uncertainty has

been neglected in these yield tables.

The uncertainties quoted in these tables contain both the statistical and system-
atic uncertainties discussed in the previous section. The statistical uncertainties were
summed in quadrature, while the separate systematic uncertainties were simply added,
and the total uncertainty in each bin determined from a quadrature sum of the indi-
vidual statistical and systematic uncertainties for the bin. In this presentation of our
data, no a,tf:empt has been made to separate v-rays of a similar energy resulting from
different reactions on the same element in the target, and so branching ratio uncer-
tainties do not affect most binned yields. In some cases, yields from the composite BN

and NaF targets had to be separated using decay schemes published in the literature
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[En78, En90, Aj87], or estimated by other means. The treatment of the special cases
diréctly affecting these tables is discussed briefly below; a more detailed discussion of

individual transition yields adjustments is presented in section 5.2.2.

No yield table has been provided for the single a-particle energy investigation of the
silicbn target. The E.=10 MeV summed yields for this target are (1.84 £0.07) - 10~
quanta MeV™! pér a for 2 to 3 MeV 7-rays, (1.55 % 0.06) - 10~¢ quanta MeV~? per
! for 3 to 4 MeV, (4.42£0.22)- 1077 quanta MeV~! per « for 4 to 5 MeV and

(5.48 + 0.49) - 10~ quanta MeV~! per « for 5 to 6 MeV ~-rays.

Only yields from the NaF target were significantly a.ffécted by ambiguous y-ray
transition identifications. In cases where a spectrum peak was associated with reac-
tions from both target nuclei, published decay schemes were used to separate the yields
where possible. In cases where only an estimate of a transition yield from a minor
contributor to the total peak was available, a 100% uncertainty for that contributor
wés adopted. In most cases these estimated yields only accounted for a small fraction
the yield a,ttributed_to a given énergy bin. An exception to this is seen in the 2 to
3 MeV bin, where a lafge peak associated with both the 22Na(a, n)?6A€ 2069 — 0 keV
and the 9F(a, p)??Ne 3357 — 1274 keV yield accounts for about 70% of the yield from
the target in this energy range. In this case, the yield was divided equally between
the two reactions with a 100% uncertainty in both yields.l This uncertainty dominates

the total uncertainty for this energy range in both the fluorine and sodium yields.

For the BN taiget, it should be noted that a very high.energgr ~-ray resulting from

the giant dipole resonance on °B has been reported [De77, De78]. This 17 MeV 7-ray,
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which is above the energy range investigated in this study, hasv an unusually large
cross section, on the order of several microbarné, over the range a-particle energies
studied here [De78]. Based on these cross sections, we estimate «-ray yields from a
boron target with normal isotopic abundance of 2.5 x 1071® quanta pér aat B, =
8.8 MeV, 1.2 x 107! quanta per a at 7.7 MeV, and 6.9 x 107!? quanta per a at
7.0 MeV, with an estimated uncertainty of .15%. Although this 4-ray occurs with a
comparatively weak yield, ‘its high energy apd consequent low attenuation suggests it
should be cdnsidered and added to any backgrounds calculated from the yields listed

in table 5.3.
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Table 5.2: 4439 keV 4-Ray Yield in Beryllium (y-ray quanta MeV~! per a)

~-Ray a-Particle Energy (MeV)
Energy o )
Range 10 MeV 8.8 MeV - 7.7 MeV 7.0 MeV 6.3 MeV 5.6 MeV
MeV)
4-5 | (1.1840.23)-10"* | (1.03+0.14)-10~* | (7.06+ 0.31)-10~> | (6.38£0.25).10~> | (5.66:£0.25).10~° | (4.08 % 0.18) . 10—>
Table 5.3: Binned y-Ray Yield in Boron (v-ray quanta MeV-! per a)
~-Ray a-Particle Energy (MeV)
Energy .
Range 10 MeV 8.8 MeV 7.7 MeV 7.0 MeV 6.3 MeV 5.6 MeV
MeV)
2-3 | (5617+£0.23)-107> | (1.20:£0.26).10™> | (8.49£0.35).10~° | (4.53£0.33).10"° | (1.96+0.08)-10~° | (8.62+0.45).10~'
3-4 | (1.37+£0.06)-1075 | (6.66£0.91)-10~% | (4.0840.17).10~¢ | (3.39+ 0.25).10~% | (2.99+£0.76) .10~ | (2.13£0.11).10-8
4-5 | (1.25+0.07)-10~% | (2.40+£0.33).10~¢ | (1.16:£0.05).10"® | (6.00 0.44).10~7 | (1.7740.09).10~7 | (4.97 % 0.50).10~8
5-6 | (1.10£0.04)-10~5 | (9.78 £1.32).10~7 | (2.00 4 0.09).10~7 — - —
6-7 | (7.43+0.49).10-7 — -— — — -
Table 5.4: Binned 7-Ray Yield in Nitrogen (y-ray quanta MeV~! per a)
~-Ray a-Particle Energy (MeV)
Energy :
Range 10 MeV 8.8 MeV 7.7 MeV
(MeV)
2-3 | (2.09£0.38).10-° | (5.23£1.02).10-7 | (2.42£0.18).10~7
3-4 | (4.714£0.22).10~% | (1.354 0.36) - 107 —
Table 5.5: Binned 4-Ray Yield in Fluorine (y-ray quanta MeV~! per «)
v-Ray a-Particle Energy (MeV) '
Energy .
Range 10 MeV 8.8 MeV 7.7 MeV - 7.0 MeV 6.3 MeV . 5.6 MeV
MeV) :
2-3 | (7.58+£2.08)-10-° | (1.93£0.72)-10-° | (9.30% 3.35)- 10 © | (3.04 2.18).10-° | (1.51£1.14).10-° | (9.15£ 0.44) .10~

(1.7240.19) . 10~%
(1.37£0.15). 103
(2.62£0.34) . 10"°
(1.63£0.27). 108
(2.81 4 0.94) . 107

(5.6340.58) .10~
(3.42+£0.49).10-¢
(7.38 £ 1.12) . 10~7
(9.33 £ 2.01).10-8

(3.21 £ 0.13) . 1078
(1.39 £ 0.09) - 10~
(2.59 4+ 0.23) - 107

(2.09+ 0.18) .10~
(6.174 0.64) - 10~7
(9.24+1.01).10°8

(8.73+0.41).10°7
(1.78 £ 0.14) - 10-7
(3.54 £ 0.39) . 108

(2.77 £ 0.13) . 107
(1.99+0.31) .10~8
(8.50 % 1.75) . 10~°
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Table 5.6: Binned y-Ray Yield in Sodium (y-ray quanta MeV~! per a)

v-Ray
Energy
Range
(MeV)

10 MeV

8.8 MeV

o-Particle Energy (MeV)

7.7 MeV

7.0 MeV

6.3 MeV

5.6 MeV

2-3

(356 £1.61)-107°
(8.13+1.25).10~%
(2.16 £ 0.80) - 108

(1.26 £0.57) - 10~
(2.22 4+ 0.43) . 10-¢
(2.37 £ 0.96) - 10~7
(8.27 + 2.07) - 108

(6.41£2.67)-10-°
(9.35+1.63)-10~7
(1.16+0.26) - 10~7

(447£1.77).10°°
(5.51+ 0.61)- 107
(7.51 £ 1.11) - 1078

(219 £0.92) - 16-°
(1.3240.09) - 10-7
(3.51£0.77) . 108

(5.15£0.26) - 10~
(3.23+0.32) . 10-%
(8.49 4 2.47).10~°

(4.43 + 1.50) - 107

Table 5.7: Binned 4-Ray Yield in Magnesium (y-ray quanta MeV~! per )

~-Ray
Energy
Range
(MeV)

10 MeV

8.8 MeV

a-Particle Energy (MeV)

7.7 MeV

7.0 MeV

6.3 MeV

5.6 MeV

O@padwvmbw
|

2-3

.
|

|
—
o®P XA

(2.88£0.49) - 10>
(6.73+1.19) .10
(3.24£0.57)-10°°
(1.33+0.23) - 10
(1.19 £ 0.20) - 10-¢
(6.14 £ 1.57) . 10~7
(1.03£0.27)- 107
(7.16 £1.72) - 10-8

(1.00£0.13) . 107>
(1.30 £ 0.19) - 10~
(9.01 £1.29) . 107
(5.52 £ 0.76) - 107
(3.91+0.57)-10~7
(2.22 £ 0.36) . 107
(1.89+0.42) . 102

(5.06 £ 0.20) . 10~°
(5.87+0.28) - 10~7
(4.00%0.21).10"7
(2.93+0.12) . 10~7
(1.66+0.12) . 107
(1.09£0.09) - 10~7
(5.45% 1.74) - 10-°

(241 £0.15).16~°
(147 0.12)-10~7
(2.39 £ 0.18) - 107
(1.76 £ 0.13) - 10~7
(9.02 4 0.67) - 10-®
(5.65 £ 0.58) . 10~%
(1.82£ 0.91).10~°

(1.18£0.06) - 10~°
(5.40+0.36) - 1078
(1.11 £0.07) . 107
(8.89%+0.53) - 10~8
(3.36+0.22) . 108
(1.60+0.13).10~8

(4.89+0.28) - 107
(2.13+0.16) . 1078
(2.97£0.18) -10"8
(1.554+0.11) - 10~8
(5.97 £ 0.42) . 10-?

Table 5.8: Binned y-Ray Yield in Aluminum (y-ray quanta MeV~! per a)

10 MeV

8.8 MeV

a-Particle Energy (MeV) .

7.7 MeV

7.0 MeV

6.3 MeV

5.6 MeV

(7.07£1.24).10™>
(2.14+0.39) . 105
(3.32+0.56)- 10
(7.45 £ 1.36) . 10~7
(7.76 £ 1.40) - 107
(8.74 £1.92).10°8
(2.99 +0.72) . 10-8

(262£0.36)- 10~
(9.53 £ 1.33).10—¢
(9.27 £1.27) . 107
(6.44 £1.53) 108
(2.18 £ 0.30) - 107
(1.53+0.31).10"8

(1.42£0.08) - 10~°
(5.02+ 0.28) - 10-¢
(4.62£0.27) . 10-7
(7.714 £ 2.32) . 10~°
(9.21 £ 0.56)-10~2
(4.55%1.17)-10°°

(7.54 £ 0.66) - 10~°
(2.57 4+ 0.23) - 10—¢
(2.11£0.24) . 1077
(1.77+ 0.18) - 102

(3.78 £ 0.19) . 10-°
(1.304 0.07) - 108
(1.09 £ 0.06) - 10~7

(1.68£0.08) -10~°
(4.57£1.64)-10~7
(4.07+£0.21) . 10-8
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5.2.2 Thick-Target yv-Ray Transition Yields

Tables 5.10 through 5.25 report the measured thick-target reaction yields per a-particle

from each element for an elementally pure target. The conversion of the composite

BN and NaF target yields into elemental yields have been previously discussed in
section 5.2.1. Table 5.9 reports the yield from uniquely determined (, ') reactions
for all targets studied here. Each table reports reaction yields for targets with nat-
ural isotopic abundances; in cases where reaction yields from a single isotope are
desired, these yields must be increased by a factor corresponding to the reciprocal of

the isotopic abundance.

Only yields which could be assigned uniquely to a residual nucleus are reported. In

cases where a peak was attributed to multiple transitions, the constituent yields were

'separated using decay scherhes published in the literature [En78, En90, Aj87]. Only

transitions expected to contribute at least 5% to the total peak yield are reported.
Two methods were used to calculate the yield from multiple transition peaks. .The
primary mgthod for separating the yields required subtracting other components based
on their deduced level population and the published branching ratio for the transition.
However, in some instances small yield components in a peak (<20% of total yield)
resulted in uncertainties determined from subtraction exceeding the compoﬁent yield.
In these instances the weak yield and its uncertainty was obtained from the published
branching ratio for thg wegk transition and the population of the level inferred by
different transitions from the same level. In éuch cases, the total statistical uncertainty

was calculated from the quadrature sum of the level population and the branching
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ratio uncertainty. A “}” symbol next to the transition identification indicates the
cases where this was done for all yields, and next to the yield entry indicates cases

where this was required for the particular yield.

In a few cases, unambiguous transition identifications could not be obtained due to
the presence of kinematically allowed but not otherwise observed transitions. In some
instances, the excitation behaviour of the residual nucleus suggested only one major -
;omponent to thev transitién. In these situations, the total yield was attributed to
- the major component and the uncertainty in the yield was increased by the estimated
contamination of the yield for each energy run. The estimate of the conté.mination was
obtained from fhe average populafion of neighbouring levels in the residual nucleus
and the bra'nching ratio for the deqay. In most cases, these corrections affected the
E, = 10 and 8.8 MeV yields, with estimated uncertainties ranging from 5 to 50%.
Transitions marked with a “}” symbol indicated that an adjustment or conté.mina.tion

has significantly increased the uncerta.inty in the yield.

Several significant peaks in the BN, NaF, Mg and A/ targets could not be unam-
biguously identified, and so were excluded from these tables. The most important of

these are discussed below.

The broad peak in the BN target spectrum near 2140 keV was attributed to
inelastic scattering off both '°B and 'B. This peak was present at all measured
energies, and had elemental yields ranging from 1.89 x 10~% at E, = 10 MeV to

7.41 x 10-% at E, = 5.6 MeV.
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The NaF target peak at 3880 keV was attributed to both the **Na(a,n)?*Mg
~ 5690 — 1809 keV and °F(a, p)*Ne 5147 — 1274 keV transition. The target yield for
this peak ranged from 1 x 107® 4-rays per a-particle at 10 MeV to 2 x 1077 at 7 MeV.
The 2130 keV peak in thé NaF target also had an ambiguous transition identification.
Both the 23Na(o, n)2A¢ 2545 — 417 keV and the ?3Na(a, p)**Mg 3941 — 1809 keV
-transitions could. contribute to the yield to the same extent based on the excitation

of the residual nuclei. This peak was observed at all measured a-particle energies.

In the Mg target, a peak at 3936 keV attributed to the 2’Mg(a, p)?3AZ 3936 —
0 keV and **Mg(a, p)ngK 3935 — 0 keV transitions was excluded from the tablés.
This peak was observed in the E, .=' 10 through 7.7 MeV runs. A peak é,t 3255 keV
fof this target attributed to the 25Mg(a, p)*6AL 3296 — 31 keV and *Mg(a, n)®Si
5285 — 2028 keV transitions was obser\ved at energies of 10 MeV thréugh 7.0 MeV,
aﬁd was also excluded.‘ Due to the small number of excitations observed for the
*Mg(a, p) reaction, these two exclusions may account for as much as half the y-ray

strength from the 28A/{ residual nucleus.

" Special corrections were required for a number of yield determinations. In these
cases additional calculations were performed in order to obtain an accurate measure of
the 7-ray yield and to remove contamination from neutron-induced reactions. These

calculations are detailed below for each target.

The production of neutrons by (e, n) reactions on the target nuclei gave rise to
additional y-ray peaks in the detector spectra. These ~-rays result from a variety of

neutron interactions, the most important of which are neutron capture, inelastic neu-
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tron scattering on *®®Pb and (n,z) charged particle reactions in the detector crystals
[Ch65]. In most cases these y-rays produced small peaks, with more counts in the
forward'a.ngle detector due to the forward angle emission bias of the neutron distri-
bution. These peaks were identified and ignored unless significant interference with

target y-rays was suspected.

The 2614 keV «-ray from neutron scattering on the lead shielding in the counting
area produced a narrow peak in the spectra. The narrow width of the peak allowed
the area of the peak to be determined in cases when the peak was superimposed on a

target transition y-ray.

The only neutron capture v-ray with enough strength to cause significant interfer-
ence with the measured areas was the 7631/7647 keV doublet from neutron capture on
iron which occurs with a combined intensity of 52.64 v-rays per 100 captures [Lo81.].
The counting rate per a-particle in this peak was found to have an a-particle energy
dependence which scaled linearly with the total thick-target neutron yield for each
target, with a target-dependent scaling factor. When interference effects were noted,
this linear behaviour was used to calculate a corrected peak area. The statistical
uncert;ainty in the corrected peak area was increased by the the uncertainty in the

area from the interpolated capture 4-ray rate, added in quadrature.

5.2.2.1 Be Target

No table has been provided for the single y-ray transition observed from Be. The
yield for the 4439 keV y-ray from the Be(a,n)'?C reaction can be taken from the
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single entry in table 5.2. As there is only the one v-ray emitted in the 1 MeV energy
covered by this bin, the number of 4439 keV 4-rays per a-particle is the same as the

binned value quoted.

. 5.2.2.2 BN Target

A table for the 'B(a, p)'*C yields has not been pfovided‘due to the small number of
yields observed. Only two excitations were observed for this reaction, and both of these
occurred only for E, = 10 MeV. At this a¥pa;rticle energy, the 6728 - 0 keV yield was
(2.64 £ 0.27) - 107 per a-particle and the 6094 — 0 keV yield was (1.07 % 0.06) - 10~=°

per a-particle.

Although the Q-value for the 1°B(a, n)!3N reaction suggests a high excitation for
the residual nucleus, no 4-rays from this reaction were seen, due to the dominance of

proton decay from excited states of 1*N [Va73, Le78, Aj81].

The contamination of the 2313 keV ievel from the 'B(a,n)N reaction by .in-
elastic scattering of the a-particleé on N was removed by determining fhe (a, o)
contribution from an integration of the cross sections reported by Dyer et al [Dy85)
with the stopping powers of ‘Zieglevr [Zi85]. These cross sections indicate an (a, ')
thick-target yield for this 7-ray of 3.01 x 10~ at E, = 10 MeV, 9.12 x 10~ at E, =
8.8 MeV, and 1.06 ><v 1077 at Ea =177 MeV. A 10% uncertainty in these yields was
adopted based on the uncertainty reported by Dyer ét al. These yields, weighted by
the stopping power fraction of !*N, were subtracted frém the total yield to obtain the
(r,n) yield for this transition. At 10 MeV, the (@, n) reaction accounted for léss than
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Table 5.9: Thick-Target y-Ray Yields from the («, o’) Reaction (quanta per a)

Transition a-Particle Energy (MeV)

(energies in keV) 10.0 8.8 7.7 70| 6.3 | 5.6
T9F 2780 — 197 $(2583 2.48 4+ 0.14)-107° | (6.64£0.93)-10~° | (3.58£0.22)-10~° { — | — | —
“5Mg 2738 - 0 (2738 1.65 £ 0.41)-10™° — — — | — | —

“Af 3680 — 844 (2837) | (6.18+2.31).10~' — — =1 =

Table 5.10: Thick- Target y-Ray Yields from the 1°B(a, p)13C Reaction in Boron (quanta per &)

Transition a-Particle Energy (MeV)
(energies in keV) 10.0 8.8 7.7 6.3 5.6
3854 — 0 3854 2.5340.14).10"° 1,49+ 0.21) - 10~° 8.39£0.31)-10~7 7.36 & 0.54 -10~" | (6.55 % 0.27) .10~ 5.15+ 0.25) - 10~"
3684 — 0 3684 6.90 £ 0.29) - 10~° 4.124+0.57)-10~° 2.71£0.13) - 10~° 2.26+0.16) - 10=° | (2.01 £ 0.09).10~° 1.39 4 0.07) - 10~%
3089 —» 0 (3089 1.6240.23)-10° 6.67 4 0.97)-10~7 4.16£0.23)-10~" | (3.5440.39).10~" | (3.13+ 0.30)-10~" 2.23+0.13)- 107

Table 5.11: Thick-Target 7-Ray Yields from the 1°B(a, d)!2C Reaction in Boron (quanta per a)

Transition a-Particle Energy (MeV)
(energies in keV) 10.0 8.8 - 7.7 6.3 5.6
4439 — 0 (4439) | (1.11£0.08)-10~° | (2.09 £ 0.29)-10~° | (1.06 £ 0.05).10-° | (6.00 £ 0.44) 10~ | (177 £0.09).10~7 | (4.97 £0.49)-10~F

Table 5.12: Thick-Target - Ray Yields from the 'B(a,n)!*N Reaction in Boron (quanta per a)

Transition a-Particle Energy (MeV)

(energies in keV) 10.0 8.8 7.7 6.3 5.6
6446 — 0 6446) | (4.7840.36)-10~° — — — — —
6203 — 0 6203) | (1.31+0.36).10"" — — — — —
5834 — 0 5834) [ (1.06£0.05).10~° — — — — —
5691 — 0 5691 9.64 + 0.63) - 1077 — — — — —
5106 — O 5106 7.77+0.29) - 10~°% | (9.43:+1.26).10~" | (2.00 4 0.09)-10~7 — — —
4915 — 0 4915 1.43%0.12)-10~% | (3.06 + 0.52).10~" | (9.54£1.00)-10~% — — —
3948 = 0 3948 3.98 £ 0.98)-10—" | (3.08+0.52)-10— | (1.16+0.13}-10~" | (4.62%0.91)-10-° | (6.95 % 4.03)-10~" —
5691 — 2313 3378 2.24%0.12) - 10™° - . — - . — —
5106 — 2313 2793) | (2.2240.64)-10"°t | (2.39+0.38)-10~" | {4.69+0.80)-10~° — — —
6446 — 3948 (2498) | (9.22+£3.55).10~° — — — — —
2313 — 0 (2313) | (2.65+0.13)-10=> | (9.51 £1.41)-10~° | (5.224+0.20)-10~° | (2.85+0.21)-10~° | (1.40+ 0.06)-10~° | (7.89+0.41) -10~7

t yield contains additional uncertainty from adjustment or contamination
1 yield determined from deduced level population




1

13% of the total yield, and at 7.7 MeV accounted for less than 3% of the yield. |

' 5.2.2.3 NaF Target

The *F(a, p)*?Ne 6115 — 1274 keV transition contained an unresolved contamination

by the #Na(a,n)?Mg 4834 — 0 keV transition at E, = 10 and 8.8 MeV. From

~ the intensity of these transitions determined at lower energies, it is known that the

‘contribution of 4834 — 0 keV transition was no more than 20% of the total peak

yield-at 7.7 MeV. Thus, the tot.al yield at 10 and 8.8 MeV has been attributed to the
6115 — 1274 keV transition, and an additional uncertainty of 20% has been added
at each energy. No yieid for the 4834 — 0 keV transition in the 10 and 8.8 MeV. E,
runs has been assigned, while at the lower energies this transition was a significant

component of the total peak yield, and so yields have been provided.

The ¥F(c,n)??Na 3519 — 0 keV yield was separated from the 2®Na(a,n)?%A/
3508 — 0 keV yield through the dependence of the v-ray peak shape on the lifetime
of the level from which it decays. The 3519 keV level in 22Na has a lifetime of 0.6 ps,
which is also the same order as the stopping time (0.5 ps [Al78]) for an ion in the
target, while the 3508 keV level in 2°A{ has a much shorter lifetime of 0.02 fs. The
combiﬁed peak a.ppeare<\i in the spectrz; as a sharp, fully Doppler-shifted peak from
the 3508 keV level on top of an extended broad peak which covered the full range
of Doppler shifts. This structure permitted their séparation by eétimating the areas
of the sharp 3508 keV and 3519 keV peaks, and dividing the yield from these levels

according to the determined ratio. An additional uncertainty of 20% was assessed for
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Table 5.13: Thick-Tar,

get y-Ray Yields from the *N(e, p)!”O Reaction (quanta per a)

Transition a-Particle Energy (MeV)
{energies in keV) 10.0 8.8 7.7 70| 6.3 ] 5.6
3841 - 0 3841) | (4.7140.22)-10"° 1.35+ 0.36)-10~' — — | - —
3055 — 871 2184) | (2.09£0.38)10° | (56.22£1.03)-10~" | (2.42£0.18).107" | — [ — [ —

Table 5.14: Thick-Target v-Ray Yields per « from the !°F(a, n)*2Na Reaction (quanta per a)

Transition a-Particle Energy (MeV)

(energies in keV) 10.0 8.8 7.7 7.0 6.3 5.6
5101 — 0 5101) | (1.63+0.79)-10~7 — — — — —
5174 — 583 4591 -

4583 — 0 4583) | (7-81£1.45)-10 7 - v —_ — — -
4360 — 0% 4360) | (2.54+0.68)-10~5 | (3.69% 0.95).10~° | (1.10£0.40) .10~ — — —
5101 — 891 4210) | (1.36+ 0.80)-10~7 — — — — —
4622 — 657 3965) | (6.10+3.18).10~7 — — — — —
4319 — 657 3662) [ (9.29+£2.74).10~7 — — — — —
3519 -0 ¢ (3519 1.10£ 0.23)-10~° | (1.85+0.10)-10~' | (4.57+2.59) - 10~ — — —
3943 — 657 3286 2.03%0.26)-10~° | (2.48%0.53).10~7 — — — —
4524 — 1528t (2996 5.42 % 2.10)-10~° | (4.75%2.12).10~7 , — — — —
3707 — 891 2816 ~ _ -
4771 — 1952 (2819) (4.61£0.36)-10~¢ | (3.564 0.68).10-7 | (1.23%0.25).10-7 — — —
4622 — 1952 2670) | (9.13+ 3.83).10~ — — — — —
4583 — 1952 (2631 6.03+ 6.32) 10~ — — — — —
2571 = 0 § 2571 6.43%2.01)-107° | (2.72%0.68)-10=° | (1.48£0.34)-10=% | (6.14 £1.74) - 10=7 | (3.29£0.80)-10~7 | —
4360 — 1952 2408 1.08%0.21).107° | (1.56% 0.36) .10~ | (4.66+1.50)-10~° — — —
4296 — 1937 (2359 1.34% 0.67) 1077 — — — — —
3707 — 1528F  (2179) | (6.98+ 5.32)-10~7 | (1.67£0.36).10~' | (5.80£1.30)-10~° — — —

t yield contains additional uncertainty from adjustment or contamination
t yield determined from deduced level population .
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Table 5.15: Thick-Target v-Ray Yields from the 19F(a, p)*?Ne Reaction (quanta per a)

Transition a-Particle Energy (MeV)

(energies in keV) 10.0 8.8 7.7 7.0 6.3 5.6
7489 — 0 7489) | (1.87 % 0.55).10=7 — — — — —
7052 — 0 7052) | (9.43 £ 7.93)-10"° — — — — —
6853 — 0 6853) | (6.17 £0.96)-10~7 — — — — —
6691 — 0 6691 3.94+1.27)-10=7 | (9.31 £ 2.01).10~% — — — —
7644 — 1274 6369 1.57 £ 1.06) - 10~7 — — — — —
7489 — 1274 6214) | (4.34+0.82)-10~7 — — — — —
6115 — 0 6115 4.61 £1.41)-10~7 — — — — —
7052 — 1274 5777) | (4.79£ 0.81)-10~7 — — — — —
6904 — 1274 5629 1.64 +0.83) - 10~7 — — — — —
6817 — 1274 5542 3.4041.25)-10~7 | (8.35+3.34)-10"° — — — —
5365 — 0 5365) | (3.87+£4.19)-10~" | (1.25+1.09)-10=" | (5.17+ 4.61)-10~" [ (3.08+1.55)-10~% | (1.20£1.21)-10"" | (8.82 % 9.05) . 10-19¢
5326 — 0 5326 1.61 +0.44)-107° | (5.024+1.72)-10~" | (1.93+0.70)-10~" | (5.853 3.47)-10~° | (2.34+1.26)-10~° 7.63 £ 1.98) -107?
6115 — 1274t  (4840) | (1.87+0.41).10"° | (6.41£1.62).10~7 | (1.50+ 0.19).10~' | (4.70+ 1.36) - 10~° 1.27 4 0.67) - 10~° 1.2341.67)-10~°
5910 — 1274 4635 2.5940.20)-107° | (6.64 £1.04)-10~" | (2.27£0.22).10~7 | (5.83 0.90)- 10~ — —
4457 — 0t 4457) | (3.82£2.68)-10~7 | (1.38%1.10).10=" | (7.42%1.18).10~° | (5.76 £ 2.28).10~° 1.62 %+ 0.36) - 10~F 5.35 £ 1.27) . 1077
5641 — 1274 4367) | (3.044:0.93)-107° [ (8.80£1.43)-10-" | (2.27+0.53)-10=7 | (1.18+ 0.22)- 10~ 1.89 £ 0.36) -10~° 2.2141.18).10™°
7721 — 3357F (4364 2.59 £ 0.64) - 10~° — — — — —
5365 — 1274 4090) | (3.49 4 0.45)-10~° | (1.37£0.20)-107° | (5.92% 0.42)-10~7 | (3.06 £ 0.29)-10~7 1.10 £ 0.08) - 10~7 7.90+1.55)-10~°
5326 — 1274 4052) | (9.81+£7.97)-10~" | (2.68+0.53)-10=7 | (1.05£0.16)-10=" | (3.06 X 0.59)-10~° | (2.00 £ 0.43)-10~° 3.22 3 0.80) - 10~7
7341 — 3357 3984 4.59 % 4.97)-10~' — — — — —
7721 — 4457 3264 5.85 4 1.08) - 10~° — — — — —
4457 — 1274 + (3182 1.00 £+ 0.12) - 10™> | (4.48+£0.72)-10~° | (2.68+ 0.10)-10~% | (1.73+0.15)-107° | (8.73+0.41)-10~" (2.68 £ 0.13) - 10=7
6311 — 3357 2954) | (3.67£1.23) - 10~° — — — — —
5910 — 3357 2553 1.85 £ 0.94) .10~ " — — — — —
6817 — 4457 2360 2.17+0.83).10~7 | (5.33 % 2.22).10°% — — » — —
5523 — 3357  (2166) | (6.30+ 2.15)-10° | (1.6240.24).10~° | (6.84+ 0.45)-10—7 | (2.654+0.37)-10=7 | (4.63+1.07).10=% —

Table 5.16: Thick-Target v-Ray Yields from the 2*Na(a, n)?6A¢ Reaction (quanta per «)

Transition a-Particle Energy (MeV)

(energies in keV) 10.0 8.8 7.7 70| 63| 5.6
3922 -0 3922) 8.424£1.25)-10~7 - — — — -
3508 — 0 3508 9.92 4 1.85) .10~ 1.16 4+ 0.26) - 10~/ (3.64 + 2.09) 2107° | — e s
3403 - 0 3403 6.59+ 1.30) .10~ 7.99 £ 2.09) . 10~° — —_ = | -
3403 — 417% 2986 1.02 £ 0.20) - 10~° 1.23£0.30)- 107 — — — | —
2661 — 417 2244 8.37+1.25)-10~7 1.80 £ 0.42) - 10™" —_ p— — —

t yield contains additional uncertainty from adjustment or contamination
$ yield determined from deduced level population




these yields to account for the fluctuation of area ratios between detectors.

A similar procedure was folloWed in separating the yield of the °F(a,n)**Na
2571 — 0 keV transition from the *F(e, ') 2780 — 197 keV transition. The 2571 keV
transition has a very long lifetime compared to the stopping time of the residual nu-
cleus in the‘ target, and so appeared as a sharp peak on the Broa.d transition of the
I9F reaction. These pea;ks were sepa;rated by selecting a background for the 2571 keV
peak on top of the (o, ') structure. Due to uncertainties in the position of the back- |
ground level ﬁithin the .crowdéd spectrum of detector #lﬁ, a variation of 40 to 56% in
\the a.reé. of this peak was observed, which contributed an additional 20% ugcertainty
to the total yield determination. In addition to fhis subtraction, the area due to the

2%8Pb 2614 keV peak was removed from detector #1 as described previously.

/' In the case of the yield from the *Na(«, p)?**Mg 4834 keV level, both the transition
to the ground state and to the first excited state at 1809 keV are very weak branches
(6+£2% and 4+ 1% [En90] respectively). At high E, these weak peaks were obscured

by other 4-ray and escape peaks, and so are not reported in these cases.

In the E, = 10 MeV run, the *Na(a, p)**Mg 5715 — 2938 keV transition was
obscured by the pulser peak inserted into thé detectqr #1 spectrum. The area of the
peak on top of the pulser was estimated by subtracting the area of the pulser peak
determined from a background set on the broader v-ray peak from the total peak
‘area. This procedure resulted in a large statistical uncertainty of 85% for the y-ray

peak area.
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Table 5.17: Thick-Target y-Ray Yields from the **Na(a, p)**Mg Reaction (quanta per «)

Transition a-Particle Energy (MeV)

(energies in keV) 10.0 8.8 7.7 6.3 5.6
6877 — 1809  (5069) | (4.41 £1.50).10~" | (8.28°£2.07) - 10~° — — — —
6745 — 1809 4936 3.83+0.87)-10~" | (3.87£3.13)-10° 1.55 % 0.53) - 10~° — — —_—
4834 -0 % 4834 — i 2.95+1.82).10~% ] (2.23+1.30)-10=° | (1.104+0.83)-10~° [ (1.1941.76) - 10~°
4332 =0 4332) | (5.49£7.31).10~7 | (1.05:£0.30)-10=" | (7.06+1.77)-10=° | (5.27+1.01).10~° | (2.39% 0.37)-10~° | (6.57+1.73) .10~
7100 — 2938  (4162) | (9.59+ 1.70) - 10~" — — — — —
6745 — 2938 3807) | (4.4641.16).10~7 — - — — —
6634 — 2938 3696) | (4.81+£1.68)-10~7 | (6.77£5.07)-10~° — — — —
5474 — 1809 3665) | (5.51F2.84)-10—" | (2.83£0.59)-10—' | (7.69+ 1.48)-10~7 | (6.28+1.01).10-° — —
4900 — 1809t  (3092) | (3.87£1.94)-10~° | (1.39+0.34)-10~° | (7.02+0.38)-10~' | {4.2340.35)-10~7 | (1.24% 0.09)-10~7 | (3.2240.33) .10~
4834 — 1809 1 (3026 — — — 1.94+1.22)-107° { (7.65+ 3.567)-10™° —
2938 — 0 2938) | (5.17+0.74)-10° | (6.59+0.97)-10~" | (3.80% 0.38) - 10~ | (2.884 0.37)-10~" | (1.98+ 0.13)-10"" [ (9.16 % 0.59) - 10~
5715 — 2938 ¢+ (2777) | (2.57£1.75)-10~7 | {1.20%£ 0.43) - 10~7 | (6.95% 2.75)- 10" | (1.84 £ 0.85)-10~° — —
5690 — 2938t (2751) | (9.94 +£5.19)-10~7 [ (1.33£0.41).10~" | (6.39 & 2.84)-10° | (2.18+1.42).10™° — —
4350 — 1809 2541 <
4332 — 1809  (2524) | (1.15+0.07).10"5 | (4.68+0.69).10=¢ | (2.57% 0.25)-10~¢ | (1.87+0.19)-10~% | (8.73+£0.47)-10~7 | (3.5140.18).10"7
4318 — 1809 _ (2510) .
5291 — 2938 (2352) | (1.44+0.26)-10~° | (3.49% o.eo) <10~ 1(1.89+0.17)-10"" | (1.344:0.36) - 10~ | (3.73+0.43):10~° | (5.26+ 1.88) .10~

Table 5.18: Thick-Target y-Ray Yields from the **Mg(e, p)*” A¢ Reaction in Magnesmm (quanta per a)

Transition a-Particle Energy (MeV)

(energies in keV) 10.0 , 8.8 7.7 6.3 5.6
5438 — 0 (5438) | (4.20%3.86)-10~° — — — — —
5156 — 0 5156) | {5.20+£1.83).10~° — — — — —
4580 — 0 4580 4,42 +£0.82) - 10" — — — — —
4410—> 0 - 4410 8164 5.42).10~° | (6.32.+ 2.82)-10~° — — — —
3957 — 0 3957 5.06 £ 0.87) - 10~ — — — — —
4410 — 1014f (3396 4.92+3.26)-10~° | (7.31 £3.96)-10~° — — — —
3957 — 844 3113 4.33+1.53).10~° — — — — — ’
3004 — 0 3004 3.72£0.69)-10~° | (6.09 £ 0.86)-10~"7 [ (2.92+0,15)-10~7 | (5.0740.62)-10~° | (1.03+0.15).10~° | (5.14% 0.83) .10~
2982 — 0f 2982 2.20£0.60)-10~° | (5.81:£1.18).10~" | (2.62+0.14)-10"" | (1.984+0.26)-10~° | (4.39+0.92) -10~° | (2.1040.50)-10~*
3957 — 1014 2942 5.68 & 2.72) - 10~° — — — — —
3680 — 8441 2837 3.67+1.51)-10—' | (5.66£2.07)-10~° | (1.61%1.23)-10~° — — —
2735 = 0 2735 1.03£0.47)-10=° | (3.566 £ 0.54)-10~" | (1.2040.11)-10~" — — —
3680 — 1014 2666 2.27+0.52)-10—7 | (3.50%1.35)-10~° | (9.94 + 8.25) .10~ — — —
4580 — 2211 2369 1.12£0.48) .10~ — — — — —
4510 — 2211 (2299) | (8.07+1.62)-10~° — — — — - —
2211 -0 (2211 (8 05 £ 1.42)-10~° | (2.60£ 0.35)-10™° | (1.34£0.08)-10~° | (3.61%0.27)-10~7 | (5.42+0.63) .10~ | (1.47+£0.46).10~°

t yield contains additional uncertainty from adjustment or contamination

% yield determined from deduced level population




5.2.2.4 Mg Target

In a few cases,‘low yield transitions became obscured at high a-particle energies by
stronger transitions and escape peaks. In all these cases, yields are reported only
for the a-particle energies that they could be reliably obtained. Such a transition 1is
seen in table 5.20 for the 2201 — 31 keV transition from the **A¢ nucleus, which
was obscured in the E, = 10 MeV run by the 2211 — 0 keV 27A€ transition. The-
changing Doppler-shift and intensities of these transitions. permitted a separation in

lower energy runs.

A similar situation in the case of the 26Mg-(oz, n)?Si 4840 — 1273 keV transition
was observed, where a large escape peak.subtraction at E, = 10 MeV prevented a
determinatioﬁ of the p.ea‘k area. Finally, the 2Mg(a, p)?°A¢ 3641 — 0 keV tra.nsi‘tion
at £, = 10 MeV was not seen due to the low intensity of the decay falling below the ‘

level at which a yield could be calculated in this run.

5.2.2.5 A/{ Target |

The ?"Af(a, p)*°Si 7623 — 0 keV transition was contaminated by v-rays from neu-
tron capture on iron; this contamination was removed as discussed previously. The
contamination-correction yield for this transition agrees with the level population

deduced from the observed transition to the 2235 keV level.

A similar calculation was performed to remove the broad peak observed in each

detector between 2300 and 2360 keV and attributed to fast neutron reactions in the
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Table 5.19: Thick-Target v-Ray Yields from the *Mg(a,n)?®Si Reaction in Magnesium (quanta per «)

] Transition a-Particle Energy (MeV)
(energies in keV) 10.0 8.8 7.7 7.0 6.3 5.6
9929 — 0 9929 9.62 & 3.43) - 10~° — — — — —
9796 — 0 9796 1.83+0.92).10° — — — — —
9496 — 0 5496 _ -
0479 — 0 9479) (4.45+1.00) - 10—8 - - — — —
8905 — 0 8905) | {3.28£1.21)-10~5 [ (8.61 £ 2.97)-10~° — . — — —
8328 —+0 . 8328) | (3.36:£1.48)-10=% | (1.03£0.22)-10~° | (5.45%1.73)-10~° [ (1.82:£0.91)-10~° — —
8259 — 0 8259 2.10%0.92) - 1078 — — — — —
9796 — 1779 8017 1.59 £ 0.88) - 10—° — — — — —
7933 — 0 7933 1.494+0.29)- 10~ | (5.904+0.94)-10=° | (2.91£0.27).107° | (1.16 £ 0.18).10~° — —
9382 — 1779 7603 5.53 £ 3.62) - 10~% — — — — —
7416 — 0 7416 2.73£0.71)-10~7 | (1.1940.22)-10~7 | (6.11£0.70) - 10~° | (3.68 £0.47)-10~° | (1.264 0.10)-10~° —
7381 — 0 7381 1.1040.99) - 10~7 | (4.43%:1.12)-10~5 | (1.83%0.29).10~% | (8.13+£1.24).10~7 | (3.38% 0.62) - 10~Y —
6879 — 0 6879 5.39+0.93)-10~7 | (2.49£0.36)-10~7 | (1.38£0.09)-10~7 | (7.58£0.51)-10~° | (3.364 0.22)-10~° | (5.97+ 0.42).10~"
8589 — 1779 6810 9.06 £ 2.15) - 10~° | (2.18 £ 0.72)-10~° | (6.00 % 3.54) - 10~ — — —
8413 — 1779  (6634) | (1.51+0.31)-10=" [ (2.284+1.06)-10~° — — — —
8259 — 1779 6480) | (8.57%2.91)-10~% | (3.17%£0.71)-10~Y — : — — —
7799 — 1779 6020 1.7440.36) - 10=7 | (6.56+1.08)-10"° | (2.2840.60)-10~° [ (1.44+0.30)-10~° — —
7381 — 1779 5602 1.51+0.43)-10~7 | (6.26+1.08)-10~° | (3.47£0.31)-10~° [ (2.21+£0.22)-10~° | (5.22% 0.68)-10"° —
6888 — 1779 5109 7.79%1.40)- 10~ | (3.924£0.55)-10~" | (2.05+0.10)-10~" | (1.24£0.09)-10~" | (7.06 + 0.44)-10~° | (1.324 0.09)-10~"°
6879 — 1779 5100 2.10£0.61)-10~7 [ (9.72£2.30}-10~7 | (5.37£0.75)-10~° | (2.96 £ 0.44)-10~% | (1.31£0.22)-10~% | (2.33% 0.65)-10~"
6276 — 1779 4497 6.11£1.07)-10~7 | (3.88£0.54).10~7 | (2.22£0.10)- 107 | (1.56 £0.11)-10~7 | (8.36+0.50)-10~% | (2.97+0.18)-10~%
8945 — 4618 4327 1.16 £ 0.24) - 10~/ — — — — —
8413 — 4618 (3795 1.89 £ 0.41) - 10~° — — — — —
4980 — 1779 3201 4.22£0.76)-10~7 | {1.1740.18)-10=7 | (6.44+0.38)-10=° | (4.42+0.39)-10~° | (3.41+0.22)-107> | (1.62+ 0.11)-10~°
4618 — 1779 2839 2.21£0.39)-107° | (1.20£0.17)-10"° | (6.49£0.35)-10~" | (4.58 £0.31)- 10~ | (2.94+0.17)-10~" [ (1.43+0.08).10~°
22720 (2272) | (4.06 £0.88)-10~7 | (1.29+0.20)- 10~ [ (6.20£0.79)-10~° | (3.10:£ 0.46)-10~—° | (1.37% 0.55) .10~ —

Table 5.20: Thick-Target y-Ray Yields from the 2*Mg(a, p)?®*Af Reaction in Magnesium

(quanta per o)

Transition a-Particle Energy (MeV)

(energies in keV) 10.0 8.8 7.7 7.0 6.3 5.6
3591 — 0 (3591) 3.71£1.53):10~° | (2.07+2.31)-10~° — — — —
3465 — 0 (3465 1.11+ 0.27) - 10~ — e — — —
3347 — 0 (3347 1.1140.26)-10~7 | (2.59+ 0.90)- 10~ 1.62 £ 0.43) - 10™° —_ — —
2272 -0 (2272 4.06 & 0.88) - 10~7 1.2940.20)-10~7 | {6.20+0.79)-10~% | (3.10:+0.46)-10~° | (1.3740.55)-10~° [ —
2201 — 31 ¢ 2171 — 1.66 + 1.06) - 10~° 2.46 & 2.15)-10~° — — —
2139 — 0 2139 5.694 2.78) - 1078 | (3.66 % 1.23)-107° 1.64 % 0.69) -10~° 9.63+ 3.99) - 10~° 8.04+4.33).107° | —
2139 — 31 2108 1.69 + 0.78) - 10~7 4.76 4 1.96) - 10~% | (1.81 +0.40) -107° 1.25 + 0.39) - 10~° 6.28 4+ 3.68)-10~° | —

t yield contains additional uncertainty from adjustment or contamination
t yield determined from deduced level population




A9

Table 5.21: Thick-Target 7-Ray‘ Yields from the *Mg(a, n)*Si Reaction in Magnesium (quanta per «)

Transition a-Particle Energy (MeV)

(energies in keV) 10.0 8.8 7.7 7.0 6.3 ‘5.6
7692 — 0 7692) | (2.73+1.50).10~° — — — — —
6715~ 0 6715) | (1.5040.36).10~7 — — — — —
6522 — 1273 5249 3.52+1.30) - 10~° — — — — —
7072 — 2028 5044 6.19 £ 2.74) - 10— — — — — —
4935 — 0 4935 3.164+0.92)-10~" | (1.4740.27).10~" | (7.21£0.75)-10~° | (3.34 £ 0.48)-10~° | (1.02+£0.13)-10~7 —
4895 — 0 4895 1.54+0.46)-10~7 | (7.59£1.51)-107° | (4.52+0.84).10~° | (2.07+0.36)-10~° | (1.17£0.13).10~° —
4840 - 0 4840 1.39+£0.34)-10=7 | (1.21£0.19)-10~7 | (4.99£0.45)-10~% | (2.94%0.27).10~° | (5.81 £ 1.26).10~? —
5949 — 1273 4676 4.25+2.52)-10=° | (1.64£0.99)-10~7 | (9.95£4.01)-10° — — —
6194 — 2028 4166 1.91+0.46)-10~" | (3.97+1.07).107° — — — —
6522 — 24263 (4096 2.69+1.01)-107° — — — — —
6107 — 2028 4079 1.3940.37) 10~ | (5.02 % 1.61).10~° - — — —
5813 — 2028 3785 1.1040.30) - 10~" | (3.1564£0.77) - 10~° | (1.39£0.29) - 10~° — — —
6107 — 2426f (3681 6.63+1.81)-10=° | (2.84+£1.65)-10~° - — — —
4895 — 1273 3622 2.49%0.45)-10" | (1.13£0.30)- 10~ | (5.63+£0.33) - 10=° | (2.33 £ 0.27)-10~% | (9.59 % 0.87) - 10~Y —
4840 — 1273t (3567 — 2.26+0.86)-10~% | (1.094£0.27) - 10~° [ (6.73 % 2.49) - 10~ — —
5949 — 2426 3523 5.14 % 4.06) - 10~° [ (1.08+£0.66)- 10" | (9.47 £4.50)-10~" — — —
5813 — 2426 3387 1.194 0.45)- 107 | (1.86 4 1.56)-10~° | (1.22+0.39)-10~° — — —
6781 — 3624 3157 6.74+1.81) - 10™° — — — — —
5949 — 3067 2882 5.05+ 2.69) 10~ [ (1.59+£0.73). 10~ | (1.15£0.37)-10~% — — -
4895 — 2028 2867 8.84+1.92)-10~° ] (5.114+1.18)-107° | (2.00+ 0.26)-10~° — — —
4080 — 1273 2807) | (7.61+1.56)-10~" | (3.26+0.47)-10~' | (1.494+0.15)-10~" | (8.59+ 0.66) - 10~° | (3.54 % 0.32).10~° | (5.884 0.46) - 10~
5813 — 3067 2746) | (2.29+0.61)-10"73 | (7.25£3.20)-10~° | (2.67+1.58)-10~° — — —
4741 — 2028 2713 9.32£1.72) - 10=7 | (2.69£0.38).10=7 | (1.49%£0.10)- 10~ | (6.94 £ 0.62).10—° | (2.10%£ 0.23).10-7 —

(2426 1.304+0.21).10"° | (7.684+1.07)-10~" | (4.56+0.26).10~" | (3.27+0.23).10~" | (2.284£0.13)-10~" | (1.19£0.07) - 10—’

2426 — 0

v

Table 5.22: Thick-Target v-Ray Yields from the 26Mg(a, p)>* A2 Reaction in Magnesium (quanta per «)

Transition

a-Particle Energy (MeV)
7.7

(energies in keV) 10.0 8.8 7.0 63| 5.6
1403 — 0 4403) | (2.40£0.77) - 107 = = — — =
3641 —+ 0 ¢ 3641 : — 1.72+1.20)-10~° — —_ _— ] =
2866 — 0% 2866 (2.16 +1.43) - 10~* 1.11+0.54) - 107 | (4.52+2.13)-10~%¢ | (1.17+2.71)-10"° | — | —

t yield contains additional uncertainty from adjustment or contamination
1 yield determined from deduced level population




_Table 5.23: Thick-Target 7-Ray Yields from the 27 Af(a,n)*°P Reaction (quanta per «)

€el

Transition a-Particle Energy (MeV)

(energies in keV) 10.0 : 8.8 7.7 7.0 63| 5.6
5208 — 0 5208) | (4.33%1.44).10"° — — —_— — | —
5208 — 709 4499 2.17 £ 1.69) - 10~° — —_ — — | —
4144 -0 4144 4.01 4 0.92)-10~7 — — — — | —
3734 — 0 3734 1.86 £ 0.60) - 10~° — — —_ — | =
3734 — 677 3057 1.3740.85)-10~° — — = e
2938 — 0 2938 2.34+ 0.55).10~7 4.72£1.75) . 10-° 2.23+0.98)-10"% | (4.04+2.98).10"° | — | —
2840 - 0 2840 4.52:+0.98) . 107 1.33£0.39) - 107 7.31+1.95).10~F — — | —
2724 = 0 2724 1.73+ 0.34) . 10~° 6.48 £ 1.09) . 10~" 2.84+0.20)-10~7 | (6.61%2.10)-10"° | — | —
2539 — 0t (2539 4.04 4+ 0.85) - 10~° 1.23+0.19)-10~° 6.794+£0.72)-10~7 | (1.824£0.31).10~" | — | —
3929 — 1455 2474 2.51+1.02).10~7 T — — — — ] —

[ 3019 — 677 2342 8.734+1.88) 10" | (2.11+0.68)-10=" [ (9.61+£2.15)-10~% | (1.26%+1.41)- 10~ | — | —
3734 — 1455 2279 6.03 £ 2.21) - 10~7 . — — — e
2938 — 677 2261 6.51 £ 2.67) -10~° — — — . — | —
2840 — 709 (2131) | (1.23£0.24)-10~° | (3.85£1.22)-10—7 § | (1.31£0.37)-10~7 | (4.65+£1.73).10~° | — | —

Table 5.24: Thick-Target 7- Ray Ylelds from the 2" Af(a, p)*°Si Reaction (quanta per a)

Transition a-Particle Energy (MeV)

(energies in keV 10.0 8.8 7.0 6.3 ] 5.6
8164 — 0 8164) 2.99£0.72).107° — — — — | —
7623 - 0 t 7623 2.2341.00)-10~° 3.74 £1.54)-10"° — —_ — | —
7255 =0 7255 6.51+1.38).10"° 1.15 £ 0.24) - 107° | (4.55+1.17)-10~° — - | -
6915 — 0 6915 1.85+0.35)-10~' | (3.65+0.53)-10~° 1.43+0.14}-10° 2.85+0.47).10~7 | — _—
6744 — 0 6744 3.64+0.64).10~° 1.26 £ 0.18) - 10—’ 5.20% 0.31) - 10~° 9.95+£1.03)-10~7 | — —
6537 = 0 6537 1.35 % 0.25) - 10~/ 5.49 + 0.78) - 10~° 2.41 £ 0.17)-10~° 4924+ 0.61)-10~° | — —

8330 — 2235 6095 3.72+1.35)- 108 - — e — | =

8290 — 2235 6055 5.48 & 2.24) - 10™° — — — — | —=

8164 — 2235 5929 — — = = =1=
8155 — 2235 5920 | (4-25+1.34)-10 .

8103 — 2235 5868 8.85 % 2.73) . 10~° — — . — — | =

7911 ~» 2235 5676 6.98 4 1.58) - 10~° — — : — —_ -

7668 — 2235 5433 1.504:0.30) - 10~ 1.73+0.81)-10"° — —_ —_— ] -

7623 — 2235 5388 1,16 £ 0.25) . 10~ 1.83 £ 0.89) - 10~° — — — | —

7508 — 2235 (5273 1.59 £+ 0.30) - 10" 1.756 +£0.38) - 10~° | (5.13£1.30)-10~" — e

t yield contains additional uncertainty from adjustment or contamination
t yield determined from deduced level population
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Table 5.24 (Continued):

Thick-Target v-Ray Yields per o from the 2’ Af(a, p)*°Si Reaction (quanta per a)

Transition a-Particle Energy (MeV)

(energies in keV) 10.0 8.8 7.7 7.0 6.3 5.6
7255 — 2235 5020) | (7.48+1.72)-10"°% | (1.14£0.45) .10~ | (2.67£1.19).10-7 — — —
7079 — 2235 4844 2.28+0.49)-10~7 | (5.76 % 1.41)-10~° [ (2.05 £ 0.61)-10~" — — —
4809 — 0 4809 1.03+0.18) - 107" | (5.24+0.72)-10~" | (3.03%0.16) -10=" | (1.87+£0.22)-10"" | (1.07+0.05).10~" | (4.0740.21).10"%
8190 — 3498 (4692 5.48 4 8.70) - 10~° — — — — —
6915 — 2235 (4680 2.60%1.07) - 10~ | (4.9241.48)-10"° | (1.82+0.28).10~° 3.59+1.31)-10~° — —_
6865 — 2235 (4630) [ (4.54+0.97)-10~" [ (1.42%0.25)-10~7 | (4.43+£0.59)-10~% 7.34£2.14)-10° — —
7911 — 3498 3 (4413 1.7240.68) - 10~° — — — — —
6641 — 2235 4408 6.25% 0.97)-10~7 | (1.54+0.21)-10~" | (7.65+0.48)-10~% | (1.32£0.15).10~° | (1.32:£1.59)-10~" —
7668 — 34981 (4170 3.4541.17).10~° — — — — —
7623 — 3498 4125 1.89 % 0.57) - 10~° — — — — —
3769 — 0 3769 1.174: 0.20)-10~° | (7.26£1.10).10~7 | (4.0040.33) - 107 | (1.71£0.37)-10~7 | (1.11£0.09) -10~7 | (3.70+ 0:38) . 10~°
7255 — 3498 3757 5.48 4 1.77) .10~ = —_ — — —
5951 — 2235 3716 2.31%0.68)-10~° | (1.50£0.23)-10~° | (6.72+£0.40)-10~7 | (2.23+0.20)-10~" | (5.98£0.37)-10~° | (6.57£1.26) -10~7
7079 — 3498 3581 1.69 4+ 0.55)-10~" | (1.69+1.08).10"° — — — —
3498 — 0 (3198 6.07 4 1.06) - 10~° | (3.0240.41)-10~° | (1.67+0.09)-10~° 9.40 4 0.81)-10~" | (5.5240.28).10~" [ (2.43£0.11) - 1077
5614 — 2235 3379 498+ 1.05)-10~" | (2.69+0.60)-10—7 | (1.36+0.17) - 107 6.22+£1.39).10~° 2.61+0.59)-10~° | (5.644 2.86).10—°
5487 — 2235 3252 2.334£0.42)-10"° | (1.09£0.15)-10~° | (5.69£0.44).10~" | (3.34%0.54).10~" 1.41£0.11) -10~7 | (3.81£0.65).10~°
6915 —» 3769 (3146 5.21 % 2.20)-10=°% | (1.01£0.41)-10~° | {3.83+1.48)-10~° | (7.73+3.16) .10-'° — —
5372 — 2235 3137 1.08 % 0.44)- 10~ | (8.24£3.17).10~° | (3.41+0.85).10"° 1.98 £0.64) 10— 1.07£0.47)-10~° —
5280 — 2235 3045 4.94+1.00).10"° | (2.64%*0.37)-10—° | (1.40£0.10)-10"° 8.17£0.73)-10~" | (4.02£0.22)-10~" | (1.26 £ 0.08) - 10~
6537 — 3498% (3039 4.32+1.22)-107° | (1.77£0.91)-10~" | (7.81 £ 2.02) - 10~° — — —
5231 — 2235 2996 410+ 1.46)-10"° | (7.38 £ 2.57)- 10~ | (2.65+0.86) -10~7 6.42 +1.63) - 10~° 3.4440.73)-10~° | (1.124:0.87) - 10~%
4831 — 2235 2596 5.3740.96) -107° | (2.28+£0.32)-10~° { (1.46+£0.12)-10~° 7.17£0.65)-10~" | (3.15£0.20)-10~" [ (1.32£0.11)-10~7
4809 — 22353 (2574 4.51+£1.01).10~" | (2.23£0.46)-10~" | (1.29£0.21)-10=" 7.94%£1.47)-10~% 4.56 £ 0.74) - 10~° [ (1.73£0.29) . 10°%
5951 — 3498 2453 - I
7255 — 4809 2446) | (1-84£0.74) 2077 — — — _ —
7079 — 4809 (2270 1.90 £ 0.32) - 10~ — — — — —
2235 — 0 2235 4.89+0.86) - 10~° | (2.02+0.28)-10~> | (1.11£0.06)-10—> | (6.37£0.56)-10~° | (3.39+0.17)-10~° | (1.5240.07).10"°
7001 — 4831 2170 3.56+ 0.75) . 10~" | (7.29%£1.58) - 10~ | (2.15+0.82) -10=°% — — —

t yield contains additional uncertainty from adjustment or contamination

$ yield determined from deduced level population




Table 5.25: 10 MeV Thick-Target 4-Ray Yields from the Si Target (quanta per «)

Transition T Yields I Transition T Yields
| 2 Si{a, p)°1 P: ]
o || 5015450 5015 -
5256 — 0 (5256) | (6.86+1.97)-10~% 5015.2 — 0 §§o1 5) (2.29+ 0.26) - 1078
4783 — 0 4783) | (2.4240.32)-10% || 45940 (4594) | (1.45+0.67)-10~°
4261 — 0 . 4261 1.46 £ 0.09)-10~" || 3506 — 0 (3506) | (7.48+0.28)-10~"
4594 — 1266 3327) [ (2.92+0.72)-107% || 5529 — 2234 3296) | (1.81£0.64)-10"°
31340 3134) | (5.45£0.22)- 107 || 4261 — 1266 2995) | (6.89+1.62)-10~°
4634 — 2234 2400) | (2.44£0.66)- 10~ || 3506 — 1266 § (2240) | (5.20:£ 0.36) .10~ "
2234 — 0 2234 1.04 £0.21)- 10~ || 4431 — 2234 2197) | (1.69£ 0.21)- 10~
3415 — 1266 (2148 3.34+0.69)-10~°
Si(a, n)3S:
5798 — 0 5798) | (1.41£0.22)-10~°F || 55490 5549) | (1.09+ 0.23)-10~
4695 — 0 4695) [ (2.88£0.39)-10~F |[ 4281 —» 0 4281 1.90 4 0.09) - 10~
5549 — 2230 3319 1.54 £0.92)-10~° || 5413 — 2230 3183) | (6.26 £ 0.67)-10"°
5006 — 2230 2776) | (1.25£0.14)- 10~ || 4695 — 2230 2465) | (3.23£1.62)-10—°
2ISi(a, p) 2 P: .
4149 — 78 4071 7.02+ 4.83)-10—° || 3793 — 78 3715) | (9.12+ 4.02)-10""
3320 — 78 3242) [ (7.78 +1.73)- 103 || 3005 — 0 . 3005) | (3.26£1.61)-10°
3005 — 78 (2927) | (1.82+0.40)-10~7 || 3793 — 1323 2470) | (1.24+£1.39)-10"°
[ ISi(a, n)S:
414450 4144 1.64 £0.53) - 10~° [ 3832 =0 3832) | (1.12+0.42)-10°
4211 — 841 3370 1.74+0.62)-10~° || 3221 — 0% (3221 1.78 + 0.76) - 10~°
2969 — 0 2969) [ (2.04+0.32)-10"7 |[ 29350 2935) | (1.13+£0.48)-10~"
2868 — 0 2868) | (9.92£1.84)-10—° || 3221 — 841 (2380) | (3114 1.39)-10™°
2313 — 0 2313 7.05 4+ 2.20) - 10~% ||
[3Si(a,p) S P:
4194~ 0 (4194) | (1.49+0.41)-107° || |

t yield contains additional uncertainty from adjustment or contamination
1 yield determined from deduced level population
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germanium crystals. The characteristics of neutron reaction peaks make them readily
identifiable. These peaks were quite broad due to electron-hole production by the
recoiling germanium nucleus [Ch65], and reflected the energy spectrum of the incident
neutrons. Unlike the 4-ray peaks in the detectors, the neutron-induced peak centroids
were independent of the angle of observation, and were broadened by the same amount.
The work of Chasman et al [Ch65] suggests that other broad peaks may exist at-
4400 keV, 5440 keV and 7520 keV; however the peaks at these energies were quite
wide and were usually present as an extended background. In cases where the neutron-
induced peak was sufficiently narrow that it could not be dealt with as a background,
the area of the interfering peak was estimated from the height of the neutron peak
extending beyond the narrow 7-ray peak. An additional statistical uncertainty based
on the scaling of these deduced areas to the total neutron yield on the order of 20%

was added to these yields..
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Chapter 6

Discussion

6.1 Thick Target v-Ray Yields

In most cases, the yields and decayA scheme information from our measurements were
sufficient to separate the individual transitions, but insufficient to improve the ac-
curacy of the published branching ratio measurements. In addition, the low energy
cut-off near 2 MeV in this experiment typically permitted only the detection of tran-
sitions to the ground and first few excited states, and so prevented the determination
of complete deéa.y sequences‘. The branching ratios determined here are in agreement
with published values [En78, En90, Aj87] within statistical uncertainty, which usually
amounted to between 7 to 15% in the calculated branching ratio. The only excep-
tion to this béhavi:)ur was observe.d in the decay of the 4895 keV level in the 2963
nucleus populated through the *Mg(c, p) reac;tion. The published branching ratios
for the decay of this levél indicate that the ground state transition occurs with a

relative intensity of 18 4- 2% while the transition to the 1273 keV level occurs with

an intensity of 55 4 3%, and hence these two transitions are expected to decay in a

.
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ratio of 1:3. Our measurements indicate a stronger ground state branch and a ratio
between 1;2 to 1:1. Our statistical uncertainty in this ratio in different a-particle runs
is typically around 20%, and in several a-particle runs we exclude the published decay
scheme at the 1o level of statistical uncertainty. This disagreement may be due to

some unidentified contamination of the weak ground state transition.

6.2 o-Induced y-Ray Yields from Materials

One bof the primary aims of this study was to provide a method of generating reliable
direct production a-induced 7-ray spectra for materials containing traces of the ra-
dioactive uranium and thorium chains. Such spectra, together with other calculations
of the spontaneous fission and radiative neutron capture contributions, enable a char-
acterization the y-ray background from the radioactive content of these materials. In
this section, we provide célculations of the difect production a-induced component
of these spectra for a number of materials in the SNO detect;or, based on the 7b—ray
background tables presented in section 5.2.1. We compare these measurement-based
spectra to theoretically calculated spectra, and explore the level of agreement ob-
tained from using different data sources and different levels of complexity in these

calculations.

Calculations of y-ray spectra are frequently required for materials in and around
low-background laboratories which contain the naturally occurring radioactive ura-
nium and thorium decay chains. Both the uranium and thorium chains emit a number

of a-particles with energies, listed in table 6.1, in the range covered by our measure-
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Table 6.1: Equilibrium'a;Particle Intensity from the 233U and 23>Th Decay Chaius

238y 2327
o-Emitter | Average | o-Particle | a-Emitter [ Average | a-Particle
o-Particle | Intensity a-Particle | Intensity
Energy | per decay Energy | per decay ;
(MeV) | =8U (MeV) 232Th
238y 4.19 1.0 232Th 4.00 1.0
34y 4.76 1.0 228Th 5.40 1.0
230Th 4.66 1.0 224Ra 5.65 1.0
22%Ra 4.77 1.0 220Rn 6.29 1.0
222Rn 5.49 1.0 216po 6.78 1.0
218pg 6.00 1.0 M2B; 6.05 0.36
po 7.69 1.0 L 8.78 0.64
210pg 5.31 1.0 T

ments. These a-particle energies and intensities were used to calculate the y-ray
spectra from the ?*U and ?*?Th chains in a number of materials using our resuits
from section 5.2.1. Since the uncertainties quoted in these yield tables are largely

dominated by systematic uricertainties, our calculations using these tables have com-

bined and propagated the uncertainties linearly, rather than in quadrature.

The y-ray spectra were calculated by summing the yields obtained for each a-particle

energy, Y,(E,), using a logarithmic intefpolation for each energy range given by

' E. - E; Yin
InY,(E,) , nY+E,-+1—E,- n %

6.1)

where the .i and ¢ + 1 subscripts indicate the tabulated yields Y at energies & brack-
eting thc;, a-particle energy, E,, for each element in the material. Tﬁis logarithmic
interpolation scheme is baséd on the observed exponentia,l. dependence of the :lirck-
target yield on a-particle energy. In instances where the lower eneféy yield was zero,

a linear interpolation was used. A number of the a-particles in both chains have ¢ner-
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gies below the lowest ehergy measurement at 5.6 MeV in this étudy. The contribution
of these a-particles to the y-ray spectrum was obtained through an extrapolation us-
ing equation (6.1) with data from the two lowest measured a-particle energies. The
contribution of each elemental yield to the spectrum was obta{ned through a stopping

power-weighted sum of the individual yields [He89).

For most elements, yield contributions due to a-particles with_energiés below our
lowest measured energy were small. The contribution from a-particles with energies
less than 5.6 MeV was largest for the lightest elements, and more important for the
uranium chain due to a greater number of a-particles emitted with energies around
4 MeV. The extrapolated yibelds contributed less than 10% to v-ray yields above 5 MeV
iﬁ each element in both the uraniumA and thorium-;:hains. Below this v-ray energy,-
the yields for Be from the uranium chain were most sensitive to the extrapolation,
with as much of 60% of the uranium chain yield and 20% of the thorium chain yield
coming from a-particles with energies less than.5.6 MeV. A comparison Qf this yield
.ca,lculation to a calculation supplemented by Be yields between E = 4 and 5.6 MeV-
derived from the cross sections of Geiger and Van der Zwan [Ge75, Ge76] a.greed
within 10% for the uranium chain, and within 4% for the thorium chain. The B
yields below E,, = 4 MeV contained up to a 50% contribution for the uranium chain
and 20% for the ihorium chain from a-particles below 5.6 MeV. The 7-ray yields for
F below 3 MeV also contained a contribution from low énérgy a-particles, with 25%
and 6% of the uranium and thorium yield, fes’pectively, attfibuted to a-particles with

energies less than 5.6 MeV. All other targets at low 7-ray energies contained no more
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Table 6.2: Composition of Materials for y-Ray Spectrum Calculations

Element Material Composition by Mass
Granite | Norite | Photomultiplier | Dolomite
Tube Glass Concrete
H — 0.15% — 0.80%
B — — 7.00% —
C — 0.04% = 10.30%
0) 44.32% | 46.00% |  53.50% 52.30%
Na 2.86% | 2.23% 3.20% —
Mg 0.67% | 3.29% — - 10.50%
Al 9.09% | 8.95% 2.10% 0.40%
Si 30.08% | 26.20% 30.70% 1.50% -
P — 0.12% | — —
S —_ 0.20% — 0.10%
K 4.69% | 1.15% 2.80% —
Ca 2.59% | 5.22% — 23.40%
Ti — 0.50% — —
Mn 0.25% | 0.13% — 0.10%
Fe 5.40% | 6.21% — 0.40%

than a 20% yield contribution in the uranium chain and 5% in the thorium chain at
7-ray energies above 2 MeV. In most applications, y-rays from the (a, p) and (a,n)
reactions below 4 MeV are a minor component of the total y-ray spectrum, and so

uncertainties introduced by this extrapolation can be largely ignored.

The calculated 4-ray spectrum for granite, é, common host rock for several low-
background laboratories, with a composition given in table 6.2 is shown in figure. 6.1
for a thorium mass fraction thch is five times that of the uranium mass fraction.
The‘ theoretical spectrum of Pomansky [Po86] for the direct produ;:tion of ~-rays
through the (a,n7) and (a, py) reactions in granite is also shown in this figure, along
with our own theoretical calculations. .Both our experimental and theoretical yields

fall considerably below those repofted by Pomansky using the calculations of Glotov

141



10

— -
(®) (o)

y—Ray MeV™' g™! day™! g(**®u)™!
"
o

10

10™

Direct a—Induced y—Ray Spectrum in Granite

R T 1 l |} 1 T I 1 1 T l i ] 1 _
\_\ -t
L.\ -
.\,
4 SN
— - ‘-‘. \, -E
S N N\ 3
" N .
N 1.% '\ .
NN d
i 2 -
= N, [ -
J- - '\\ \. |
3 A '\ N\, | SR Y
:_'- . '\‘ \_ : -‘:
C W\ e 3
- Y 1 .
- c N \ { -
L NN 1 4
i F— .\ b—m—— | i
.‘\.\-—"‘""'—'\ |
AN PRSI ]
2 = . e - (‘..\‘ { __!
C T ‘v.\.\ : =
_ 3 ]
N ","\‘\ | N
L I "‘.\ : __
.“...\
B I ...\\.'\‘ L ___ - -
Y “..‘\:\ : -]
= AL 1 =
- R ! 3
n F—3- .
: \ ..\_ | -1
.\ ..\‘- : -
pn . S < .
\ e
0 . \ N —— - = ]
—— present results S —
F —— Pomansky (theoretical) L 3
- —-— parameterized, spin independent ": ]
- ----- global, spin independent T
- - -- global i
- - - global, m?dified density l
1 ] - 1 | 1 | 1 l 1 1 1 1 1 1 1
2 4 8 10

6
y—Ray Energy (MeV)

Figure 6.1: The direct a-induced 7-ray spectrum in granite has been constructed

from our measurements of the v-ray yield from Na, Mg and A¢. The
yields are reported in terms of the mass fraction of 28U, under the
assumption that there is five times as much 232Th in the granite.
The solid histogram shows the spectrum derived from experimental
measurements, while the other lines show the results of theoretical
calculations. The broken-line histogram shows the theoretical calcu-
lations of Pomansky for granite with the same radioactive content.
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[Po86, G178, GI71].

The spectrum in figure 6.1 labelled “present results” was derived from our mea-
sured Na, Mg and A€ elemental v-ray yields. These elements constitﬁted 13% by
weight of the granite and wére exceeded in composition only by oxygen and silicon.
Only the rare 70O and 0 oxygen isotopes have a favourable Q-v;a.lue for producing
7—ré.ys, and only through the (a,n) reaction. The total neutron yield from the (a,n)
reaction in oxygen for a-particles up to 10 MeV has been reported, and is known to
be a factor of 50 smaller than the tota,l‘ neutron yield from aluminum [He89]. Since
more than half the aluminum ~-ray come from the (o, p) reaction, it is expected that
the element y-ray yield from oxygen would be only 1% that of aluminum, and hence
contribute no more than 5% to the granite y-ray spectrum. Similarly for silicon, which
has been shown by our measurements at E, = 10 MeV to have a much smaller yield
than .t'hose for othét targets, the published neutron yield is an order of magnitude
below that of aluminum, and can be neglected in most calculations of the high energy
v-ray spectrum. This is supported by our own theoretical calculations, which indicate
that Si reactions do not significantly contribute the *f-ray yield above E, = 5 MeV,
ana account for no more than 10% of the theoretica.l-spectfurn between 3 and 4 MeV

in granite.

Carbon, although not present in granite, does occur in significant concentrations
in some rocks. Available energy considerations indicate that the v-rays from this
element would primarily result from the (o, n) reaction on the rarer 23C isotope. This

situation parallels that for oxygen, with the known neutron yield for carbon occurring
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at a rate approximately two orders of magnitude below that for A¢ and Mg. Since
carbon typically occurs in concentrations on the same order as that of A¢ and Mg,
2/

the y-ray contribution from this element is assumed to be at most on the 1% level in

most materials and can be neglected in most calculations.

Our own theoretical calculations for granite are shown in figure 6.1 by a number
~ of continuous lines. In these calculations, we have adopted the same contamination
of 228U and 22Th as Pomansky and Glotov, and have calculated the y-ray yield using
the parameterized cross section data set of Chatterjee et ql [Ch81] and the global
optical potential S-matrix cross section data set. Both spin-independent and fully
spin-coupled calculations were used to produce a population distribution for each
residual nucleus, with the twb fully spin-coupled calculations using statistical and
modiﬁeci level densities, respectively. These spectra were constructed from sets of
theoretical Na, Mg, A¢ and Si element thick-target 7-ray yield tables, analogous to
‘the binned tables 5.2 through 5.8. Thgse tables were used in the same manner as our

experimental results to create the theoretical y-ray spectra for grdnite.

In cdnstructing the theoretical yield tables, only (c,p) and (a,n) reactions were
assumed to contribute to the high energy v-ray yield. The excitation population
distribution from our statistical model calculations for each residual nucleus was con-
verted into a +-ray spectrum by convolving these populations distributions with the
average 7-ray cascade from the known decay schemes of all the levels within ea;h ’
1 MeV excitation bin. In cases where no measured level decay schemes within an

excitation bin were available, the excitation population of the bin was assumed to
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decay directly to the ground state. The spectrum for an element was constructed by.
adding together the individual y-ray spectra from each residual nucleus, weighted by

the target nucleus isotopic abundance.

Our theofetical ~-ray spectré calculations reproduced the gross structure of the
measurement-based spectrum. All our calculated spectra share similar overall fea-
tures, with satisfactory agreement over most of the measured range, except within
2 MeV of the maximum spectrum energy. The gross structure of each spectrum is
largely determined by the excitation of the residual nuclei, ;vhile localized featﬁres such
as the difference between adjoining bins, are lérgely determined by the de-excitation
~-ray cascade of the residual nu;lei. In figure 6.1, we see that our theoretical spectra
are no more than a factor of four larger than the measurement-based spectrum, with
our most detailed ‘calcula.tion agreeing within ; factor of two over most of the range.
Our calculations produce spectra which are in better agreement with experiment than
that of Pomansky and Glotov. This difference may result from their derivation of the
2"A¢(a, p) and Na(a, p) reaction rates from the experimental *Mg(a, n) yield mea-
surements [G178]. This assumption was adopted because of a lack of experimental
measurements of the (q, p) reaction for these nuclei, and was justified on the basis
of the similarity of the reaction Q-values and the charge independence of the nuclear

force. .

Our different theoretical calculations show the effects of different levels of calcu-
lational complexity. The simplest calculation, the “parameterized, spin-independent”

calculation utilizing the parameterized optical cross sections of Chatterjee et al and
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the statistical level densities of Gilbert and Cameron [Gi65b, Gi65¢c] and Von Egidy
et al [Vo86, Vo88], predicted yields which are typically a factor of four greater than
those observed experimentally. These calculations used the total absorption cross
sections, and did not consider the effects of particle spin and angular Iﬁomentum be-
yond é,ccounting for an increase in momentum phase space for incident particles due
to magnetic substates. A 25%. reduction over this calculated y-ray spectrum and an
agreement with experimental results typically within a factor of three were obtained
by replacing the parameterized cross sections with the total absorption cross sections
obtained from DWBA calculations using global optical potentials. | A much smaller
improvement was obtained by increasing the complexity of these calculations through
a detailed accounting of the angular momentum coupling of the particles involved in
the reaction. This .calculation, labelled “global” in figure 6.1, used cross sections from
‘the same optical model calculation as the “glbbal, spin _independe.nt” calculation, and
resulted in no more than a 10% decrease in the y-ray spectrum, combared to the spin
independent calculation, over most of the energy range. The increased complexity

introduced a factor of 40 increase in the time required to complete a calculation.

A much larger change in the calculated 4-ray spectrum was obtained by using a
modified level density which more closely mirrored the observed levelvstructure of the
residual nuclei. This calculation, labelled “global, modified density” was perfqrmed
using full spin-coupling. Agreement to Qithin a factor of two with experimental
results over most of the ‘y-ray.energy range was obtained from these calculations,

at the expense of a factor of three increase in computation time over the “global”
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calculation, primarily due to discontinuities in the level density necessitating a smaller

step size in the numerical integrations.

Similar features are seen in the measurement-based and theoretically cal.cu{%r-‘:.ted
v-ray spectra for ma.f.eria.ls used in the SNO detector, shown in figures 6.2 through 6.4.
These spectra are important in determining the energy threshold and detection :imits
which can be attained in the measurement of the neutrino flux from astrophysical
sources. Prior to the present study, the theoretical spectrum of Glotov provided the
only information available on a-induced 4-rays, and had been extensively used in early

design calculations.

-

In the SNO detector; a-induced ~-rays ‘can arise from any material cont;ining
light elements. Most notaBle amoné these are the norite host rock, the shiciding
concrete, and the glass used in the construction of the photomultiplier tubes. The
spectra resulting from uranium and thorium decay chains in each of these msrc~a‘°

are discussed below.

The measurement-based and theoretical 4-ray spectra from norite are showrn in
figure 6.2 in units of y-ray quanta per MeV per gram per ‘year. The measured :cn-
centrations of 1.13 ppm U and 5.35 ppm 232T.h [Ha94] in the cé.vity. rock were used
in these qalcuiations. The spectrum for norite is very similar to that foz: fr'*v
and is largely dominated by the (a, p) reaction on AX. The same agreement between

experimental and theoretical calculations as for granite is observed.

The «-ray spectra for the concrete used in the construction of the SN© detertor
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Figure 6.2: The direct a-induced 4-ray spectrum in norite has been constructed
from our measurements of the 4-ray yield from Na, Mg and A¢. The
yields is reported for 1.13 ppm 2%U and 5.35 ppm 232Th. The solid
histogram shows the measurement-based spectrum. The other lines
show the theoretical spectra construct from calculations of ~-rays

from Na, Mg, AZ and Si.
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Figure 6.3: The direct a-induced y-ray spectrum in dolomite concrete has been
constructed from our measurements of the y-ray yield from Na, Mg
and A/{. The yields are reported for contamination levels of 1.19 ppm
287 and 2.39 ppm 232Th. The solid histogram shows the measure-
ment based spectrum. The other lines show the theoretical spectra

from calculations for a-induced «-rays on
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is shown in ﬁgu;e 6.3. The measured levels of 228U and ?32Th at 1.19 and 2.39 ppm,
respectively [Ha94], were used in this ;alculation. The 4-ray spectrum in concrete
is largely determined by the Mg 7-ray yield, and in particular by the yield from
the 2*Mg(a, n) reaction. Theoretical calculations produce a 4-ray spectrum in bet-
ter a.greement.than that for norite, with .the parameterized cross section calculation
agreeing within a factor of three over most of the range, and the fully spin-coupled cal-
culations with a modified level density agreeing with the measurement-based spectrum
to within 50% over most of the range. The large yield in the theoretical calculations
between 5 and 6 MeV is an artifact of the continuous level density used in this calcu-
lation, coupled with approximations used to convert the residual nucleus excitation
into a 'y;ray spectrum. The 285i residual nucleus from the **Mg(«, n) reaction con-
tains no levels between 5 and 6 MeV, while our calculations using a statistical level
density predict an excitation due to the non-zero level density in this region. Our
calculation assumed that the population of a region in the ;esidual nucleus for which
no experimental decay schemes are known decays directly to the ground state, and so
produced this high 'y-r-a,y. yield between 5 and 6 MeV. The magnitude of this effect can
be seen by comparing the theoretical calculations using the statistical level density to |
the calculation using a modified level density in which this region of the level density

has been set to zero.

The ~-ray spectra for the photomultiplier tube glass used in the SNO detector is
presented in figure 6.4. Spectra from both the 22®U and #*?Th chains are shown in

this figure for contamination levels of 1 ppm each. These spectra are dominated by
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Figure 6.4: The direct a-induced y-ray spectrum in photomultiplier glass has
been constructed from our measurements of the y-ray yield from B,
Na, and A4. The yields are reported for 1 ppm concentrations of
both 233U and 2*?Th. The solid histogram shows the measurement
derived spectrum from 2*¥U, while the broken histogram shows the
measurement derived spectrum from #32Th. Theoretical calculations
for boron, the dominant 4-ray emitter, have not been performed, and
so no theoretical spectrum has been provided.
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~-rays from a-particle reactions on boron. These nuclei contain so few nucleons and
so few levels that statistical level densities and parameterizations of cross section and

optical potential are not reliable, and so no theoretical spectra have been provided.
6.3 Excitation of the Residual Nucleus

The theoretical v-ray spectra presented in the previous section are in agreement with
experimental results to within a factor of two,. a result which is typical of such cal-
culations for higher mass nuclei [Mo91]. However, these «-ray spectra are a sum of a
number of calculations for different nuclei and reactions convqlved with the respective
average v-ray cascade schemes. As such, the detailed structure of the different statis-
tical model calculations has been obscured by these manipulations. In the following
sections, we avoid these complications and provide a more detailed assessment of our
statistical model calculations by using our experimental data to determine the exci-
tation population distribution of several residual nuclei. Through this assess‘men.t we
~ investigated the applicability and limitations of our theoretical models to these light

nuclei.

Our theoretical calculations assumed that the detailed structure of the nuclei in-
volved in the reactions could be neglected. The primary basis for this assumption is
the existence of a continuum of overlapping sta,tes' in the compound nucleus which
results in a mixing of the configurations describing the nuclear level. Although this
condition is met at our highest a-particle energy for some of the rea,ctioné investi-

gated, it is somewhat ambiguous whether this overlap of states is sufficient at lower
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energies to justify a simple statistical treatment of the reaction process. In addition,
our calculations apply to the average behaviour of the residual nucleus; as such, the
experimental results to which we compare these calculations should sample a number
of levels to reflect an average behaviour for the nucleus. At low excitation energies,
this average behaviour is generally difficult to establish because of the low level den-
sity near the ground state ;)f the residual nuclei. This low level density in some cases
causes the behaviour of an energy interval to be determined by one or two levels rather
than by a proper statisticalul ensemble. In the following sections, we investigate the

285§, 29Si and 3°Si residual nuclei for signs of these effects.

In the first section, we compare the high energy experimental excitation distri- .
bution.from 10 MeV a-particles with our range of calculations for the ?8Si, °Si and
30Si residual nuclei. At these energies, the majority of the reaction intensity results
from the interaction of a-particles in- the 9 to 10 MeV range, and hence reflects the
level of agreement obtained when a large overlap- of compound nuclear states exists.
Large differences between experimenfal and theoretical results reflect difﬁculties in
the statistical characterization of experimental results rather than a breakdowﬁ in
the theoretical model. In the section following this, we compare the theoretical and
experimental population diséribution dependence on a-particle energy and search for
features which may signal the breakdown of statistical behaviour and indicate a lim- ‘

itation to our calculations.
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6.3.1 Excitation Population Distribution

The excitation population distribution was obtained by using our measured yields
from section 5..2.2 with the published decay schemes to deduce the population of as
many levels in the residual nucleus as possible. The population of levels by cascade
~-ray decay was sub’trécted to alldw a direct compé.rison of theoretical and experimen-
tal results. The population distribution of the 28Si, 2°Si and *°Si residual nuclei above
a low energy cut-off were obtained using equation (3.101). We first discuss the general
features of the excitation population distribution measured in thg E, =10 MeV runs

below, and afterward discuss the features of the various theoretical calculations.

Figures 6.5 throﬁgh 6.7 show the thick-target residual nucleus excited state pop-
ulation distribution for three residual nuclei extracted from the appropriate 10 MeV
a-particle runs. Each distribution shows the deduced population from one reaction
with a target isotope', displayed in 1 MeV wide bins. The population of several kine-
matically allowed but not observed levels was neglected in determining the population
distrik;ution shown in these figures. The majority of these levels decayed through a
low energy v-ray cascade, and so were not observed in this study. Most of these miss-
. ing levels would not gigniﬁcantly change the observed distributions unless otherwise
noted below. Uncertainties in the population distributions due to missing levels have

not been factored into the uncertainties shown on these figures.

The E, = 10 MeV population distribution for the 28Si nucleus is shown in fig-

ure 6.5. The 2Mg(a, n) reaction populating this nucleus has one of the largest Q-
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Figure 6.5: The excitation population distribution of 22Si from the Z*Mg(a,n)
reaction at F, = 10 MeV. The deduced population distribution is
shown by the histogram, with the error bars reflecting experimen-
tal uncertainties. The broken lines show the predicted populations
of 28Si from the statistical model, using the spin independent and
spin-coupled calculations. The latter calculations were limited to a
maximum compound nuclear spin of 13/2k. Theoretical populations
were adjusted to reflect the 10% isotopic abundance of the target
nucleus in Mg.
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values of the reactions studied here, and correspondihgly produced the highest energy
excitation observed in a residual nucleus. This nucleus has only three excited states
below an excitation. of 5 MeV. The empty bin between 5 and 6 MeV is due to the
absence of nuclear levels over this energy range. The population of each bin in the
distribution was determined by three to six levels each. The validity of the statistical
average is margina.i with only three levels in some enefgy bins. The largest number of
unobserved levels occurred in the highest energy bin, and could conceivably increase

the 9 to 10 MeV bin population by as much as a factor of two.

The measured population distribution for the ?°Si nucleus resulting from the (a, n)
reaction on Mg is shown in figure 6.6. This nucleus contains five excited states
below 4 MeV, two of which between 3 and 4 MeV decay through a 7-ray cascade
which produced no characteristic y-rays observable by this study. As a result, no
determination of the p:)pula,tion distribution below 4 MeV could be made, and we have
restricted our characterization to energies above this. The population distribution was
determined from a sample of five levéls in each of the 4 to 5 MeV and 6 to 7 MeV
range, and two levels‘ in each of the remaining bins. The majority of undetermined
level i)opulations falls between 6 and 8 MeV, where wi‘th average populations could
ac@unt for a factor of two increase in the 6 to-7 MeV population and a factor of 3 to

4 in the 7 to 8 MeV bin.

The population distribution for 3°Si from the 2?Af(«, p) reaction is shown in fig-
ure 6.7. This nucleus has a level structure containing six levels below an excitation

energy of 5 MeV, five of which decay primarily through the emission of y-rays with
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Figure 6.6: The excitation population distribution of ?°Si from the 2Mg(a,n;

reaction at F,

= 10 MeV. The deduced population distribution is

shown by the histogram, with the error bars reflecting experime-
tal uncertainties. The broken lines show the predicted excitatiun
of the 2°Si from the statistical model, using the spin independces.
and spin-coupled calculations. The latter calculations were limitec
to a maximum compound nuclear spin of 5&. The theoretical por-
ulations were adjusted to reflect the 11% isotopic abundance of the

target nucleus

in Mg.
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E-5 305 Population Distribution at 10 MeV
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energies of 2 MeV or greater. This nucleus contained the smallest number of undeter-
mined level populations of those studied, and pro‘vided our most complete determi-
nation of the population distribution. Above an excitation of 5 MeV, the population
| in each bin was determined by at least 5 leveis. The population of t-he 4 to 5 MeV
bin was determined. by only 2 levels. Levels with an undetermined population would
provide only a miﬁor population contribution, increasing no bin by more than 20%

for an average estimated population.

In addition to the experirnentally.deduced population distribution, a set of statis-
tical model calculations of the population distribution are shown in each figure. The
various statistical model calculations of the population distribution were summed into
1 MeV wide bins, and multiplied by the isotopic abundance of the particular isotope
in each element. These are the same theoretical population distributions which were
used in the calculation of the v-ray spectra presented in figures 6.1 through 6.3. The

various theoretical calculations are labelled in the same manner.

Each population distribution calculation, except for those using a modified level
density, follows a smooth curve with excitation energy. In the v-ray spectra shown
in the previous section, this smooth behaviour was modified by the different cascade
decay modes ai;tributed to each ekcitaﬁion. Ea.ch- theoretical calculation shows a some-
what better gross agreement with measurements than was observed in the 7-ray spec-
tra calculations. Most calculations are well within a factor of two of the experimental
measurements for these high energy excitations. In most cases, the parameterized,

spin independent calculation predicts the largest populations over the energy range of
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this investigation, with a 30 to 40% reduction in population and a somewhat better
agreement with experiment obtained by using cross sections from our global potential
DWBA calculations. A further reduction in the theoretical population, although only
on the order of 15%, was obtained from properly spin-coupled calculations using these
cross sections. The modified level density calculation which ernplbyed the same cross
sections was able to reproduce some of the measured structure seen in these nuclei,

and generally achieved the best agreement with experimental results.

The results using thé phenomenological potential DWBA calculations, labelled
“phenomenologircal”, are somewhat disappointing. It was hoped that in this mass
regime, experimentally determined phenomenological potentials would provide an im-
proved agreement with measurements over calculations using global optical potentials.
The importance of non;systematic nuclear structure effects in light nuclei cause the
optical potential parameters [Be69a, Vé.87] to exhibit a larger variation than those of
hgavier nuclei, and so makes these nuclei more difficult to pa,rameterize by a global
potential. The phenomenological potentials were uséd in an attempt to avoid these
variations. However, for the nuclei studied here, the phenomenological potential calcu-
lations provided no improvement ovér the global potential calculations, and in some
cases were in considerably poorer agreement. In part this disagreement may have
arisep from the need to extrapolate some of the required optical potential parameters
to unstable nuclei and different particle enérgies using the general trends established
. by the global potential, as well from inconsistencies between the optical parameters

of different research groups.
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The theoretical population distributions all show the same over-estimate within
2 MeV of the maximum possible excitation of the residual nucleus, correspohding
to similaf features observed in the theoretical 7—r#y spectra in figures 6.1 through
6.3. This over-estimate of the high energy population is likely due to the compound-
elastic component of the neutron and proton absorption cross sections from which the
compound nucleus decay braﬁches were calculated. The compound-elastic componer;t
of the cross section can be ignored at incident energy where a large number. of decay
channels are available [Ho71], but at low incident energies where only a few exit
channels exist, this channel can account for a large fraction of the reaction cross
section. In calculating the inverse reaction, these low incident energies correspond to
the emission of low energy particles and consequently high energy excitations of the
residual nucleus. This could result in the over-estimate of the population observed in

these calculations.

At low excitation energies, not shown in these figures, the statistical model cal-
culations fall considerably below the measured excitation population: In part this
) 'uﬁder-estimate was corrected by the use éf the modified level density in the calcula-
tion, which moved some strength to these lower energy regions. In most cases these
low excitation energy populations were dominated by one or two levels, and as such
were sensitive to non-statistical effects. As a result of this, we believe that these levgls
are not a,ccuratély described by the theoretical calculations presented here, and we do

not consider them further.

From this behaviour and that of the y-ray spectra, we conclude that a simple
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calculation using the parameterized cross sections of Chatterjee et al can predict the
gross excitation population distribution of the residual nucleus to within a factor of
two in this mass region. A 50% improvement in the calculation can be obtained
using cross sections derived from DWBA cross sections. Only a slight improvement is
obtained by the proper treatment of spin-coupling, and no improverhent in agreement
with measured populations is obtained from using phenomenological potentials. A
much better improvement is obtaiﬁed from calculations using a level density which
more accurately reflects the low energy level structure of the residual nucleus. Such
a treatment is most similar tb Hauser-Feshba,ch calculations which have been used by
a number of researchers to determine reaction rates in heavier nuclei than cohside_red
here. From ;omparisong of our calculations to such calculations by Woosley et al (see
figure 4.7), we find the same level agreement from both types of calculations, and
so believe tha,t little additional improvement in agreement would be gained from a
full Hauser-Feshbach calculation. Any improvement from such a calculation would
arise from a proper handling of level parities, and would be expected have a 1arger
effect on the low energy populétions, which tend to exhibit a parity bias, than at high -
energies. More significant improvements may be possible_through a careful treatment
of the corhpound-elastic component of the cross section. Such a calculation would
be expected to significantly improve the agreement within 2 MeV of the maximum

excitation energy.
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6.3.2 Mean Excitation

Our application of a statistical model of nuclear reactions r'elies on the existence of
a continuum of .states in the compound nuclear system at excitation energies cbrre—
sponding to our incident particle energies. This overlép of nuclear sté,tes ensures that
the decay of the compound nucleus does not depend on any detailed structure, but
rather on a large mixture of configurations whose decay can then be treated in a sta-
tistical manner. At excitation energies where a large overlap of states is not observed,
structure dependent features can be expected in the measured behaviour, and differ-
ences in the behaviour predicted by statistical model calculations may appear. In this
section, we search for such features by considering the a-particle energy dependence

of the mean excitation of the residual nucleus.

The existence of a continuum of states can be qﬁa.ntiﬁed by a figure of merit
obtained from the product of the level denéity and the average level width. This
dimensionless number can be thought of as the average number of quantum states
qontributing to .a pal_'ticula.r excitation of the compound nucleus. A value greater
than 10 is usually sufficient for most statistical calculations [Ma70, Ho71] of the type
considered here, and a value of close to unity indicates that the condiiion's necessary
for this type of statistical treatment are marginal and that observed nuclear structure

features may not be reproduced by such a theoretical calculation.

The reactions considered in this study span a range of validity for the statistical

nuclear reaction model. For zero energy a-particles on fluorine, sodium, magnesium
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and aluminum nuclei, excitation energies around 10 MeV are reached, with level
densities for a particular spin and parity of around 10 MeV-!1. The level widths in
this regime are only on the order of 10 keV [En90], giving a figure of merit around
0.1, and indicating that the requisite continuum of levels is not achieved in low energy
a-particle reactions. At the lowest a-particle énergy measured in this study, the
compound nuclei for these elements reach an excitation of close to 15 MeV, with
single spin and parity level densities between 50 and 200 MeV~!. Level widths at this
excitation are on the order of 10 to 100 keV [Ho71], indicating that between 0.5 and
" 20 quantum configurations ‘participate in the excitation of an individual level in the
compound nucleus at this energy, and suggesting that calculations for these low energy
a—particlé reactions may encounter deviations due to the breakdown of the statistical
model. At E, = 8.8 MeV, an energy corresponding to the maximum a-particle energy
of the natural radioactive decay chains, a coinpound nuclear excitation on the order
of 17 MeV is achieved for these nﬁclei,_ with level widths generally on the order of
100 keV. At these energies, a level density of 400 MeV~! is typical and the average
number of configurations participating in the a single level excitation of the compound
nucleus approaches 10 to 50 for particular spin and parity quantum numbers. Lighter
nuclei such as beryllium and boroq are usually not treated in a statistical manner. At
excitations in the compound nuclei of 13C, 14N and !°N close to 17 MeV, corresponding
to the reaction of ~8 MeV a-particles, a disérete level structure is observed, with
same spin and parity level widths smaller than level separations [Aj81]. This suggests

a figure of merit much less than 1, and precludes a statistical model treatment of
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reactions for these nuclei.

Even for the heavier nuclei in this study, some non-statistical nuclear structure
effects are anticipated dﬁe to the single-particle nature of nuclei close to the closed shell
of 0. Such structure may change the sfnooth dependence of the optical potential
on atomic mass [Va87, Be69a], and may lead to larger uncertainties in the calculated

cross sections.

From this discussion, we see that our calculations cover a range of validity for
statistical model calculations, and so we may expect some change in the behaviour of
the three nuclei ;onsidered in detail. This change would be expected to occur at low
a-particle energies where relatively few configurations participate in the excitation

of the compound nucleus. Such a change in behaviour was investigated through the

dependence of the mean excitation of the residual nucleus of a-particle energy.

A mean excitation energy of the 28Si, 2°Si and 3°Si residual nuclei was calculated
from both our theoretical:and experimental results. The experimentally determined
mean excitation curves, shown in figures 6.8 through 6.10, were calculated ﬁsin‘g the
same 4-ray cascade corrected data as the excitation population distributions presented
in the previous section. The mean excitation energy was calqulated from a population-
weighted sum of the level energies. The theoretical mean excitation wé.s calculated
by treating the population of the individual Bins as occurring at the central value of
the bin. In each figure the different theoretical calculations are shown using the same

line types as in the population distributions of figures 6.5 through 6.7.
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In the calculation of the mean from experimental data, some additional adjust-
ments were required. Due to different run time condi.tions, the populations of levels
at one a-particle energy were occasionally not determined at othefs. Since the in-
clusion of any of these missing levels at different d-particle energies could introduce
distortions into these»ca,,lculations, we removed the population of levels which were
found to be missing due to spectrum interference. As a result these level exclusions,

our experimental mean should not be considered a true mean, but rather a sampling
of the excitation which reflects the behaviour of the true mean. In addition to this,
we have excluded the populations of some of the lowest. energy levels. As mentioned
previously, these populations typically fall into bins containing very few levels. This
low level density makes an interpretation of their behaviour in terms of our theoretical
calculations difficult, as an “average” behaviour is not sampled. These levels, when
included in a calculation, f:ended to dominate the mean and masked the behaviour of
the high energy excitation we are most interestvedv in. The exclusion of these levels
is indicated by a low energy cut-off, discussed below. The effect of levels with un-
known populations is also discussed, as the population of some of these levels may be
responsible for some of the observed behaviour. Becaﬁse of these adjustments to the
experimental calculations, our comparison of theory to experiment focuses more on

the slope rather than the absolute magnitude of the calculated mean.

The calculation of the mean excitation for 28Si, shown in figure 6.8, utilized the
measured excitations of levels above 5 MeV. The same level energy cut was used for

the evaluation of the theoretical mean excitations. By selecting this energy cut, we
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have accentuated the effect of the discrete level structure by including a bin in which
no excitations are possible. The resulting experimental points show a monotonically
increasing excitation with a-particle energy. The calculation using the modified den-
sity sl;ows a significantly higher mean energy due to the absence of an excitation in
the 5 to 6 MeV bin, and is in somewhat bettef agreement with experiment than the
other calculations, although all calculations reflect roughly the same energy depen-
dence at high energies. Levels with unknown populations would only significantly
affect the E, = 10 and 8.8 MeV mean excitations, increasing the mean excitation
energy by no more than 150 k¢V and 50 keV, respectively, based on an estimate as-

suming an average population of each level. Such an effect would not significantly

change figure 6.8.

The behaviour of the high energy mean excitations is fairly well reproduced by the
theoretical calculations. The poorer agreement at léwer a-particle energies for theo-
retical calculations using a purely statistical level density illustrates the importance
of using realistic level densities in these calculations. Between E, = 7 and 7.7 MeV,
there is a suggestion of a change in the behaviour of the mean excitation energy corre-
sponding to a slight increase in the mean energy by roughly 100 keV. This behaviour
appears to be more likely caused by an uneven distribution of levels within the lowest
energy bin than by a deviation from statistical nuclear model behaviour. Only thrée
level populations were determined between 5 and 6 MeV, with two strongly populated
levels near 6.9 MeV, and one near 6.3 MeV. At low a-particle energies, where this bin

accounts for most of the observed excitation, this distribution of levels could easily

168



Mean Excitation for 29Si

o experime;xlal' results ! l /df
- -- parameterized, spin independent el
--— global, spin independent ot |
----- phenomenological LFT
|_- -- global Pt -
5.5 : . . DAl
--- global, modified density w2l
[ g
Y L2 ]
(™) ! e 1
= i T
~ - e
[ r'///",.{"
o L '_4,'”'_..- .
2 o q
g 5.0} "/ r -
g " ’ r"'.-",".' .
o
= .-g-“éé ’ L
5 pet o 4
=) L2
« 3 A J
o oo
L5
= :
e
4.5 % } -
. R PR B . .
6 7 9 10

_ 8
a—Particle Energy (MeV)

Figure 6.9: Mean excitation of ?°Si from the ?®Mg(a, n) reaction. The mean

excitation energy

has been calculated from experimentally and the-

oretically calculated excitations above 4 MeV.

account for the observed behaviour.

- The mean excitation of the **Si nucleus is shown in figure 6.9. In this calculation

of the mean, an energy cut of 4 MeV was used in order to avoid regions dominated by

a few excitations. A mean excitation for E, = 5.6 MeV was not calculated because

only one level population determined this point. All other experimental calculations

utilized at least 5 level populations to determine the mean.

The experimental mean excitation exhibits less of a dependence on E, than theo-

retical calculations. This behaviour could be caused by the population of unobserved
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levels. In the E, = 10 MeV measurement, the 2°Si nucleus conta,iné 14 levels be-
tween 6 and 8 MeV whose populations have not been determined. If all these levels
are assigned an average excitation, f;he mean excitation at 10 MeV is increased by
300 keV. Similarly, some population of the levels cloée to the highest determined ex-
citation in the 8.8 MeV run would significantly increase the mean excitation 'e;ner.gy.
These considerations indicate that the differen'ce between the theoretical and exper-
imental energy dependence cannot be attribﬁted with any certainty to a breakdown
of our statistical model, and suggest that a comprehensive excitation measurement
for this nucleus may be consistent with theory. In addition, there is a suggestion of a
small change in the energy behaviour near 7.7 MeV, but such a change is well within

uncertainty, and may be attributed to statistical fluctuations.

The mean excitation of the 3°Si nucleus, shown in figure 6.10, used an energy cut of
5 MeV. This excluded the 4 to 5 MeV bin which contained only the two levels at 4831
and 4809 keV. These levels were found to significantly distort the mean excitation
curve compared to theoretical curves with a 4 MeV cut due their large population
~ and high energy within the bin. Each theorefical calculation resulted in roughly the
same slope and behaviour, with the shallowest slope produced by the spin-coupled
calculations. For the experimental mean, a level measured at E, = 10 MeV was
excluded from the calculation. This level at 6505 keV decayed through a cascade of
low energy 4-rays below the lower threshold settings in the 5.6 through 8.8 MeV runs.
The population of the 5231 keV level which is known only below E, = 7.7 MeV was

also excluded from the calculation of the mean excitation, to allow an appropriate
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comparison of run results.

A total of 8 levels, including the two discussed above, were missing from the mean
excitation energy determination at 10 MeV. Each of these levels decayed primarily
to the second excited state in 3°Si, and as such had only a small chance of beiﬁg
| observed. At 7.7 and 8.8 MeV there were only 6 undetermined levels and below this
energy only 3 levels had unknown excitations. In all cases the measured excitations
comprisedvthe majority of all known levels, and so provided a reasonable samplé of
the excitation of the 3°Si nucleus. Eétimating the effect of these missing levels by the
same method as before sﬁggesfs that the excitation of thesevlevels would increase the

measured results by less than 40 keV at all a-particle energies.

The theoretical calculations for 3°Si all predicted a mean excitation a-particle en-
ergy dependence which was observed by experiment. The experimental data show
some deviation again near E, = 7.7 MeV, but such behaviour is well within uncer-

tainty, and so could be a result of statistical variation.

Thus this comparison has not found any conclusive evidence that our measure-
ments experienced a departure from the behavi;)ur predicted by the statistical model
of nuclear reactions. All statistical model calculations produced similar mean excita-
tion energy curves for gach nucleus which was largely followed by our experimental
measurements. Thus, for the purposes of our investigations, we conclude that these
optical model calculations provide a sufficient description of the high-energy excita-
tion oxller the range of a-particle energies of interest. At low a-particle energies, we

encountered difficulties in obtaining sufficient statistics to accurately parameterize
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the excitation of the residual nucleus. In this type of comparisoh, a Hauser-Feshbach
calculation of the type performed by Woosley et al [Wo76] may be able to provide
additional information on the applicability of these calculations to the low-energy
regime. Such calculations would permit a one to one level correspondence and avoid
the sensitivity to averaging which restricted our investigation to high-energy excita-

-

tions of the residual nucleus.
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Chapter 7

Conclusions

In this study we have measured the a-particle induced «-ray yields above E., = 2 MeV
for a number of light elements, and have used these yields to predict the high energy
«-ray spectrum from direct production (excluding (n,v) reactions) for a number of _m#-
terials i;l the SNO detector. These measurements and calculations constitute the first
experimental determination of the direct production high-energy v-ray background -
resulting from natural radioactivity in materials. We have found that previous esti-
mates of this high-energy v-ray background by Pomansky and Glotov [Po86, G178]
are several orders of magnitude larger than our prese'ntv measurements, and that our
measurements significantly reduce the importance of direct production 4-rays in the

intrinsic background spectrum for normal materials.

Further experimental investigations should be aimed at improving the character-
ization of the excitation of residual nuclei to permit an extension of our comparison
of experimental results to theoretical predictions. Such studies would benefit from

conditions which would improve on peak transition identification. This could be ac-
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complished in a number of ways. One of the simplest approaches would be to reduce
the low energy threshold on the data acquisition syst;em to enable a complete measure-
ﬁent of the decay schemes from individual levels. These decay schemes would increase
the number of i(nown level populations and hence permit improved characterizations
of the résidua.l nucleus excitation. However, reducing this threshold alone would only
be of limited value as background effects from neutron scattering in the detector ma-
terials become more severe, and -rays accompanying the (§-decay of some residual
nuclei provide an addition source of background below 2 MeV. In addition, many
of the weak, low energy transitions from the cascade decay of high energy excited
states would be overwhelmed by the large background continuum in this region. The
background may be reduced by incorporating neutron shielding between the target
and detector system and by moving the low energy «-ray filters (1 cm of lead) closer

to the target in order to reduce the number of scattered v-rays entering the detectors.

More extensive refinements of our experimental techniques may be required.to
obtain a significant improvement in results. The use of/single isotope targets would
simplify some of the spectra by reducing the number of reactions studied. Similarly,
when investigating a reaction using a compound target, less complicated spectra could
be obtained by studying only one target nucleus and selecting inert, high atomic
number elements for the other components in the compound. Such a study would
require greater care in extracting relemeqt yields frofn the compound té,rget_ as stopping
powers exhibit greater differences in a-particle energy dependence as the difference

between atomic numbers increases.
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Finally, some improvement in spectrum peak separations may be obtained by em-
ploying thin targets. Spectra resulting from thin targets would contain some narrower
peaks due to a reduction in the energy spread of a-partiéles reacting with target nu-
ciei. However, such an experiment would require additional measures to monitor
target thickness and surface contamination, and as well would significantly increase
the amount of data required to obtain thick-target yields. The results from such.gx—
tensions of our investigations wogld not be expected to significantly affect our direct

- production high-energy 4-ray background determinations for the SNO detector.

We have also studied the predictive value of the statistical model of nuclear re-
actions, and have investigated a number of the approximations é,nd data sources
available for these calculations. We have determined that detailed statistical model
calculations reproduce the excitation population distrii)utiorf of the residual nucleus
to within a factor of two of the experimental distribution over most of the excita-
tion energy range for reactions. on moderately heavy nuclei (Mg and above). Within
2 MeV of the highest excitation, these statistical calculations predict an intensity
- larger than experimentally observed, possibly due to the increasing importance of the
Vcompound-ela.stic component of the absorption cross section used in determining the
decay probabilities of the compound nuclear systgm. Extensions of this theoretical
work should n;ore fully investigate the role of the compound-elastic channel. At low
excitation energies, theoretical calculations predict population distributions signifi-

cantly smaller than experimentally observed. Further studies using Hauser-Feshbach

calculations may indicate whether this effect is attributable to an increased sensitivity
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of reaction cross sections to the low energy nuclear structure of the residual nucleus.

In principle, nuclei lighter than Mg oould also be modelled by statistiéal model
calculations. The primary limiting factor for these calculations is not a breakdown of
conditions necessary for a statistical tfeatment of the reaction, but rather a sensitiv-
ity of optical potential parameters to shell effects. Our calcglations using puiished
phenomenological potentials derived from scattering experiments suggest that no im-
provement over calculations using global potentials is gained, and hence the accuracy
of such reaction calculations for nuclei near the ®0 closed shell is questionable. The
application of these calculations to beryllium and boron, the lightest nuclei in this
study, can be ruled out due to the absence of a continuum of levels in the compou=d
nuclear system at excitation energies corresponding to a-particle enel;giés in our range

of interest.

Among the different levels of approximation in the statistical calculations, we
have seen that the results in closest agreement with experiﬁental observations were
obtained using cross sections derived from distorted wave, Born approximation czlzu-
lations with a global optical potential. The proper treatment of angular moms=ism
éoupling was shown to improve sligvhtly. the agreement with experiment comparac to
calculations .which neglected spin coupling, while modifying the level density to more
closely match the observed level spacing reproduced some of the features of the pop-
ulation distribution. Overall, these calculations were able to producé ~-tay spectra
from moderately heavy nuclei in agreement with experimental measurements at = i=vel

similar to that obtained for the excitation population distributions. Some additicnal
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uncertainties were introduced from the association of the cascade decay scheme with
the population distribution of each residual nucleus. The improvement observed from
using a modified level density indicates the importance of accounting for the discrete
level structure of these nuclei in reaction calculations. The use of full Hauser-Feshbach
calculations in this energy regime can best accomplish this improvement. Such calcu-
lations would be expected to obtain a similar level of agreement with experiment, with
some improvement anticipated at low excitation energies. However, such an improve-
ment would primarily affect the low-energy 7-ray region of a background spectrum,

which is typically dominated components other than the direct production.

The a-particle energy dependence.of the mean excitation of the residual nucleus
was generally' reproduced in the three systems studied. Some differences between
obse;ved and predicted behaviour were attributed to difficulties in characterizing the
excitation of the residual nuclei rather than to a breakdown of the statistical model.
Further éxplorations of the validity of the statistical model for these nuclei would
benefit from a full Hauser—Feéhbach calculation usi‘ng a discrete level structure. Such
calculations would allow for a more direct determination of the excitation dependence
on a-particle energy, and permit an extension of the investigation to lower energy

levels.
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Appendix A

Optical Cross Section Calculations

The cross sections for the formation of the compound nucleus system are obtained
from a general reaction theory, known as scattering matrix, or S-matrix theory and

the optical model of the nucleus which is used to calculate elements of the S-matrix.
A.1 The Scattering Matrix

In general, we are interested in the effects of an interaction well beyond the spatial
i‘ange of the interacting potential. The effect of the intéraction is seen as a change, or
transformation of the asymptotic wave function describing a free particle travelling
through space. This transformation of the wave function can be deécribed by a matrix,
known as the S-matrix. For an asymptotic stationary solution of the wave function

of the form

"/) = Yin + Yout (Al)
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the out-going wave 1), is described by the transformation of the incoming wave ;,

by the scattering matrix operator, S, according to
Yout = Stin. | (A.2)
The elements of the S-matrix, Sy;, given by
Sp= (ISl = [ouStmde (A9

are the transition amplitudes from an initial state |z) to a particular final state |f)
[Ma70]. These final states include different particle types in the out-going wave as

well different internal states of the interaction potential source.

The elements of the S-matrix are complex quantities which must possess certain
basic properties. Since the S-matrix describes all possible final states of the system
for any particular initial state, conservation of probability dictates that the S-matrix

is a unitary matrix, so that

A8 =1 (A4)

!

In the special case of an elastic scattering reaction, the transformation depends only
on the diagonal elements of the S-matrix. The non-elastic reaction, or absorption,
probability given by the off-diagonal matrix elements, can be be found in terms of the

diagonal elements using the unitarity of the S-matrix,
Paps =1 |Siil*. (A.5)

In the application of scattering matrix theory presented here, only the diagonal el-
ements of the matrix are obtained from solutions of the optical potential and so in
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‘what follows, the index indicating the final state is dropped in the understanding that
the entrance and exit channels are the same. The particular channel : for a given
particle is identified by the orbital and total angular momentum quantum numbers [

and j, and the diagonal S-matrix element is written S(Ij).
A.2 The Optical Model Cross Section

The diagonal elements of the S-matrix are readily obtained by solving the wave equa-
tion for the average potential experienced by a particle incident on a nucleus. This
model, commonly known as the optical model, aséumes that the short range nueleon-
nucleon interaction from each nucleon in the nucleus contributes to a long range
average nuclear potential in which the constituent nucleons move independently. The
potential contains both real and imaginary components, and so may absorb as well
as scatter incident particles. The derivation of the reaction cross section from the
optical model which follows is largely derived from the reviews of Ulehla, Gomol&ak

and Pluhaf [U164], Hodgson [Ho63] and Marmier and Sheldon [Ma70).

The Schrédinger wave equa,tioﬁ is solved by separating the equation into the usual
angular and radial components. The potevntia,l is assumed to be independent of angle,
and so the angular solution can be expressed as a sum of spherical harmonics. The
radial equation is solved by separating the solution into two regions: an interior region
dominated by the nuclear potential, and an.exterior region where the incident particle
can be treated as a free particle moviné in a Coulomb field. The solution is obtained

by numerically integrating the radial wave function out from the interior region and
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smoothly joining it to the asymptotic form of the wave function derived below.
A.3 The Asymptotic Wave Function

The Schrodinger wave equation for an incident particle in the centre-of-mass frame is
given by

[-:—ﬂvz ; V(r)] ¥(r) = E(r) (A.6)

where y is the reduced mass of the incident particle, V(r) is the central poi:ential of
the.ta.rget nucleus, and E is the kinetic energy of the system outside the range of the
potential. The asymptotic solution to this equation in the region wheré V can be
neglected must describe an incident plane wave plus a scattered spherical wave. In
the absence of a Coulomb field, and for an incident particle traveling in the positive

z direction, the asymptotic solution can be written in the form of

I EEAT AT
$0) = o [+ fO) e (A7)
where k is defined as
2uE
k’=—§2— (A.8)

X. designates the intrinsic spin of the incident particle, and the normalization by
v= % serves to set the incident particle flux to unity. From the axial symmetry of
the incident wave about the z-axis, the ami)litude of the scattered wave, f, can depend
only on the azimuthal angle § measured from this axis. Using the 2z-axis defined by

the incident particle velocity vector as the quantization axis, an angular expansion

of the wave in terms of spherical harmonics contains no projection of the angular
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momentum along this axis. Thus, on separating the wave function into angular and
radial functions and introducing the quantum numbers [, s and j (7= I+ §) for the

orbital, intrinsic and total angular momentum, the wave function can be written as

y= ;11—,.,, ) "”fr) Yio()Xss (A.9)

- where Y] ¢ is the spherical harmonic normalized to unity over the angular codrdinates
 with angular momentum [ and zero spin projection along the quantization axis, and
Xs is the appropriate spinor for the particle. The function u;;(r) is described by the

equation

R Puy;(r .
- 22 4 i) - Bl =0 (A10
The poténtial Vij(r) consists of the general potential discussed in section 4.2.1 for

particular values of I, § and b

21(1+1)

r2

%=WMaﬂ+7 (A1)

where V(r,l, s, 7) is given in its general form by equation (4.1).

The é.symptotic form of the wave function can be expressed in terms of the same
variables by expanding i‘n terms of partial waves using the spherical Bessel func-
tions jj(kr). These functions are related to the ordinary Bessel functions Jiq/2(kr)
according to the equation,

T

1/2
Gi(kr) = (%) Jisaa(kr) (A.12)

and can be generated according to

et ().
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For kr > [, these functions have an asymptotic form of

sin (kr — &= :
Ji(kr) = ——(—kr-—g-)— (A.14)

- el ) loe-5)) o

The incident plane wave is expressed in terms of these functions as

1 ikz 1 d .
mek - ;WZW(?’H)]‘” i'51(kr)Yio(9) (A.16)
{
4r\12 1 172 i1 ) Ix
= (—v—) Eg(ﬂ-&-l) —5~ | &xP |~ kr—? (A.17)

e (s 2) Lt

This form of the plane wave consists of two spherical waves centred about the inter-

action site at z = 0. These waves are an incoming spherical wave ¥;,,

1 Ir
o — — —_— Al
Yin T &P [ ‘ (kr 5 )] | (A.18)
and an out;going spherical wave ,.,
1 Ir
~— ; -—1]. 1
Yout T SXP [z (kr > )] (A.19)

The presence of the potential disturbs the out-going wave, and changes the amplitude
and phase of the out-going wave. This disturbance is quantified by the diagonal

elements of the S-matrix, S(I5), and so the asymptotic solution is written

wi(r) = () (2_’%1]21_/2’_' {S(lj)exp [i (kr - %r)]

)
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and the components of the wave function can then be written

by = (47”)1/2 % @20+ 1)2 ’—‘; {exp [—i (kr - %’)]
—5(1j) exp [ (kr - %r)] } Yio(@)xe.

The scattered partial wave is then
sca 1 ikz
Yt = ‘Plj—;mek X
4m\1? 1 2 (SU) -1

and the scattering amplitude from equation (A.7) is just

50) = nye ey (D=1 vim)

= (2041) (—S(%z)k——l) Pi(cos9)

(A.21)

(A.22)

(A.23)

(A.24)

(A.25)

where the spherical harmonic ¥ o(£) has been integrated over the cylindrical coordin-

ate ¢ and expressed in terms of the Legendre polynomial P,(6).

The complex matrix elements S(I7) are the only unknowns in the wave function,

and are solved for by matching the logarithmic derivative of u;; for the asymptotic

solution of the wave function with the numerical solution of the internal wave equa-

tion (A.10) for the potential V}; at a point where the Vj; can be ignored.

The scattering and absorption cross sections are easily obtained once the diagonal

5(17) matrix elements have been determined. The elastic scattering cross section is

given by the ratio of the out-going scattered flux to the incident flux, which we have

normalized to unity, so for an uncharged particle

2
O'fjc‘“ = / or? dQ

iy
J
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= [ins@rd (A
= [ & |+ 1)(505) ~ )o@ d0 (A.28)

= 7:%(21 +1) |s(ij) -1 - (A.29)

The absorption cross section is obtained from a consideration of the particle loss by

taking the difference between the incoming and outgoing particle flux,

o = [or? (Wl = [Woul)d (A.30)

T .
= @+ (1= 1s@)) (A.31)
which also follows directly from the unitarity of the S-matrix.

The effect of a Coulomb potential is obtained by adding the scattering solution
for a charged particle from a point source to the asymptotic solution in the external
region of the potential. The radial wave function for Coulomb scattering satisfies the

wave equation

Py, % 1(1+1) -
W-}-(l—?———pz—- ul-—O (A32)

where p = kr and ~ is defined in terms of the projectile charge z and target charge Z

by
pzZel
= . 3
The asymptotic solution to this equation is given by [HoTl]
uy = Fi(r) +iGi(r) + S() (Fi(r) — iGi(r)) (A-34)

where Fi(r) and Gi(r) are the regular and irregular Coulomb functions. The scattering
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amplitude then takes the form of

’

i5(6) = o3 )(0) + 521+ 1)(SU) = 1) ¥io(Q) (A.3)

where fc(lj) is the Coulomb scattering amplitude and §; is the Coulomb phase shift.
The real Coulomb potential provides no additional absorption, and the abéorption

cross section is still determined by equation A.31.

- An added complication in the calculation of the wave functioh and cross sections
arises from the presence of a potential which depends on the spin of the incident
- particle. In the case of a nucleon with spin s, the wave function separates into solutions
for j, |l = s| < j < 1+ s. The weight for each of these soluivtions is determined by their

Clebsch-Gordon coupling coefficients, and the wave equation then becomes

S (1,0,5,myli, m)ui;Yio(2)xs - (A36)

JyMas, My

3|

P =

and the absorption cross section, oy, for a particular [ is then

. 2417 ) \ .
o = o +-1E§j§mjI(l,o,s,mslj,mj)l (1-18W)P) (A.37)
_ A+l w2t 2
T 2s+1R o2+ 1 (1 - 1)) . (A.38)
T oE2 25 +1 o
- E#I;_s‘ 95 11 (1-1s@p) (A.39)
{+s
= 2 o) (A.40)
j=H—s| .

where the factor of 2s + 1 averages over the initial spin projections of the incident

particle, and where we have defined the cross section o(lj) as

27 +1
2s+1

o(15) ;{7 (1-15@)P). (A41)
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Appendix B

Live Time Determinations

The live times of each detector were determined from a pulser peak inserted into each
spectrum. In all runs except for E, = 10 MeV, the puiser peaks were placed in the
high energy region of each spectrum. In the E, = 10 MeV runs, the pulser in detector

#1 was placed in a low energy region which was free of peaks.

In some runs, detector #1 experienced gain instabilities which necessitated the
eﬁergy recalibration‘s described in section 3.2.2, and caused a broadening of all spec-
trum peaks, including the pulser peak. In two corroborating runs at 7.7 MeV, in
one of which detector #1 experienced the worst gain instabilities, variations on the
order of 10% in the calculated yield were observed, and this value was adopted as an
additional systematic unoerta.iﬁty for the run. In all other runs the gain instability
affected no more than 4% of the counts in detector #1 with the additional systematic
uncerte;inty taken from the ratio of the secondary pulser peak to total pulser peak

area ratio.
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B.1 10 MeV Live Times

A preliminary analysis of all target data indicated a systematic deviation of the y-ray
yield curves from smooth behaviour between energies of E, = 10.0 and 8.8 MeV. A
comparison of the live time monitors for all energy runs revealed a discrepancy in

those for the 10 MeV runs.

The anomalous behaviour of the F, = 10 MeV runs was indica,ted by a cqinparison
between the live times calculated from the pulser peaks and from the MCA intgrnal
live time monitor. Two effects diminish the nu@ber of counts i;l the spectrum peaks:
the first is the fraction of time the system requires to digitize signals, known as the
“dgad time”, and the fraction of time two signals are superimposed on one another,
resulting in “pile-up”. Under normal operating conditions, the pulser peak measured

“both the dead time and pile-up contributions tov the live time, while the MCA measured
the dead time alone, and hence typically reported a larger live time. In the 10 MeV -
runs the difference between these two monitors was abnormally small, and in a few
instances the MCA live time was smaller than the pulser peak live time: This behaviour
indicated a failure of the live time monitoring system, and necessitated the estimate

of the E, = 10 MeV live times from their dependence on the counting rate.

Both the dead time and pile-up in the detectors are a function of the counting
rate in the detector, and so with a knowledge of this dependence, the live time can be
calculated for any given counting rate. In order to minimized effects in the counting

 rate caused by spectral differences due to different low energy threshold settings among
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the a-particle energy runs, the counting rate was taken as the total number of counts
in the spectrum above a particular energy divided by the real time over which the
spectrum was accumulated. This definition of the detector counting rate, referred to
as the “reduced” counting rate, was target specific, requiring different déterminations
for each target. An example of the deduced dependence for the A¢ target is shown in
figure B.1. This target required the largest live time adjustment of all targets in this
study. As was typical for all the targets studied he;e, the required live times for the
10 MeV run corresponded td a relatively low counting rate and were well determined

from the behaviour of lower energy runs.

The live time in each detector was found to be a smooth function of the reduced
counting rate; however spectrum shape differences in the different targets caused the
live time function to be target specific. For all targets, except Si, the 10 MeV live
time was interpolated from the lower eneréy run behaviour. As has; been noted, the
counting electronics for these two runs differ by the inclusion of the linear gate and
stretcher used to set the lower energy threshold in the 8.8 to 5.6 MeV ruﬁs. The effect
of this modification was a reduction of pile-up at the expense of an increased dead
time. Thus, to first order, the pile-up rejection circuit did not significantly alter the

interpolation of the live time from the reduced counting rate.

The live time monitors reported a live time which was typically lower than the
- reduced counting rate based live time. Since the exact nature of the monitor failure is
unknown, the actual live time may fall anywhere between the reported and adopted

value. To reflect this, a systematic uncertainty equal to the difference between the
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Pulser Peak Live Times for Al Target Runs
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Figure B.1: The A{ target live times at a-particle energies other than 10 MeV

can be seen to follow a smooth dependence on the reduced counting
rate. The live time for both detectors in the 10 MeV target run fall
below the average fit shown by the solid line.
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two determinations has been adopted for the 10 MeV a-particle runs. This effect of
this adjustment ranged from a small 3% change in the NaF target yields to close to

a 20% decrease in the the A{ target yields.

In the Si target, no measurements other than the 10 MeV run wére taken, and so

“a live time adjustment of this type was not possible. Instead, a live time adjustment
was obtained by considéring the average anisotropy from the a, terms of all measured
transitions. Thi; term was typically quite small in most cases, and for most targets
averaged to zero for a transition. A small adjustment of ghe detector #1 live time was
used to obtain a zero average in the single Si run, along with an additional unceftainty

‘equal to the difference between the pulser and adopted live time values.
B.2 Live Time Pile-Up

The presence of theiilive time monitor pulser in the detector #2 spectrum @dded a
small pile-up uncertainty to some of the low energy a-particle runs. This uncertainty
was a result of 4-ray peaks being superimposed on the ta.ii of the pulser signal, which
created a shadow peak a.pproxima,tely 93 keV higher in the spectrum than the primary
energy peak. The fraction of the time this type of pile-up occurred was proportional-
~ to the fraction of time a pulser peak occupies a given time interval, a;ld SO was
proportional to the rate at which pulses were injected into the detector. Since the
insertion of pulser signals was tied directly to the bea,rh current, the pulser tail pile-up

was directly proportional to the a-particle flux on éach_ target.

This additional pile-up was found to -be insignificant below a-particle fluxes of
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10" s~!. Measurements taken at flux rates greater than this exhibited this shadow
peak behaviour. Since many of the peaks possessed a width on the order of 23 keV
(iue to Doppler effects, most of the strength of thé:é};adow peak was included into the
area of the primary peak by simply extending the peak area region. By treating the
puiser tail pile-up in this manner, no correction to the live time was required; however
an additional uncertainty equal to half the maximum estimated pile-up fraction was
added to the live time systematic uncertainty, based on the particle flux for the run.
This additional uncertainty ranged from 2% for most of the 7.7 MeV runs with 1.5 x
10! 57! on target to a maximum of 6% for several 7.0 MeV runs with 7 x 10'! s~! on

target.
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