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ABSTRACT
DENISE CATHERINE POWELL: Determination of the **Mg(p,v)** Al Reaction

Rate at Low Stellar Temperatures
(Under the Direction of Christian Iliadis)

Recent observations of isotopic abundances in the atmospheres of M13 red giant
branch stars show an anticorrelation between Al and **Mg abundances. These
correlations are thought to be the result of deep mixing of material from the
surface of the star into regions where the temperature is high enough to allow
proton captures to take place. Production of Al and destruction of **Mg depend
on the 2*Mg(p,v)?°Al reaction rate at stellar temperatures Ty ~ 0.04 (where Ty
denotes temperature in units of 10 K). However, the commonly used rate is too
low to account for the observations within the present mixing models. There
exists an uncertainty in the total width I' of the Er = 223-keV (E; = 2485 keV)
resonance in the #Mg(p,v)?Al reaction which could lead to enhancements in
the reaction rate up to a factor of 32 at Ty = 0.04. The main goal of this thesis
1s to accurately determine the properties of the Eg = 223-keV resonance in order
to improve the reaction rate estimate for **Mg(p,v)**Al

Resonance strengths w~, v-ray branching ratios I', /', and mean lifetimes 7
were determined for the Eg = 223- and 419-keV resonances in 2*Mg(p,~)**Al.

These parameters allow for the determination of proton partial widths I'

pr 1T
ray partial widths I',, and total widths I' necessary for the calculation of the
resonant cross section at E, < 500 keV. The rate for the **Mg(p, v)**Al reaction
for temperatures of Ty = 0.02 - 2 was calculated. The reaction rate deviates from
the previous estimates by 18% to 45%, and therefore, the total width of the Eg
= 223-keV resonance does not have a significant influence on the reaction rate.

In addition, branching ratios were determined for the 223-, 419-, 1616-,

and 1654-keV resonances in **Mg(p,~v)?*°Al, and for the 406-keV resonance in

i



TAl(p,v)*®Si. Spectroscopic factors were determined from the proton partial
widths for the states corresponding to the Eg = 223- and 419-keV resonances.
Resonance strength values were also determined for the 435-keV resonance in
*"Mg(p,v)*Al, the 336- and 454-keV resonances in **Mg(p,v)*"Al, and the 406-
keV resonance in 2" Al(p, v)*®Si.
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Chapter 1

Motivation

1.1 The Standard Model

Globular clusters, found in the halo of the Galaxy, are comprised of hundreds
of thousands of stars gravitationally bound to one another. In the standard
model, the stars in a cluster are assumed to be of the same age (co-eval) and
formed from chemically homogeneous material. This material is the ash of differ-
ent nucleosynthetic processes. Since globular clusters contain some of the oldest
stars in our Galaxy, studies of the chemical composition of these stars can yield
information about galactic chemical evolution and galaxy formation. Since the
stars within a cluster are the same age and composition, the rate of evolution of
a star is a function of its mass. Consequently, the study of globular cluster stars

can shed light on the course of stellar evolution [Kra94].

The stage of evolution of a star can be identified by plotting its surface tem-
perature versus luminosity, 7.e. a Hertzsprung-Russel (HR) diagram. Figure 1.1
shows the HR diagram of globular cluster M15. The first stage of evolution is
referred to as the main sequence. The nucleosynthesis of a main sequence star
takes place in the core, where hydrogen is converted into helium, predominantly
via the p + p — *He chain (pp chain). A star will spend the majority of its life

on the main sequence, until the hydrogen in the core becomes depleted. As a
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Figure 1.1: HR diagram for globular cluster M15 taken from [Bri94].

result, the star turns off the main sequence and a dredge-up of elements, previ-
ously involved in hydrogen burning, transports the material to the surface of the
star. Small changes in the surface abundances of nitrogen and the ?*C/'3C ratio
are expected as a result of the dredge-up process. As hydrogen starts to burn in
a shell surrounding the core, the dredge up process ceases, and the star evolves

up the giant branch.

A red giant branch star is comprised of a number of shells. The core of
the red giant consists of the ash of hydrogen burning, i.e. helium. The shell
that surrounds the core is the location of nucleosynthesis and consists of the
processing of hydrogen into helium via the CNO cycle and the pp chain. The next

shell cousists of a radiative zone, surrounded by the outermost shell, commonly



referred to as the envelope. The surface of the envelope is the region from which
observations of the stars are made. As the star evolves, or ascends the red giant
branch, the temperature in the hydrogen burning shell increases, increasing the
luminosity of the star [Ibe70].

As a consequence of the standard model, the abundance of materials on the
surface of red giant branch stars should be similar within a given cluster, since
all of the stars have undergone the same processing, originated from the same
material, and have approximately the same mass (if they are in close proximity

on the red giant branch).

1.2  Observations and the Mixing Model

Observations generally take place near the top of the red giant branch since
these are the most luminous and therefore, the most visible stars. Variations are
seen in the abundances of many elements within a cluster of red giant branch
stars, in contradiction with the standard model. For example, the **C/**C ratio
ranges from 4 up to factors of 10, outside the range allowed by the standard
evolutionary theory. In addition, anticorrelations between the abundances of C
and O with N are seen on the surface of red giant branch stars. There exist two
common explanations for the source of these observations. The first explanation
is that abundance variations exist in the material from which the stars are formed.
The second is that there exist some evolutionary process that allows for the
nucleosynthesis of envelope material in the hydrogen burning shell, changing the
abundances of surface elements [Kra94]. Although the primordial scenario has
not been ruled out, a number of abundance observations on red giant branch
stars support the evolutionary theory. Of particular interest for the present
work are observations of M13 red giant branch stars, which lend confidence to
the mixing model of Sweigart and Mengel [Swe79], but raise questions regarding

the **Mg(p,v)** Al reaction rate.
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Figure 1.2: The observations of [Kra93] on M13 red giant branch stars. The
oxygen depletion as a function of evolution up the red giant branch supports the
Sweigart and Mengel evolutionary model [SweT9)].

The mixing model of Sweigart and Mengel [SweT9] originated in an attempt
to explain the anticorrelations seen between the elements C, N, and O found on
the surface of the red giant branch stars. The mixing model allows circulation,
driven by rotation, within the radiative zone to mix material in the envelope of
the star to regions where hydrogen burning can occur [Swe79]. The net effect of
the CNO cycle is to deplete C and O while enhancing N. In addition, the ?C/**C
ratio can decrease until an equilibrium value of about 4 is reached. The nuclear
processing of C, N, and O via the CNO cycle is generally consistent with the
observations.

Kraft et al. [Kra93] observed the oxygen abundance [O/Fe]' in M13 red giant
branch stars as a function of the bolometric magnitude My, (see figure 1.2), or
the stage of evolution of the star on the red giant branch. The M13 red giant

'O/Fe] = log[(O/Fe)/(O/Fe)s] where & represents the solar value.
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Figure 1.3: The observations of Shetrone [She96] on M13 red giant branch stars
showing the ‘Mg isotopic abundance (left) and the Mg + Mg isotopic
abundance (right) as a function of the total Mg abundance (top) and the total
Al abundance (bottom).

branch stars showed an anticorrelation between the oxygen abundance and the
evolutionary stage, supporting the idea that nucleosynthesis via the CNO cycle

occurs as the star ascends the red giant branch.

Shetrone observed **Mg, **Mg + *Mg, and Al on the surface of six M13
red giant branch stars (see figure 1.3) [She96]. Although variations in Al have
been seen on the surface of a number of red giant branch stars, Shetrone is the
first to actually observe the isotope **Mg in red giants. The correlation between
Mg and Mg as well as the anticorrelation of Mg with Al suggest that stars
enhanced in Al are enhanced as a result of *Mg(p,v)**Al. The Mg and **Mg

isotopes could not be resolved from one another, so the abundance sum is plotted

Ot
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Figure 1.4: The MgAl mass region.

as a function of Mg and Al. The [(**Mg + *Mg)/**Mg] ratio is approximately
0.79, whereas the solar ratio is 0.28. The abundance of Mg + **Mg is roughly
constant for variations of Al, and therefore Mg + p and Mg + p are not

believed to be the source of the production of Al in stars near the tip of the red

giant branch.

Figure 1.4 is a diagram of the magnesium-aluminum mass region (MgAl re-
gion). The flow of nuclear reactions is depicted by arrows, where an arrow
pointing vertically up indicates a (p,+) reaction, diagonally between adjoining
columuns indicates S-decay and a long diagonal arrow represents a (p, o) reaction.
The reactions are thought to take place in red giant branch stars at temperatures
below Tg ~ 0.055 or 0.055 x 10° K. A stellar model code was used by Langer et
al. to monitor the flow of reactions in figure 1.4 for Ty = 0.04 and p = 44.7 g/cm”
[Lan93], using the most up-to-date reaction rates. The production of Al results
from *°Mg + p and **Mg + p, and the flow from Mg to 2°Al is suppressed due

to the much slower 2*Mg(p,v)**Al reaction rate relative to the *Mg(p,v)*°Al



and **Mg(p,v)*"Al reactions [Lan93].

Stellar modelers have attempted to match the observed Al enhancements
and/or **Mg depletions by a number of methods, for example, by increasing
the initial abundances of **Mg and **Mg [Lan93], by increasing the burning
temperature to Tg = 0.07 [Lan97], and by varying the ?*Mg(p,y)?°Al reaction
rate [Cav98]. Increasing the initial abundances of Mg and **Mg (~ 4 times
the solar values) could lead to a significant depletion in the total Mg abundance
and an increase in Al, but this would be inconsistent with the **Mg depletions
observed by Shetrone [She96]. Increasing the temperature of the star to Ty =
0.07 would allow for the processing of **Mg into Al, but would require thermal
instabilities in the star [Lan97]. In order to reproduce the observations by varying
the “*Mg(p, v)**Al reaction rate, the rate would need to be increased by a factor

of 35 [Cav98] above the presently assumed rate [Cau88].

1.3 Nuclear Physics

In the temperature range of interest, the **Mg(p,v)**Al reaction rate is
determined by direct capture to the bound states in **Al and capture into the
lowest lying resonance at Eg = 223 keV (see chapter 2 and figure 3.2). Zaidins
and Langer explored the **Mg(p,v)?*Al reaction and suggested that an increase
in the total width I' of the E, = 2485-keV state (corresponding to the Er = 223-
keV resonance) could lead to enhancements up to a factor of 32 in the reaction
rate at Ty = 0.04 [Zai97] (see figure 1.5). An increase in the total width would
mean that the tail of the ErR = 223-keV resonance could dominate the cross
section at the energies of interest, leading to an enhancement in the total reaction
rate. The total width of the E; = 2485-keV state is presently assumed to be 75
meV, resulting from a figure in a direct capture paper of Trautvetter and Rolfs
[Tra75a]. This value presumably comes from the unpublished thesis work of

Dworkin-Charlesworth [Dwo74]. The procedure and results of reference [Dwo74]
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Figure 1.5: The enhancements of the 2*Mg(p,v)?°Al reaction rate as a result of
increasing the total width of the Ey = 2485-keV state [Zai97].

are discussed in detail in section 4.3. In the published literature, an experimental
upper limit of 32 eV is set on the total width of the E, = 2485-keV state from
the shape of the front edge of a thick-target yield curve [Uhr85].

In the present thesis, the total width of the Ex = 2485- and 2674-keV states
were determined experimentally by two independent methods. The first method
requires measuring the y-ray branching ratio I',/I" and the resonance strength
w7. These quantities not only allow for the determination of the total width, but
also the values for the proton partial width and the ~-ray partial width, neces-
sary for the proper calculetion of the resonance tail. The second determination
involves the measurement of the mean lifetime 7 of the E, = 2485- and 2674-keV
states.

A state in a nucleus can often be formed or can decay through the capture



or emission of a particle or y-ray. The probability for the formation or decay of
a state can be written in terms of [';, the partial width for decay in channel ,
in energy units. The sum of all the partial widths of a state represents the total
width I' of that state. The states of interest can only decay via proton or y-ray
emission and hence I' = 1", + I',.

The strength of a (p,7) resonance is defined as [Rol88]

2J +1 0, (.1)
2J, + 1)(2J,+1) T ’

where J, J,, and J; are the spins of the compound nuclear state, projectile, and
target, respectively, I', is the proton partial width, I', is the y-ray partial width
and T is the total width.

The second method used for the determination of the total width I' of the E,
= 2485- and 2674-keV states is the measurement of the mean lifetime 7. This
is accomplished via the Doppler-shift-attennation method (DSAM), as discussed
in section 4.3. This completely independent determination of the total width
acts as a check of internal consistency, leading to a greater confidence in the final
result.

In nuclear astrophysics, the reaction rate is commonly determined with the
narrow-resonance formalism which is proportional to the resonance strength.
The present procedure used to determine absolute resonance strengths produced
more precise values than could be found in the literature. Therefore, a num-
ber of strength values were also determined for resonances in *Mg(p, v)*°Al,
*Mg(p,v)*"Al and 2"Al(p,~)?®Si in order to extend the set of standard (p,¥)
resonance strengths in the sd-shell [Sar82] to energies below Er = 0.5 MeV.
Astrophysically relevant strengths can be determined relative to these standard
strengths. The resonance strength determinations resulting from the present
work are also described in [Pow98].

The resonance parameters determined throughout this work can also shed

light in several subfields of nuclear physics. The quantities I', /1", wy and 7 can



be used in order to determine nuclear properties such as total widths, partial
widths, and spectroscopic factors. For example, the knowledge of spectroscopic
factors is used in chapter 2 to test the predictions of direct capture models.

An outline of the present work is as follows. Chapter 2 describes the two cap-
ture processes, direct capture and resonance capture, and gives an introduction
to reaction rates. Chapter 3 describes the experimental setup, including targets
and detectors, used for the determination of [',/I', wy, and 7. Chapter 4 de-
scribes the approach used for each of the measurements and the results. Finally,
chapter 5 presents total widths, «v-ray partial widths, proton partial widths, and
spectroscopic factors of the E, = 2485- and 2674-keV states in **Al. Chapter
5 also presents the reaction rate for temperatures of Tg = 0.02 — 2 using the
presently determined resonance properties and the rate is compared to the pre-
vious values of [Cau88]. Implications of the new reaction rate and associated

statistical and systematic uncertainties are also discussed.

10



Chapter 2

Theory

2.1 Capture Processes

There exist two types of capture processes relevant to the *Mg(p,v)**Al
reaction. One process is direct capture whereby the proton is captured and the

~-ray is emitted in a single step, as indicated by
Mg+ p -2 Al 4 7.

The second capture process is referred to as resonance capture, since the reaction

proceeds through an excited state in the compound nucleus, i.e.
24Mg +p —%% ATF 5% Al 4 v.

The different capture processes contribute to the total cross section.

The direct capture process, or single step process, occurs at all incident par-
ticle energies. The direct capture contribution to a cross section, op(£), is a
smoothly varying function of the incident particle energy and describes the for-
mation of a final state from two free particles via their interaction with the
electromagnetic field. A single-particle potential model [Rol73] is used through-
out this thesis to determine the energy dependence of the direct capture cross
section (TEDCA) [Moh93], and is normalized to the experimentally determined

cross sections for direct capture to bound states in **Al [Tra75a].



The theoretical expression for the cross section resulting from direct capture

for an E1 y-ray decay has been calculated by [Rol73] and is given by

2 (2 Za\' ES (2J; +1)(2L + 1)
) = 0.0716,%* (_1__2_> 52 ;
op(E) Fo\M, M) B3R 2T, + DT, + 120 + 1)

x(L,010 [ 1;0)* R, (2.1)

in units of ub, where g is the reduced mass in amu, Z; (Z,) is the charge of the
projectile (target), M; (Ms) is the mass of the projectile (target), E, is the y-ray
energy, I is the incident projectile energy, J¢, J,, and J; are the spins of the final
state, projectile, and target, respectively, ; (If) is the initial (final) state orbital
angular momentum and (/;,010 | /;0) is a Clebsch-Gordan coefficient. The radial

integral Ry, is given by
R, = /uc(r)HEl('r)ttb(r)r2(lv' (2.2)

where u.(r) and uy(r) are the continuum and bound-state wave functions, respec-
tively, and 0g;(r) is the radial part of the E1 electromagnetic operator. Only El
v-ray transitions were considered because contributions from other transitions
proved to be negligible in comparison. The calculation of Ry, is performed as-
suming the same Wood-Saxon potential for both the continuum and bound state,
with radius parameter 7o = 1.25 fm and diffuseness a = 0.65 fin, and a potential
depth chosen to reproduce the binding energy of the final state. In addition, the
final-state wave function was constrained to contain the proper number of nodes.

Resonance capture occurs when an excited state in a nucleus is formed, fol-
lowed by the de-excitation of that state through the emission of a vy-ray. The
cross section resulting from resonance capture is maximal at the resonance en-
ergy and falls off at energies far from the resonance. The rate of decrease of the
resonant cross section depends on I', the width of the state. When a capture
proceeds via a single resonance, the cross section can be approximated by the
Breit-Wigner formula [Bre36] written as

T 2J +1 )
T k2(2J, + 1)(2J, + 1) (E — ER)? + (T'/2)2

or(E) (2.3)
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where k (= 27 /)) is the wavenumber of the incident particle, 1', is the proton
partial width, I'; is the y-ray partial width, I' is the total width, J is the spin
of the compound nuclear state and Ep is the energy of the incident particle at
which the resonance is formed.

Interference between direct capture and a resonance may play a role in de-
termining the energy dependence of the cross section. The cross section o(F, 0)
for an incident particle of energy F measured at an angle 0 resulting from direct

and resonance capture, including interference effects, is given by [Rol73]

o(E,0)=or(EYWRg(0) + op(FE)Wp(8)

+21/or(E)op(E) cos(pr — ep)WHH(0).

Wr(0), Wp(0), and M/j{ff)(()) are the angular distributions of the resonance cap-

ture, direct capture, and interference terms in the cross section, respectively, and
wr and @p are the direct and resonant capture phase shifts [Fer65].

The angular distribution of the resonance capture and direct capture pro-

cesses can be written as

o
n
—

W(0) = Zaum(cos 0) (2.]

where a,, is a coefficients and P, is a Legendre polynomial of order m, of which

the most significant are

Polcos0) =1
Py(cos ) = L[3cos?(0) — 1] (2.6)
and Py(cos 0) = £[35 cos®(#) — 30 cos?(6) + 3].
The highest order Legendre polynomial that may contribute to the angular dis-

tribution in the resonance cross section is determined by [Bie53]
m < min(2J,21;,2L) (2.7)

where m is an even integer and L is the multipolarity of the emitted vy-ray. The
direct capture angular distribution was also measured by [Tra75a], yielding at

most a P,(cos #) component for each of the final states.
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The angular distribution of the interference term is given by [Rol73]
WiH(0) = (=1)F LW (IRLrJ T3 1 Js)

Z(ZROZDO | 7n0)Z(ZRLRZDLD; lfm)Pm(G) (2.8)

m
where P is a constant [Rol73], J = V2J +1,1g (Ip), Lr (Lp), J1, J2, Js, and Iy
are the initial state resonance (direct capture) orbital angular momentum, the
multipolarity of the resonance (direct capture) y-ray, the channel spin of the ini-
tial state (]; + J:), resonance, and final state, and the final-state orbital angular
momentum for direct capture, respectively. W({gLrJ1J5;15.J2) is a Racah coef-
ficient and Z(IgLrlpLp; [ym) 1s a combination of a Clebsch-Gordan coefficient
and a Racah coeflicient.

The astrophysical S-factor S(E) is given by [Burb7]
S(E)=o(E)E ™ (2.9)

where o(FE) is the cross section, £ is the incident projectile energy, and 7 is the

Sommerfeld parameter given by
p\ 12
om0 = 31.297, 7, (E) | (2.10)

r and E in equation 2.10 are in units of amu and keV, respectively. Commonly,
the energy range of interest is below the experimentally obtainable region, re-
quiring an extrapolation of the cross section to the lower energies of interest.
Since the cross section for charged particle capture reactions decreases strongly
at the lower energies, the extrapolation is more straightforward when made with

the less energy-dependent S-factor.

2.2 Reaction Rates

The reaction rate per particle pair is given by [Rol88]

8\ 1 o E b
) — R _— 4y e - 1 9
<ov >= ( /1) (ka>3/2/0 b(E)exp( T E1/2> dE (2.11)
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where ky is the Boltzmann constant, T' is the stellar temperature in Kelvin and
b 1s given by

b=0.989Z, Zou'/? (MeV)Y/2, (2.12)

The energies at which the nuclear reactions take place in a stellar environment
result from a product of the energy distribution of nuclei in the star, described by
the Maxwell-Boltzmann distribution, and the probability of tunneling through
the Coulomb barrier. Assuming a constant S-factor the calculation of the prob-
ability distribution as a function of energy can be determined. The distribution,

or Gamow peak, has a maximum at an energy Fy and a full-width-half-maximum

(FWHM) A, given by [Bur57]

Eo = 1.22(Z2 Z2uT?)Y? keV

(2.13)
and A = 0.749(Z2 Z2uTE)Y6 keV.

For example, at Tg = 0.04 we are interested in determining the S-factor for Ej
~ 75 £+ 40 keV. This energy region of the S-factor as shown in figure 2.1 is
dominated by direct capture (DC) and possibly the tail of the Egr = 223-keV
resornalnce.

For determination of the reaction rate per particle pair, a numerical inte-
gration of equation 2.11 is performed once the astrophysical S-factor has been
determined. For the direct capture component, the S-factor is determined via
the single particle potential model described in section 2.1. For the resonance
contribution, the S-factor results from the Breit-Wigner cross section (equation
2.3 and 2.9). If the direct capture and resonance capture processes interfere, the
total S-factor calculated via equation 2.4 must be determined and incorporated
into equation 2.11.

For determination of the reaction rate for a broad resonance, the energy de-
pendent quantities in the Breit-Wigner cross section (the de-Broglie wavelength
and the partial and total widths) must be calculated. The proton partial width

[,(E£) can be written in terms of the proton partial width at the resonance

15



[',(Er) (given in chapter 5) as

P(E) 0%(E)
P(ER) 03,(ER)

Tp(E) = Ty (ER) (2.14)

where the penetration factor FPj(F) is determined from a computation of the
regular () and irregular ((;) Coulomb wave functions at the interaction radius

a, given by

kr
P=|—— 2.1

where @ is usually written as a = OO(A}/B + 44;/3), A; and A, are the mass of
the target and projectile, respectively, and k is the channel wave number. The
dimensionless single-particle reduced width 07, is calculated using the formalism
of Iliadis [1197].

The ~-ray partial width, I',(E), can be written in terms of the y-ray partial

width at the resonance energy I',(Fr) (given in chapter 5) as

[L(E) = T4 (ER)

_E, 2041

ER + Qm - Exf

where @), is the Q-value of the reaction (Q,, = 2271.33 £ 0.67 keV [Aud95] for
the *Mg(p,~)*®Al reaction), Ey is the energy of the final state, and L is the
multipolarity of the 4-ray emitted in the decay.

A resonance is considered narrow if [' << Fpr, and therefore the energy
dependence of the incident particles and the partial widths are negligible, and
can be removed from the integrand of equation 2.11. If the resonance is within the
range Fy £+ 2A [Burb7| the reaction rate per particle pair can be approximated

by
9 \ 3?2  En
< ov>= (#ka) B2 (wy)pexp (— ka)

where (w7v)g is the resonance strength at the resonance energy.

(2.17)

The enhancement in the reaction rate resulting from variations in the total
width of the E; = 2485-keV state in 2?Al can be understood by looking at the

astrophysical S-factor (see figure 2.1) at the energies of interest. If the width of
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Figure 2.1: The S-factor for the Eg = 223-keV resonance in #*Mg(p,v)**Al for I
= 32 eV and 75 meV and direct capture contribution (DC) at the energy range
of interest (the black bar) for Ty = 0.04.

the E, = 2485-keV state is I' = 75 meV, the S-factor is dominated by the direct
capture (DC) component at Ey = 75 keV. If the width of the E, = 2485-keV state
is increased to I' = 32 eV (and wr is kept constant), the S-factor is dominated by
the tail of the Ey = 2485-keV state, which implies that the reaction rate would
be enhanced relative to the case of I' = 75 meV, as demonstrated by [Zai97] and

shown in figure 1.5.
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Chapter 3

Experimental Techniques

3.1 Setup and Targets

3.1.1 Branching Ratios

The data needed to determine I', /T for the E, = 2485- and 2674-keV states®
were taken at the High-Resolution Laboratory (HRL) at the Triangle Universities
Nuclear Laboratory (TUNL) located on the Duke University campus. The HRL
consists of a modified 4-MV KN Van de Graff accelerator, from which protons
are extracted, bent through an analyzing magnet and directed to the target (see
figure 3.1) [Wes87, Wes88]. In order to determine the value I', /T" for the 2485-
keV state, a 10-pA proton beam at an energy of E, = 1620 keV (populating
the Ey = 3823-keV state) was incident on a **Mg target (see figure 3.2). The
target was fabricated by reducing “*MgO with Zr [Tak66] and evaporating the
“!Mg onto a 0.25-mm-thick Ta backing [Max67, Mug79]. The chambers shown
in figure 3.3 were constructed such that the target could be positioned normal
to and 45° with respect to the incident beam. The 45° chamber was used for the

determination of the y-ray branching ratios. A cold trap helped reduce carbon

‘Er and E, values are given in the lab frame, whereas all measured and
calculated quantities are given in the c.m. frame. All resonance and excitation
energies are adopted from [End98].
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Figure 3.1: Diagram of the High Resolution Laboratory.

buildup and direct water cooling prevented target deterioration. A 140% high
purity germanium (HPGe) detector was placed at an angle of 55° with respect to
the incident beam and located at a distance of 6 cm from the target center to the
front face of the detector. The absolute proton energy calibration was determined
from vield curves over the Eg = 1654-keV resonance in *Mg(p,v)**Al and the
Er = 992- and 1317-keV resonances in ?"Al(p,~)*®*Si. The uncertainty in the
calibration was less than 1 keV. Additional data were taken at the Er = 1654-
keV resonance to determine ', /T" for the E, = 2674-keV state. A total charge
of 320 mC were accumulated on target at E, = 1616 keV and 50 mC at E, =
1654 keV.

3.1.2 Resonance Strengths

The resonance strength measurement took place at TUNL, utilizing unpolar-
ized H™ extracted from the Atomic Beam Polarized Ion Source at an energy of
75 keV. The H™ were bent through an inflection magnet and accelerated through
the minitandem [Bla93]. The electrons were stripped from the H™ at the center

of the minitandem and, after bending through a second magnet, the protons
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Figure 3.2: Energy level diagram for ** Al
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Figure 3.3: The 0° and 45° chambers used for a) determination of the mean
lifetime (section 4.3) and b) determination of branching ratios.

were incident on the target (see figure 3.4). The experimental setup for the reso-
nance strength measurement is shown in figure 3.5. The proton beam entered the
chamber through a 3-mm-diameter collimator, passed through the transmission
target and was incident on the opposite side of the chamber. A 100-gm-thick
lon-implanted charged-particle detector was placed at a distance of 7.8 cm with
a 0.8-mm-diameter aperture and was used to measure the yield of backscattered
protons. The angle of the charged-particle detector was changed from 160° to
125° for proton- and alpha-particle angular distribution measurements, but oth-

erwise was fixed at 155°. A 128% or a 140% HPGe detector was placed in a close
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Figure 3.4: Diagram of the beam line used in the resonance strength determina-
tions.
geometry and at an angle of 125°. The intensities of the protons were kept below
700 nA to prevent target deterioration and were typically > 200 nA. The energy
of the incident protons ranged from 200 to 480 keV.

On-line calibration of the incident proton energy was determined from the
known source, minitandem, the Cs oven voltages, and from the thickness of the

minitandem foils using the following expression
Efznuf — 2Vmini =+ V)’Tavne + 2‘/’05 - AEC’ (51)

where Ef;,q 1s the final energy of the protons, V., is the voltage of the mini-
tandem, V4 1s the voltage on the frame of the source, Vi, is the voltage of the
cesium oven, and A F¢ is the energy loss of the protons through the minitandem
carbon foils. Off-line, the energies of the incident protons were determined from
well established (p,~) vield curves and expressed in terms of the location of the

backscattered proton peaks in the charged-particle detector. Gain stability was
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Figure 3.5: Schematic of the scattering chamber used in the determination of the
resonance strengths.

monitored using a precision pulse generator and no significant excursions were

observed.

The Mg targets were fabricated by evaporating Mg metal onto the underside
of 20-pug/cm? carbon foils. The Mg would rarely adhere to the top of the foils
during evaporation, and presumably stuck to the underside of the foils owing
to the presence of leftover detergents used to release the carbon from its glass
slide. The Al targets were fabricated by evaporation of Al metal onto 20-ug/cm?
carbon foils. The targets were typically ~ 4-6 keV thick at beam energies of E,
= 400 keV. The thickness was chosen so that the energy loss through the target
was larger than the resolution of the beam and that the Rutherford cross section

and effective stopping power varied little over the thickness of the target.
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For the determination of resonant branching ratios, a setup similar to the one
described in section 3.1.1 (using the chamber shown in figure 3.3 b) was used.
Protons passing through the minitandem were incident on a Mg or Al target
evaporated onto a 0.5-mm-thick Ta backing. A 7-mm-diameter collimator was
used to limit the size of the beam spot on target. A 140% HPGe detector was
placed ~ 5 cm from the target location at an angle of 125° with respect to the
incident proton beam direction. Beam intensities were typically less than 6 pA

and the targets were less than 20 keV thick at E, = 400 keV.

3.1.3 Mean Lifetimes

The lifetime measurement also took place at the High Resolution Laboratory
(HRL) at the Triangle Universities Nuclear Laboratory with the chamber shown
in figure 3.3 a. For the lifetime measurement, protons at an energy of 1620 keV
and 1654 keV were incident on the target with an intensity of approximately 7
¢ A and a total charge of 1.0 C and 0.48 C, respectively. The beam was collimated
to a 4 mm diameter spot on the target.

Three 60% HPGe detectors were placed at angles of 2 £+ 3°, 90 + 3° and 141 £
3° with respect to the incident beam direction (see figure 3.6). The angles of the
detectors were determined from the location of the detector and the small offset
of the beam spot from the center of the target. The distances of the detectors
were 8.1 cm, 7.8 cm and 10.1 cm from the target, respectively.

The target used in the lifetime measurement was fabricated using the ion
implanter located at the University of North Carolina at Chapel Hill (see figure
3.7). Natural Mg metal was evaporated in the source of the ion implanter and
mass selected for A=24 ions. The **Mg™ ions were accelerated to 100 keV and
rastered to uniformly distribute the **Mg* ions on an etched [Gie92] 0.5-mm-
thick Ta backing (see figure 3.7). The chamber shown in figure 3.3 a was used
for the implantation of the Mg ions into Ta. A dose of 1.62 C of **Mg™" ions was

accumulated over an area of 3.8 cm? in the backing.
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Figure 3.7: Schematic of the ion implanter located at the University of North
Carolina at Chapel Hill, used to make the Mg implanted into Ta targets for the
lifetime determinations.
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Figure 3.8: The yield curve taken at the Egr = 419-keV resonance in the

2Mg(p,v)* Al reaction, from which the stoichiometry of the target is deter-

mined.

The etching process was performed to remove surface contaminants from the
Ta backing (such as boron or carbon). A recipe of 50 ml of 95% H,S04, 20 ml of
70% HNOj3 and 20 ml of 48% HF in a plastic beaker (glass will also be etched by
this) was used to etch the Ta. The Ta backings were submerged for approximately
60 seconds in the solution, rinsed in distilled water, and resubmerged if desired.
The etching process was continued until the Ta surfaces were smooth and highly
reflective. Finally the Ta blanks were cleaned with alcohol and outgassed via

resistive heating in an evaporator until they were red hot.

The stoichiometry of the target was determined from resonance strength mea-
surements (see chapter 4.2) using the Eg = 419- and 1654-keV resonances in the
Mg (p,v)*°Al reaction. The effective stopping power can be determined from

the maximum height of the yield curve (see figure 3.8 and equation 4.4). For this
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target the effective stopping power is given by [Rol88]

N a .
€= €emg + ]—foéTm (-3-2)
g9

where €prg 1s the stopping power of protons in Mg, e, is the stopping power
of protons in Ta, and Nt,/Npr, is the ratio of Ta to Mg atoms in the target.
The resonance strength value for the Eg = 419-keV resonance was taken from
table 4.7 and a value of wy = 190 £ 30 meV from [Tra75b] was used for the
Er = 1654-keV resonance®. The stopping powers of protons in Mg and Ta were
calculated with the program TRIM [Zie80]. The ratio Ng,/Nar, was determined
to be 0.3 & 0.1. The eflective density of the target was calculated from the
measured stoichiometry, the density of Ta, and the density of Mg, assuming the
Mg atoms replaced Ta atoms in the target [Kei83] one-for-one, and yielded a

value of p = 4.6 g/cm”.

3.2 Detectors

3.2.1 Efficiency

Summing corrections to the intensities of the observed peaks were necessary
for the branching ratio and resonance strength measurements as a result of the
close proximity of the HP Ge detector to the target. Summing effects result when
two sequential y-rays in a decay are detected within the time resolution of the
detector, and are therefore processed as one y-ray with an energy equivalent to
the sum of the two original v-rays [Deb88]. This effect can lead to increases
(summing in) or decreases (summing out) in the observed intensity.

Summing corrections are dependent on the photopeak efficiency and the total

efficiency of the detector. The photopeak efficiency ¢ represents the probability

A renormalization of the results of [Tra75b] was made in chapter 5 to match
the presently determined values. The values quoted in [Tra75b] are consistent
within errors with the renormalized values.
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that an incident y-ray will be fully absorbed in the detector. The total efficiency
¢¢ represents the probability that an incident 7-ray will be detected via the
photoelectric effect, Compton effect, pair production, or scattering of the y-ray
into the detector. By placing calibrated ®°Co and '¥"Cs sources at the target
location (at a detector-to-target distance of ~ 6 cm) the total efficiency was
measured to be £, = 3.59x1072 at E, = 1253 keV and ¢, = 6.25x107% at L., =
662 keV.

To determine the photopeak efficiency a calibrated **Co source, which emits
a multitude of low-energy ~-rays, was placed at the target location. The number
of v-rays observed in the photopeak relative to the number of emitted ~-rays
[Wan838] is shown in figure 3.9 (top). The curve fit to the data uses the expected
energy dependence of the photopeak efficiency [Deb88] and yields a photopeak
efficiency of ¢ = 0.427E~%3% where E is the «-ray energy in keV. The scatter of
the data points about the solid line is a consequence of summing.

For the simple decay scheme shown in figure 3.10, corrections (C') to the

intensities of the three peaks would proceed as follows:

- J - 1 1
C(4) = CB) = @y ™ O = Ty

“Toam YT T@ el

The photopeak efficiency and the total efficiency (with 5% and 10% errors re-

spectively) were used to correct the 5

Co data for summing and the results are
shown in figure 3.9 (bottom). The fit to the sum-corrected data yields a photo-
peak efficiency of ¢ = 0.604E7°°4". Summing corrections have been applied to
all branching ratio and resonance strength data.

An accurate knowledge of the ratio of the charged-particle detector to the
HPGe detector efficiencies, Q. /¢, is essential to the accurate determination of
resonance strengths. T'wo HPGe detectors were used during these runs. For the
Mg(p.v)* Al runs the large 140% HPGe detector was placed at a distance of
13 cm and an angle of 125°. Because of geometric constraints, the 140% detector

could not be moved any closer to the target. The resonance strength runs for
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the other Mg isotopes and the Al run took place with a smaller 128% HPGe
detector located at a distance of 7 cm and an angle of 125°. The smaller detector
was chosen because it could be moved closer to the target, resulting in a larger
efficiency. The relative photopeak efficiency for both detectors was determined

56

at the lower v-ray energies with a *°Co source and at higher ~-ray energies with

the Eg = 992- and 1317-keV resonances in the #"Al(p,v)**Si reaction (see figure
3.11). The relative photopeak efficiencies of the two detectors were determined

from the data and are given below.

128% detector :
log(c) = —0.30 — 0.519(log E.) for E, < 2370 keV
log(g) = —3.6 + 0.21(log E,) 4 0.48(log E.)* — 0.12(log E.)* for E, > 2370 keV
140% detector :
log(e) = —0.55 — 0.540(log E.) for E. < 2800 keV
log(s) = =3.6 — 0.07(log E,) + 0.53(log E.)* — 0.12(log E.)” for E., > 2800 keV

Owing to the large systematic uncertainties that could arise from the de-

termination of the absolute charged-particle detector solid angle relative to the
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Figure 3.13: The angular distribution of ay-particles emitted in the
YE(p, a7)'0 reaction. The intensity of a;’s (cm) normalized to the intensity of
6.13-MeV ~-rays observed at 125° are plotted as a function of the charged-particle
detector angle (cm). The angular distribution corresponds to a coeflicient of a,
= -0.06 £ 0.03.

absolute HPGe detector efficiency, the F(p, ayv)'®O reaction (see figure 3.12)
was chosen to determine the ratio of the two detector efficiencies. At an incident
proton energy of E, = 340 keV, this reaction produces one ay-particle for every
6130-keV ~-ray. In addition, the angular distribution of ap-particles was deter-
mined by varying tlie angle of the charged particle detector from 125° to 160°
and normalizing the number of observed a3’s to the number of v-rays detected at
125°. The angular distribution of v-rays emitted from the '*F(p, a,+)'®O reaction
is isotropic [Dev49, Bec82, Cro91]. The angular distribution of ay-particles has
the form 1 + a,F5 cos 8 and a value of a; was measured to be ay = -0.06 £+ 0.03
as shown in figure 3.13%. Previous determinations of the angular distribution of
ag-particles from the "F(p, a27)'%0 reaction are inconsistent. The angular dis-

tribution reported by [Van41] claimed an isotropic distribution, whereas [Bec82]

*The isotropy of the system was checked with an a-particle emitting *!Am
source placed at the target position
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claim anisotropy with a; = 0.13 4+ 0.05. Note that the later study reports fewer
data points than the present work. The present result was determined from «y
intensities measured at nine angles with high precision and is therefore used in
the determination of the relative detection efficiencies. The resulting efficiency
ratios for the different geometries of the two HPGe detectors are Q,,/c, (128%
detector) = (2.346 + 0.062) x 1072 sr and Qq/e, (140% detector) = (4.255 +
0.201) x 1072 sr.

3.2.2 Energy Calibration

In order to determine the mean lifetime 7 of a state by the Doppler-shift-
attenuation method, the energy of the observed ~-ray at each detector angle
must be accurately measured. Consequently, gain shifts during the beam-on-
target runs and calibration runs cannot be tolerated. The centroids of the K and
Tl room background lines were monitored as a function of run number during
the beam-on-target runs (shown in figure 3.14). The shifts in gain are negligible
for our purposes. Small gain shifts were found between the calibration runs
and the beam-on-target runs, but these were corrected off-line using the well-
known room background lines. A %®Co calibration source was placed near the
detectors before and after the data were taken, yielding a number of ~-rays in
the energy region of interest. Figure 3.15 demonstrates the quality of a linear
energy calibration during a **Co run using the well known 5-ray energies from
the decay of *°Co [Wan88]. The vertical axis is the ratio of the energies from the
calibration divided by the quoted ~v-ray energies. Included in the figure are the
K and Tl room background ~v-rays. The effect of scatter about the value of unity

1s negligible for our purposes.
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Chapter 4

Experimental Procedures and

Results

4.1 Branching Ratios

The branching ratio measurement for the E; = 2485-keV state took place
with a proton energy of E, = 1616 keV. The Egr = 1616-keV resonance in
HMg(p,7)**Al decays to the E, = 2485-keV state in *°Al (see figure 3.2) and
the value for I', /' was determined by monitoring the number of times the state

decay
]w 7

of interest decayed via y-emission (3, ) with respect to the total number of

~v-rays that populated (If"df“g) the state of interest, i.e.

1—\7 i]jﬁicay .
T = ——I/{eeging . (41)

Similarly, the value for I',/I" for the E; = 2674-keV state was determined from
populating the Er = 1654-keV resonance. Figure 4.1 shows a section of the v-ray
spectrum used to determine the value I', /I" for the 2485-keV state. Labeled are
the ~-rays that populated and decayed from the E, = 2485-keV state (3823 —
2485 keV and 2485 — 945 and 451 keV, respectively). In order to determine the
value of I',/I" for the Ey = 2485- and 2674-keV states as well as resonant y-ray

branching ratios, the intensities of the peaks were corrected for the photopeak
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Figure 4.1: v-ray spectrum highlighting the y-rays of interest used to determine
the value I, /T for the E, = 2485-keV state.

efficiency of the detector (section 3.2.1), for summing effects (section 3.2.1), and
for possible angular distribution effects (section 2.1).

The areas of the y-ray peaks were determined with the peak fitting program
GELIFT [Rad89]. A linear background was determined in the energy range
of interest and peaks were assumed to have a Gaussian shape. When peaks
overlapped with other peaks, the widths of the peaks were assumed to be equal.
The GELIFT program returned values for the centroid, area, and width (and the

corresponding errors) of the peaks as output.

The resonance v-ray branching ratio resulting from the decay of a compound
nuclear state is determined from the yield of ~-rays emitted for the particular

transition of interest relative to the total number of v-rays emitted from the
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Figure 4.2: Yield curves of the Er = 1616- and 1654-keV resonances in
“Meg(p,v)* Al

initial state. Therefore, the sum of all the 4-ray branching ratios for a particular
state must be equal to 100%. In addition to the corrections mentioned previously,
the intensities must also be corrected for contributions from direct capture and
capture from other resonances.

Yield curves, or intensities of y-rays as a function of the incident proton
energy, were determined for both the Eg = 1616-keV and the Egr = 1654-keV
resonances (see figure 4.2). The Eg = 1654-keV yield curve contains information
about the target and beam [Gov59] since the target is much thicker than the
width of the resonance (~ 0.1 keV [End90]). The target thickness as determined
by the 'WHM of the yield curve is approximately £ = 3 keV at E, = 1654 keV.
The beam spread as determined by the 20-80% change in energy on the frout edge
of the yield curve [Gov59] corresponds to a width in the incident beam energy

of approximately 0.5 keV. As seen in figure 4.2, there can exist contributions
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Figure 4.3: The yield curve data taken across the broad Eg = 1616-keV reso-
nance for the transition to the first excited state (left) and to the second excited
state (right) in *Al. The long dashed curve is the direct capture component
(negligible for the R—945 transition), the short dashed curve is the resonance
capture component, and the solid curve is the fit to the data resulting from the
coherent superposition of the two capture processes.

to the ~-ray intensity observed at the Egr = 1654-keV resonance from the Eg
= 1616-keV resonance. In addition, the direct capture contributes to the v-ray
yield for selected transitions to final states in **Al [Tra75a], and therefore must
be considered for the determination of primary «-ray branching ratios.

The width of the Er = 1616-keV resonance, ~ 36 + 7 keV [End90], is much
larger than the thickness of the target, therefore the shape of the yield curve is
primarily determined by tle cross section. Direct capture contributes to the ~-
ray yield at the Eg = 1616-keV resonance for all of the primary decays [Tra75al.
A fit to the yield curve data for the Eg = 1616-keV resonance was performed
using equation 2.4. The best fit was determined using a y? minimization routine.
The * is defined as follows [Bev92]

oo V)~ 2y o)
o;(Z)*

=1

where Y (z;) is the fit to the data at z;, Z(z;) is the value of the data at z;
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Angular Distribution Effects

Transition aq [PIIT2] ~ | ayPyQ4 |
3859 — 0 keV -0.03 0.006
3859 — 945 keV 0.00 0.00
3859 — 1790 keV -0.06 0.01
3859 — 2674 keV 0.10 0.02
3859 — 2720 keV 0.03 0.006
Table 4.1: Angular distribution effects for the Er = 1654-keV resonance in

HMg(p, 1) Al

with an uncertainty of 0;(Z). The free parameters in the fit are the resonance
energy (determined to be Eg = 1616.5 + 0.6 keV), the width of the resonance
(determined to be I' = 35.8 4 0.8 keV), and the normalizations of the two capture
cross sections. Figure 4.3 shows the fit to the R — 451-keV and the R — 945-
keV transitions and highlights the direct capture (DC) and resonance capture
(RC) components. The direct capture contribution to the intensity of the R —
945 transition is negligible relative to resonance capture. As mentioned above,
the ~-ray yield at the Eg = 1654-keV resonance also has contributions from
direct capture and from the tail of the Eg = 1616-keV resonance. Therefore,
the proper determination of the v-ray branching ratios for the Eg = 1654-keV

resonance requires a subtraction of these extraneous contributions.

Angular distribution effects must also be considered when determining I'., /I
and resonant 7y-ray branching ratios (see equations 2.5 and 2.7). The resonance
capture cross seclion is isotropic for capture to a J = 1/2 state (i.e. the Ep =
1616-keV resonance). The direct capture angular distribution was determined
by [Tra75a] and resulted in at most a Ps(cosf) component. The detector was
placed at 55° where P(cosf) = 0, ensuring that no corrections were needed
for direct capture angular distributions. The angular distribution for the ~y-ray

resulting from the 3859 — 2674 keV transition was also considered. The J~
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I, /T values in *°Al

Ey (keV) Present Previous
2485 keV  0.91 4 0.03

2674 keV  0.125 £ 0.008 0.12 4+ 0.02 [Dwo72]

Table 4.2: T, /I" values for the E, = 2485-, 2674- and 2720-keV states in **Al.

value of the E, = 3859-keV feeding state is 5/2%. The detector was placed at
55° to eliminate the contributions from possible Py(cos 8) terms in the angular
distribution of the cross section. Contributions to the overall intensity resulting
from P4(cos @) terms in the cross section were estimated from the a4 term given
in reference [Pii72], and are listed in table 4.1. The contribution was corrected
for the attenuation of the P4(cos ) component (Q4 < 0.5) caused by the large
solid angle subtended by the HPGe detector.

After correcting for the photopeak efficiency and summing effects, a value of
I',/T' = 0.91 4+ 0.03 was determined for the E; = 2485-keV state and a value of
[,/T = 0.125 £ 0.008 was determined for the Ey = 2674-keV state. The maxi-
mum effect resulting from an anisotropy of the uncorrected angular distribution
on the yield for the 3859 — 2674-keV transition is 2% (see table 4.1). The ~-
rays emitted from the decay of the E, = 2674-keV state do not contain P4(cos @)
terms, and therefore do not require angular distribution corrections. The final
results are presented in table 4.2.

The branching ratios for the Kg = 1616- and 1654-keV resonances are shown
in table 4.3 for the present experiment and compared to the results in the litera-
ture. The maximum effect of the angular distribution on the yield (or branching
ratios) of the Eg = 1654-keV resonance is < 2%, and is therefore not reflected in
the final results. The errors in the branching ratios result from the subtraction of
the direct and resonance capture components to the yield (< 4%), the statistical
uncertainty of the counts in the spectra (< 2%), the relative photopeak efficiency

of the HPGe detector (< 2%), and summing corrections to the intensities (< 2%).
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Branching Ratios in *Mg(p,v)**Al (in %)

Er (keV) Transition  Present [Tiko1]  [Ree69]  [Pii72]
1616 keV R — 2485 5.7 + 0.2 741 541 845
R— 945 69.8+07 68+3 3245 6145
R 451 245+£07 25+2  20+£3 31+5
1654 keV R — 3062 0.36 £ 0.04 0.7 +0.1 4.0+ 0.5
R—2720 9414023 96+07 8+1 8+3
R — 2674 7.90+£0.12 90+07 10£1 9+3
R — 2185 < 0.2 <04 18 + 3
R — 1790 6.09 £0.15 51+04 40£05 6=+3
R — 1613 1.93+£006 24+03 8+1 242
R—045 63.8+13 668+35 28+4 63+4
R — 451  0.40 + 0.04 2 £ 0.3
R—>0 991+£016 644+1.0 10+£2 12+3

Table 4.3: The branching ratios for the Egx = 1616- and 1654-keV resonances
in “*Mg(p,~)*Al for the present work and from the literature. Some states
from the previous branching ratios are not listed because they resulted from
other resonances. The present branching ratios were corrected for contributions
resulting from direct capture or other resonances.

The final results are generally in agreement with the previous data.

4.2 Resonance Strengths

The discrepancies of factors of two or more in the literature values for reso-
nance strengths motivated the use of a method whereby the systematic uncer-
tainties would be reduced. Determinations of resonance strengths are generally
carried out by either measuring the resonance strength relative to a known res-
onance or determining them absolutely. In most methods, absolute resonance

strength determinations require knowledge of the target stoichiometry, the stop-
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ping powers of the different target nuclei, total charge accumulated on target,
and the absolute detector efliciency. These quantities are potential sources of
systematic errors. The method outlined later in this section for the determina-
tion of absolute resonance strengths eliminated the above mentioned systematic
uncertainties, yielding results that are more reliable.

The definition of a resonance strength was given in equation 1.1. The integral
over the Breit-Wigner cross section (see equation 2.3) for a narrow resonance is

proportional to the resonance strength
/' opw(E)dE = 272 (wy)r (4.3)
0

where Ap is the wavelength of the incident particle at the resonance energy
and (w7v)p 1s the resonance strength at the resonance energy. The first step in
obtaining a value for the resonance strength is a measurement of the (p,~) yield
curve. The height of the thick target yield curve is proportional to the strength
of the resonance. The width of the yield curve is approximately equal to the
thickness £ of the target (since the resonance width is much smaller than the
target thickness). The spread in the incident beam energy produces a sloped
front edge to the yield curve and the straggling of the incident particles through
the target and of the target nuclei into the backing are the predominate cause of
the sloped back edge.

If the thickness of the target (~ keV) is large compared to the width of the

resonance (~ eV) the y-ray yield is directly proportional to wy [Govh9]. Then
2Y, 2Y,¢6 2 A
Wy=-—F€= 55— = —— 4.4
' A2 A2 ny A2 ny’ (44)
where Y., 1s the maximum ~-ray yield, n; is the number of target nuclei, and e
is the effective stopping power of the target. A (= Y,£) is the integrated area
under the (p,v) yield curve.
The yield of elastically scattered protons for an incident bombarding energy
Ey 1s given by
- Ey opg th(E)
Yr. :/ T AE &~ opun(Ey) n 4.5
Ruh = J o (B Ruth( ) 1t (4.5)

44



when the Rutherford cross section opy, relative to the effective stopping power
¢ changes little over the energy loss of the projectile in the target. Substitution

of equation 4.5 into 4.4 leads to

wy = 2 O Ruth
) b b
Az Ruth

(4.6)

which is independent of stopping powers, target stoichiometries, target unifor-
mities and beam straggling [Gov59].

The area A under the (p,v) yield curve is given experimentally as

| © N.(F)

A= >
Bye Wi (0) Jo Np(E)

dE, (4.7)

where N, is the number of observed ~-rays, B, is the branching ratio of the
observed 7-ray, €, is the absolute photopeak efficiency of the HPGe detector,
W, is the angular distribution of the emitted v-rays, and N, is the number of
particles incident on the target. The Rutherford yield is written experimentally

as
NI(E)
N, (EYQem’

with 1\;’) the number of elastically scattered protons and ., the solid angle

Yiun(L) = (4.8)

of the charged-particle detector. Because the incident bombarding energy is
much smaller than the Coulomb barrier, the yield of backscattered protons can
properly be described by Rutherford scattering even at the resonance energies (as
shown later in this chapter), which allows for the determination of the resonance
strength relative to Rutherford scattering. Incorporating equations 4.7 and 4.8

into 4.6 yields

2 Qo N (FE .
WY = — : / 7( )CTRum(E)dE- (4-9)

A2 B2, W.(8) NI(E)
The determination of the different components of equation 4.9 and the result-
ing resonance strength values for the Er = 223- and 419-keV resonances in
“Mg(p,7)**Al, Er = 435-keV resonance in 2*Mg(p, v)*6Al, Eg = 338- and 454
keV resonances in *Mg(p, v)?7Al, and the Eg = 406-keV resonance in 2" Al(p, v)**Si

are discussed in this chapter.

45



Sample spectra for the **Mg(p,v)*°Al and the **Mg(p, p)**Mg reaction at
E, = 223 keV are shown in figure 4.4. The strongest primary y-ray used for the
determination of the resonance strength and the fit to the charged-particle spec-
trum for the different target nuclei are indicated. Peaks in the charged-particle
spectrum were fit using the GELIFT program assuming a Gaussian distribution.
The Mg, O, and C peaks were easy to distinguish at the higher energies around
E, = 400 keV (see figure 4.5) and calibrations regarding the location of the O
peak and its width were determined ard fixed at the lower energies. The qual-
ity of the fit to the low energy peaks was indicated by the close correspondence
of the observed yield to that describing the Rutherford scattering. The 7y-ray
peaks were assigned a linear background fit with the XSYS data analysis routine
[Sod8T] and gates set around the region of interest determined the area of the

peak. Only when ~-ray peaks overlapped were they fit using GELIFT.

Since the energy calibration of the incident particles was determined as a
function of the peak location of the backscattered particles in the detector (see
section 3.1.2), the carbon buildup on the front of the target created some dif-
ficulties. Incident protons would have to travel through the carbon layer after
interacting with the target, resulting in a lower measured energy. This effect
was noticed in the Mg(p,v)*"Al reaction at Er = 454 keV as demonstrated
in figure 4.6 (left). The data represented by the solid points were taken early in
the experiment. After an additional 27 mC of beam was accumulated on target
the front edge of the yield curve was reproduced yielding the open points. The
observed shift in energy resulting from the carbon buildup was determined as a
function of the charge accumulated on target and from the stopping powers of
protons in carbon. Corrections for carbon buildup as a function of the beam ac-
cumulated on target were applied to all yield curves (see figure 4.6 (right)). The
correction for the ?"Al(p,~)?®Si reaction is shown in figure 4.7, demonstrating

that the source of the shift was correctly identified.

Since the spin J of the compound nuclear states in the Er = 223-keV res-
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Figure 4.4: y-ray spectrum highlighting the v-ray used to create the yield curve
and the backscattered proton spectrum showing the fits determined for separate

target elements.
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Figure 4.5: Elastically scattered protons from a Mg (top) and an Al (bottom)
target.

onance in the **Mg(p,v)**Al reaction and the Eg = 454-keV resonance in the
Mg (p,;+)* Al reaction are both 1/2, the cross sections are isotropic, and no
angular distribution effects need to be considered (refer to equations 2.5 and
2.7). The J of compound nuclear states corresponding to the Eg = 419-keV
resonance in the *Mg(p,v)?*Al reaction and the Eg = 338-keV resonance in the
*Mg(p,v)*"Al reaction are both 3/2, having at most a P,(cos#) component in
the angular distribution. Therefore, in order to reduce the angular distribution
effects, the detector was placed at § = 125°, where Py(cosf) = 0. The Er =

435-keV resonance in the ®Mg(p,v)*°Al reaction and the Er = 406-keV res-
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Figure 4.6: The solid points in the left plot are the yield curve data taken early in
the experiment. After 27 mC of charge were accumulated on the target, the front
edge of the yield curve was reproduced, yielding the open points. The observed
shift was attributed to carbon buildup on the surface of the target. The resultant
yield curve after correcting for the effect is shown to the right.

0.05 [ " \ T T ‘ T

1

| ++ . j i o _
000 ~#— A ' S . ‘ \ el o
400

390 395 390 395 400

E," (keV)

Figure 4.7: The yield curve of *"Al(p, v)*®¥Si before correcting for carbon buildup
(left) and after corrections were made (right).
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onance in the 2"Al(p,v)*®Si reaction will predominantly proceed through /; =
1, inferring an angular distribution up to P(cos ). The possible contributions
resulting from Py(cos @) terms for the last two reactions are expected to be less
than a few percent [I1i90], and are therefore not considered in the determination
of the resonance strengths or y-ray branching ratios.

In addition to (p,p) and (p,7) data taken at the resonance energies for the
determination of the yield curves, elastic scattering data were also taken at ener-
gies far from the resonances. At the low-bombarding energies the backscattered

protons follow the Rutherford cross section, given as [ChuT7§]

do\ ([ ZiZe*\" 1 £.10)
dQ R‘ 1F sin®(6/2) (4

where ¢? = 1.44 MeV fm, F is the energy of the incident particle and # is the

cam. angle of the detector relative to the incident beam direction. The results
for the intensities of the backscattered protons at different off-resonance energies
and different angles are shown in figure 4.8. The solid curves reflects the energy
and angular dependence given in equation 4.10. The strongest reaction which
competes with Rutherford scattering is nuclear scattering at the resonance ener-
gies. The nuclear scattering yield is proportional to the strength of the resonance
of interest, or wy = wI'2/T. Assuming the two processes interfere constructively
and I' & 'y, the yield ratio of Rutherford scattering to nuclear scattering can
be calculated for each of the resonances of interest. For example, the *"Al + p
Rutherford scattering relative to resonance scattering has a yield ratio of ~ 300
(or < 1% effect on the yield resulting from Rutherford scattering). This value
was determined with an upper limit for I' [End90]. The results for all of the
resonances of interest are listed in table 4.4. Examples of the yield of elastically
scattered protons are shown in figure 4.9 for the Eg = 454-keV resonance in the
#Mg(p,v)*"Al reaction and for the Eg = 406-keV resonance in the 27 Al(p, )*Si
reaction. The solid line shows the Rutherford energy dependence normalized to

the data, confirming that the elastic scattering is properly described by Ruther-

50



| T — 20 ‘ .

5 Mg(p.p)Mg \ Al A

0,=185" 5 |, 0,=155"

10 1 \. ]
| \ \\ 110 \Q\ ‘

5 ‘ e - e

e e |
R S B S ¥
g 175 275 375 190 290 390
o E," (keV) E, " (keV)
-
O 40 ' N o o]
= N MgpoMg | e TAlpp)Al
= .E,=400keV 120 - . E =400keV -
. o P !
s 35T \ N
|
| | .

30 i . “
| 115 e -
S ) RN

125 145 165 125 145 165
ep ep

Iigure 4.8: Elastic scattering of protons from Mg and Al. The intensity in the
c.m. frame as a function of incident proton energy is shown on the left. On the
right is the intensity of scattered protons as a function of the detector angle.
The solid line shows the energy and angular dependence of the Rutherford cross
section normalized to the data.



5500

T

AN
[\
o
o
S——
<
o
O
&)
<
(@)
N
\,
>
—~
O
©
~
N
\I
>

5200 r

Relative intensity

- j4900#

435 Cm440 445 350 Clm 355 400
E “"(keV) E,""(keV)

p

Iigure 4.9: Elastic scattering of protons from Mg and Al at the energies of the
Er = 454-keV resonance in **Mg(p,v)*"Al and the Eg = 406-keV resonance in
*"Al(p,v)*®Si. The intensity in the c.m. frame is plotted as a function of the
incident bombarding energy.

ford scattering.

Once the quantity N, ( E)JRuth(E)/J’VT;(E) was determined from the data as a
function of energy and N, was corrected for summing effects, the data were fit
in order to determine the area under the curve (i.e. the integral part of equation
4.9). A yield-curve-generating routine YCURVE was adopted from U. Giesen
[Gie92]. The basic premise behind the generation of a theoretical yield curve is

described below. The yield from a reaction can be written as

Y(E) = /E': Z((f)) dE (4.11)

where o is the (p,7) cross section and ¢ is the stopping power of the protons in
the target. One way to include the effects of the beam is to write the yield in
terms of ¢g(&, E') and W(E, E', E") which describe the beam spread and beam

straggling, respectively [Gov59]

I E 0o oo U(E)
}/ E = ! 7 AR AU Al ml / //- n 2
By = [, L SpyetE EOWE, BB 4B dF dE (4.12)
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Rutherford versus Resonant Scattering

Reaction Er (keV)  Ygun/Ysp

2Mo(p,v)PAl 223 1x107 @
2Mg(p, )AL 419 5x10% @
Mg (p,v)*°Al 435 2x102 °
B)Mg(p, )AL 338 4x10% b
%Mg(p,7) Al 454 25107 b
27 Al(p, v)28S;i 406 3x10? b

Table 4.4: The ratio of the Rutherford backscattering yield Yg,un to the yield from
resonance scattering Y,,. “The Y,, values were determined with the T’y and I"
values determined in this work. *The Y,, values were determined assuming I' ~ T,
where I' was taken from [End90]. The Eg = 435 keV resonance in 2*Mg(p,v)*°Al
and the Eg = 406-keV resonance in *"Al(p,7)?®Si were determined with upper
limits.

The beam spread can be well described by a Gaussian distribution. The beam
straggling has been described by the Bethe-Bloche theory [Mar69] as a Gaussian
of width s, where s increases with the depth of penetration of the incident parti-
cles into the target. The program uses the approximation s = Veonst AE where
AL is the energy loss of the incident particle at a given depth in the target.
The generation of the yield curve proceeds in three steps. The first step 1s
to generate a rectangular yield curve which includes the width of the state, the
height of the yield curve and the thickness of the target. The second step smears
the rectangular yield curve using a Gaussian distribution to describe the beam
spread. The third step is to further smear out the yield curve by increasing the
width of the beam straggling as the projectile travels further into the target.
The quantity N, (E)/N,(E) was extracted from the spectra for each run at
the different energies across the yield curve. The Rutherford cross section was
calculated for the incident proton energy and the quantity N,(E) op(£)/N (E
was plotted as a function of proton energy as shown in figure 4.10. The values

for the resonance energy, beam straggling, beam spread, height of the yield curve
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and target thickness were determined via a y* minimization of the yield curve to
the data. The results of the yield curve fitting routine are shown in figure 4.10
as solid curves.

The output includes values for the height and area of the yield curve and the
target thickness, as well as the uncertainties and correlations between the yield
curve height and target thickness. The uncertainty in the area was determined
as follows:

of = ol + Hiol + 2tH 0c0,C (4.13)

where ¢ (o¢) is the target thickness (and its uncertainty), H, (o, ) is the height
of the yield curve (and its uncertainty), and C' is the correlation between the
height and target thickness.

A determination of the y-ray branching ratios for the Eg = 223- and 419-keV
resonances in 2*Mg(p,v)?>Al and the Ep = 406-keV resonance in *"Al(p,v)**Si
was necessary for the determination of resonance strengths. The procedure for
determining branching ratios was outlined in section 4.1 and the results are
shown in table 4.5. For the EgR = 435-keV resonance in **Mg(p,~)**Al the
values were taken from Endt et al. [End88]. For the Eg = 338-keV resonance in
Mg(p,v)** Al the branching ratios were taken from Iliadis et al. [11190] and the
Er = 454-keV resonance branching ratios were taken from Maas et al. [MaaT8].

The determination of the ratio €., /e, of the charged-particle efhiciency to
the HPGe detector efficiency via the YF(p, a¥)'®O reaction was described in
section 3.2.1. For the determination of the yield curves the y-rays listed in table
4.6 were used. If more than one y-ray is listed, better statistics were found if
the efficiency-corrected sum of the of the listed transitions were used. The final
values for the resonance strengths are given in table 4.7 and are compared to the
other literature values.

The dominant sources of error in the final resonance strength values were the
following: area of yield curve < 3%, branching ratios < 4%, detector efficiency

< 6%, and summing corrections < 1%. The measurement of the resonance
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Branching Ratios (in %)

Reaction Transition Present  Previous®
“Mg(p,v)**Al R —945 15610 1943
ErR =223 keV R — 451 81.7£27 78+£3
E, = 2485 keV R—0 27+£03 32
MMg(p,v)**Al R — 1790 42.6 £ 0.8 30 £15
Er =419 keV R — 945 <1 1£1
Ex =2674 keV R —451 312407 43 +£15

R—0 252 +£06 26 +3
TAl(p,v)*®Si R — 10311 1.9+ 1.2 1.2
Er = 406 keV R — 9417 2.8 £ 0.3 2.3
Ey =1197T keV R — 8389 5.7+ 0.3 5.8
R — 6888 12.2 £ 0.6 13
R - 6879 23+04 1.1
R — 6276 1.6 + 0.3 1.0
R — 4618 71.2 &£ 2.5 73
R — 1779 23 £ 0.2 2.6

Table 4.5: Branching ratios for the Er = 223- and 419-keV resonances in
“Mg(p,7)**Al and the Egr = 406-keV resonance in 2"Al(p,~)?*Si. “Previous
branching ratios for the 2*Mg(p, v)*Al reaction are taken from [End78] and for
the 27Al(p,v)*Si reaction from [Mey75] where no errors were quoted.

strength relative to Rutherford scattering eliminated the need to know the total
charge accumulated on target and the target stoichiometry and stopping powers.
The use of the F(p, a;7)'€0 reaction eliminated the need to know the absolute
efficiency of the charged-particle and the HPGe detectors. Therefore the present

results listed in table 4.7 are more reliable than previous results.

There is excellent agreement between the present results and the resonance
strengths values quoted in [I1i190, Buc80] for the Er = 338-keV resonance in
Mg(p,v)* Al, [And80] for the Er = 435-keV resonance in the **Mg(p,v)*°Al



Er (keV) Transition(s) (keV)

223 2485 — 451
419 2674 — 1790
2674 — 452
2674 — 0
435 6724 — 228
6724 — 0
338 8598 — 6814

8598 — 4055

8598 — 3680
454 8709 — 844
406 11976 — 4618

Table 4.6: A list of the y-ray transitions used to generate the yield curves for the
determination of resonance strengths.

reaction, and [Seu88, Mey75, Lyo69] for the Er = 406-keV resonance in the
2TAl(p,v)*®Si reaction. Note that the results of [Kei80] overpredict the resonance
strength of the Eg = 435-keV resonance in *Mg(p,v)**Al by a factor of two.
The Er = 454-keV resonance in **Mg(p,~v)*"Al is also overpredicted by [Kei80].
The Egr = 223- and 419-keV resonances in 2*Mg(p,v)**Al are approximately

30% greater than the values quoted for [Tra75b].

The standard (p,~y) resonance strengths (Er > 0.5 MeV) for reactions in-
volving Mg and Al isotopes compiled by Sargood [Sar82] are mainly based on
the measurements of the Melbourne/Caltech group [Pai79, And80, Lyo69]. Con-
sequently, the excellent agreement of the present absolute strengths for the Eg
= 435-keV resonance in **Mg(p,v)?®Al and the Eg = 406-keV resonance in
2"Al(p,~)*®Si with the relative values of [And80, Lyo69] suggest that our results

can be used in order to extend the set of standard (p,v) resonance strengths in
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: wy (meV wy (meV
Reaction Er (keV) | J™ ( ) ( )

Literature Present

9.5 + 2.0 [Tra75b]
MMg(p,v)* Al | 223 1/2% 5.1 £ 1.1 [Dwo70] | 12.7 £ 0.9
13.7 + 6.9 [End67]
2Mg(p, 1) Al | 419 3/2+ 33 25 [Tra?80] 1)) 6 2 26
15.8 £ 3.2 [Dwo70]
131 + 16 [End67]
25Mg(p, v)2°Al | 435 4- 98 + 8 [Ands0] | 94.2 + 6.5
192 + 17 [Kei80)]
250 =+ 30 [11190]
26Mg(p, 7)2"Al | 338 3/2° 700 + 15 [Smis2] | 273 £ 16
250 + 110 [Buc80]

» . 1100 = 100 [Keis0]
265Mg(p,v)T Al | 454 1/2+ 715 + 41
460 + 70 [End67]

7 + 2 [Seu88]
Al (p,v)®St | 406 (37,4%) 8.3 [Mey75] 8.63 + 0.52

10 £+ 2 [Lyo69]

Table 4.7: The resonance strengths presented in the literature compared to the
present results.

the sd-shell [Sar82] to energies below Eg = 0.5 MeV.

4.3 Mean Lifetimes

A previous measurement of the mean lifetime of the E, = 2485-keV state was
made by Dworkin et al. [Dwo74]. The work was never published and contains
potential sources of systematic uncertainties (described below) that motivated

us to remeasure it. The Dworkin et al. measurement was performed with an
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the number of backscattered protons multiplied by the Rutherford cross section.
When more than one transition is used, relative efficiencies were also included
in the yield curves. The solid line represents a least-squares fit to data from the
yield curve fitting program.
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evaporated Mg target, which also contained oxygen, which was not considered
in their analysis. In addition, the determination of mean lifetimes of nuclei
recoiling in a low-7Z material is less sensitive than for a high-Z material for 7
< 10 fs. Their measurement was performed at a bombarding energy of F, =
223 keV (much lower than the present E, = 1620 keV), yielding a slower recoil
velocity, and therefore a smaller observed Doppler shift. Finally, the stopping
powers calculated by Dworkin et al. have since been experimentally determined.
All of these concerns are addressed in the present measurement.

The mean lifetime of a state is the average length of time the state exists
before it decays. The mean lifetime is given as [Kra88]

et dN/dt | dt
TT S dNJdt | dt

(4.14)

where t is time and N is the number of radioactive nuclei at time t. The number

of radioactive nuclei at a time ¢t is given by
N(t) = Noe ™ (4.15)

where N, is the original number of nuclei prior to any decays and X is the decay
constant. Solving for 7 from equation 4.14 and 4.15 yields 7 = 1/X. The time
dependent wave function for a state that decays with a mean lifetime 7 is given
by [Kra88]

(7 1) = U(F)e Ert/he=t/2T, (4.16)

The probability of observing the state in an energy interval between F and
E 4 dE is determined by squaring the amplitude of the Fourier transform of the

time dependent part of equation 4.16 which yields

dE
(E — Ep)® + k2 /4r%

P(E)dE = (4.17)

The probability distribution is Lorentzian with a maximum at Er (the resonance

energy) and with a full-width-half-maximum I" where

T =h/r (4.18)
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From this relation, the total width of the state is determined from the mean
lifetime.

For an object moving with velocity v relative to an observer, from which
a v-ray is emitted with an energy E,, the energy of the v-ray (as seen by the

observer) is given to first order in 3 as
E=FE,1+4 Bcosb) (4.19)

where J = v/c and 6 is the angle between initial recoil direction and the observer.

The observed «-ray energy is strongly correlated with the velocity of the
recoiling nucleus. In our experiments, the nuclei recoil in the target and are
slowed via interactions with the target and backing atoms. The slowing process
of nuclei interacting with other particles is described by two processes, electronic
and nuclear interactions [Zie80]. The electronic stopping power corresponds to
the energy transferred by the recoiling ion to the electrons in the slowing medium,
producing a gradual slowing of the recoil nuclei. The nuclear stopping power
describes the energy lost by the recoiling nuclei as a result of Coulomb scattering
with the target nuclei. In addition to a gradual slowing of the recoiling nuclei, the
nuclear component can also change its direction of motion. The total stopping
power is the sum of the electronic and nuclear stopping powers.

The quantity F(7) is defined as the average Doppler shift relative to the full
Doppler shift. A full Doppler shift occurs when the moving object decays with
its initial recoil velocity and no Doppler shift occurs when the object is at rest,
corresponding to values of F/(7) = 1 and 0, respectively. The equation for F'(7)

is given by
J52 e /v cos ¢t

UoT

F(r) (4.20)

where ¢ is the angle of divergence of the recoil nuclei from the original direction
of motion. The calculation of F/(7) for a range of lifetimes is described in detail
later in this chapter.

In order to experimentally determine the value for F'(7), one can measure the
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average y-ray energy, and use
E = E,1+ B,F(1)cosb] (4.21)

where 3, = vg/c. When designing the experiment it is important to use a material
that slows the recoiling nuclei on a time scale comparable to the mean lifetime of
the state. This is the basic premise behind the Doppler-shift-attenuation method
(DSAM) [Dev55, Dev36, Buns6]. The experimentally determined F'(7) value can
be compared to a calculated F'(7) curve to extract the mean lifetime of the state
of interest.

The mean lifetime of the E, = 2485-keV state was determined from protons
incident at the Eg = 1616-keV resonance, which subsequently decayed to the
state of interest. The total width of the E, = 3823-keV state (corresponding to
the Er = 1616-keV resonance) is 36 keV [End90] which yields a mean lifetime 7
~ 1075 fs, and therefore has a negligible influence on the determination of the
mean lifetime of the E, = 2485-keV state. The higher incident proton energy (as
compared to [DwoT4]) implies a higher 2 Al recoil velocity, leading to a larger shift
between the observed ~-ray energies at the different detector angles. The mean
lifetime of the Ex = 2674-keV state 1s determined from the capture of protons
incident at the Eg = 1654-keV resonance, which subsequently decays to the state
of interest. The total width of the E; = 3859-keV state, corresponding to the
Er = 1654-keV resonance, is 100 eV [End90], which indicates a mean lifetime of
the order 1077 fs, which again has a negligible impact on our extracted lifetime
value.

The decision to implant Mg into Ta (see section 3.1.2) resulted from the need
to determine lifetimes on the order of 10 fs. The existence of Ta in the Mg target
causes the recoiling nuclei to slow on a quicker time scale relative to that for a
pure Mg target. as a result of the higher Z material. A faster slowing medium
provides greater sensitivity to smaller lifetime values. A balance must be reached

between the number of Mg ions relative to Ta atoms so that both a reasonable
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count rate and proper slowing are achieved.

Portions of the spectra for the 2°, 90° and 141° detectors used to determine
the F'(7) value of the Ey = 2485-keV state are shown in figure 4.11. The spectra
include the 2034-keV ~-ray that results from the decay of the E, = 2485-keV
state to the first-excited state in 2>Al. The resolution was less than 2.5 keV at
E., = 1332 keV for the detectors and the dispersion was ~ 0.5 keV/channel in
each of the spectra. In order to determine the energies of peaks in the spectra,
their centroids had to be determined as accurately as possible. The shapes of
the Doppler shifted v-rays vary as a function of their lifetimes and the detector
position, and therefore, no assumption regarding the shapes of the y-rays were
assumed in the determination of centroids. A program [Bru94] was used to fit a
linear background through a user-defined region and from the resulting counts the
centroid and corresponding error were determined. The observed ~-ray energy
could then be determined via the energy calibration described in section 3.2.2.
In addition, angular distribution effects on the observed centroid of a vy-ray were
considered, and proved to be negligible.

The detectors are not point-like, thus corrections had to be made for the
sampling of the v-ray energies over a range of angles. Equation 4.21 would have
the following substitution

cos ) = @ cos O,— (4.22)

where Q is the attenuation factor [Ros33| resulting from the solid angle of the
detector and ,—¢ is the angle corresponding to the center of the detector. The

attenuation () was determined from a numerical integration using the formalism

of Rose [Ros53]

0= o™ cos e €(a) sina de
 [mere(a) sina da

where « 1s the angle between the point source of emitted ~-rays incident at the

(4.23)

center of the detector to vy-rays incident off center, cos « is the angular dependence
of the energy of the emitted y-rays (see equation 4.21) and e(«) is the efficiency

of the detector at the angle a. The program EGS4 [Nel85] was used to determine
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Figure 4.11: The ~-ray resulting from the decay of the E, = 2485-keV state to
the first excited state in *Al for detectors at angles of 2° (top), 90° (center) and
141° (bottom).
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Figure 4.12: The efficiency across the front face of a 60% HPGe detector at a
distance of 8.1 cm for a 2-MeV ~-ray.

the efficiency of the HPGe detector for y-rays incident across the front face of
the detector for a given geometry. A sample efficiency curve as a function of the
angle o across the front face of the crystal for a 2-MeV ~-ray with a target-to-
detector distance of 8.1 cm and a crystal radius of 3.45 c¢cm is shown in figure
4.12. Corrections for the effect of attenuation for the angular dependence of the
energy of the y-ray were always less than 3% (Q > 0.97).

A program, FITFTAU, used to determine the F'(7) value from a given mean
lifetime was adopted from E. F. Moore and modified for our purposes. The
determination of the velocity of the particle using the Blaugrund approximation
(discussed later in this chapter) was properly incorporated into the program and
the format of the output was modified to generate F(7) curves. An outline of the
program is given in figure A.1. In general, the program numerically integrates

the following

I e~ "Teos gdt

VT

F(r) (4.24)
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Knowledge of the velocity of the particle requires an accurate determination of
the stopping powers for Al nuclei in the target. The program was set up to
incorporate TRIM stopping powers as taken from the Ziegler formalism [Zie80].
The electronic stopping power of Al recoiling in Ta resulting from TRIM had the
correct energy dependence but needed to be renormalized by a factor of 2.12 +
0.10 in order to match the experimentally determined values [Ars90]. The nuclear
stopping power has also been established [Tik91, Ant82] and the TRIM nuclear
stopping powers were renormalized by a factor of 0.67 + 0.05. The electronic
and nuclear stopping power normalizations for Al recoiling in Mg were taken
from reference [Kei83], where the electronic stopping power was normalized by
a factor of 1.0 4 0.2 and the nuclear stopping power was normalized by a factor
of 1.00 4+ 0.18. The resulting electronic and nuclear components of the stopping
power are shown in figure 4.13.

The FITFTAU program uses what is known as the Blaugrund approxima-
tion, where v/c cos ¢ ~ v/c cos @ [Bla66], which has already been incorporated
in equation 4.24. The reliability of the Blaugrund approximation was tested
by Currie via comparison with the results of a Monte Carlo calculation. The
Blaugrund approximation results were in agreement to better than 10% with the
Monte Carlo calculations [Cur69]. Since the average divergence of the recoiling
nucleus results from the nuclear part of the stopping power, which dominates
at lower velocities, the Blaugrund approximation plays more of a role for the
larger lifetimes. For the states of interest (7 ~ 3 fs) the errors in the F'(7) curve
resulting from the Blaugrund approximation are less than 1%. The components
necessary for the calculation of the F(7) curve for a mean lifetime of 7 = 5 fs
and E, = 1620 keV are shown in figure 4.14. The final errors in the calculated
F(7) curves resulted from the uncertainty in the stoichiometry of the target
(see section 3.1.2) and uncertainties in the normalizations used for the stopping

powers.

The F(71) value for the Ex = 3823 — 945-keV transition was determined from
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Figure 4.13: The electronic and nuclear components of the stopping power (from
TRIM) after proper renormalization.

the data through the use of equation 4.21 and resulted in F(7) = 0.97 £ 0.03,
consistent with F'(7) = 1, as expected based on a lifetime of 7 ~ 107" fs. The
experimental value for the Ey = 2485 — 945-keV transition is F(7) = 0.93 &
0.04 and for the Ity = 2485 — 451-keV transition F(7) = 0.91 = 0.03, resulting
in a weighted average of F'(7) = 0.92 = 0.03. The F(7) values for the E; =

2485-keV state are shown in figure 4.15.

The F(r) values for the E, = 3859- and 2674-keV states were extracted from
the data taken at the Er = 1654-keV resonance. The value for the E, = 3859
— 1616-keV transition is F'(7) = 0.95 & 0.03 and the value for the E, = 3859
— 1790-keV transition is F'(7) = 0.98 £ 0.03. The mean lifetime of the E; =
3859-keV state is on the order of 1072, implying F/(7) = 1. The value for the E

= 2674-keV state resulting from the v-ray transition to the Ex = 1790-keV state
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Figure 4.14: The contributions of the different components to the value of /(1)
for a mean lifetime of 5 fs at E, = 1620 keV.

(shown in figure 4.16) is F(7) = 0.91 £ 0.05. The larger error is the result of
poorer statistics in the v-ray spectra.

The smooth curve in figure 4.17 represents the calculated F(7) curve (and
the corresponding errors) from the FITFTAU program for protons incident on
the implanted Mg target with an energy of 1620 keV. The mean lifetime was
extracted from the curve and the experimental F'(7) value of the Ey = 2485-keV
state, and resulted in 7 = 5.3 &£ 39 fs. The F(7) curve for a proton energy of
E, = 1654 keV is shown in figure 4.18. The F(7) value of the Ey = 2674-keV
state is shown and is consistent with a mean lifetime of 7 = 6.1 & 4% fs. The
results are summarized in table 4.8. The 90° data contained a systematic offset,
the source of which was never identified. One possible source for the offset was

the absorption of y-rays in the target holder and backing. The 90° detector does
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Figure 4.15: The observed ~v-ray energy (incorporating the uncertainty in the
position of the detector) as a function of ) cos 8, where @) is the correction for
the solid angle of the detector and 6 is the angle between the detector and the
incident proton beam. The solid line represents the F(7) value resulting from
the data and the dashed line corresponds to an F(r) = 1.

not play a significant role in the determination of the slopes of the lines in the
Q cos 8 versus Ef,,b‘”' plots, or the F(7) values, and was therefore not used in the

determination of F(7).

The previous results found in the literature for the total width of the E, =
2485- and 2674-keV states in **Al are <32 eV and <44 eV [Uhr85], respectively.
These results were obtained from the slope of the front edge of a yield curve.
The lifetime values quoted in table 4.8 for the E, = 3823- and 3859-keV states
result from the total widths given in [End90]. The present results are shown in
table 4.8 and are in agreement with the previous results. In addition, the value

of 7 = 8.4 + 3.0 fs obtained in the unpublished lifetime measurement of [Dwo74]
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Figure 4.16: The observed ~-ray energy (incorporating the uncertainty in the
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and 6 is the angle between the detector and the

Lifetime values

Ey (keV) F(r) 7 (fs) present 7 (fs) previous
2485 092 +0.03 5.3 + 29 > 0.02 [Uhr83]
2674 0.91 £0.05 6.1 £ 12 > 0.01 [Uhr83]
3823 0.97 + 0.03 <4 (1.840.3)x10~° [End90]
3859 0.97 + 0.03 <5 6.6x10~* [End90]

Table 4.8: The lifetime va

lues of the present work and previous values.
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Figure 4.17: The F(7) curve obtained from the FITFTAU program for £, =
1620 keV on the **Mg implanted into Ta target. The F(7) value for the E, =
2485-keV state is shown and the mean lifetime 7 is interpolated from the curve.

is consistent with the present results, despite the potentially large systematic

errors.
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Chapter 5

Nuclear and Astrophysical

Implications

The experimentally determined values for the resonance strengths, ~-ray
branching ratios and the lifetime measurement are summarized in table 5.1. The
total width for the E; = 2485-keV state resulting from the resonance strength
and branching ratio measurements is I' = 155 £+ 48 meV. The lifetime measure-
ment results in a total width I' = 125£19° meV. The asymnetric errors resulting
from the lifetime measurement were symmetrized via the following [Aud97]

(X) £ — (X+ “;b) + <“;b> (5.1)

resulting in a total width I' = 154 + 74 meV. The error weighted average of the
two determinations is I' = 155 £+ 40 meV.

The total width for the Ey = 2674-keV state resulting from the resonance
strength and branching ratio measurements is I' = 190 + 15 meV. The lifetime
measurement yields a total width I' = 1084:35% meV and, after symmetrizing, I
= 166 £ 107 meV. The error-weighted average of the two determinations is I' =
190 £ 15 meV.

The focus of this chapter is the determination of proton partial widths, y-ray
partial widths, and total widths for the Eg = 223- and 419-keV resonances in

“Mg(p,v)**Al resulting from the experimentally determined values. In addition,



Egr (keV) Parameter Value I' (meV)

223 r,/r 0.91 £+ 0.03
155 + 48
Wy 12.7 £ 0.9 meV
T 5.3 + 29 fs 125 £ 388
419 r,/T 0.125 £ 0.008
190 £ 15
Wy 41.6 £+ 2.6 meV
T 6.1 + 22 fs 108 £ 18°

Table 5.1: Summary of experimental results and individual I' values.

Er T, (meV) I, (meV) T (meV)
223 14 £1 141 4+ 47 155 £ 40

419 166 £ 15 24 £ 2 190 £ 15

Table 5.2: The proton, y-ray and total widths that result from the present mea-
surements.

proton spectroscopic factors were determined for the E, = 2485- and 2674-keV
states and compared to previous values. Implications for direct capture models
are also discussed. The rate for 2Mg(p,v)**Al resulting from the present work
1s presented for temperatures of Tg= 0.02 — 2 and a comparison is made of the
present reaction rate to the previously determinated rate compiled by Caughlan
and Fowler [Cau88]. In addition, the implications for the production of Al and

destruction of ?*Mg in M13 red giant branch stars are addressed.

5.1 Nuclear Structure

The resonance strength and branching ratio measurements allow for the de-
termination of partial widths and proton spectroscopic factors. The proton and
v-ray partial widths can be calculated directly from the resonance strength and
v-ray branching ratio values. The Ey = 2485-keV state has a proton partial

width I', = 14 + 1 meV and a 7-ray partial width I', = 141 £+ 47 meV. The E,
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= 2674-keV state has a proton partial width I', = 166 4+ 15 meV and a v-ray
partial width I', = 24 + 2 meV. The E; = 2674-keV partial widths have been
determined previously [Dwo72] via a I',/I" and wy measurement and resulted in
I'yv =7 £ 18 meV and I', = 8.8 & 2.5 meV. The discrepancy results from the
disagreement between the resonance strengths as seen in table 4.7. The present
partial and total widths are shown in table 5.2.

The proton spectroscopic factor S is calculated from the proton partial width
via the following equation [11197]

h?

pa®

<
|8
~

T, =2-—P, C*S ¢, (5.

where (' is the isospin Clebsch-Gordon coefficient (C? = 1) and the other quan-
tities in equation 5.2 were defined in chapter 2. The spectroscopic factor is a
measure of how much the states in **Al resembles a **Mg core plus a proton.
The resulting spectroscopic factors for the Fy = 2485- and 2674-keV states are
listed in table 5.3 in addition to the spectroscopic factors for the bound states in
“SAl. There is excellent agreement between the values resulting from proton strip-
ping reactions (*He.d), neutron spectroscopic factors from the **Mg(d, p)**Mg
reaction, shell-model (SM) calculations and the present results. However, there
1s a discrepancy between the spectroscopic factors listed in table 5.3 and the
direct capture values of Trautvetter and Rolfs [Tra75a]. This discrepancy prob-
ably results from the square-well potential with radius parameter ro = 1.36 {m
used to calculate the direct capture cross section. Column 5 lists the spectro-
scopic factors resulting from the direct capture cross section calculation described
in chapter 2 after normalization of the experimentally determined cross section
[Tra75a] to the theoretically determined cross section at E, = 823 keV via the

following equation

Texp = ZCQS(ZJ:)O'M@O(ZJC). (’33)
Ly

The resulting direct capture to bound-state spectroscopic factors are in better

agreement with the other spectroscopic factors listed in table 5.3. The direct
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Spectroscopic Factor S
F, (keV)  Present  (*He,d) DC DC (d, p) SM
[Pet75]  [Tra7ba) Present  [Ber77] [Meu76]
Analysis  [Meu75]

0 0.25  0.10£0.03 0.3040.08 0.38 0.32
452 0.37 0.43+0.09 0.4440.09 0.42 0.44
945 0.32 0.11+£0.03 0.32£0.08 0.29 0.22
1613 <0.005
1790 0.052 0.09 0.08
2485 0.1540.01 0.14 0.084£0.02  0.06+0.01 0.15 0.16
2674 0.29+0.03 0.34 0.32 0.27

Table 5.3: The spectroscopic factors that result from the data and previous
results from different types of measurements.

capture cross sections to the unbound 2485- and 2674-keV states were determined
from calculations of the cross sections to a range of bound-state energies and
extrapolated to the unbound energies of interest. The extrapolation using the
bound-state formalism for unbound states is not in good agreement with the
spectroscopic factors determined from the other measurements, and therefore

should not be used for the determination of spectroscopic factors or cross sections.

5.2 Determination of S(E)

For a stellar environment at Ty = 0.04, the energy at which the S-factor (or
the cross section) needs to be determined is Fy = 75 & 40 keV (as described in
chapter 2). The direct capture S-factor as a function of incident proton energy
to each of the bound states in *Al was calculated using the same procedure
outlined in chapter 2 and normalized to the experimentally determined cross
section of [Tra75a] at E, = 823 keV. The direct capture cross sections to the

unbound 2485- and 3062-keV states are negligible relative to direct capture to
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E.f (keV) I, Iy SM orbit

0 13 2 1d
451 1 0 %
945 1,3 2 1d

Table 5.4: Input parameters used in the determination of the direct capture

S-factor. The notation SM denotes Shell Model.

the 451-keV state, and therefore are not used in the determination of the total
S-factor. A list of some of the parameters used in the calculation of the direct
capture cross section is shown in table 5.4. The components of the S-factor
from direct capture to each of the final bound states (where [; is the initial
orbital angular momentum) and the total direct capture S-factor are shown in
figure 5.1. The present S-factor at £ = 0 is S(0) =~ 25 keV b, whereas [Tra75a]
quote a value of S(0) ~ 30 keV b. Since the spectroscopic factors of the present
direct capture calculations are more consistent with the spectroscopic factors
determined with other experimental techniques, the present energy dependence

of the direct capture cross section is assumed to be more reliable.

The Er = 223-keV resonance is treated as a broad resonance in the deter-
mination of the reaction rate (see the discussion in chapter 2). A list of some
of the parameters used for the determination of the Er = 223-keV resonance
S-factor for each of the final states is given in table 5.5. In addition, the values
for I'y(ER), I'y(ER), I'(ER), [; and I; are also needed. Figure 5.2 shows the Eg
= 223-keV resonance S-factor to each of the final states, as well as the total, as
a function of incident bombarding energy. For comparison, figure 5.3 also shows

the total S-factor resulting from direct capture and the Eg = 223-keV resonance.

The remaining resonances between Eg = 419 and 2409 keV (Eg > 419 keV)
are treated with the narrow-resonance approximation (see equation 2.17). The
parameters needed for the narrow-resonance contributions to the reaction rate

are given in table 5.6. The resonance strength values given in table 5.6 are taken
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Figure 5.1: The S-factor resulting from direct capture to the labeled bound states
in ¥ Al for the given initial orbital angular momentum (dashed lines) and the sum
of all of the components (solid line).

Ezi (keV) (J7)  Egzf (keV) (J7) 7L
2485 (1/2+) 0 (5/2+) E2
451 (1/2+) M1
045 (3/2%)  MI1/E2

Table 5.5: Input parameters used in the determination of the resonance capture
S-factor.
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Figure 5.2: The S-factor resulting from resonance capture at Eg = 223-keV to the
labeled final states in *Al (dashed lines) and the sum of all of the components
(solid line).

from the present and previous work [Lit56, End78, Tra75b]. The values from
[End78, Tra75b] were renormalized to the present strength values determined for
the Er = 223- and 419-keV resonances. The narrow-resonance assumption is
verified in section 5.4. The EgR = 468-keV resonance has not been observed via
proton capture. The mean lifetime 7 = 310 + 40 fs [End98] implies a total width
[' = 2x1072 eV. Assuming a spectroscopic factor S < 0.1 implies a proton partial
width I', < 1x107* eV and a resonance strength wvy < 0.4 meV. This strength of
this resonance is small in comparison with the other resonances listed in table 5.6

and is therefore not considered in the determination of the total reaction rates.

79



107 - —
10" - -
= E. =223 keV
> \
O
= :
S 10° - Direct Capture |
+3 |
\-oc—cé \\\ \\
| AN \
(@)) = - y —— sl k" — ]
— e - e
10° —
\
10’ _10° 10°
E," (keV)

Figure 5.3: S-factor for the Eg = 223-keV resonance and direct capture in the
“Mg(p,v)* Al reaction.

5.3 Determination of Ny < ov >

A numerical integration of the reaction rate resulting from direct capture
and the broad Er = 223-keV resonance was carried out for temperatures Ty
= 0.02 - 2. At temperatures below Ty = 0.02 the mean lifetime of Mg from
destruction via proton capture is significantly larger than the age of the universe
(for Xy = 1 and p < 10°¢/cm?®), and above Ty = 2 the experimental cross
section resulting from resonances becomes highly uncertain. The Ex > 419-keV
resonance contributions to the reaction rate were then added to the reaction rate
describing direct capture and the Eg = 223-keV resonance. The total reaction

rate, shown in figure 5.4, highlights the components that contribute significantly

at the temperatures of interest. Notice that for temperatures below Ty = 0.05
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Ex (keV) Er (keV) J* wy (meV) Reference

2485.3 £ 0.8 222.9 £ 1.0 1/2+ 12.7 4 0.9  Present
2673.5 + 0.6 418.9 £ 0.9 3/2+ 41.6 £ 2.6  Present
3061.7 £ 0.6 823.3 £ 0.9 3/2- 640 + 90  [Tra75b]
3424.3 £ 0.5 1201.0 £ 0.8 9/2+(5/2F) 28 £ 6 [Lit56]
3695.7 £ 0.5 1483.7 + 0.8 7/2- 180 £ 30  [Tra75b]
3823.0 £ 1.6 1616.3 & 1.8 1/2- 910 4+ 130  [Tra75b]
3858.8 + 0.8 1653.6 & 1.0 5/2+ 250 + 40  [Tra75b]
4026 £ 2 1827.8 £2.0 (5/2,9/2) ~5 [End78]
4196 + 3 2005 + 3 3/2+ 680 &+ 100 [Tra75b]
4514 + 5 2336 £5  (5/2-9/2) < 0.5 [End78]
1583 + 4 2408 + 4 5/2+ 180 + 40 [Lit56]

Table 5.6: The resonance energies and strengths used for the determination of
the narrow-resonance reaction rate. The resonance strength values are taken
from the present and previous work [Tra75b, Lit56, End78]. The values from
[Tra75b, End78] were renormalized to the present, more accurate, resonarce
strength values of the Eg = 223- and 419-keV resonances.

the reaction rate is dominated by direct capture (with a 15% contribution from
the tail of the Er = 223-keV resonance) and for temperatures above Ty = 0.05
the reaction rate is dominated by the Er = 223-keV resonance. At Tg = 1 the
Er = 419- and 823-keV resonances also contribute to the total reaction rate.
Table 5.7 1s a list of the reaction rates for the Egr = 223-keV resonance, the
narrow resonances, the direct capture component, the total, and the previous
values from Caughlan and Fowler [Cau88]. The reaction rate can be written as
the following

Ay
Ny <ov>= Z Wexp(—Bi/Tg)
i Ty
+ C/T;/3 exp(—D/T;/B) cm®mole™'s™! (5.4)

where the first term describes the resonance contributions and the second term

describes the direct capture contribution. The reaction rate resulting from the

81



10 U ——— S —

L
)

—
(@]

3

N,<cv> cm™/(mole s)

50

10

Figure 5.4: The reaction rate from direct capture and resonance capture for the
Er = 223, 419, 823 and sum of all higher resonances (dashed lines) as well as
the total reaction rate (solid line).

parameters given in table 5.8 are in agreement with the values listed in table
5.7 at temperatures of Tg = 0.02 — 2 to better than 10%. A plot of the ratio of
the present results relative to [Cau88] is shown in figure 5.5. The present results
increase the reaction rate between 18 and 45% in the temperature range of inter-
est. The 18% increase at Ty < 0.04 primarily results from the tail contribution
of the Eg = 223-keV resonance. This tail contribution is discussed in section 5.4.
The increase for Tog > 0.04 results from the increase in the present resonance

strength values relative to the values of [Tra75b].

82



Te Egr =223 keV Egr > 419 keV DC Total [Caug8]
0.02  6.36x107%7 1.08x107%  4.63x107%6  5.27x107%¢  4.45x107%
0.03  1.68x1072 3.57x107%%  9.73x1072% 1.14x1072' 9.61x10~%
0.04  1.11x107%° 1.80x107*  5.15x10"°  6.26x107'°  5.16x10~1°
0.05  6.18x10717 1.76x107°%  4.44x107'7  1.06x107'¢ 7.99x10%7
0.06  1.50x107"% 7.65x107%°  1.33x107'°  1.51x107® 1.07x107%®
0.07  4.41x10~H 4.07x107%*  1.98x107'* 4.41x107' 3.10x107 !
0.08  3.05x107° 1.39x107%°  1.85x107'%  3.05x107°%  2.14x107°
0.09  8.04x1078 7.60x107'%  1.21x107'%  8.04x107%  5.65x107®
0.1 1.09x10°°¢ 1.16x107'%  6.16x107'2  1.09x107°  7.63x10°"
0.15  2.33x107° 3.60x107° 1.86x107%  2.33x107%  1.64x107°
0.2 9.52x1072 5.59x1078 6.67x107%  9.52x1072  6.68x1072
0.3 3.25x10° 7.27x1073 5.87x107%  3.25x10°  2.29x10°
0.4 1.68x10? 2.31x107! 9.72x107°  1.70x10! 1.19x10*
0.5 4.15x10! 1.71x10° 7.11x107%  4.32x10'  3.01x10!
0.6 7.23x101 6.20x10° 3.22x107%  7.85x10'  5.45x101
0.7 1.04x102 1.52x10* 1.07x107%  1.19x10%  8.29x10!
0.8 1.32x10? 2.94x10? 2.89x1072  1.61x10%  1.14x10?
0.9 1.56x10? +.93x10! 6.68x1072  2.05x10%  1.48x10?
1.0 1.76x10? 7.50x10* 1.37x1071  2.51x10?  1.85x10°
1.5 2.19x10? 2.93x10? 1.73x10°  5.14x10*  4.02x10?
2.0 2.16x10? 6.25x10? 8.53x10°  8.50x10*  6.51x10?

Table 5.7: The reaction rates in cm®/(mole s) from the Eg = 223-keV resonance,
all the higher lying resonances and direct capture are summed into column 5 and
compared to the previous values (column 6).
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Figure 5.5: The present results for the reaction rate normalized to the previous
results of Caughlan and Fowler (CF88) [Cau88].

5.4 Reaction Rate Uncertainties

5.4.1 Statistical Uncertainties

Among the possible sources of error in the reaction rates is the uncertainty
in the experimentally determined values, for example, the direct capture cross
section [Tra75a], the Eg = 223-keV resonance energy, strength w+y and total
width I'. By allowing each of these parameters to vary independently by one
standard deviation, the following implications for the total reaction rate were
estimated: The uncertainty in the direct capture cross section (~ 17%) leads to
uncertainty of ~ 17% in the reaction rate for temperatures lower than Ty = 0.05.

The uncertainty (1 keV) in the energy of the Egr = 223-keV resonance leads to
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Ai Bi C D
2148 2.485 4.52x10% 21.92
3.18x10* 6.0

Table 5.8: Reaction rate fit parameters for use in equation 5.4 for Ty = 0.02 -
2. The agreement between the fit and the actual value is better than 10% at all
temperatures.

an uncertainty ranging from 10 to 20% for Ty = 0.05 — 0.2. The uncertainty in
the resonance strength (~ 7% with T" fixed at 155 meV) leads to less than an 8%
uncertainty between Ty = 0.06 — 1.0. Finally, the uncertainty in the total width
(~ 26% with wy fixed at 12.7 meV) has less than a 2% effect on the reaction

rate.

5.4.2 Systematic Uncertainties

Several sources of systematic uncertainties may contribute to uncertainties in
the total reaction rate. Uncertainties resulting from competing resonance y-ray
decay modes, interferences between direct and resonance capture, the narrow-
resonance approximation, an improper extrapolation of the tail of the Ex =
223-keV resonance, contributions from subthreshold states and the existence of
an unobserved resonance are discussed.

The uncertainty of how a resonance may decay, i.e. via competing 2 and/or
M1 transitions, may lead to uncertainties in the total reaction rate. The ~-ray
decay plays a role in the extrapolation of I', since this quantity depends on
the multipolarity L of the v-ray (see equation 2.16). Since it is not clear how
much of each transition may contribute, the effect on the S-factor resulting from
the two types of decay was calculated. The candidate for competing E2 and
M1 transitions is the E, = 2485 — 945-keV transition. Since the S-factor is
dominated at the temperatures of interest by direct capture and the E, = 2485

— 451-keV transition, the uncertainty in the decay multipolarity had less than
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a 1% effect on the total reaction rate.

The channel radius a is given by a = aQ(A}/:3 -+ A;/?’) where ag = 1.25 fm (or
a = 4.86 fm) and is necessary for calculation of the penetration factor and the
dimensionless single-particle reduced width used to determine of the resonance
capture cross section. Changing the channel radius by 20% (to @ = 5.83 fm) leads
to at most a 4% change in the Eg = 223-keV resonance capture cross section,

and therefore has a negligible effect on the total reaction rate.

Interference effects between resonances and between direct and resonant cap-
ture can shift the energy dependence of the S-factor, and therefore affect the
reaction rate. In order for resonances to interfere with one another they must
share the same J™. The only resonances that contribute significantly to the re-
action rate in the temperature range of interest are the Eg = 223-keV (1/27%),
419-keV (3/27) and the 823-keV (3/27) resonances which cannot interfere in the
total cross section with one another. From inspection of figure 5.4, it 1s apparent
that in the temperature range of interest, the only location where direct cap-
ture and resonance capture are comparable and significantly contribute to the
reaction rate is at Ty ~ 0.05. The determination of the magnitude of the effect
of interferences on the S-factor between direct capture and the Eg = 223-keV
resonance can be determined from an evaluation of equation 2.4. The value for
the Racah coefficient, given by W(lgLrJ1J3;15J3) in equation 2.8, for [p = 0 and
Lr =1and Iy = 0 or 2 is zero. Therefore W{'L(f) is zero at all angles and the
interference term in equation 2.4 is zero. If the resonance capture to the ground
state proceeds via E2 decay, then W(lgLprJyJ3; 15 J2) # 0, but Z(IRLRZDLD; lym)
= 0 and therefore, all interference effects are negligible in this reaction for the
temperatures presented in the present work.

Upon evaluation of figure 5.4, one might notice that the reaction rate resulting
from a narrow resonance drops off smoothly at the lower temperature, whereas
the reaction rate resulting from the numerical integration (the Ep = 223-keV

resonance) 1s enhanced at the lower temperatures. The reaction rate resulting
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from the narrow-resonance approximation and the numerical integration of the
S-factor for the Eg = 223-keV resonance is shown in figure 5.6. T'he enhancement
at the lower temperatures is what is referred to in this thesis as the tailing effect.
The narrow-resonance approximation assumes that the dominant contribution
to the reaction rate comes from the product of the Gamow peak with the S-
factor near the resonance energy, which is why the plots are consistent at Ty >
0.05. At the lower temperatures the largest contribution to the reaction rate may
result from the product of the Gamow peak and the S-factor near Fp, and an
enhancement in the reaction rate relative to the narrow-resonance approximation
(see figure 5.6). This tailing effect can be ignored for all resonances above L
= 223 keV because the contribution of the tails to the total reaction rate is
insignificant relative to direct capture. The narrow-resonance approximation
cannot be used for the Er = 223-keV resonance because the total reaction rate
at Tg < 0.05 is enhanced by ~ 15% as a result of the tail of the Er = 223-keV

resonarmnce.

An additional source of uncertainty may result from the extrapolation of the
Breit-Wigner cross section over a million total widths (~ 200 — 75 keV) to astro-
physically interesting energies. An indication of the quality of the Breit-Wigner
extrapolation over 10® total widths can be estimated from the data of Rolfs and
Winkler [Rol74]. They measured the ?°Ne(p,~)*'Na cross section for E, = 0.5
- 1.5 MeV, and determined the contribution from the subthreshold resonance
corresponding to the 2425-keV excited state in ?*Na. The total width of the
2425-keV state was determined from a DSAM measurement and implies [, =
170 meV [Ant77]. The spectroscopic factor was determined from a **Ne(d, n)*'Na
experiment and yielded C%5 = 0.96 [Ter93], which allows for calculation of the
proton partial width via equation 5.2. A comparison of the calculated cross sec-
tion using the parameters mentioned above and the experimental data presented
in reference [Rol74] shows that extrapolation of the Breit-Wigner cross section

to energies 107 total widths from the resonance energy is in agreement to better
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Figure 5.6: The reaction rate for the Eg = 223-keV resonance resulting from the
numerical integration and the narrow-resonance approximation.

than 30%.

The effect of an uncertainty in the extrapolation of the Breit-Wigner cross
section for the present work was investigated by varying the total width of the
Er = 223-keV resonance. If the present value of the total width is increased by
a factor of 2 (10), this leads to a factor of 2 (10) increase in the S-factor for this
resonance at £y = 75 keV, but an increase in the reaction rate by less than a
factor of 1.2 (3) for Tg < 0.05. The Breit-Wigner extrapolation has been shown
to properly predict the cross section at energies far from the resonance and the
rate for Mg(p,v)*Al reaction is also not very sensitive to large enhancements
in the Eg = 223-keV S-factor at the temperatures of interest. Therefore, the

extrapolation procedure is believed to have an insignificant effect on the overall
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reaction rate. One way to test the accuracy of the extrapolation is to measure
the cross section on the low-energy wing of the Egr = 223-keV resonance. A direct
measurement of the y-ray yield at Fy = 75 keV (at the Gamow energy for Ty =
0.04) with a 10-keV-thick Mg target and 1 mA of beam implies approximately
one count every 100 years. For an incident bombarding energy of E, = 150 (200)
keV a ~v-ray yield of ~ 9 (4000) per day is expected, and could be a reasonable
test of the extrapolation procedure.

Contributions from subthreshold states to the reaction rate is expected to
be dominated by capture to the Ex = 1790-keV state (5/2%). The other bound
states are either narrow, have a high centrifugal barrier, and/or have very small
spectroscopic factors. The E; = 1790-keV state is bound by 481 keV and would
proceed via [; = 2, or d-wave capture, with a y-ray partial width I, = I' =
1.2x107% eV calculated from the mean lifetime [End90], and the proton spectro-
scopic factor of S = 0.052 from table 5.3. The S-factor at the low bombarding
energies, corresponding to the reaction rate at the lowest temperatures, resulting
from the subthreshold resonance is negligible in comparison with the contribution
from direct capture.

It was suggested by Denissenkov et al. [Den98] that an undetected low-energy
resonance in the **Mg(p,v)**Al reaction could also lead to an enhancement in
the total reaction rate. Calculati