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ABSTRACT

Joseph Newton: Hydrogen Burning of'7O.
(Under the direction of Christian lliadis.)

Classical novae are explosive binary systems involving the accretiopdobdpen rich material from
a main sequence star onto the surface of a white dwarf partner, reqguakgemperatures of T =
0.1-0.4 GK. Observed elemental abundances from the ejecta provide medédconstraints for the
modeling of these explosions. Novae are thought to be the most signifmancesof'®>N and 'O

in the universe. Thé’O(p;y)'®F and'"O(p.)*N reactions have an important effect on nucleosyn-
thesis in novae, since they determine the creation and destructidi®adind '8F, which produces
detectabley-radiation. The dominant contributor to theO(p,«)!“N reaction is a resonance af*

= 193 keV. The strength of this resonance has been measured andutie aee presented. For the
170(p;y)'®F reaction, the dominant contribution comes from the nonresonant daptire process.
The literature direct capture cross sections currently differ by a fa¢twvo. This cross section has
been measured in the current work and the results are also presemt@dedttion rates have been
calculated with these measured cross sections using a new Monte Carligtectind these new rates

have significantly reduced uncertainties compared to the current literature



"Remember, man, that you are dust
and to dust to you will return.”

Genesis 3:19
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1 Introduction

1.1 Classical Novae

Classical novae are binary stellar systems made up of a white dwarf thiateschydrogen rich
material from a partner main sequence star. The slow rate of accretiothensarface of the white
dwarf results in the system reaching degenerate conditions in which tfetedtmaterial is no longer
able to expand with increasing temperature. As this hydrogen rich materiahadates on the surface
of the white dwarf the density increases and hydrogen burning begmsting in an increased surface
temperature. Since the nuclear cross sections increase with increasiregagmg and there is no
expansion of the accreted material to quench the burning, a thermonuateavay occurs leading
to an explosion [1]. Unlike type la supernovae, which are completelyayestrby the violence
of the explosion, a classical nova explosion does not destroy thetpaheie dwarf, allowing for
recurrence of the explosion. The period of recurrence is typically erotter of 10 - 10° years.
Classical novae are responsible for a very small fraction of the exi8alatctic dust and therefore
they do not significantly affect the elemental abundances in the Galaxey dre, however, thought
to be a significant source of certain isotopes, includif@, >N and'3C [2]. Chemical abundance
information is obtained from the spectral lines of the ejected material frorsicEdsovae for many of
the CNO elements (see Sec. 1.2). One very important isoto§€ iwhich 3-decays, producing 511
keV ~-radiation that is currently detectable by satellites and#ukecay is one of the energy sources
that power the optical display.

Nuclear physics cross sections present crucial inputs to classicakimulations. These models
have been significantly improved in recent years and present speditdiais for identifying which
specific reactions should be further investigated in the laboratory. Byngathe current reaction rates

within the experimental uncertainties in the nova model input, the effects omtidadotopic abun-



dances can be simulated. Despite investigation of hundreds of nucleionsdan nova simulations,
only a very small number of reactions significantly affect the final isotopimédances of the ejected
material [2]. Two of these reactions includeD(p;y)'®F and the competing’O(p.a)'“N reaction.
170(p;y)'8F creates®F, which is a major source of the detectable 511 kehadiation in nova ejecta,
while '"O(p) N is the final step in the CNO Il cycle (see section 1.2). The goal of this grrige
to enhance the current understanding of these two reaction rates égmeeptally obtaining higher
precision measurements of their cross sections. This will improve nuclgsicghinputs for the mod-
eling of classical novae and other stellar environments where the qualityctgfasynthesis results is

highly dependent upon the use of accurate reaction rates [2].

1.2 The CNO Cycles

A stellar environment consisting only of hydrogen and helium will burn bgdn for energy
generation only through the pp chains. For second generation sta@tikan, the hydrogen burning
region may contain nontrivial amounts of carbon, nitrogen and oxygleesd& higher mass nuclei aid
in the burning of hydrogen in what are known as the CNO cycles. At stellaperatures below 0.1
GK the CNO cycles consist of a total of four cycles known as the cold Cples (Tab. 1.1). The first
three cold CNO cycles are illustrated in Fig. 1.1. Each of the four cold CN2syields, effectively,
the same result as the pp chains; that is they convert four protons inte-pagicle, two neutrinos
and two positrons, or symbolically 4H—“He + 2v + 2e" [1]. Carbon, nitrogen and oxygen function
as catalysts and though their relative abundances may change fromathbsdormation of the star,
the total number of higher mass nuclei remains constant throughout thEN@dtycles. The relative
abundances of these nuclei are highly sensitive to temperature bebaystepend on the reaction
rates of the proton captures involved.

The existence of four cycles comes about because, of the eight stadbdé in the process which
can capture a proton, four of them have an opgparticle exit channel. The production of an
particle returns each chain to the start; however, if the reaction involvesntigsion of ay-ray a
different cycle begins. Consider, for instance, hydrogen burnfntfM. The cold CNO | cycle is

completed with thé®N(p,«)'2C reaction. If, instead, the reaction follows th&(p,y)'¢O route, the



CNOII CNOl CNOIl CNO IV
2C(pA)EN | MNP0 | PN()'*O | °0(pa)!TF
13N(ﬂiV)13C IBO(ﬂ—li:V)BN 16o(p£}/)17|: 17F(ﬂ—&l-y)17o
13c(p,}y)14N 15N(pi}/)160 17F(ﬂiy)17o 17o(pg)18|:
14N(pi/)15o 160(p;’L)/)17F l?o(p,l,\/)18|: 18F(ﬂiy)18o
15O(ﬁJle)15N 17F(/84£V)17O 18F(ﬂil/)18o 180(p,l,y)19|:
15N(p’la)120 17O(p,£)z)14N 18o(p’té)15N 19F(p,ié)160

Table 1.1: Cold CNO cycles I-1V: Each cycle converts four protons im@w@ two neutrinos and two
positrons. The twd”O + p reactions are in red. Table concept was borrowed from [1].

CNO Il cycle is entered. These two cycles operate simultaneously in thergtan about 1 out of
1000 operations of the cold CNO | cycle there will be a branch into the col® GNycle.

There exists a branch point between the cold CNO Il and CNO Il cyateslving the proton
capture of!70. If the reaction proceeds through tH&(p«)'“N path, then the cold CNO Il cycle
will continue. However, if the"”O(p;y)'8F reaction occurs, the cold CNO Il cycle is entered and
new nuclei, not reachable by the cold CNO | or CNO Il cycle, can nowyin¢hgsized. The ratio
of these two reaction rates is highly energy dependent and will determiré@hieydrogen burning
pathway. A great deal of uncertainty exists in the current literature éordtes of these two reactions,
particularly at the lowest stellar energies o£TL0 MK where it is not even certain which rate is larger.
The ultimate path followed by the cold CNO cycles will not be greatly affectethéyoranch point at
170 + p, since the cold CNO Il cycle is so rarely entered. Furthermore,tbeestellar temperature
range of interest, th&’O(p.a)'*N reaction rate is two orders of magnitude greater than the rate of
170(py)'8F. The final isotopic abundances of oxygen, however, may be grebted by the CNO
Il and CNO Il branch point, providing a crucial constraint on the stetiadeling of sites where the

CNO cycles are in operation.
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Figure 1.1: The cold CNO cycles | (black), Il (blue) and Il (red) witatde nuclei shaded. Dashed
lines indicate the reaction branch'aO + p. The legend arrows representing the three nuclear reac-
tions are not to scale.

1.2.1 The Hot CNO Cycles

Classical novae burn hydrogen explosively at very high temperafire€).1-0.4 GK). At these
elevated temperatures the burning is described by the hot CNO cyclese Tfiree cycles are illus-
trated in Fig. 1.2. While the first hot CNO cycle, HCNO |, is similar to the first ddNIO cycle, at
high temperature®’N is more likely to capture a proton to forO than to undergs-decay to form
13C. High nova temperatures also allow the reactions involved in this cycle toall oeuch faster
than thes-decays of'*O and'®0, resulting in accumulation dffO and'®0O, the most abundantly
produced nuclides in the hot CNO cycles. The HCNO | cycle completes300 s, while the length
of a typical nova explosion is a few hundred seconds. This means that rawe not operating in
equilibrium [1].

The HCNO Il and HCNO llI cycles are critically important to the final isotopiziadances of
oxygen, since these cycles determine what happens to the #ii@ah the nova. There are several
possible ways to break out of these two cycles and into higher mass buegiogs [1]. These break-
out possibilities are the reason that hundreds of reactions must be tékeicdount when simulating
classical novae. In order to further investigate the criti¢@®(p;)'8F and"O(pa)'“N reaction
rates, it is helpful to be familiar with a few very important concepts in nucléssigs. The rest of

this chapter is dedicated to presenting the fundamental concepts in the tiatcofaeaction rates.



Ne Ne
T \\

17| 18
F F

* Represents
(p.Y) reaction

Represents
‘/(p,oc) reaction

\Represents
B decay

Figure 1.2: The hot CNO cycles | (red), 1l (blue) and Il (green) wathble nuclei shaded. Dashed
lines indicate the reaction branch'@® + p. The black line representing th&d(p«)'“N is not a part
of any of the three cycles. The legend arrows representing the thelmanveactions are not to scale.



1.3 Reaction Rates and Cross Sections

A commonly used quantity in nuclear astrophysics is the reaction rate per@adic < ov >,
for a specific set of nuclei. Knowledge of the reaction rate is necessadgtermining the direction
of stellar nucleosynthesis and the resulting isotopic abundances of sgdeifients. The purpose of
this section is to summarize, following the presentation of Ref. [1], the majareqais involved in
the calculations of the reaction rate for a given pair of nuclei.

The reaction rate per particle pair for a thermonuclear environment is bive

<ov>= 4/ i%m / Eo(E)e B/ 4E, (1.1)
T (ET) 0

wherey is the reduced mass of the projectile and target; k is Boltzmann’s constant; el tentipera-
ture; E is the relative energy between projectile and target@Bjlis the cross section of the reaction
of interest. The cross section describes the probability of the reactianroag given the relative
energy between the projectile and target. The factdr’*” originates from the Maxwell-Boltzmann
distribution of relative particle energies in a thermonuclear environment.forheof the cross sec-
tion may be different depending on the reaction specifics, but regarofiéise description of the cross

section one may always construct the astrophysical S-factor, whidfired by

o(E) = %6_2”’75(E), (1.2)
wheren = \/%szt% is the Sommerfeld parameter avg, Z; are the charge of the projectile
and target nucleus, respectively. The known major energy depeiedenf the cross section have
been separated out, leaving only the S-factor. fEhterm describes a semi-classical cross section
[3], and thee=2™ term, called the Gamow factor, describes the s-wave transmission through the
Coulomb barrier at very low bombarding energies [1]. The remainingct®ifas significantly less
energy dependent than the cross section and contains all of the nplolesacs. It will be a much
smoother varying curve than the cross section and thus more easily éaxteajto energies of stellar

importance from energies where experimental measurements can be maagni@g Eqs. 1.1 and



1.2 gives the following form for the thermonuclear reaction rate per pagéaite

/8 1 /Oo —2r —E/kT
<oV >=4| ———%75 e “™MS(E)e dE. 1.3
T (kT2 Jo E) (1:3)

1.3.1 Nonresonant Cross Sections

Since the major energy dependence of the cross section has beenddmdeéine the S-factor,
it is often the case that S(E) may be assumed to be constant, significantly singplfig integral in
Eg. 1.3 and the resultant form of the reaction rate. If S(E) is approxinztecconstant,(Sthe form

of the reaction rate becomes

1 o0
< ov>= ,/iﬁso / e e BT Gp, (1.4)
T (KT)3% " Jo

The integrand now consists of two energy dependent terms which areatedsstn Fig. 1.3. The
Maxwell Boltzmann factor, which isc e~£/5T describes the energy distribution of the particles
in a thermonuclear environment and the Gamow faetof™, is proportional to the probability of
tunneling through the Coulomb barrier. The product of these two terms farpesak, known as
the Gamow peak, which describes the effective energy region wherheh@monuclear reactions
occur. The effective energy region is shifted to a higher energy treaavbrage thermal energy of
the particles, since the probability of interaction is vanishingly small whererteegg distribution
of the particles peaks. The result of the interplay between the increasiag gection at very high
energies and the very low thermonuclear energies of most of the partitas ike bulk of the nuclear
reactions will occur where the Gamow peak is a maximum.

Approximating the Gamow peak with a Gaussian allows for a position and widtreds&mow
peak to be defined, which results in an effective analytical tool forrid®eg the energy burning
region of nonresonant thermonuclear reactions. This is derived hstremting a Gaussian curve

which has the same amplitude and curvature at the maximum as the Gamow paiaik. Th

E b

e I e o 0)2
XPp | == — —F—=| = dpaz €Xp | ——————
P kT /E P

(3)°

(1.5)
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Figure 1.3: The Gamow factor (red curve), the Maxwell-Boltzmann faditack curve) and the
resultant Gamow peak (blue curve) for the reactitl + p at a stellar temperature of 0.4 GK

whereb = M andI,,., is the amplitude of the Gaussian which is to be matched with the
amplitude of the Gamow peak. The position of the maximum and thevidth of the Gaussian are
given by B and A, respectively. To finde it is necessary to set the first derivative of the Gamow

peak to zero and solve for the energy [1]

(1.6)
This gives
1 b
T 3
kT 2E?
2
B - (b’f) (L.7)



Solving for the width of the Gaussian requires matching the second deesati the two peaks at the

maximum,Ey. This gives

—dz [exp( b b )] —LZ <I exp 7(E_E0)2 )
2 N NG = 2 mazx - 5 .
dE KT VE)|p—p, dE (5) P,
(1.8)
Now consider the following:
d? d
O ) R FE)Y | — g HE) L g / f(E)
=5 |/ O] = 2 [F @)D = £1(B)e P + () (B) . (1.9)

Since the second derivative is to be evaluated at kg foEboth functions and gis defined as the

maximum of both curves, the first derivative of each function evaluat&d=aE; will be 0. That is

d
alipN (02) — (Bl () = 0. 1.1
dFE € ‘E:Eo F(B)e E=E, 0 (1.10)

This means thaf’(E) f'(E)e! () |E:Eo = 0 for both the constructed Gaussian and the Gamow peak

functions. This simplifies the calculations for both the Gamow peak

[ (i~ 75|
& o ([ E b
dE? M~ VE)|oes,

_d(_lb> ox (‘E_b>
dE\ kT ops) “P\*T ~ VE) p_n,

—3b (—Eo b )
= exp - (1.11)
4E0% kT /Ej
and the Gaussian approximation
d? (E — Ey)?
2 E=FE,
d |2(E — Ey) —(E = Ey)?
- (e [ e [
2 2 E=FE,
-8
_ Efmax- (1.12)



Combining Egs. 1.8, 1.11 and 1.12 and gives

—3be (—EO b> _81
X Iy = S 5idmax;

e P\kT T VB A?
-3 _ 8
4kTE, A2’
4

A = —\/kTE,, 1.13

7 0 (1.13)

3

2
whereb = 224 is substituted, as derived from Eq. 1.7, ahg, = exp (‘k—?‘) — ﬁ) since the

height and position of the two peaks have been matched. Using Egs. 1171&h&, and A may

now be found numerically, in units of MeV [1]:

1

3
Ey = 0.1220 [m”mt (ZpZtT9>2:| (1.14)

my my
and

mpmmy 2 5 6
A =0.2368 | —2—— (Z,Z,)"T. ) 1.15
(e 2,19 (115

The temperature in units of GK is denoted by The rangeF, + %A describes the energy region in
which the majority of non-resonant nuclear reactions will occur. Thigearan be used to determine
the most important energy regions to explore experimentally. It will not ydwee appropriate to

approximate the S-factor as a constant, but for nonresonant reaitteososs section will always be

slowly varying and can therefore be expanded in a Taylor series.[1, 3]

1.3.2 Narrow Resonance Cross Sections

Another simplification of the thermonuclear reaction rate formula results if thentreuclear
reactions of interest proceed through narrow resonances. Aamesens considered narrow if the
partial widths,I';, can be considered constant across the width of the resonance @adiamated
by their values at E = E[1]. Partial widths and their effect on the reaction rate will be discussed in

more detail in Chap. 2. In the case of a narrow resonance, the cuaigmsean be described by the
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Breit-Wigner formula, giving

X220+ 1)(1 4 0p) | S

) = e i )2y + 1) (B, — B+ T2/ (1.10)

where) is the de Broglie wavelength;,, andT’, are the partial widths of the resonance entrance and
exit channels, respectively aidis the total width of the resonance. These are all in the center of
mass frame. The spins of the projectile, target and resonance arebgiygn;j; and J, respectively.
The energy of the resonance, in the center of mass system, is given Bpfbining Egs. 1.16 and

1.1 and the relation? = (22277}5)2 gives, for the narrow resonant reaction rate,

V2rh? [ r,I
<ov>= i 3 / w a2b 5 e_kLTdE, (2.17)
(ukT)z Jo — (Er—E)>+T12/4
wherew = % Since this is a narrow resonance, symmetric around E,=tHuvill not

change the result of the above integration to integrate from a lower limicofrather than from 0.

Using the following identity:

o0 a
dE = 1.18
/OO (E, — E)? + a2 ™ (1.18)

the contribution to the reaction rate from a single narrow resonance is sirdptftae following:

3
21\ 2 Eyp
<ov>=(——) hlwye ¢, 1.19
ov (,uk‘T) wye ( )
where~ = Farrb. The product ofw and~ is known as the resonance strength. Since a narrow

resonance is an isolated peak in the cross section, the contribution to thectatibn rate from

a single narrow resonance will be unaffected by the existence of o#ttesw resonances. Thus,
in an environment where the cross section is dominated by several na@sowances, the integral
will effectively identify each resonance separately and the total naresanant contribution to the

reaction rate will be an incoherent sum over these individual resesargsulting in

3
27 \ 2 ;
<OV Spy= (;u:T> C 2 Zi:(w)ie—f?. (1.20)
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At certain temperatures, this narrow resonant contribution will dominate thieréaction rate and all
that is necessary for a simple calculation of the the total reaction rate is atl&t afsonance energies
and their associated strengthsy.

Itis interesting to note the exponential term in the narrow resonant reaateformula. Itis clear
that lower energy resonances will be favored. However, thesaaases are typically weak, since
the incident particle must tunnel through the Coulomb barrier and this tunnalotzability drops
exponentially with decreasing energy (see Eqg. 1.4). This creates aplayt&etween the Coulomb
barrier and the exponential, which favor higher and lower energyhegsres, respectively. This will
be discussed in depth in Chap. 2. As a result of the very small resosrogths, the low energy
resonances are often extremely difficult, if not impossible, to measure witbntuechnology. At
certain temperatures, the contribution to the total reaction rate may be completeilyated by one
or two of these low-energy resonances and it is often the case thatgkstlaontribution to the total
uncertainty for a given reaction rate in a given temperature range coamsah unmeasured or very

uncertain low energy resonance strength.

1.3.3 Broad Resonance Cross Sections

Often when calculating reaction rates, the energy dependence of tied pédths must be in-
cluded explicitly. If this is the case, the narrow resonance formalism ptexdén Sec. 1.3.2 is not
sufficient to properly calculate the contribution of this resonance to thetioearate. If the energy
dependence of a resonance becomes important, it is necessary toténtegraross section of that
resonance to determine its contribution to the reaction rate. The cross dectihroad resonance

can be described by the one-level Breit-Wigner formula [1]

_ mhPw o (E)T,(E 4+ Q — Ey)
opw(E) = WE (B — BP0 (1.21)

which is the same as Eq. 1.16 with the energy dependence of the partial iniditeged. The energy
dependence of the particle partial width may be approximatdd @s) ~ P;(F), where P(E), the
penetration factor, represents the transmission probability of s-watielpathrough the Coulomb

and centripetal barriers of the nucleus and should be numerically cattulEte~-ray partial width

12



is approximated af., ~ E2"*!, whereE, is the energy and L is the multipolarity of the emitted

~-ray. Substituting these approximations for the partial widths into Eq. 1.2

Pu(E Py(E+Q—F
mhw Pa((ET)) F‘Z(ET)P;((TQ_E{;))FIJ(E +Q — Ey)

2uE (B, — E)2+ iI'(E)? ’

opw(E) = (1.22)

for reactions involving particle emission. For reactions involving photon éamiskke 1”O(pn) '8 F,

the cross section becomes:

. FrO—p 120+
- wh2w 12((]5)) Lo(Er) [%} T (E+Q—Ey) (1.23)
opw (B) = 2uk (Er — E)? + %F(E)Q | |

The cross section can then be integrated to determine the single resooami®ition to the reaction

rate. This is given by [1]

_ wh? > —E\ TW(E)YTW(E+Q — Ey)
< ov>= m(,ukT)g/o exp (k‘T) (B — B2+ iF(E)z dE. (1.24)

With Eqg. 1.24 itis now possible to numerically integrate the reaction rate contnibiati@ resonance
which has significant energy dependence in the cross section. Explégjtation of the cross section
to calculate the reaction rate is always a valid procedure but is not aiveagssary, as in the case of a
narrow resonance. Comparing the integrated cross section with theakthdtnarrow resonant form
of the reaction rate contribution for a specific resonance allows one tonde&gewhether the narrow
resonance approximation is valid near a specific temperature, or whatheedessary to numerically
integrate.

In the case of subthreshold resonanced™(k: 0), the calculation of the proton partial width
requires the spectroscopic factorS and the single particle reduced wid&fﬁp [4]. The procedure
for calculatingagp can be found in Ref. [4]. The spectroscopic factor is an experimentahsuned
guantity that can often be found in the literature and is discussed in detaipin/p. These quantities
are combined to yield the particle partial width:

_2R?

I'py(E) = —7

P(E)C?S62,. (1.25)
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The penetration factor, P(E), gives the major energy dependence pfthial width. This form of
the partial width can be used to find the contribution to the reaction rate arisingthe tail of a

subthreshold resonance.

1.4 The Direct Capture Process

Direct capture is a process by which a proton is captured by a nucleosmoaf bound state of
a final nucleus without the formation of a compound nucleus. This ocdoing avith the emission
of a~-ray. The interaction of the proton with the electromagnetic field allows for #iesition of
the proton from an initial scattering state to a final bound state. Since theoataginetic interaction
is well known, the direct capture cross section can be calculated anlyytielwever, a suitable
nuclear potential must be used to describe the initial scattering and finadl lsbate wave functions.
The dominant contribution to the direct capture cross section comes froRithransition of a scat-
tering state with initial angular momentu, to a bound state of final angular momentum, The
following describes this cross section [5, 6]:
Zt>2 ES

3 (2
Jcalc(E‘l) = 00716M§ <Ap—A E
y4 t 2

(2] +1) (26 + 1)
(2jp + 1) (2j¢ + 1) (205 + 1)

(£:010[€;0)* R3y.14, (1.26)

whereZ,, Z;, A, and A; are the charges and masses of the projectile and target respecfively;
andj; are the spins of the final state, projectile and target respectielyg;the bombarding energy

andE,, is the energy of the-ray transition;R,.,,1,, is known as the radial integral and is defined as

Rue;1e, :/ (1) O pruy (r)ridr. (2.27)
0

Op1 is the radial part of the E1 multipole operator andwu, are the initial scattering and final bound
state radial wave functions, respectively [5, 6].
The major energy dependence of the direct capture cross section fromethe radial integral,

R0 ;asa result of the energy sensitivity of the radial wave functions of iiialiscattered and
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final bound states. The choice of the scattering and bound state potegédl®uescribe the nuclear
potential is very important and must be treated carefully. First, it is importaohtterstand the
procedure for determining the initial and final orbital angular momeftand ;. Given J;, j,
andj;, it is possible to solve for both, which are necessary for the calculatidimeofadial integral.

The reaction”O(p;y)'®F will be used as an example for this calculation and the angular momentum

coupling will be described as follows:

Y"O4p+04, — BF+EI (1.28)

Y"O+p+e; — BE (1.29)

Consider, specifically, the capture of a proton ' to form a1t state in'®F; 17O and p have
angular momenta (§+ and{“, respectively, and can therefore couple to a total momentwu2m of
3*. Similarly, '®F and E1 have angular momentaldfand1~ respectively and can couple@o, 1,
or 2. Since the final parity is proportional te-1), then¢; must be odd. This allows for an initial
angular momentum of 1, 3 or 5. Usually, only the first thwalues are kept since higher contributions
are negligible.

Similarly, Eg. 1.29 may be solved fé§. Again, 170 and p will couple to form momenta af or
3*. To form the final angular momentum df, ¢; must be even, allowing faf; = 2 or 4, resulting
in combinations of; = 1,3 and/; = 2,4. These values are needed as inputs for calculation of the
initial scattering and final bound state wave functions of the direct capfurg@roton on'”O to form

alt state of'8F.

1.4.1 The Bound State Wave Function

Though the direct capture mechanism occurs through interaction with ttieoshagnetic field,
the nuclear potential will determine the form of the initial scattering state anidbfinend state wave
functions of the captured proton. In the past, the two most popular cHoictbe bound state potential
have been the square well and the Woods-Saxon potentials [5]. It wslhdwen later in this section
that the radial position at which direct capture occurs is actually outsidieeofiuclear radius. At

first glance this might suggest that it does not matter what choice of bstatel potential is used to
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Figure 1.4: A Woods-Saxon potential f51O with g = 1.25 fm, a = 0.65 fm and1 = —60 MeV.

describe the nucleus, as long as the chosen depthie@roduces the binding energy of the final state.
Figure 7 from Ref. [7], however, illustrates the fact that the choicecniniol state potential can in
fact have a significant effect on the final S-factor and should bserhoarefully. For this reason, a
Woods-Saxon potential will be used for the bound state potential, as it isenealistic description

of the nuclear potential than a square well. The Woods-Saxon potentefined by

—Vo
i B
WS(T) 1—|—exp (r—R)a

a

(1.30)

whereR = rOAt%, with rg = 1.25 fm anda = 0.65 fm. These are typical values used for the
Woods-Saxon potential, taken from Ref. [5] and illustrated in Fig. 1.4.

The full potential for calculating the bound state wave function is a combinafia/oods-Saxon
potential with the Coulomb potential of a uniformly charged sphere. The gsée to calculate the
bound state wave function resulting from this choice of potential is the sadeeus®d in Refs. [5, 7].
The radial wave function for the direct capture of a proton't® via the E = 4360 keV state in

18F is shown in Fig. 1.5. The bound state wave function illustrated in Fig. 1.5speatside the
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Figure 1.5: Bound state wave function for direct capture tahe= 4360 keV J™ = 17 and/; = 2
state in'®F. The red triangle marks the nuclear radius of the Woods-Saxon potan®ia fm.

nuclear radius of 3.2 fm, meaning that the contribution to the radial integral the bound state
wave function will be primarily outside the nuclear surface. States that ssebleund in the final
nucleus will extend further outside the nuclear radius, so direct cajatlees bound states will result

in a contribution to the cross section which is peaked further outside theanuwattius.

1.4.2 The Scattered State Wave Function

The scattered state wave function is the second component of the radighimtethat requires
careful consideration. The choice of scattering potential is not triiahaly seem obvious to simply
use the same potential for the scattered state as was used for the boundusttiiess may lead to
problems since the choice of either a Woods-Saxon or square well fac#itering potential will
inherently lead to resonances in the cross section as the depth of the pasemtised, making
each an obviously improper choice of potential for describing dirediucapvhich is a nonresonant
interaction [5]. Therefore a new potential must be chosen for the sedtstate that does not give
rise to resonances. The hard sphere is a simple potential arising frot@riscatheory and will be

used as the scattering potential for the calculation of the scattering statéumatien, radial integral,
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Figure 1.6: Scattered state wave function for an incoming proton with ceinteass energy of.,,, =
200 keV and orbital angular momentui= 1 incident on a hard sphere of radius, R = 3.2 fm (denoted
by the red triangle).

and finally the direct capture cross section. A radiugiof 1.25A§ = 3.2 fm for the hard sphere
will be chosen to match the nuclear radius of the bound state potential [iS]clgar from Fig. 1.6
that the scattered state wave function oscillates and the first maximum is veyt$ae the nuclear
radius. This, along with the fact that the bound state wave function aldc medside the nuclear
radius, results in a negligible contribution to the cross section from the sxhftate near the nuclear
radius. This means that the specific choice of the scattering potential i€rpoinvportant, as long
as it is not a potential that gives rise to unphysical resonances. Thd&ddesd the final state, the
less important the choice of scattering potential will be, making the simple chotbe dfard sphere
perfectly acceptable for the current application. Now that the bound atatescattered state wave

functions have been constructed it is possible to calculate the radial integra
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Figure 1.7: Integrand of radial integral (bottom panel) calculated foc#ipture of a 200 keV proton
with ¢; = 1 into the E = 4360 keV state in®F. For comparison, the corresponding bound state (top
panel) and scattered state (middle panel) wave functions have been incliergtd triangle denotes
the nuclear radius of 3.2 fm.

1.4.3 The Radial Integral and Direct Capture Cross Section

Using the bound and scattered state wave functions calculated in Sec. id41142, the inte-
grand of the radial integral may be constructed. The radial integrasatides where, in radius, the
direct capture actually occurs and is shown along with the bound andrech$tate wave functions
in Fig. 1.7. It is clear that the proton is captured outside the nuclear raddyS@ this reason, the
process of direct capture has also been called “extranuclear cgjiilre

For a given level in the final nucleus and a given bombarding enemggalculation of the contri-
bution to the cross section for capture into that state will require summing aveotiiributions from
all possible/; and?; combinations. Also, the experimentally measured cross section will differ fro
the calculated cross section by a factor called the spectroscopic faésf( ), which is discussed

in detail in App. A.1. The spectroscopic factors are often experimentallguned and can be found
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Figure 1.8: Expected experimental S-factor for the direct capture coemp@f'”O(p,y)'®F. These

are calculated using the same spectroscopic factors as Ref. [7]

in the literature. The experimental cross section will be found by [5, 6]

eap = Y C*S(Lf)0cac-

Ly

(1.31)

The total direct capture cross section for a given energy will then coone the sum of the contribu-

tion of each level in the final nucleus. Calculations will then be performed fange of bombarding

energies, resulting in an expected experimental cross section cuore tie cross section, the astro-

physical S-factor is easily calculated using Eqg. 1.2. Figure 1.8 refsegenexpected experimental

S-factor for the!”O(p,y)'®F reaction. Chapter 4 will be entirely dedicated to the measurement of this

direct capture curve below;E = 500 keV.

1.5 Thermonuclear Reaction Rate Calculations

A novel method has been developed using Monte Carlo techniques faating thermonuclear

reaction rates. Longland et al. [8] argue that current literature reacies, generally provided as a
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recommended rate along with a minimum and maximum rate, have no statistical meaimggathe
lack of an associated probability distribution. The new Monte Carlo methodleéds reaction rates
and uncertainties using appropriate probability density functions for egueht parameter. While
resonance energies are Gaussian distributed, resonance strengglssections and partial widths
constitute a product of positive quantities including: measured yields, isppowers, integrated
charge, etc. According to the central limit theorem, such a product aftigjiga will be described by
a lognormal probability density function, which can be written as [8]

2
[ (—<l<>—u>> | 132

202

wherey ando are the mean and standard deviation of the Gaussian distribution of In(xjatuite
upper limit values of spectroscopic factors are properly describeadtigrPThomas density functions
and this is described in detail in App. A.1. Interference between resesas also taken into account
in the rate calculations and a binary distribution is used when the sign of thienetsze is unknown
(see Sec. 5.1.4).

Each input parameter is sampled according to its respective probabilitifydemetion and the
reaction rate is calculated. This procedure is repeated many timB8J0) by a Monte Carlo code
written by Richard Longland, callefatesMC. The sampled rate distribution is calculated at each de-
sired temperature and the low, median and high rates, corresponding 1, th@ dnd 84 percentiles
of the cumulative distribution, are reported. The sampled rates are tjgnezh described by a log-
normal distribution and the associatedndo of this lognormal distribution are also presented. These
parameters will allow for reconstruction of the sampled rate distribution. aimpkng procedure and
code operation are described in detail in Ref. [8]. The sampled Monte @des are matched to
statistical model rates at high temperatures using a new procedure whedtiibetd in detail in Sec.

2.6.
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2 The Effective Thermonuclear Energy Region

2.1 Exploration of the Gamow Peak in Narrow Resonance Realms

As discussed in Chap. 1, the calculation of the total reaction rate, foifispeactions, can be
vastly simplified if the reactions proceed through narrow, isolated resesanif this is the case,
one can perform an incoherent sum over the contribution of eachrknesonance, where the only
necessary inputs for the reaction rate calculation are the energy aredpamding strength of each
resonance. An interesting question arises: since the reaction ratedcadated by summing over the
contributions of each resonance to the total reaction rate, which ressmanre the most important
to the specific reaction rate of interest? The resonances of importanceifieitlfdom one stellar
environment to another, since the stellar temperatures are differentendritribution from a single
narrow resonance to the total reaction rate is a function of temperatueuld be extremely inef-
ficient to measure each resonance, considering the time and resoecessary for this task and the
fact that, often, only a few of the known resonances contribute significto the total reaction rate
at a given temperature. This makes it crucial to find a procedure fomadieieg which resonances,
for a specific reaction and temperature, will make up the dominant contribuatitthve total reaction
rate of interest.

The Gamow Peak was introduced in Chap. 1 as such a tool. Though the Gaeakweoncept
is strictly defined for nonresonant reactions, it may still be useful winersidering reactions that
proceed through narrow, isolated resonances. Recall that the Gagakwapose after separating
out the major energy dependencies of the cross section for a thermantedetion to define the
astrophysical S-factor. According to Eq. 1.3, the reaction rate inv@wdgategral over the product
of the Gamow Peak and the astrophysical S-factor. Since a narronares®is simply a spike in the

S-factor and the product of the Gamow peak and the S-factor make uptélgeaind of the reaction
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Figure 2.1: Schematic narrow resonances (black lines) overlaid by des@amow peak (red dashed
line).

rate contribution for a given resonance, one might expect the Gamdwmtpedmply select out the
resonances which are most important to the reaction rate calculation. ghimemt hinges on the
previous assumption that the nonresonant contribution to the S-factseistidly constant compared
to the energy dependence of the rest of the cross section and thantiosv@aak will span a region of
resonances whose individual contributions to the total reaction rate wik rilrekcontributions from
nonresonant processes comparatively insignificant.
Figure 2.1 illustrates the role which the Gamow peak plays in selecting the mostamipas-

onances with a simplified version of an S-factor consisting of five haremerrances and a typical
Gamow peak. Those resonances, which lie within the Gamow peak, shaufttise the main con-

tribution to the total reaction rate. The concept of the Gamow peak has hidety wsed in the
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literature as a method for determining the most significant resonancesgecificreaction rate cal-
culation [9]. The basis for this can be explained using an example ofyargaction. Equation 1.20
describes the contribution to the reaction rate from a single narrow nese@a proportional to the

resonance strengtlyy, where the resonance strength was defined as:
(2.1)

As a result of the Coulomb barrier, the particle partial width, can vary by many orders of mag-
nitude. At low energiesl’, may be insignificant compared to theray partial width,I", which is

far less energy dependent and usually on the order of meV - eV. Inade wherd’, < I, the
total width, T, is dominated by the-ray partial width. This results invy « I',. The major energy
dependence of the particle partial width will come from the penetration fés¢erEq. 1.25) which is
proportional to the Gamow factor, &". Note that the Gamow factor does not contain the entire en-
ergy dependence @f,, but it does contain the major part of the energy dependence. Atiessvgll
below the Coulomb barrier, the particle partial width is not significantly aftebiethe value of the
orbital angular momentum which means, for the relative contribution of afgpearrow resonance,
the reaction rate becomes

E
< oV >iox e AT, (2.2)

Recall from Eq. 1.4 that the right hand side is the Gamow peak. This sisgies the Gamow
peak offers a useful tool for identifying the narrow resonancescthratibute significantly to the total
reaction rate at these stellar temperatures. Furthermore, the Gamow etk isva well-behaved
function of temperature, is widely accepted in the literature and provideaigtgforward description
of the resonances of significance.

To test the validity of the Gamow peak for describing the true energy rahtfeeomonuclear
burning, the fractional contributions to the total reaction rate for eackithgil resonance must be
calculated. For a given reaction and temperature, a plot is made of thierieaontributions to the
total reaction rate%, versus resonance energy for each individual resonance. @hew

peak, defined for that reaction and temperature, is then overlaid on thidfglee Gamow peak is a

good description of the effective region of thermonuclear burning, the significantly contributing
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Figure 2.2: The fractional contributions to the total reaction rate for indalidesonances in
22Ne(py)*Na at T = 0.7 GK (left panel) antéfMg(a;y)*®Si at T = 0.8 GK (right panel) are shown
in red. The corresponding Gamow peak (black curve) is also includesbrince strengths adopted
from Refs. [10, 11]

resonances will fall within the energy range spanned dpytl%A on this plot.

Figure 2.2 shows the Gamow peak and the fractional contributions to th&oreaate of indi-
vidual resonances if*Ne(p;)**Na and?*Mg(a, 7)?Si at stellar temperatures of 0.7 GK and 0.8
GK, respectively. It is important to reiterate the fact that the Gamow peaklyssirictly defined
for nonresonant reactions. It is apparent, however, from Fig. 22hie Gamow peak concept may
play a crucial role in narrow resonant thermonuclear reactions undeprdper conditions, since it
is clearly a good description of the energy range of thermonuclear lgumithese examples. The
remainder of Chap. 2 focuses on identification of conditions in which the @gmeak concept is a

good description of the thermonuclear burning region as well as the limitatfahs @pproximation.
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2.2 Fractional Reaction Rate Contributions

As discussed in Sec. 2.1, the Gamow Peak concept is a widely used ttiue fdetermination of
the resonances that will contribute most significantly to the total reactionoatedharged particle
reaction at a given temperature. In this section, the validity of the Gamowgpgatkximation will be
explored through the analysis of ten{preactions including the target nuclé:*>Ne, >*Na, 2>?6Mg,
2T, 29-39Sj, 31p and®>Cl and three (&) reactions including the target nuclé?Ne, >*Mg and?8Si.
These nuclei constituted the available literature data at the time of this workirmpstant to have
measured all of the resonances in each analyzed energy intervaluiee éhat missing resonances
do not affect the observed trends. These resonance strengthsadlable in Refs. [10, 11]. A
guantitative comparison of these target nuclei will be discussed in the foljosections.

Figure 2.3 continues the analysis of the fractional contribution to the reaetiefrom individual
resonances from section 2.1, exploring a wider range of temperatBmsething very interesting
begins to emerge. From Eqg. 2.2 it is clear that the contribution to the total ratesfecific resonance
is highly energy dependent, owing to the dependence of the particle paiditl on the Coulomb
barrier. The distribution of resonances contributing to the total rate shshifdin energy when
there is a change in the temperature. Thus, as the temperature rises, ibatidistof resonance
contributions is expected to shift to higher energy as seen in Fig. 2.3. is&ethe Gamow peak
also shifts to higher energy as the temperature increases and if the Gaaloig pevalid description
of the significantly contributing resonances, this should mirror the shift se¢he distribution of
resonances. These six plots are representative of the effectoseaci of the targets studied.

There are three main characteristics of Fig. 2.3 which should be notedir3tis that at lower
temperatures (& 0.5 — 0.7 GK) the approximation of the Gamow peak as the description of the
thermonuclear burning region appears to be accurate. The secoadsisbat at lower temperatures
a relatively small number of resonances contribute significantly to the t@tetioa rate, as is clearly
displayed in Fig. 2.3. As temperature increases, more resonances hiegoonent and this has two
effects. First, contributions from only a few resonances at lower teshyres results in scatter in the
locations of the significantly contributing resonances. Thus, the bulk aEtieion rate contribution

may not be found right at the center of the Gamow peak but should still bénvifte previously
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Figure 2.3: Fractional reaction rate contribution for individual reseearcompared to the Gamow
peak for the?” Al(p,+)?Si (left column) and®’Ne(q,7)?*Mg (right column) reactions at stellar tem-
peratures of T = 0.5, 1.0 and 3.0 GK. Resonance strengths adopte®é&immn[10, 11]
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derived region of E+ %. The specific position of these resonances is determined by the strutture o
the compound nucleus. This will result in variations in the energy positioneofrtain contribution
to the rate from one target to the next and scatter in the relative position ah#iscontribution to
Eo. One advantage of the fact that only a few resonances dominate at lowrggomes is that this
narrows down the experimentally significant range for which measuremeatsto be improved in
order to improve the reaction rate.

The third characteristic seen in Fig. 2.3 is that at high temperatures theyargign of ther-
monuclear burning is no longer described by the Gamow peak. This caccesthe stellar temper-
ature reaches a few GK. It is clear from these six plots that the trueyeherging window, at these
higher temperatures, lies in a region below the Gamow peak. This suggédsteetieaare limitations
to the Gamow peak approximation of the energy range of interest and tieaincest be taken when

employing this approximation. There are three main questions to be consiteed

0] When is the Gamow peak description of the effective thermonucleammwindow
applicable and when and why does it break down?
(i)  Athigh temperatures, why is the effective thermonuclear burning winkdcated at
lower energies compared to the Gamow peak?
(iii) Is there a consistency from one reaction to another in the position of the

effective thermonuclear burning region at these higher temperatures?

2.3 The Effective Thermonuclear Energy Region

Here a new definition for the effective stellar burning window is introduaedl it will be shown
that it is more reliable than the Gamow peak concept. For this purpose, itéssay to define a
few new variables. First, E’ is defined as the median value of the distributimaaional reaction
rate contributions. The median is calculated by computing the cumulative fracteEsonance con-
tribution function. This function is then interpolated and the resonancgyggerresponding to any
desired percentile can then be found. A percentile of 50% is chosendan#édian, selecting an

effective energy which should describe the actual location of the theroleer burning region. The
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Gamow Peak | Effective Thermonuclear Energy Region (ETER)

EO + % Elower to Eupper
I
Ey = 0.1220 (Z‘,,%Zt2 T T92> ’ E’: median of cumulative distribution
I
AEy = 0..2368 (Zf,Z,? Ty T95) ° | AE’: 8'"-92" percentiles of cumulative distribution

Table 2.1: Definitions for the two energy regions; the Gamow peak (lefnuojuand the newly
introduced Effective Thermonuclear Energy Region (right column).

width of the effective energy range is defined in analogy to the calculafiah, dhe width of the
Gamow Peak. The width of the effective energy burning windéw,, will then be described as the
energy range covered by th& 8 924 percentiles of the cumulative reaction rate contribution. By
analogy with the Gamow peak, this range contributes 84% to the total readtor ree energy range
E' + %AE’ is defined as the Effective Thermonuclear Energy Region (ETER).

Table 2.1 displays the properties of the Gamow peak and the analogougigsdor the ETER.
It is important to note that there is a fundamental difference between theséeseriptions of the
relevant thermonuclear burning regions. The Gamow peak is an apptdirtizat is meant to predict
the energy range of resonances that will contribute to the total reactenThe ETER, however, is
a precise description of the resonances that are contributing to the tattibrerate. The Gamow
peak is a very attractive tool because it is simple to calculate. In contrést)ateon of the ETER
is far more complex because it requires all of the resonance strengttenargies. The ETER will
be a very useful concept for testing the validity and limitations of the Gamow gescription of
narrow resonant thermonuclear reactions but at this point it is notgbiked In Sec. 2.5 the ETER
for each of the targets studied will be presented and compared to the Gaakw@scription. From
this comparison it will be possible to determine some general trends for eactians. The ETER
will be a more useful tool if general statements about its behavior can be.mad

Figure 2.4 illustrates the situation fétNa(p;y)>*Mg at a stellar temperature of 2.5 GK. The
positions of the ETER and the Gamow peak will vary with reaction and temperdiut Figure 2.4
shows the general behavior, which clearly illustrates that the Gamow peak &good description
of the ETER in**Na(p;y)?*Mg at T = 2.5 GK. A detailed comparison of all the target nuclei from

section 2.1 is presented and analyzed in Sec. 2.5.
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Figure 2.4: Relative reaction rate contributions from individual resoesuin?>Na(p;)**Mg at T
= 2.5 GK (red lines) along with the Gamow peak (black line). The newly defifféettive Ther-
monuclear Energy Region (ETER) is denoted by a blue bar. Resonaeangths adopted from Refs.
[10, 11].

We originally considered an ETER that covered 68% of the total reactien aa compared to
the present 84% coverage. However, the same qualitative trends ermbegearly tests compared a
coverage width of 68% and two different definitions for its placement. Thedefinition was a 68%
coverage range which is centered around E’. The second definitisrth@asmallest 68% coverage
range which also includes E'. These two definitions for the width of the EAERcompared in Fig.
2.5 for the3°Si(p,y)3'P and the?’Ne(p;y)**Na reactions. There is not a large discrepancy in the
resulting ETER for the two coverage definitions in either of the two reactidime energy ranges
described by the two definitions of the ETER are compared for threeatepsiellar temperatures of
T=0.8,4.0and 7.0 GK in Fig. 2.6. These energy regions are plotted as@oluof target mass
number for each of the three temperatures. The result is that there idargeadiscrepancy in the
energy ranges described by either of the two coverage definitionsijoofahe ten reactions. This
suggests that the choice of coverage definition is relatively unimportdrthahthe definition chosen

for the current ETER will be consistent with any other reasonable 84%rage definition.
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2.4 The Dependence of the Reaction Rate on Partial Widths

The goal of this section is to explain the trend illustrated by Fig. 2.3. For theopas of the
following presentation, it is assumed that only two decay channels arefopéme reaction of in-
terest: they-ray and particle channel. Recall that the Gamow-peak description ofubedgion of
thermonuclear burning breaks down as the stellar temperature increagemperature increases the
ETER is shifted to lower energy compared to the Gamow peak. This is seenadihthd reactions
studied. It is clear that as the stellar temperature increases, there is@poeffor contributions from
lower energy resonances. The explanation for this surprising resulbe easily understood when
considering the role of the partial widths in Eqs. 1.20 and 2.1. The Gamokvquerept for nar-
row resonances originally arose from considering the energy depeaaf the particle partial width,
[, x e~2™, whenl', < I',. Thev-ray partial width, however, is typically on the order of meV - eV

and has a much weaker energy dependence than the particle partiallyidth [
T, o (B +Q)* . (2.3)

If I'y < Ty, the strength becomes
wy ~ wly. (2.4)

and the reaction rate takes the form
< OV > e_(l%)l“y. (2.5)

Notice that this expression does not exhibit a Gamow peak. In this casaajbeenergy dependence
is in the exponential term, which favors resonances with lower resorenargies.

This means that the Gamow peak will be a useful tool if all of the resonahaesontribute sig-
nificantly to the total reaction rate ha¥g < I, which usually pertains at low stellar temperatures.
The average particle energy increases with increasing temperaturesordeapoint resonances with
I'y < I'y begin to contribute to the total reaction rate. These resonances wera shéavor con-

tributions from lower energy resonances. This means that as the tempeasaitocreased there is a
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contribution from resonances wilh, < I', and resonances with, < I',, resulting in an ETER
which is shifted to lower energies compared to the Gamow peak.

Also, as the stellar temperature increases the ETER will shift to higheneerdoes the Gamow
peak). This is because the resonances Witk I', will have the largest contributions to the reaction
rate from the same lowest energy resonances, regardless of tempefdtase contributions will be
combined with contributions from resonances with< I'. These will follow the energy behavior
of the Gamow peak, which increases smoothly with increasing temperatwgeomibination of these
two effects results in an ETER which will increase in energy as the stellar tamope increases.

Continually increasing the stellar temperature leads to a distribution of thermanyeldicles
which is shifted to higher energies and eventually an environment wheoseaeces with', < I'y
are no longer significantly contributing. Thus, at high enough stellar teatyres, it is expected that
the effective energy burning window should eventually become conasatfie temperature is raised
since resonances with, < I', have significant contributions from the same lower energy resonances.

For resonances which satisfy, ~ I',, not fitting either of the limiting cases discussed here, the
resulting resonance strength is much more complicated and does not havele energy depen-
dence. The number of resonances for which the particleyary partial widths will be of the same
magnitude, however, will be very few sinfg varies by many orders of magnitude. This means that
resonances witl', ~ I', should not contribute significantly, as a group, to the total reaction rate

because they are so rare and can be disregarded for the curcrasitis.

2.5 Comparison of the Effective Thermonuclear Energy Range with the

Gamow Peak

The purpose of this section is to compare results for the calculation of th&® Edi&en (py)
reactions to the energy range predicted by the Gamow peak. First, it issimgréo consider a
specific reaction and compare the behavior of the ETER as a function oétatage with that of the
Gamow peak. Consider Fig. 2.7 showing the ETER and the Gamow peakratiatfiof temperature
for the3>Cl(p,y)°Ar reaction. The red lines correspond to the upper and lower bourttie &TER

and the black lines are the upper and lower bounds of the Gamow pealk. &tauple very interesting
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Figure 2.7: Gamow peak (black lines) and ETER (red lines) foft#(p,y)3¢Ar reaction. Resonance
strengths adopted from Refs. [10, 11]

features to notice here.

The first feature is that, at the lowest temperatures shown, the ETER idetetpwithin the
Gamow peak. This is consistent with the previous discussion since at lompetatures the vast
majority of contributing resonances are those which reside in'the< I', realm and should be
described well by the Gamow peak. The narrowness of the effectemgemwindow at these lowest
temperatures can easily be explained by the dominance of a few low eesanances at these lower
temperatures. The stellar temperature is not high enough to populate thelfigheesonances,
resulting in a very narrow ETER.

Another important feature of Fig. 2.7 is that the differences between theo@geak description
and the ETER grow increasingly larger as stellar temperature incredsess €xpected, since, at the
higher temperatures, the resonances which sdfigfy> I', are beginning to be populated, resulting
in a preference for lower energy resonances that may actually be etiidsamow peak at these
higher temperatures. This is the reason that the ETER sits outside the lowerflitné& Gamow
peak as the temperature increases. It is also clear that the Gamow péiakenito shift to much
higher energies as the temperature increases compared to the effeetiyg window, which is again
explained by the preference for lower energy resonances at ligheeratures.

The last note of interest concerning Fig. 2.7 is that, starting at relativelytdawperatures, the
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Figure 2.8: Gamow peak (red bars) and ETER (black bars) plotteds/émsget mass number for
proton-capture reactions oi-?2Ne2Na2%26Mg,?"Al,2930Sj31P and3°Cl at temperatures of T =
0.6 GK (top) and T = 2.5 (bottom). Resonance strengths adopted from[Refd.1]

entire ETER is located below). This is surprising because, if the Gamow peak is a valid description
of the energy burning region, there should be scatter around the cétiter Gamow peakEy. This

is clearly not the case at a temperature as loWas 2 GK. Therefore, at these temperatures it is
improper to refer to the Gamow peak because it is ho longer a valid descriftibe ETER in this
thermonuclear environment.

Figure 2.8 compares the ETER with the Gamow peak for all of the ten targiet atiboth a low
stellar temperature (T = 0.6 GK) and a relatively high temperature (T = 2.5Bis}, the comparison
of the ETER with the Gamow peak at T = 0.6 GK supports the fact that the Garakvip a good
description of the effective thermonuclear burning region at low tempexaiine ETER at T = 0.6 GK
seems to be well within the Gamow peak for each of the ten reactions, suggdstirthe reaction is
proceeding through resonances which fulfill the< I'y requirement that is the necessary condition
for the application of the Gamow peak. There is also a good deal of scattiee jposition of the
ETER for the reactions plotted at low temperature, which can again be exglbhinthe dominance
of the contributions of only a few, very strong, resonances. The ETBRever, is still consistently

within the energy range predicted by the Gamow peak.
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At higher temperatures a very interesting behavior emerges. As wassthesith the*>Cl(p,7)3°Ar
reaction discussed earlier, it is clear that at high temperature the ETERSwomily lies belowFy.
The Gamow peak no longer agrees with any of the ten ETERs at 2.5 GK. Simaitie case of
35Cl(p,y)%%Ar, the two descriptions of the energy burning window will only divergereturther as
the stellar temperature is increased. The effective energy window isihyolozated below E, but is
also much narrower than the Gamow peak.

The fact that more resonances will contribute to the total reaction rate latdmgperature leads
to an averaging of specific nuclear structure properties of individualde This should result in more
consistency in the position of the ETER from one reaction to the next tharsees for the low
temperature cases. Figure 2.8 shows that at T = 2.5 GK the effectivgyemexdow for each reaction
is located at a similar position, which is near an energy e¢B.8 MeV. It is expected that the position
of the ETER will remain nearly constant as the temperature increases seoewlity contributing
resonances give preference to those with lower resonance enériesthe added effects of higher
energy resonances, as the temperature increases, will be small. Tiestsuidpat one may be able to
predict the position of the effective energy burning window for othactiens that proceed through

narrow, isolated resonances at higher temperatures.

2.6 Applications of the Effective Thermonuclear Energy Region

It has been shown that the blanket use of the Gamow peak for astiocglhgsplications is incor-
rect. Where, however, is the concept of the Gamow peak used fafisggplications and calcula-
tions? One might ask if the use of the ETER will actually significantly changeebelts of these
calculations.

One area where the Gamow peak is used for astrophysical applicationthis @alculation of
reaction rates at very high temperatures. These are temperaturesavesyiclosely spaced energy
levels in the compound nucleus begin to become important. This requires tbeatatstical models
for the calculation of reaction rates. These statistical models need to be chtathe experimentally
measured values at the lower energies, where the resonances aigestiti be resolved individu-

ally. The magnitude of the cross sections from statistical models is not almely&nown and the
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experimental rates allow for a proper normalization procedure. It is stiagethat the Gamow peak
concept is used as a tool in these matching procedures at temperatlirgsove where the Gamow
peak concept was shown to no longer describe the ETER. The use®athew peak at these higher
temperatures is not only incorrect, but may possibly invalidate the resulttjoa rate calculations.

The specific statistical model that will be discussed here is the Hauskb&asmodel. Reference
[12] contains a similar derivation of the Gamow peak contribution to the reaetieras was presented
in this chapter. Also discussed in Ref. [12] is the spacing of nucleaggierels at higher energies,
which correspond to higher stellar temperatures. Reference [12] stetethe Hauser-Feshbach
model is applicable if there exist ten levels in a compound nucleus which falkitGmow peak
defined by that reaction at a given stellar temperature. So, the criteridhd@pplicability of the
statistical model involves the Gamow-peak concept which may no longeratdgath temperatures.
For this application, the ETER should instead be used to allow for a congigteeription of the range
of applicability of the statistical model in question, which does not make useedbdmow peak at
high temperatures.

Along with the previous example, the Gamow peak concept is also used imctinjuwith the
Hauser-Feshbach model as a tool for determining the proper matchingregmpeor transitioning
from experimentally measured reaction rates to those calculated using a statigiiel in Refs.
[13, 14]. The Gamow peak is assumed to be the proper description ofélatvef burning window for
a thermonuclear reaction. The experimentally determined rates are thessused as the resolvable
resonances fall within a region defined by the Gamow peak conceptisTHa experimental reaction

rates will be used as long as the following condition is met [15]:

EM& > Ey + nA, (2.6)

where n is a constant. For simplicity n = 1 is usually chosen but could in prinkgMifferent. As
long as the resonance with the maximum experimentally measured efg8ylies outside g+ A,
the experimentally determined reaction rates will be used. It is important to raitéhéhabove range
is not strictly the Gamow peak, but uses the Gamow peak concept.

The temperature dependence of &d A can now be inserted to Eq. 2.6 to find a matching
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temperature, J,q:cn, Which solves the following equation:
2 5
ES =cly +n (dT;) . (2.7)

T.naten 1S then the temperature at which the experimentally determined reaction rataseardo
normalize the results calculated from the statistical model. The constants canediefined by Tab.
2.1. The reaction rate below,,;.., is found using the experimental results and the reaction rate above
Taten 1S found using the statistical model which was normalized to the experimentaltatg ,cp, -
The Gamow peak concept provides a very simple prescription for matcténgalation rates, and for
that reason is a very attractive result.

If, instead, the ETER is used, are there significant differences in thdtirey reaction rates for
higher temperatures? The experimentally determined rates will not be akereelthey are a simple
sum over the known resonances, but the range over which theyetenssy be different. If a different
definition for the effective energy range is used, this will lead to a newnabization factor for the
statistical model, since the experimental and statistical rates are now nornalaifferent T,,q:cn
than the one found using the Gamow peak concept. The new equatiordiagfthe proper matching
temperature becomes:

EmaT > B4 p AR (2.8)

Tes

This allows the matching condition to be set by the ETER. The problem with theeguoe is that
the matching temperature cannot be calculated analytically because the temegpdeaendence @’
andAFE’ is not known from one reaction to the next. This is one reason that the Gasakwconcept
is much easier to use for this matching. The values for the matching tempersitugehe ETER for
the calculation of ..., and those obtained using the Gamow peak concept are compared in Tab.
2.2.
Itis clear, from Tab. 2.2, that the matching temperatures calculated usi@athew peak extend
well into the region where the Gamow peak no longer exists. This means thattperature where
the experimental reaction rates are matched to statistical models should nolderagdculated using
the Gamow peak concept. Also, there is a vast difference in the matching tgomgsrfound using

the Gamow peak concept versus the ETER in most of the reactions shbwsns Expected since, at
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exgx Tmatch (GK) Tmatch (GK)
Reaction (keV) | viaEy+ A via E'+A’

ONe(a, v)**Mg | 5011 3.22 10.0
2INe(p;)*>Na | 1937 2.23 8.96
2Ne(pyy)?°Na | 1823 2.05 4.05
BNa(py)**Mg | 2256 2.56 10.0
“Na(pn)?°Ne | 2328 2.67 3.53
“Mg(p,y) Al | 2311 2.49 9.56
2IMg(c,v)?8Si | 5240 2.97 10.0
BMg(p,y)?°Al | 1762 1.73 3.25
BMg(p,y)?"Al | 2867 3.32 4.31
2TAl(p,y)?®Si | 3819 4.60 10.0
2TAl(p,«)**™Mg | 2967 3.29 3.62
BSi(py)?P | 2991 3.16 10.0
PSi(py)* P | 3075 3.28 5.05
0Si(py)? P | 2929 3.07 5.18
31P(ppy)*?S | 1963 1.72 2.98
31P(p)®Si | 1963 1.72 1.57
32S(ppy)?3Cl | 2470 2.23 8.56
HCl(p,y)%6Ar | 2828 2.57 5.08
HCl(p,a)*?S | 2838 2.58 2.25
Ar(p,y)>"K | 2575 2.17 7.39
“OCa(py)*'sc | 1887 1.32 1.96

Table 2.2: Values of the matching temperatures are tabulated above. Tifecgpactions analyzed
(column 1) are presented, along with the corresponding highest eexpgyimentally measured res-
onance (column 2) for that reaction. The measured resonance stoaigtare from Refs. [10, 11].
The Hauser-Feshbach calculations were evaluated using the Nonfscoale[12]. The resulting
matching temperature using the Gamow peak description (column 3) and the EdERin 4) are
included.
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Figure 2.9: Reaction rates matched to Hauser-Feshbach calculationshesi@Bgmow peak concept
(black) and the ETER (red) for the reacti&tl(p,~)?°Si. The measured resonance strength data are
from Refs. [10, 11]. The Hauser-Feshbach calculations were @at&iom the Non-smoker code[12].

these higher temperatures, it has been shown that the ETER is locateataighjiflower in energy
than the Gamow peak. Thus, matching the edge of the ETER with the maximunamesoenergy
will produce a much higher temperature than that calculated using the ettge@amow peak.

Figure 2.9 illustrates the differences in the calculated values for the reaati®mnas a function
of temperature, when the matching temperature is found using the Gamow qealared to the
result using the ETER. This demonstrates that there exists a large discyaépdhe final rates when
using the ETER versus the Gamow peak concept. Since the final resutt® feraction rates differ
significantly using the ETER, it is obvious that the Gamow peak conceptieaasincorrect reaction
rate and cannot be used in this case. Not all the reactions analyzedishaimge a deviation as seen
in figure 2.9, but they all differ noticeably and thus the ETER must be usezhwletermining the
matching temperature for reaction rate calculations. See also figure 2.&0sfonilar comparison
using the??Si(p,y)3°P reaction.

The work described in this chapter has been published in Newton et dlaftisBNewton et al.

[16] to which the reader is referred for details.
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Figure 2.10: Reaction rates matched to Hauser-Feshbach calculatiogpshes®amow peak concept
(black) and the ETER (red) for the reactiétSi(p;y)3°P. The measured resonance strength data are

from Refs. [10, 11]. The Hauser-Feshbach calculations were @atdiom the Non-smoker code
[12]
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3 Measuring E'** = 193 keV in17O(p,a)*N

3.1 Introduction

Hydrogen burning of7O is important in several stellar environments including red giants, asymp-
totic giant branch stars, massive stars, and classical novae. Of sjigeifest to the current work is
a resonance at'® = 193 keV in'70 + p that was shown by Coc et al. to be of particular importance
to classical novae [17]. This resonance was first observed in thgdpannel by Fox et al. [18] in
a measurement at LENA and was remeasured independently by Fox €L alhgse measurements
reported a resonance energyff® = 193.2 + 0.9 keV and a resonance strengthuef,, = (1.2 +
0.2)x107% eV. The corresponding resonance strength inctfehannel was later measured by Chafa
et al. [19] and reported to hey,, = (1.64 0.2)x10~3 eV. In this experiment, the (p) strength was
also measured using an activation method with the same targets used fordhmépsurement. This
initially resulted in a resonance strengthuaf,, = (3.4 £ 0.6)x 106 eV [19] and was subsequently
revised by Chafa et al. toy,, = (2.2+ 0.4)x10~% eV [20]. This value differs significantly from the
previously measured value of Fox et al. This discrepancy may significaffiélgt the calculation of
the total reaction rate, ultimately affecting the nucleosynthesis of specifipe®io classical novae,
as explained in Chap. 1.

The activation method performed by Chafa et al. [21] led to a value forthe $trength which
was relative to that of the (p) strength, while Fox et al. measured the strength of this resonance
directly by detecting the prompt gamma rays emitted by the target. In the curoeky the E® =
193 keV resonance i O(pa)'*N is measured to both verify the previous result of Ref. [21] and
elucidate the source of the discrepancies in reporteg fesonance strengths. This measurement
was performed relative to thé® = 151 keV resonance i#¥O(p,a)'®N which has a substantial, well

known strength ofoy = 0.167+ 0.012 eV [1] and is the same reference resonance strength used by



Chafa et al.

3.2 Experimental Setup

The experimental equipment used for the measurement of the strengthretance ak!*
=193 keV in'"O(p) N was similar to that of Chafa et al. [21] and used a proton beam from the
LENA 1 MV JN Van de Graaff accelerator in the energy range of 1400 IZ4V. This spanned the
energy range necessary to measure the reference resonance éo@&tte= 151 keV in *O(pa)'°N
and the new [2° = 193 keV resonance if’ O(p,a)'*N. The beam energy was calibrated using this
reference resonance and a precise resonance energ¥ of @850.82+ 0.09) keV [22]. The beam
passed through a copper pipe, cooled with liquid nitrogen, that endeddpexture biased to -300
V to suppress the emission of secondary electrons from the target assmall prevent electrons
produced by the beam from striking apertures upstream of the targetsufipressor was positioned
in close geometry to the target. The experimental setup also consisted ofygenosnriched targets
housed within a target chamber and a surface barrier silicon detectse Hne discussed in detail in
the following sections. The targets were directly cooled using chilled waterahdehind the target

backings.

3.2.1 The 48 Target Chamber

Figure 3.1 illustrates the “45target chamber” configuration in which the target is mounted at a
45° angle with respect to the beam direction. This allows for a large angulaptastce for detection
of the outgoinga-particles, since the forward angles are not blocked by the shadowe datbet.
There are two detector ports available, corresponding to detection afidl&s and90° with respect
to the beam direction and the center of the target. The target chambed sesreeFaraday cup for
beam integration. It was necessary to redesign the beam-line to allow thercagd trap to be as
close as possible to the target, while not blocking the view of the detectoughtthis target chamber
allows for measurements &85° and90°, only one angular position was utilized at a time and the
other port was used to view the scintillation produced by the beam on targeaq necessary to

debias the working detector while looking through the viewer window). Tdta thken a0° were
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Figure 3.1: An illustration of the 45target chamber used for measurement {5f E 193 keV in
170(p ) *N. Drawing compliments of Johnny Cesaratto
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significantly affected by the sensitivity of the detector efficiency to the beasition. It was found
that the measurements were taken with the beam slightly off center of the t&igethis reason,
the data taken from th&35° port were much more reliable and will be used for determination of
the resonance strength of interest. The actual detection angle wastmined133 as a result of
the misalignment of the beam on target. Data from only one angular position atithllow for
measurement of the angular distribution of the emitteplarticles, but is sufficient for measurement
of the resonance strength since the angular distribution expected fof*the E93 keV resonance in
170(p )N was measured by Chafa et al. [21] and will be used in the final analiygis cesonance

strength.

3.2.2 The Silicon Surface Barrier Detector

The reactiona-particles were detected using a 150 tsilicon surface barrier detector. The
detector was biased to 40 V for the best resolution and was mounted atrecdisfa7.5 cm from the
target at an angle of 13%rom the beam-line to the center of target axis. The signals from the detector
were amplified and collected using a multichannel analyzer (MCA). A foil plased in front of
the detector to shield it from the vast number of elastically scattered prodomsg from the target,
which can quickly damage the detector. The foil (described in Sec. 3.2t8)rmdines the maximum
energy at which the measurement may be performed. Continuous monitbthmgydead time of the
detector is critical for ensuring that protons are not leaking throughaiharid flooding the detector.
The dead time was measured using a precision pulse generator.

For a silicon detector the intrinsic efficiency should be unity, making the deteefficiency
equal to the geometric efficiency. The measured efficiency was evalusitegla®*' Am source and

the geometric efficiency was then calculated using the following equationReim1]

1 d
= (1= — 3.1
Tlpeak 9 < 212 T2> s ( )

where d and r represent the distance from detector to the target aratitbs of the detector, respec-
tively. For this setup the distance from detector to target was 7.53 cm amddius of the detector

was 0.69 cm. This gives a detection efficiency;of 0.0021. The activity of thé*! Am source was
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Figure 3.2: Measured MCA-particle spectrum of &' Am source taken with the 150 ninsilicon
detector used throughout this experiment. The displayed peak has adilllvalf max of~ 23 keV.

489.8 Bg. A representative MCA spectrum in which theAm source is placed at the position of the
target is presented in Fig. 3.2. The detector efficiency for measuring-giagticles from this source
was found to be; = 0.00201+ 0.0006. Since this measured efficiency agrees with the calculated
geometric efficiency, the geometric efficiengy 0.0021 was used as the detection efficiency of the
Si detector.

The actual geometric detection efficiency was not critical since we weaferpeng a relative
strength measurement, making the ratio of detection efficiencies for the twmythisethe quantity
of interest. The geometric efficiency canceled out in this ratio, leaving oelyatio of the lab to
center of mass conversion factofj—%ii,:. This factor is energy dependent and was different for the two

resonance energies, as discussed in detail in section 3.5.5.

3.2.3 The Thin Mylar Foil

The beam currents and energies required for this experiment made#sagyg to place a foil in
front of the detector to stop the elastically scattered protons incident orethetdr, while allowing

the a-particles of interest to pass through and be detected. Selection of thepepte foil thick-
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Figure 3.3: Range in mylar of protons (red points) angarticles (black points) from the reactions
70(pa)'*N (top panel) and®O(pa)'°N (bottom panel) at a detection angle of 23Fhe stopping
power calculations were performed using SRIM2003 [23].

ness required kinematic calculations of the energy of the elastically scapiertets andv-particles
incident on the detector as a function of the incoming beam energy.

There was a trade-off when choosing the thickness of the mylar foil. fioiheas too thick, the
elastically scattered protons would be stopped, buttiparticles would lose too much energy to be
distinguished from electronic noise. If the foil was too thin, protons cowkl ferough and damage the
detector. Fig. 3.3 shows the range in mylar for the elastically scattered pradremitted:-particles
for both the'"O(p,a)'*N and **O(p,a)'®N reactions. The Q-value of tH€O(pa)'®N reaction is
larger and results in a better separation between the range of protonsgartcles in mylar. Thus
the foil thickness was constrained by tH®(p,a)'*N reaction kinematics. A foil thickness of 2.6n
was chosen which will allow for measurements with bombarding energiesad89-200 keV. The
actual experimental limit depended on the uniformity of the mylar foil from th&idigor and was

determined by the measuredparticle spectra. This is discussed in detail in Sec. 3.3.
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3.2.4 The Enriched'”O and **O Anodized Targets

The targets used for this experiment were prepared by anodization ofr).thick, etched tan-
talum backings with”O or 180 enriched water. The procedure for anodization is described in App.
A.2. The targets were prepared by Chris Fox and are the same targets tise previous study of
the B = 193 keV resonance iHO(p;y)'®F [18, 7]. The supplier quoted enrichments of 90.7% and
97.5% for the!”O and'®0 water, respectively. This process of anodizing oxygen onto tantatism h
also been found to produce a well know stoichiometry gfGsand the anodizing voltage precisely
determines target thickness [24]. The thickness of both targets was folre~ 34 keV at their re-
spective bombarding energies. The thickness of the target is determamed plot of the thick-target
yield curve (see Sec. 3.4). It should be noted that a major differertegebr the current measure-
ment and that of Chafa et al. [19, 21] is the choice of targets. Chafaetployed targets made by
implanting oxygen into tantalum.

An advantage to using anodized targets is that they are very stable. dimecherents used in this
experiment were limited by the sensitivity of the detector to elastically scatteotoingrthat passed
through pinholes and nonuniformities in the foil fronting the detector antbythe intensity that the
targets could withstand. Therefore, the beam currents used in thisraepérs 20-80uA, were well
below the currents used on these same targets in the measurements o7 RE%. Target thickness
was measured, periodically, over the course of the experiment andgnadadéion was observed in
either target. The thickness of theD enriched target was evaluated using the trace amouf€oin

that target, which enabled measurement of the 151 keV resonaht@(ima)'°N.

3.3 Fitting the Measureda-particle Peaks

Determination of yield was necessary for analyzing the measured putgg-bBpectra. A repre-
sentative on and off-resonance spectrum for §#&£193 keV resonance iTO(p,a)'*N is provided
in Fig. 3.4. There is a good separation betweenctiparticle peak and the low energy background.
The position of the peak corresponds to the energy obtiparticles emitted from the target, which
for this resonance isE~ 1.0 MeV before the mylar foil and E~ 0.4 MeV after passing through the

foil. The low-energy background peak consists of contributions frimotenic noise in the detector
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Figure 3.4: Measured spectra'ifO(p)'“N. The top panel is taken on-resonance @t E 195 keV
and the bottom panel is off-resonance, takenéﬁ’tElQZ keV.

and associated electronics and contributions from protons that pedetrataylar foil. As the proton
bombarding energy increases, the low energy noise should move to biggrgly since more protons
will leak through the foil. Additionally, thex-particle peak should shift to slightly lower energy since
the reaction will occur deeper in the target and the emittgahrticle must first escape the target,
losing energy in the process. This results in a poorer separation betiwesevo peaks. For a target of
~ 34 keV width, the entire thickness of the target cannot be observed witf@{p.a)'*N reaction
because the-particle peak should be totally consumed by the increasing low energy peagevell
before the entire thickness of the target could be probed. This is illustratéid. 3.5, where at a
bombarding energy oféE? = 204 keV there was no longer a clearly separatqghrticle peak.

The measured spectra were fit to a function which is the sum of two Gasggiem by,

h(z) = aexp [— ($ — b>2 + dexp !— (f” ; fﬂ. (3.2)

The first Gaussian was selected to fit the tail of the low energy backdranah the second Gaussian

to fit the a-particle peak. The measured spectra were separated into high, middienaedergy
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Figure 3.5: Comparison of measured spectr& @(pa)'“N measured atg’:”=195 keV (top panel)
and Ei’flb = 204 keV (bottom panel). The difference in theparticle peak heights is the result of
variations in accumulated charges on the target for the two runs andrpesctution at the higher
bombarding energy.
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Figure 3.6: Fitted spectrum fO(pa)!*N using two Gaussians to describe the function.

groups. A well separated peak was chosen from each group to fixitlle of the a-particle peak.
This peak width was held constant for the fitting of the other spectra in tbapgiRecall that as the
bombarding energy increases, the position in the target where the reiaaimurring will be deeper.
Therefore, there will be more energy straggling at higher energiesisechex-particle must escape
the target prior to detection. The fixed width for each of the three growpeadrsed as the bombarding
energy increased. This width was very important to the determination of tiéeruof counts in a

givena-particle peak, N. For the peak described by Eq. 3.2, N is given by

N = dg+/7. (3.3)

Since the width of the peak, g, was chosen to be a constant, the uncertaimgyriomber of counts

in the a-particle peak took on a very simple form,

ON = 0agV/T. (3.4)

Figure 3.6 is an example of the fit used for a specific run. &hp@rticle peak was found to have a

width of 12.5 channels and a maximum of 68:2.0 counts. This spectrum was used to set the width
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| run | d | g | N | Epeam (keV) |
406 | 5.64076+ 0.5021| 12.5| 125+ 11 193
407 | 12.2888+ 0.9229| 12.5| 272+ 20 195
408 | 12.924+0.8721| 12.5| 286+ 19 196
409 | 10.1806+ 0.7452| 12.5| 226+ 17 194
410| 9.79342+ 0.6913| 12.5| 217+ 15 197
411 | 68.8999%4+ 2.013 | 12.5| 1526+ 45 195
412 | 45.2364+ 1.15 12.5| 1002+ 25 196
413 | 16.91174+0.994 | 15.5| 465+ 27 198
414 | 16.44884+ 0.7999| 15.5| 4524 22 199
415 19.6223+ 0.8965| 15.5| 539+ 25 200
416 | 16.5297+ 0.6411| 20.5| 601+ 23 201
417 | 27.2875+ 0.8534| 20.5| 991+ 31 202
418 | 11.5922+ 0.7242| 20.5| 421+ 26 203
419 | 10.569+ 0.8316| 20.5| 385+ 30 204
421 | 11.8897+ 0.7885| 20.5| 432+ 29 201

Table 3.1: Values for height (d) width (g) and number of counts (N) imeHdhe a-particle peaks
from the runs for'’O(pa)'*N. The parameters d and g are defined by Eq. 3.2. The runs used for
setting the various widths of the peaks were 411, 413, and 416 and it igledeahe set width of the
peaks increases as our bombarding energy increases.

of the peaks in the first group because it contained the most counts arstilvevell separated from

the low energy background. At an energy (#”E: 205 keV the separation was so poor that it was

no longer possible to fit tha-particle peak to a reasonable uncertainty. For this reason, the highest

bombarding energy used for analysis Wé@E: 204 keV. This did not probe the entire thickness of

our target, but it will be shown in Sec. 3.4 that this range was sufficienhfomeasurement of the

193 keV resonance strength.

The fitted a-particle peak heights, widths and the associated number of total countsefor

170(p)'*N spectra are presented in Tab. 3.1. Fits to the measured spectra frorff’tive 151

keV resonance if®O(pa)'°N were not necessary since the energies ohtiparticles emitted from

the target were E ~ 3.2 MeV before the mylar foil and E~ 2.8 MeV after passing through the

foil. This led to a well separated-particle peak which is shown in Fig. 3.7 for th&E= 151 keV

resonance it*O(p)'°N at a bombarding energy of® = 158 keV.
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Figure 3.7: Measured spectrumifO(p)'°N at E** = 158 keV. Then-particle peak is well sep-
arated from the low energy background. This bombarding energy isquesd on top of the yield
curve.

3.4 Resonance Excitation Functions for thé’O and '*O Targets

Having determined the counts in theparticle peak for each spectrum for th&#E= 193 keV
resonance i’ O(p)'*N and the E** = 151 keV resonance ifO(pa)'°N, the associated excitation
functions were constructed and are shown in Fig. 3.8. See Ref. [Hnidin-depth discussion of
excitation functions. For these two excitation functions, the relative yieldesgmts counts detected
per ..C of beam on target.

A fit to both excitation functions was performed to determine the maximum of the gigick,
which is necessary to calculate the resonance strength from a thick tdigstfit was performed
using a code written by Richard Longland, which takes the function for & thiget yield curve and
fits the parameters to the given data, accounting for statistical errors ofdivedual points. Using

this fit, the following maximum yields were found:

YO(p, )N 1 Y pae =0.01084 £ 0.00012

B0, ) N: Y40 = 1.4037 £ 0.0059
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Figure 3.8: Measured excitation functions for th¥’E= 193 keV resonance il¥O(p)'*N (top
panel) and the |2 = 151 keV resonance i¥O(p)'°N (bottom panel).

The uncertainties listed for the maximum yields are purely statistical. The uimtgitathe integrated
charge (BCI) will be accounted for when the calculations of the resmnatiengths are carried out
explicitly (see section 3.5.3).

It was also possible to determine target widths from the yield curve plot$®@narget thickness
of 34 keV was measured over the bombarding energy range used foretieurement of thel® =
151 keV resonance ifO(p.2)'°N. The!70 yield curve was unable to be used for the determination
of target thickness, since the entire thickness of that target could pobbed with the current setup at
Elﬂb =193 keV. Recall, that the trace amounts®® in the enriched”O target were used to measure

a thickness corresponding to 34 keV for this target/at € 193 keV.

3.5 Measurement of Relative Resonance Strength
The strength of a resonance may be found experimentally using the foll@guregion [1]:

2 N,

PP .- T 3,
X2 N By (3-5)

wy
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where\ is the de Broglie wavelength; Ns the number of incident protons;,Ns the number of
resonantx-particles measured on the plateau of the yield curve; W is the angular distmilnf
outgoinga-particles; B is the branching ratie, s is the effective stopping power of the target and
is the detector efficiency. Recall that the resonance strength arigesniegrating the Breit-Wigner
form of the resonance cross section to find the reaction rate in Eq. 1.19.

Many of the uncertainties that contribute to the direct measurement of aames® strength are
significantly reduced when a relative measurement is made. This expermghbyed the same
reference resonance that was used in Refs. [19, 21]. Labelingpthpanents of Eq. 3.5 with the

resonance energies of the two resonances measyféd; £51 keV and E° = 193 keV results in:

B Na(151)
wy(151) = )\2(151)66”(151)Np(151)B(151)W(151)77(151) (3:6)
and
2 N, (193)
wy(193) = W%)Eeff(lg?’)N,,(193)3(193)W(193)n(193)' 3.7)

Taking the ratio of Eqs. 3.6 and 3.7 and solving doy(193) results in the following for the
strength of the [2* = 193 keV resonance iHO(p.)'“N:

X2(151) e0s7(193) No(193) N,(151) B(151) W (151) n(151)
X2(193) eos7(151) No(151) N,(193) B(193) W (193) n(193)"

wy(193) = wy(151) (3.8)

A detailed discussion of each term and ratio from Eq. 3.8 follows.

3.5.1 The Ratio of de Broglie Wavelegths

The ratio of squares of the de Broglie wavelengths is a straightforwéedlation and the uncer-
tainties are small due to the precisely known atomic masses and resonargiessimeolved. The

square of the de Broglie wavelength for a given resonance energeis igumerically by [1]:

2 —18
A2 =2 <mp +mt> 4.125 x 10 o, 3.9)

my my,Elab
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wherem,, andm;, represent the atomic mass of the projectile and target, respectively;'&his the
laboratory resonance energy in eV. Using Eqg. 3.9, the ratio of the sgiiae Broglie wavelengths
for the resonances &' = 193 keV in 7O(p)'*N and E!** = 151 keV in '¥O(p)'°N can be

derived, resulting in:

A2(151) <(mp +miso) mwo)2 E;(193) (3.10)

AZ(193) — \maso (mp +marp) ) Elb(151)°
The masses in Eq. 3.10 are well know and the valuesf6t(193) and E1%*(151) are taken from

reference [7]. The values are as follows:

m, = 1.007825 amu
mirg = 16.999131703 amu
misp = 17.999161 amu

E(193) = 193.24 0.9 keV and

El(151) = 150.82 +0.09 keV

Inserting these values into Eq. 3.10 gives,

A2(151)
A2(193)

= 1.2730 = 0.0060 (3.11)

Extra significant figures are kept, throughout, until the final strengthl=utated to avoid rounding

errors.

3.5.2 The Ratio of Effective Stopping Powers

Often, one of the major sources of uncertainty in any measurement invehigigtargets will be
the experimental stopping powers. There is not a consistent prociediine literature for assigning
an uncertainty to these stopping power values. For the purposes oflitheirig calculations, the
values for the stopping powers (in laboratory units) will be taken frorMBRB] with an associated

uncertainty of 5%, which is a typical uncertainty used in the literature. Tieetefe stopping power
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for the 170 target of protons can be expressed as [7],

16 18 a
<6(17O) + ]]ggwg;e(mO) + %ENCO);G(MO) + ]]\\7[((50)) 6(Ta)> ,(3.12)

mi7

17 _
O e,

wheree denotes the stopping power of the specific isotope and N is the number d#ikiynucleus.
Since the experimental elemental stopping powers will be assigned effif¥s the variations in the
stopping power between isotopes will be insignificant. This means the stoppimgrs for each
isotope can be replaced with the SRIM results for the given element. Thati€) ~ ¢(}"0) ~
e(180) = ¢(0). This approximation will simplify the form of the effective stopping powergaotons

of the 170 target, giving:

ecfs(1T0) =

i < N(O) €(0) +

miz7 +my \ N(170) (—:(Ta)> ) (3.13)

whereN (0) = N(1°0)+ N(17O) + N(*80) is the number density of all oxygen isotopes. Similarly
to Eq. 3.13 the effective stopping power for protons of'tt@ target will be,

N(Ta)

cm (18 _
eeff( 0) = N(lso)

€(0) +

mis < N(O)

s +my, \N(50) e(Ta)> . (3.14)

The 70 target was anodized using 90.7% enriched water and thé®O target was anodized using
97.5% enriched®O water. The calculation of the effective stopping power for the enriéh@darget

requires the following values:

my, = 1.007825amu,

mirg = 16.999131703 amu;

N(O)
= 1.1025 £ .0221;
N(170) 025 0 )
N(Ta)
= 0.4410+£0. :
N(”O) 0 0 £ 0.0088;
2
€(0)193kev = (13.5410.68)><10*15evcm and
atom
Vv 2
e(Ta)rgskey = (34.57+1.73) x 10‘15%
atom.
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The ratios of number densities listed above come from the atomic abundaveregygthe distributor

of the 90.7% enriched O water and the well known stoichiometry of anodized oxygen on tantalum
of Ta4O5. The associated uncertainties result from assuming a 5% uncertainty ergéemental
stopping power values and 2% uncertainty on the ratios of the number densitee target. Inserting

these values into Eq. 3.13 gives,

2
17 —15 —15 GVCm
e (1TO) = 0.94403 [1.1025 (13.54 x 107'%) +0.44101 (34.57 x 10~°)] o
2
17 _ _15eVem

The same procedure was used to calculate the effective stopping pbther'8O target. Since
this target was anodized with highly enrich&D water, different values for the ratio of isotopic
number densities in the target are expected. Al$60)) ande (T'a) vary for this calculation since the
resonance energy is different and the stopping powers are funaidnsident proton energy. The
following values were used for the calculation of the effective stoppinggpof the'8O target made

with the 97.5% enriche#O water:

m, = 1.007825 amu

mispg = 17.999161 amu
N(O)

= 1.0256 £+ 0.0205;

N{50) 0256 £ 0.0205;
N(Ta)

= 0.4103 £ 0.0082;

N(0) |

2
(Ostrey = (14774 0.74) x 10~ 5™ ang
atom
2
e(Ta)i51key = (35.44+1.77) x 10—156Vﬂ‘
atom

The stopping power values were derived from the SRIM [23] and ratia® calculated using

both the isotopic abundances quoted by the supplier of%®ewater and the stoichiometry of the
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anodized target. The result for the effective stopping power offBetarget is

18 _=eVem?
€7 = (2812 4+ 1.07) x 10719 . (3.16)
The ratio of Egs. 3.15 and 3.16 gives the final ratio of effective stoppdavgers,
€/ 2848 x 10710
18 - —15
fef? 28.12 x 10
61'70
o = 1.01340.054. (3.17)
Cerf

3.5.3 The Relative Reaction Yields

The calculation of the quantit%%% makes use of the fits to the yield curves that were pre-
sented in Sec. 3.4. Recall that the fit to the plateau of the yield curve actualy the ratioé\’—gl.
The factor for Coulombs per pulse on the integrator used for the BCltemuoan then be used to
find the value of% from the fit to the plateau of the yield curve, provided the Coulombs per pulse
setting is the same for the measurement of both the£193 keV resonance if O(p)'*N and
the B = 151 keV resonance iifO(pa)'°N. If this is the case, calculation of the number of protons
is unnecessary. The BCI value will suffice since this factor cancels imtiigplication of the two
ratios,

Coulombs

N1p93 = BCIlgg X Wfactor X <

1proton
1.602 x 10~19Coulombs | °

Thus, the ratio of protons is given by the ratio of BCI values:

N{%l — BCI{%I (3 18)
N1p93 BCI{)QS . .

This simplifies the current calculation significantly, since the fits to the measgigkticurves have

already been performed and evaluated.

Nt

17 193

O = 0.010843 £ 0.0001209
BCIo3

N
18 151
@) ——— = 1.4037 £ 0.0059

BC15
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In addition to statistical uncertainties, we assign a 5% uncertainty to the ratie ofithent inte-

gration, 2&115L | This 5% is added in quadrature with the statistical uncertainty on the statistical fi
193
yield:
N NP
( 1a93> ( ;51> = 0.00772 £ 0.00040 (3.19)
N151 N193

3.5.4 The Angular Distribution Functions

For the resonance af® = 151 keV in'80(p,2)'°N, there is an isotropic distribution of outgoing
«a-particles because the spin of this resonance is J = 1/2. This corredpdngg) = 1, where W§)
is the angular distribution of outgoing-particles. The”O(p«)'“N reaction is not isotropic because
of the spins and parities involved, therefore the anglevqfarticle detection becomes important.
Recall that the current measurement was performed at a single arlenping extraction of angular
distribution information. Thus, the angular distribution function found byf@€leaal. [19] was used.

Their data were fit to a Legendre polynomial, resulting in an angular distribofio
W(0) =1+ (0.16 + 0.03) P2(cosb), (3.20)

whered is the center of mass angle with respect to the beam direction. There is a emedition
coming from the fact that there is an angular acceptance of our det&bisrcorrection is called the
attenuation factor and is denoted §y This attenuation factor must be included when determining
the coefficients of an experimental angular distribution. The angular diggibfunction will now

have the following form [1]:
W(6) =1+ (0.16 + 0.03)Q P2 (cosh), (3.21)

where

Jo™ Pa(cos ﬁ)) (8, B)sin(8)d5
Jome E)sin(B3)dg

The angle between the detector symmetry axis and the direction of an emiftedicle is denoted

Q= (3.22)

by 5 [1]. The maximum value of this angle for our running geometrg,s,. = 5.2%, resulting in

ﬁmam:5.25o

an integral with the limitsf . It was shown in Sec. 3.2.2 that the detector has an intrinsic

61



efficiency of unity, om (3, E) = 1, which simplifies Eq. 3.22 to give:

o _ Jo7 Paleos(8) sin(8)ds
05'25 sin(3)dp

f05.25 £[3(cos 3)?sin 3 — sin B]dB
22 sin(B)dp

—%[(cos B)3 — cos B]5-%°

—[cos(8)]5*°

= 0.9937 (3.23)

Now that the attenuation factor has been calculated, it is possible to fifpifav(the 1"O(p.a) 4N
measurement. Recall from Sec. 3.2.1 that the beam throughout this expesiasslightly off center.
This was seen by looking at the beam on target through the target chauimoler. It was estimated
that the beam could be up to 0.64 cm off center (or .8232 cm). Combined with the 4&ngle of

the target, this results in a final detection angléof = 133.6, which gives:

W(133.6) = 1+ (0.16 £0.03)(0.9937)P,(cos(133.6)) = 1.0339
and

ow = (0.03)(0.9937)Py(cos(133.6)) = 0.00636
Therefore, the angular distributions functions are ¥¢) = 1.0339+ 0.0064 and W (6) = 1.

3.5.5 Relative Detection Efficiencies

Since the reaction rate assumes the center of mass frame, the resonemgi stnould also be
calculated in center of mass units. Thus the measured efficiency of theécdeterst be transformed
to the center of mass frame, which requires a differential solid angle thdbeaalculated using a

kinematics code. For this calculation, the code RKIN was used. The cordrom lab efficiency
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O | BO(p, ) : (%) 70(p, a) : (%)

130.2 1.0302 1.0649
132.6 1.0317 1.0681
135.0 1.0331 1.0712

Table 3.2: Lab to Center of mass conversion factors for the range sitjp@sletection angles.

to center of mass efficiency is given by :

cm ab (A"
n= 77[ ’ (dﬂlab> ) (3.24)

wheren®™ andn'e® are the detector efficiencies in the center of mass and lab systems, nespecti

Since the intrinsic efficiency of these silicon detectors is 1, the lab efficiisreyual to the geometric
efficiency. The geometric efficiency is independent of the energy ohtdwening particle, which gives

a simple relation for the ratio of detector efficiencies:

193
. ) dOtab
151 geometric (dQE™ 151 ( )
_m (Gomr)

n — dQlad _ dfaem (3 25)
77193 geometm'c (dQcm)193 dQlab 151
n dQlab S

wheren !5t and,'?3 refer to thea-particle detection efficiency at proton bombarding energies of
Elab = 151 and 193 keV, respectively arﬁ@%) is a function of detection angle. Recall from Sec.
3.2.1 that there is some uncertainty in the incoming beam angle, resulting in @ campgssible
detector angles. The beam was off center by up to 0.64 cm corresgaodiriab angle 0f32.6° +
2.4°. Tab. 3.2 gives the lab to center of mass correction factors for this mafngegles. Thus, the
values for the lab to center of mass conversion factor becé;ﬁﬁéﬁ)m = 1.0317 + 0.0015 and
(%)193 = 1.0681 4 0.0032. The ratio of detector efficiencies for the measurements of jtfe E
= 151 keV resonance ifO(p)'°N and the E* = 193 keV resonance itf O(p)'*N can now be

calculated using Eq. 3.25. This gives,

151

”1793 — 1.0353 & 0.0034. (3.26)
)
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3.5.6 The Strength of the B = 193 keV Resonance i’ O(p,a)*N

Eq. 3.8 and the ratios calculated in Secs. 3.5.1 - 3.5.5 allow for calculation df9®deV

resonance strength 6O (p, «)'* N as shown below:

Wpa(151) = (0.167 +0.012) eV,
6193
1~ 1.013+0.054;
€
efi
mat

= 1.0353 + 0.0034;
1193

N,(193) N,(193)
N, (151) N,(151)

= 0.00772 £ 0.00040;

A 2
<151) — 1.2730 + 0.0060 and
A193

W(193) = 1.0339 £ 0.0064.
Inserting these values into Eq. 3.8 gives,

wYpa(193) = (0.167)(1.013)(1.2730)(0.00772)(1)(1.0353)

1.0339
WYpa(193) = (1.6640.17) x 1072 eV. (3.27)

This result is in agreement with the value from Chafa et al. [19, 21] antbsegjuent measurement

performed at ORNL [25] using a completely different technique.

3.6 Geant4 Simulations of Silicon Detector Response

In an effort to understand the shape of thearticle peak seen in the MCA spectra for this exper-
iment, Monte Carlo simulations were performed using a modeling code called43@éh The first
simulation was straightforward and involved the use of an isotropic distribati®87 keVa-particles
(the energy of the outgoing-particles from the 193 keV resonance i©(pa)'*N) originating from
the target position and passing through a mylar foil prior to reaching thetdetd he first question
was whether there would be any effect on the efficiency of the silicorctigtbased on the energy

of the incominga-particles and the straggling in the mylar foil. The experimental efficiency was
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Figure 3.9: Simulated (top) and measured (bottosparticle spectrum for the!® = 193 keV reso-
nance in'"O(pa)'“N.

measured using #!Am source which produces-particles with an energy of E~ 5.5 MeV, while
the energy of interest for the-particles from the [2° = 193 keV resonance iHO(p)'*N and the
the B2 = 151 keV resonance ifO(p,a)'°N are E, ~ 1.0 MeV and E, ~ 3.2 MeV respectively. A
change in energy was found to affect the detection efficiency by lessl#ta

Figure 3.9 shows a measured spectrum and a simulated run using Geantdenasstimption
of a perfectly uniform 2.Qum thick mylar foil positioned before the detector. The full width at half
maximum of the simulated spectrum gives a resolution of 21 keV, while the widieofneasured
peak corresponds to a resolution of 87 keV. The simulated spectrum i3 RBigloes not include the
intrinsic resolution of the silicon detector measured teu20 keV using thé*' Am source discussed
previously.

Further simulations were performed in an effort to understand the daorgpn resolution ob-
served between the simulated and experimental data. The first considevatiashat the detector had
an angular acceptance of 5.2Calculating the difference in energy of theparticles incident over
this range of angles resulted in a difference of less than 10 keV. Thisetasfficient to account for

the 87 keV resolution seen in the measured spectrum. Apart from reactiemtics, the only other
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Figure 3.10: Simulated-particle spectra for the 193 keV resonancei®(p.)'*N, for different
thicknesses of the mylar foil placed in front of the silicon detector. The Wwide curve is the mea-
sured spectrum. The narrower green, black and red spectramamce$o simulations of 1.85, 2.00
and 2.15um thick mylar foils, respectively.

explanation for the loss of resolution is an inhomogeneity in the mylar foil usedvter the detector.
The uncertainty in mylar foil thickness was measurable by simulating a series tiicknesses and
matching the resulting spread to the energy width of the measured spectrum.

Figure 3.10 shows the results of the simulations for three different thisksesf the mylar foil:
1.85, 2.00 and 2.1xm. The wider underlying blue curve is the measucegarticle peak. The
simulations demonstrate that the width of the measurgrhrticle spectrum may be explained by
inhomogeneity of the mylar foil. The range of mylar thickness simulated, 2.@01L5 um, is well
within the tolerance quoted by the supplier. This suggests that the unifornfaif oéed is extremely
important for the measurement of very weak resonances. Simulationsnedhét this is the main
factor contributing to the resolution of the measured spectra.

The work described in this chapter has been published in Newton et &lto[@%hich the reader

is referred for further details.
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4 Direct Capture in '"O(p,7)'®F

4.1 The Current Landscape

Recall that the peak temperature range of interest for classical noVae &1 - 0.4 GK. This
corresponds to Gamow peaks with positions 9FEL03 - 261 keV. The three lowest lying resonances
for this reaction are positioned a®£= 70, 193 and 519 keV. The resonance strengths have either been
experimentally measured or calculated with experimental parameters. ThkeX¥98sonance lies in
the center of the Gamow peak for classical novae. It is shown, howievRef. [7] that the direct
capture process provides the dominant contribution to the total reactioatritese temperatures.
This is unusual, since a resonance inside the Gamow window is generaily tobe the dominating
contributor. Thus, it is crucial to determine the direct capture contributioretéotial cross section if
the overall reaction rate f O(p;)'®F is to be accurately calculated at nova temperatures.

The only literature data for the direct capture contribution at these esasgshown in Fig. 4.1,
which is a reproduction of Fig. 3 from Ref. [7]. The experimental datesist of four points measured
by Rolfs [6] and one low-energy point from Chafa et al. [21]. It igwed by Fox et al. [7] and
revisited by Chafa et al. [21] that inconsistencies exist with the datamegbéy Rolfs. The dotted
line in Fig. 4.1 is the estimated direct capture S-factor contribution quoted big. Rithere are also
two resonances located atf’'E= 557 and 677 keV whose combined contributions are included as the
large-dashed curve. The low energy blue point &t E 180 keV measured by Chafa et al. [21] is
a total cross section measurement taken as an off-resonance rurfraintnedge of the F* = 183
keV resonance. This point is consistent with the direct capture curReléd. This is not surprising,
however, since the blue point has error bars:=d0%. Fox et al. [7] have argued that it is unclear if
the Rolfs’ data have been corrected for the existence of ffte=E557 and 677 keV resonances, since

because of the tails of these resonances, he performed the majority oidesection measurements
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Figure 4.1: The current literature direct capture S-factor data. Tk plgints are from reference [6]
with their associated 18% uncertainty. The blue point is taken from refer@i]. The large-dashed
curve is the contribution to the total S-factor from the broad resonandg&%*a= 557 and 677 keV.

The small-dashed (flat) curve is the direct capture contribution calcularedeirence [7]. The solid

black curve is the sum of the small-dashed curve and the large-dastved cu
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at higher energies. Chafa et al. [21] also argue that Rolfs’ datasatereed to be totally dominated
by the direct capture process. Reference [7] suggests that theyefsgrendence of the direct capture
curve presented by Rolfs is inconsistent with the presence of thesearesgs. In addition, the low
energy upturn of the direct capture of Rolfs could not be reprodbgdebx et al. [7] using either a
square-well or Woods-Saxon potential for the bound state wave funmdtid-ig. 11 from Ref. [6], the
measured total cross section for the decay o£B37 keV level to the ground state B is shown.
Included in this plot is a solid line that is referred to as the prediction of thetdoapture model.
This curve goes right through the four lowest energy data points whétha same points included
in Fig. 4.1. For these reasons, the direct capture S-factor curveRedni6] was disregarded in Fox’s
calculation of an S-factor prediction. This calculation uses the literatureesalt experimentally
measured spectroscopic factors. The formalism for such calculatiorssisried in Chap. 1 (see Eq.
1.31) and Ref. [7]. This calculation is not purely theoretical since it egpgrimentally measured
spectroscopic factors. The resulting direct capture contribution is indlagéhe dashed line in Fig.
4.1 and amounts to a factor ef 2.5 less than the direct capture contribution of Rolfs. Since there
is a large discrepancy between these values and the S-factor contritiutiom total reaction rate
dominates near these nova energies, a new independent measurethemairesonant S-factor at

E.» < 500 keV is required.

4.2 Experimental Setup

Measurement of the total cross section'6®(p;y)'F was performed using the LENA 1 MV
JN model Van de Graaff accelerator to supply proton beams of up ta.A28h target. The proton
energies ranged from 250 - 530 keV. The bombarding energy wagsatalibusing six resonances
in three different reactions. These are provided in Tab. 4.1. The dathdse resonance energies
were fit to determine a calibration for the analyzing magnet, which regulateeniménal voltage
of the accelerator and thus, the beam energy. A linear fif of 6208B% — 1.65 with a residual
standard error of 0.45 keV was determined for the magnet calibrationdditi@n, six independent
measurements of the 519 keV resonancE @(p,y)'®F were analyzed. These resulted in a standard

deviation of 0.58 keV on the measured resonance energies. Statistiealaimies on these points
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Reaction E,es (keV)
*TAl(p,v)
326.97+ 0.05
405.4440.10
“*Mg(p.)
292.06+ 0.09
338.4+ 0.1
453.8+ 0.1
*O(psy)
150.824+ 0.09

Table 4.1: Narrow resonances used to calibrate the analyzing magné¢tnchine the energy reso-
lution of the model JN proton beam.

were= 0.1 keV. Thus the final uncertainty in laboratory bombarding energy isddny summing the
0.45 keV calibration uncertainty in quadrature with the 0.1 keV statistical taingr. This gives a
total uncertainty in bombarding energy of 0.46 keV. The measured beatinsvadsociated with these
measurements are presented in Tab. 4.2. Of note, the first measuremirat$’af target resulted
in small beam width values that increased as the accumulated charge amasgecreased, finally
reaching a value consistent with those measured foti@etargets. The measured stoichiometry of
the target region did not vary over the experiment, however, which witlibeussed in Sec. 4.2.3.
A “zero degree” target chamber was used, which allowed for a vergeceometry between the
target and suppression electrode, since the chamber is simply a cap owl thictlee beam line. The
suppression electrode, described in Chap. 3, and the target chambedfa Faraday cup for beam

integration and a water chamber was located behind the target backirapforgcpurposes.

4.2.1 The Detection System

No interference exists between thEE= 557 and 677 keV resonance contributions since they
have different 7 values of 3 and 2", respectively. In addition, the resonances do not interfere with
any of the main direct capture transitions because they have differenttémiisital angular momenta.
All major direct capture transitions have angular distributions of the formay1P (cosf) and interfer-
ence effects involving the major primary transitions will produce nonzeigspaopies proportional to

P (cosf) [28, 6]. A detection angle of 55vas selected, sindg; (cosf) = 0 atf = 55° and neither of
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Data used for the analyzing magnet calibration

Target Reaction E}% (keV) | Beam Width (keV)
Mg #5 | Mg(p,y)?"Al 292.1 2.5
BMg #5 | Mg(p,y)? Al 338.4 25
Mg #5 | Mg(p,y)* Al 453.8 25
ZIAL#5 | 2TAl(p,y)?8Si 327.0 2.8
ZIAI#5 | 2TAl(p,y)?8Si 405.4 3.1
180 Bo(py)F 150.8 4.3
Data taken with oxygen targets
Target Reaction E}%% (keV) | Beam Width (keV)
Bo#2 | O(py)°F 150.82
Yield Curve 2 3.284+0.31
Yield Curve 3 3.28+ 0.27

TO#IN2| O(pp)°F | 5189

Yield Curve 1 1.63+0.15
Yield Curve 2 1.53+0.03
Yield Curve 4 1.67+0.11
Yield Curve 5 1.594+0.11
Yield Curve 14 4,294+ 0.20
Yield Curve 15 421+ 0.14

Table 4.2 Measured beam spreads for several different targgt®aonances analyzed with the JN
accelerator.
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Figure 4.2: Shop drawing of the 5 cm lead shield and LENA HPGe detectonitimg geometry. The
drawing is complements of Johnny Cesaratto.
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these interference terms will affect this measurement at this detection dinglie= may, however, be
more complicated anisotropies produced by the weaker direct captusditas. The fragmentation
of these transitions, along with the close proximity of the detector to the targmildsmake these
effects negligible. The LENA HPGe detector was placed at an angle°cdrii®b a distance of 3.6 cm
from the center of the detector face to the center of the target. The cestexpected for this ex-
periment allowed for a singles germanium measurement provided that ttetodetas covered with
5 cm of passive lead shielding. Figure 4.2 is a schematic of the lead shiégmhei@$or this project.
The data were obtained using the acquisition system JAM. The electrogigsee only one energy
signal and one timing gate. An unshielded detector background rate fonﬂ% between E =
600 keV and 3 MeV was seen in the singles Ge spectrum. The detectorbackigcount rate was
reduced to 165:% when employing the lead shield, corresponding to a factor of 47.7 reduntion

background.

4.2.2 Detector Efficiency

The ~-ray detection efficiency in the running geometry was measured using ithdéaactive
sources and th&N(p,y)'°O reaction, and was simulated using the Monte Carlo code Geant4 [26].
Two types of detection efficiencies were evaluated. Peak efficiency iprtmbility of detecting
the full energy of ay-ray emitted from a source. Total efficiency is the probability of detecting a
nonzero energy of an emittedray. Combining the simulations and measurements, the peak and total
efficiencies as a function of-ray energy were constructed. The sum-peak method {&€a source
described in Ref. [29] was employed. The advantage of this method is ¢habtince activity cancels
out of the final equations and the measurement precision is determinedtsptEynting statistics.

The peak efficiency of detecting the E 1173 keV-y ray, ngmg, becomes

2
1 \/ Noy1173N Ja505 (4.1)

g
Mo1173 = '
YR W (0) \| Niotar N1332 Noy2s05 + Nv1173N31332

The number of counts in the,E= 1173 and 1332 keV full energy peaks of o spectrum are
given by N,1173 and N,1332, respectively. The number of counts in the full energy sum peak located

at E, = 2505 keV is denoted by Ns5o5; and the total number of room background subtracted counts
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N-1173 N 1332 N 2505 Niotal W(0)
112374+ 349 105990t 330 21244- 47 750690+ 866 1.0494
Vg Vg t
1173 My1332 11332
0.01744 £+ 0.00031 0.01644 0.00029 0.082% 0.0012

Table 4.3: Measured efficiencies for E 1173 and 1332 keV lines from®Co source.

due to the®°Co source from E =0 - 2505 keV is denoted by;.,;. The measured-ray spectra
were extrapolated to zero pulse height for the determination,gf,;No account for the low energy

thresholds of the electronics. Similarly, for the £ 1332 keVy-ray the peak efficiency is

P 1 Ny1332 N 29505 _ (4.2)
T2 W (0) || Neotar N1173Ny2505 + Ny13sa N2 175

The average total efficiency due to both thes1173 and 1332 keV lines is given by

0y = 1 No1173N41332 _ (4.3)
2w 0) W (0) \| NiotarNyasos + Nayi173Ny1332

The angular correlation coefficied/ (6), is a function of the distance between the detector and target,
the geometry of the HPGe crystal and the angular distribution of the radiationthe source [1, 29].
The angular correlation attenuation factor, described in Sec. 3.5.4 alcagated using a code written
by Richard Longland that performs an analytical integration of the angolaelation between the
two emitted~y-rays over the solid angle covered by the detector. Using Eqgs. 4.1, d.2.analong
with the measured count rates listed in Tab. 4.3, the peak and total effid@icae E = 1173 and
1332 keV~-ray were calculated. The results are presented in Tab. 4.3. Thesarawtafficiencies
were then used to normalize all other measured and simulated efficiencies.

The next step was to uséCo and'®2Eu sources to construct a relative efficiency curve. Since
the ®°Co source was weak it could be placed in the target position with the HPGetateiie the
normal running position. No pile-up was observed in the detector. Thise gesmetry required the
application of coincidence summing corrections to the data. Coincidence suroodags when two
or more~-rays from the same decaying nucleus interact with the detector. This islikelseto

occur at highy-ray detection efficiencies. The effects of coincidence summing will dépenthe
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total and peak detection efficiencies and can be corrected for if thetirgnratios of each decay are
known. These corrections were performed using a C progsamp.¢ written by Richard Longland,
following the matrix formalism presented in Ref. [30]. The summing correctgd goints were
then fit by an R code and normalized to the measti*@w efficiencies. Thé>?Eu source was very
strong, which required positioning the detector at a distance of 30 cmtfrersource, to reduce the
effects of pile up. Summing corrections were, therefore, negligible andetteetion efficiencies were
simply scaled to the normalizéiCo data using the /= 1112 and 1299 keV lines froM?Eu. This
produced a normalized efficiency curve foy £120 - 3600 keV.

The higher energy efficiencies were measured using‘fie=R278 keV resonance itN(p,)'°O.
This reaction produces decays ranging in energy frgns E63 - 7556 keV and spans the entire range
of energies needed for measurement of the direct capture componéa(my)'®F at E’p“b < 500
keV. These data were summing corrected and normalized using the normdEzetit and the E =
1380 and 2373 keV lines. The result is a data set of measured effideaoging from E = 120 keV
- 7.56 MeV.

The running geometry was then simulated in Geant4 and the peak and totaheféis were esti-
mated. The resulting peak and total efficiencies were normalized to the red&Su 1173 and 1332
keV efficiencies. Figure 4.3 displays the normalized Geant4 peak effic@nmulations, the mea-
sured efficiencies from®Co, 1°2Eu and the"*N(p,y)'°O resonance data. The simulated efficiencies
correspond well with the experimental data with the exception of efficiemegzsured at E< 400
keV. This suggests that either the material thicknesses modeled in Geamdaarect, or the actual
detector geometry is incorrectly modeled. TH&Eu source data were collected at a greater distance
from source to detector than the running geometry. The first test wasdlaelust the detector posi-
tion in the Geant4 simulation and compare the simulated and measured efficiartjes 400 keV.
Simulations for detector to target distances of 28 and 33 cm were normasieglthe same method
as the simulations of the running geometry. Figure 4.4 compares the resubksesimulations to the
measured efficiencies froM2Eu. Simulating the detector at a greater distance from the source pro-
duces efficiencies that more closely correspond with the measuredreffasdehan the simulations of
the original running geometry. This suggests that the original discrggmsatween the running geom-

etry simulations and the measured efficiencies,atE00 keV can be explained by a large source to
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Figure 4.3: Peak efficiency measurements in theddection geometry compared to a normalized
Geant4 simulation.

detector distance for tHé?Eu data. Also, the major peak of interest in th®(p,y)'®F direct capture
measurement will be the decay of the first excited state to the ground state9E/ keV). At this

energy the measured and simulated efficiencies are in agreement.

4.2.3 Targets

The oxygen targets used for this experiment were made by anodizatitchefleantalum back-
ings with isotopically enriched water. This process is described in App. Al 20 target was
anodized with water enriched to 97.5% f#0 and is the same target used as the reference for the
(p,x) resonance strength measurements described in Chap. 3. A reptieegiiedd curve of the 151
keV resonance in®*O(p;y)'°F is shown in Fig. 4.5. The coefficients listed were found by fitting the

yield curve using an R code written by Richard Longland. E@E 151 keV the target thickness was
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Figure 4.5: Sample yield curve of thé*E= 151 keV resonance ifO(p,y)'’F using the enriched
180 target. Fit parameters were calculated using an R code written by Richagliand.

33 keV. The reported literature value for this resonance strengtk, (9.7 + 0.5)x10~* eV [1], was
reproduced after summing corrections, resulting in a valueyof (9.3+ 1.1)x10~* eV.

A new 70 target was prepared for this experiment using water enriched to 91.2%@iand
an anodization voltage of 30 V. A representative yield curve of tﬁé £ 519 keV resonance in
170(p;y)'8F is provided in Fig. 4.6. Multiple yield curves were taken for this resonandehe target
thickness was consistently found to4se4 - 5 keV at I':;“b =519 keV. Figure 4.7 shows the variation
of target thickness over the accumulated charge on target for thisievgueer The red points were not
used when generating the linear fit to these data. These points variedsigttyfimore than the black
points and were collected with an unstable beanf;é’tESlg keV. Calculation of the strength of the
Eleb = 519 keV resonance, performed using the summing corrected data frearly yield curve,

resulted invy = 0.0137+ 0.0022 eV, which is in agreement with the literature [7]. Results of these
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Figure 4.6: Sample yield curve of the¢’E= 519 keV resonance il O(p;y)'®F using the enriched
170 target. Fit parameters were calculated using an R code written by Ricbagidnd.

target tests also revealed a constant target stoichiometry. Thus it wamitett to be a stable target

and for the remainder of this chapter will be tH® target of reference.

4.3 Data Analysis and Results

4.3.1 Measured HPGey-Ray Spectra

Data were collected at six different bombarding energies. The accumialadéege and run times
are presented in Tab. 4.4. Two typesyefays were analyzed in this experiment. “Primaryays”
are either the first decay of the excit€dF nucleus in a resonant capture or theay that is emitted

along with the direct nonresonant capture of the incoming proton into alfmaid state of”O + p.
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In either case, the resulting energy for a primassay is
E,=Q+ E;m — E,, (4.4)

where Q = 5606.5 is the Q-value 5fO(p.y)'®F; E™ is the proton bombarding energy in the center
of mass system and,Hs the excitation energy of the level of capture'fir. “Secondaryy-rays” are

the subsequent decays of thé after the primary decay of the nucleus. The resulting energy for a
secondaryy-ray is

E,=E,, — E,,, (4.5)

where E, and E;, are the excitation energies of the initial and final levels in the decay of¥the
nucleus, respectively.

Sample spectra for bombarding energies 35? E 400, 325 and 275 keV are shown in Fig. 4.8.
Peaks corresponding to decays'#ir resulting from'”O(p;y)'®F are shown in red. The secondary
decays are labeled with the excitation energies of the initial and final statesorimary decays are
labeled with R/DC (for “resonant” or “direct capture”) and the excitatioergy of the final level
of capture. Peaks corresponding to decays from'#@p,y)'*N reaction are also included in this
plot. Carbon and fluorine were the major contaminants in the anodized taSgetRef. [31] for an
extensive discussion of contamination of these tantalum backings, whese found that resistively
heating them is critical for minimizing fluorine and carbon contamination. Roarkgvaund peaks
are marked with B and were easily identified when comparing spectra frooessive runs with a
room background spectrum. A peak froftNa(p;y)**Mg was only visible in the > = 325 keV
spectrum. This reaction has a resonance near 325 keV and the pesdpoonids to the decay to the
ground state of the F= 1368 keV state if*Mg. The data presented in Fig. 4.8 demonstrate a clear
and rapid reduction in the number of visidf®(p,y)'8F reaction decays with decreasing bombarding
energy. In addition, as seen in the E 937 keV peak, a sharp decline in cross section is observed
with decreasing bombarding energy.

A high ~-ray energy regime of the Ge spectra collected fﬁj‘tb E 400, 450 and 500 keV is
presented in Fig. 4.9. The three background peaks correspond tedhg df the E = 6.13 MeV

state in'60, which is populated by th&F(p,ay)'°O reaction. The marked peaks correspond to
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El (keV)  Quccum (1C) Run Time (hours
500 3211991 14.6
450 3617098 14.0
400 4235046 14.0
325 3780708 15.1
300 4093731 14.1
275 5001844 14.1

Table 4.4: Integrated charge on target and total run times for bombardéngies of 275 - 500 keV.
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Figure 4.8: Sample-ray spectra for bombarding energies @‘be: 400 keV (top), 325 keV (middle)
and 275 keV (bottom)y-ray transitions are marked in red; R/DC refers to resonant or dirptticg
B corresponds to room background.
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the full energy peak at E= 6.13 MeV and the associated single and double escape peaks. Strong
resonances exist ifF(p,ay)'%0 at E™ = 459.5 and 323.3 keV, which may both contribute to this
beam induced background. The existence of these resonanceseadifféhences in accumulated
charge on target for the three runs account for the relative intensitithe dluorine contamination
background peaks aﬂ;ﬂ =500, 450 and 400 keV. These beam-induced background peaenpzd

a significant obstacle to this experiment as a result of their effect onsbtutn of one of the major
primary transition peaks i’ O(p;y)'®F. The capture into the first excited state at£937 keV is
marked in red and is visible in theﬁE =400 and 500 keV spectra but has completely merged with the
double escape peak in thé“Ez 450 keV spectrum. The capture into thg £937 keV level is one

of the strongest transitions for each of the measured bombarding en€rgis missing contribution
can be estimated by interpolation of the five observed contributions and tiisgzrwill be discussed
later in this chapter.

Calculation of the total S-factor for théO(p;y)'®F reaction requires determination of the total
number of proton captures. This can be accomplished by two methods.r3tmadthod is counting
the total number of primary captures, since each reaction must begin wiphuaearior to'®F decay.
Alternatively, the secondary transitions ending in the ground state mayunéech since each capture
eventually decays to the ground state'®. Our calculations have shown that the cross section of
the primary capture to the ground state'fiF is insignificant and can be disregarded for the current
discussion.

Table 4.5 contains a list of the number of observed secondary decays gooind state iR®F
for each bombarding energy evaluated. The detection efficiency &br sscondaryy-ray energy is
also included. The = 2101 keV to ground state transition in théﬂlEz 450 keV spectrum was
indistinguishable from the background associated Wit(p,y)'3N. The strongest transition visible
at each measured proton energy is the decay of the first excited sjateQ¥ keV, to the ground
state. This represents the only peak seen at the lowest bombarding, eEj)@rg: 275 keV, and the
only peak with useful statistics af = 300 and 325 keV.

Table 4.6 contains a list of the number of primary transitions detected in edlob sifk runs. The
use of primary decays for determination of the total number of reactionggnmore difficult than

using the secondaries for two reasons. First, the branching througiritharies was much more
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Transition El? (keV)

E., — Eup | nPe* 500 450 400 325 300 275
937—0 | 0.0194] 30221(218) 11700(179) 5820(109) 1202(95) 689(51) 456(61)

1042—0 | 0.0186|  522(74)  229(107)  197(65)

1081—0 | 0.0183|  525(75)  365(123)  144(73)

2101—-0 | 0.0127| 522(117) 107(71)

2523—0 | 0.0110| 1031(68) 344(42)  108(30)

3062— 0 | 0.0097| 1003(69) 479(42)  243(40)  59(27)  25(10)

3839— 0 | 0.0081| 1374(78) 472(50)  287(42)  47(27) 30(13)

Table 4.5: Counts for secondary decays to the ground state for eadfabding energy. The notation
denotes Intensity(uncertainty). Excitation energies are in units of keW.iAtsuded are the associated
detection peak efficiency values.

fragmented resulting in more transitions with significant contributions. Ségahé position of the
primary peaks decreased in energy with decreasing bombarding eneafgiyng it more difficult to
account for room background contributions. Analysis of the total nurob@roton captures was
further complicated, using either method, by the need to correct for ceimogdsumming. This
required knowledge of the branching ratios of the primary transitions wiigte not previously

available. This will be discussed in depth in Sec. 4.3.4.

4.3.2 Effective Interaction Energy

For measuring a direct capture cross section, the interaction energyescorplicated to deter-
mine than with a narrow resonant cross section. All energy dependantities can be evaluated at
the resonance energy for a narrow resonance. Since interactiendaak over the entire width of the
target when measuring a smoothly varying cross section, an effectivadtim energy is necessary.
The effective energy, &/, is the energy, corresponding to half of the integrated yield, which a&gsar
the integrated cross section between the bombarding enesggné the bombarding energy minus

the width of the target, - AE, into two equal parts. That is

Ecyy Ep
/ U(E)dE = / O’(E)dE. (4.6)

Ep,—AE Eeff

The width of the target at the bombarding enedy¥(E,), is found by correcting the measured target
thickness at E= 519 keV,AE(519), for the change in stopping power (see Eq. 3.12) friith=£519
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Transition Ela? (keV)

R/DC — E,, 500 450 400 325 300 275
R/IDC — 937 | 5919(137) 959(71) 241(48) 117(23) 37(11)
R/IDC — 1121 334(48) 186(50)

RIDC— 2101 86(42)

RIDC — 2523 1047(79)  382(52) 148(33)
RIDC—3062| 922(70)  437(41) 305(46) 76(31) 45(15) 18(10)
RIDC — 3358| 196(49)

R/IDC — 3791| 1531(91) 105(55) 33(20
R/IDC — 3839 | 5194(134) 1654(159) 807(75) 196(44) 122(29)
RIDC— 4116| 973(115) 437(129) 289(69)

R/IDC — 4398| 370(105) 241(57)

RIDC — 4652| 341(95)

RIDC — 4753| 153(66)

RIDC — 4860| 110(84)

RIDC — 4964 | 544(102) 405(124) 395(86) 137(46)

Table 4.6: Counts for primary transitions for each bombarding energyCREEers to the combination
of resonant and direct capture contributions and excitation energies anits of keV. The notation
denotes Intensity(uncertainty)

keV to the stopping power at the new bombarding energy, using the folloxgjngtion [1]:

AE(519)  AE(E,)
ecrr(519)  ecr(Ep)’ 4.7)

where AE(El*? = 519) is obtained from the fit to the target thickness data shown in Fig. 4ig. T
gives:

AE = 4.748 — 0.0214 * Qqceum (4.8)

It is important to know the proper accumulated charge valug..Q, to use for the bombarding
energy of interest. These values are presented in Tab. 4.7 as theriAledad BCI Midpoint” for each
bombarding energy. This gives one value®f...., for each bombarding energy. The corresponding
E,..s = 519 keV target thickness was then calculated using Eq. 4.8, yielding aautdcget thickness
at 519 keV for each of the six bombarding energies. These values i@ ilisTab. 4.7. The target
thickness was then corrected using Eq. 4.7, to give the target thickmesadh bombarding energy

at the time the measurement was performed. These values are included4n8lab
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Elab Accumulated BCI  Accumulated BClI AE(E*? = 519)
(keV) Range (C) Midpoint (.C) (keV)

400 1286560 - 5550983 34187715 46D.15
500 5746554 - 8958545 7352549.5 4:59.15
450 9158208 - 12775306 10966757 4:5D.16
325 13024117 -17208575 15116346 44P.17
300 18093079 - 22505137 20299108 430.19
275 22645148 - 27811369 25228259 420.21

Table 4.7: Midpoints of the accumulated BCI ranges and associated tadiesat E*® = 519 keV
resonance for each bombarding energy evaluated.

El (keV) o (E,) (egtg;nj) AE(E™) (keV)  EZ7; (keV)
500 (19.37£0.74)<10~  4.674+0.30  469.88+ 0.45
450  (20.39L 0.78)<10° "  4.82+0.31  422.59 0.46
400 (21.50f 0.82)<10° "  5.26+0.33  375.10f 0.46
325  (2353-0.89)x10°° 545+ 0.36  304.3Lt 0.46
300  (24.35-0.93)x10°° 549+ 0.38  280.7Gt 0.47

275 (25.19+ 0.96)x10~1° 5.54+ 0.40 257.09+ 0.47

Table 4.8: Effective interaction energies and stopping power correatgdt thicknesses for each
experimental bombarding energy. The listed stopping powers are cattuisitey the bombarding
energies.

Linear variations in the cross section frem= o(E,) to o2 = o(E, - AE), resultin [1, 3]:

Eepr = Eo — AE(Ey) + AE(E))

_|_

4.9
02 — 01 2(01—0’2)2 ( )

092 a%—i—ag ]

The total cross section curve from Fig. 4.1 was interpolated to find rabt®ralues ob; andos.
The requirement of linearity of the cross section for the use of Eq. 4.Gveasajor reason for the
choice of a target of¢ 5 keV thickness. The results of the calculations of the effective interaction

energies, E s, are presented in Tab. 4.8.
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4.3.3 Cross Sections Before Summing Corrections

The cross section at the effective interaction enesg@¥;c}; ), for each individual transition was

calculated by combining the data from Tab. 4.8 and the following expreskjon [

o (Bopp) = YibE) — Y (B) w. (4.10)

The reaction yield is denoted by Y(E) ands the number of target nuclei per unit area. The cross
section is converted to an astrophysical S-factor by Eq. 1.2. The vageessary for calculation of
the S-factor contributions from the secondary transitions are providédha. 4.5 and 4.8. These
S-factor contributions are shown as black data points in Fig. 4.10. Eaehitel®F from which

a decay to the ground state was detected is included. As discussed plg\vsome transitions are
missing due to varying background contributions and rapidly decliningiogacross sections. The
red circles represent reasonable, by eye, estimates of the functi@ngyelependence of the S-factor
contribution for the missing levels. These values are only used to find aoxapyte contribution
for missing levels. Figure 4.11 shows the total S-factor contributions fibseeondary decays to
the ground state. These data points constitute the sum of the contributiomgdich of the seven
individual levels. The black points represent the sum of the measunddrdgions and the red points
are the sum of the contributions including the estimated missing transitions. Thedihig show the
direct capture contributions measured by Rolfs [6] with the associatezttaimty of 18%. The latter
data were first presented in Fig. 4.1. Figure 4.11 provides a first indicttad we do not reproduce
the results of Rolfs [6].

S-factor contributions from each observed primary transition were ledazliusing the values
from Tabs. 4.6 and 4.8. These are shown as the black points in Figs. ftd218. The red curves
represent polynomial fits to the measured S-factor contributions and in cases a green curve is
also included which represents a second reasonable description aftthd tese fits were then used
to find the red points, which are estimated values of the contributions from gisaimsitions. The
individual measured transitions were summed and displayed as black poiheshottom right plot
in Fig. 4.13. The red points constitute the total S-factor contribution includegnilsing transitions.

The %‘}bf = 423 keV S-factor is missing nearly half of the estimated contribution as & dihe
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Figure 4.12: S-factor contributions from individual primary transitions I.

target fluorine contamination. In addition, the total S-factor contributioiseaéffective interaction
energies g}’f =304, 281 and 257 keV are adjusted significantly more than they were avtayring
the secondary transitions. This is because the primary contributions arerfafragmented, while the
vast majority of the secondary contributions are found in the 237 keV to ground state transition.
The adjustments to the primary S-factor contributions may be overestimatedefeaptures into
the E, = 2101, 3358, 4652, 4753 and 4860 keV levels. These are estimated taly on a single
transition seen atf, =470 keV. These are not final S-factor contributions because theyye to
be corrected for coincidence summing and the effects of this potentiasiiraation will be further
explored. The blue points in Fig. 4.13 are the direct capture contributiong totidd S-factor from
Ref. [6]. Again, the total measured S-factor contribution, even afteection for missing transitions,

does not agree with the direct capture S-factor reported by Rolfs.
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4.3.4 Coincidence Summing Corrections

As discussed in Sec. 4.2.2 for the analysis offt@o source data, since our detector was located
in a close running geometry, coincidence summing effects must be accdontedlhe summing
corrections were performed using two versions of a C code written byaRidtongland. The first is
the same code that was used to summing correcte and'*N(p,)'®O data used for the detector
efficiency measurements discussed in Sec. 4.2.2. These codes aradmatiob the matrix formalism
presented in Ref. [30] and the specific codes and their use are adidansdetail in Ref. [32]. To
properly correct the measured data for coincidence summing, it is @egdssknow the detector
peak and total efficiencies for each primary and secondary branck iteitay of 8F. The primary
and secondary branching ratios are also needed. The secondaitidrabranchings are well known
[33] and the detector peak and total efficiencies were measured andtsich(dae Sec. 4.2.2). The
primary branching ratios are, however, not known. They result faooombination of capture into
the tails of the 557 and 677 keV resonances and direct capture transitibese primary branches
can be found using the matrix formalism of Ref. [30]. This was accompliSliyedarying the input
primary branching ratios needed for the calculations of the summing coneciieratively, until the
observed number of transitions in the measured spectra were repudautiee summing corrections
code. The codsumb.cwas updated to allow for decays which have nonzero branching buioare
observed in the measured spectra.

Reasonable starting values for the primary branching ratios were néadagput to sumb.c
These starting values were found by taking the ratio of the S-factor cotitnbfrom an individual
primary transition to the total contribution from all observed primary transitiofsese individual
primary transitions were shown in Figs. 4.12 and 4.13. The relative Srfeatdributions from each
individual primary transition are presented in Tab. 4.9. These valuesuged as the initial inputs to
thesumb.ccode for the primary branching ratios. They were iteratively adjuste@ssrithed above
to find the true primary branching ratios. These output primary branchimngsrfromsumb.cwere
all within the original uncertainties of the input primary branchings for tffé E 325, 400 and 500
keV data. Thus, the current method for estimating the primary branching fadim the individual

S-factor contributions produced accurate values at these bombardirgjess. For the ?” =450 keV
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Transition Ela? (keV)
R/DC— E, 500 450 400 325 300 275

RIDC—937 | 0.47(3) 043(5) 0.39(3) 0.396) 0.32(5) 0.17(5)
RIDC— 1121 0.046(9) 0.068(12)  0.07(2) 0.07(2) 0.07(2)  0.08(3)

R/IDC— 2101| 0.005(3) 0.010(5) 0.012(6) 0.013(6) 0.014(7) 0.016(8)
R/IDC — 2523| 0.060(7) 0.058(10) 0.043(10)  0.02(2)  0.02(2)  0.03(3)
R/IDC— 3062| 0.046(6) 0.058(9) 0.078(14) 0.08(3) 0.08(3)  0.05(3)

RIDC— 3358| .009(2) 0.016(5) 0.021(6) 0.022(6) 0.023(7) 0.028(8)
R/IDC— 3791| 0.063(7) 0.052(13) 0.022(11) 0.019(19) 0.04(4)  0.08(4)
RIDC— 3839] 0.211(19)  0.18(2)  0.16(2)  0.16(4)  0.16(4)  0.19(4)

RIDC— 4116 0.036(6) 0.043(13) 0.054(13) 0.056(18) 0.061(19)  0.07(2)
RIDC — 4398| 0.013(4) 0.027(8) 0.042(10) 0.044(12) 0.049(12) 0.060(14)
RIDC— 4652| 0.011(3) 0.019(6) 0.025(7) 0.025(8) 0.027(8) 0.032(10)
RIDC— 4753| 0.005(2) 0.008(4) 0.011(5) 0.011(5) 0.012(5) 0.014(6)
R/IDC— 4860| 0.003(2) 0.006(4) 0.007(6) 0.007(6) 0.008(6) 0.010(7)
RIDC— 4964| 0.015(3) 0.029(9) 0.054(13) 0.09(4)  0.12(4)  0.17(4)

Table 4.9: Initial values for the primary branching ratio inputs istonb.c These represent the
relative contributions of primary S-factor transitions to each excited levElRnThe transitions are
listed in column one with R/DC for the combination of resonant and direct cagind E is the
excitation energy in keV.

data, however, the original input branching ratio for the primary transitidhadz, = 937 keV level
was strongly adjusted bsumb.c There existed no experimentally observed value for this transition
to constrain the branching ratio adjustment and given the success qfltrveEEDO, 400 and 325 keV
estimated branching ratios, the original primary branching estimate for trantittbe E. = 937 keV
level was used instead of the adjusted value. Some branching ratios foirttey transitions atﬁb
= 300 keV were varied bgumb.cslightly outside the uncertainties on the original input estimates,
but this was expected due to the large number of unobserved primarititna;at this bombarding
energy. The original primary branching ratios for tl*ﬁebE: 275 keV data were analyzed separately
as a result of extreme over-correction of the primary branchingstnb.c

The second code used for this analysism.q is a simpler version of the matrix formalism used
in sumb.c This code assumes that all branchings are known and fixed and tescalaumming
corrected total number of disintegrations of the final nucleus. The resfulte branching ratio ad-
justments bysumb.ccan be used as inputs $am.c This process was straightforward for thjébEz

325, 400, 450 and 500 keV data. Th?bEz 300 keV data were tested for the effects of assuming a
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El® EJ sumcorrected 937 0
(keV) (keV) disintegrations correction
500 469.88 2352194 96910 13.4%
450 42259 947072 85995 13.6%
400 375.19 470054 33045 14.2%
325 304.31 100213 14000 13.7%
300 280.70 62136 9458 15.1%
275 257.09 4528%# 8917 17.5%

Table 4.10: Final sum-corrected values of the total disintegrations for @abe six different bom-
barding energies.

flat distribution of the S-factor for the,&= 2101, 3358, 4652, 4753 and 4860 keV primary transitions.
The primary branching ratios were recalculated assuming these transitibesnegligible and the
total number of disintegrations &tF were within the uncertainties of the original calculation. These
two calculated values for the total number of disintegrations were avefagéuk final result. The
Eﬁ,“b = 275 keV data were tested in the same way for the effects of removing thefs@mmseen
transitions and the results, which were within uncertainties, were thengager&or this reason, the
inability to adjust the primary branching ratios of the 275 keV data is not of neajocern. The final
values for the summing corrected total number of disintegratiod8Fofmeasured at each of the six
bombarding energies are presented in Tab. 4.10.

The total number of®F disintegrations is a weighted average of the total value computed for each
measured transition. The final average is in excellent agreement with Ithee cadculated from the
E, = 937 keV to ground state transition (937 0) alone. The uncertainties in the total number of
disintegrations were adopted from the relative uncertainty of the-98#ransition, since this line has
the best statistics and was always in agreement with the average. Ttts effeoincidence summing
corrections are also presented in Tab. 4.10. These are illustrated b@he @ transition. This
line should have the largest correction and is therefore a good meddteeadifects of coincidence

summing on the measured data. These corrections rangedfrbBfbo to~ 17%.
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E*  EN owota(ESHy)  Sotat(ESF;)  Sssrverr(ECy)  Spo(ESH)
(keV) (keV) (x1079)  (keVb) (keV b) (keV b)
500 469.88 48849 17.89+1.80 14.60f3.07 3.294+ 3.56
450 42259 17823 10.80£1.40 6.44+ 1.31 4.36+ 1.92
400 375.19 72484 8.13+ 0.94 3.67+£0.73 447+ 1.19
325 30431 183%3.1 6.69+1.13 1.99+ 0.38 471+ 1.19
300 280.70 10.& 19 6.46+1.16 1.68+ 0.32 4.78+1.21
275 257.09 6.6615 6.96+ 1.53 1.45+0.28 5.524+ 1.56

Table 4.11: Final measured total cross sections and associated totabs-faCalculated resonance
tail contributions for E™ = 557 and 677 keV resonances are also included to allow for the subtractio
of the resonance contribution from the total S-factors. This gives thesumegh direct capture S-
factors, $c(EZF).-

4.3.5 Coincidence Summing Corrected Direct Capture S-faor

Application of summing corrections to the total numbet& disintegrations allowed for calcula-
tion of the measured total cross section fo®(p;y)'®F. This is presented in Tab. 4.11 along with the
total S-factor. The contribution to the total S-factor coming from the tails o&fie= 557 and 677
keV resonances,5§7+677(Eg?”‘ ), is also included. Calculating the resonance tail contribution only
required the experimental resonance strengths and widths for the tararess. The uncertainty in
8557+677(E§;Z}) was found by varying the resonance width over the correspondirgrtaiaty. This
calculation yielded the same result as interpolation of the resonance ta&ilds-¢arve from Fig. 4.1.
The resonance tail contribution was then subtracted incoherently frototties-factor contribution
to yield the direct capture contribution, since any interference betweemdfwr direct capture tran-
sitions and the resonance contribution is proportionalst@c8s6) and is therefore negligible at the
experimental detection angle of 55The results are provided in Tab. 4.11.

Figure 4.14 shows the newly measured total S-factoff@(p;y)'8F as red points. These data
are shown in comparison with the previous results of Rolfs [6] and Chiadla §21] (see Fig. 4.1).
A linear S-factor scale is chosen to better compare the current data withetieys descriptions.
The measured total S-factor points are in agreement with the predictiorsx@tkl. [7] which are
represented by the solid black line. This supports the claim made in Ref.dtriht resonance tail
contributions need to be taken into account when considering the medstakf-factor data. It is

not correct to assume that the direct capture contribution dominates th84fatetior at every energy
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Figure 4.14: Total measured S-factor (red points) from present.wotterwise the plot is identical
to Fig. 4.1 except for the linear S-factor scale.

measured. This measurement also provides an experimental test of thel rmedstimating direct

capture cross sections using measured spectroscopic factors (s&e3Ey; This method has been
used extensively in the field of nuclear astrophysics, yet previousriempntal investigations of its
validity are rare.

The measured total S-factor is displayed in Fig. 4.15 as red points. THed#abed line repre-
sents the resonance tail contribution from tHj& E 557 and 677 keV resonances. Subtraction of the
resonant contribution from the total S-factor yielded the direct captdaetdr shown as green points.
The direct capture S-factor was assumed to be constant, since thetegl@uleve presented in Fox et
al. [7] is nearly constant over the energy range explored in this measute The new direct capture

S-factor curve was then chosen to be an average of the extractettdipture S-factor points. The un-
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certainty in each data point has contributions from three sources. Bhesfa statistical contribution
resulting from counting statistics and summing corrections. The second serstic uncertainty
resulting from stopping powers, detection efficiencies and target théskméhich amounted t& 9%

of the measured S-factor. The third is the uncertainty in the resonancenéilbwtions. The relative
magnitudes of these uncertainties can be found in Tab. 4.11. The awdrtdgefive direct capture
points was weighted by the statistical uncertainty on each point. The untgrairthe weighted
average was then added in quadrature with the average systematic intceftéhe five points and
the average resonance tail contribution of the five points. This resultefihial @onstant value for the

direct capture S-factor at low energies of:

Spc(Ecfy) = 4.6 £ 1.1 (keV b) for Eg¥y < 450 keV. (4.11)

This corresponds to a 23% uncertainty on the new direct capture S-famitribution, which is a
factor of 2 smaller than that of Ref. [7]. This is shown as the purple barkgn 4.15 and is in
agreement with the prediction of Fox et al. [7]. The new direct captuiac®r contribution is well
below the S-factor curve from Ref. [6] and at the center of the cldssma Gamow peak range
(=180 keV) they disagree by a factorsf2. The measured point af’E = 183 keV from Ref. [21] is
not useful for comparison purposes because of the large uncerdasdgiated with this point. New
thermonuclear reaction rates were calculated using the direct captamos-dontribution discussed
herein and are presented in Chap. 5.

The work presented in this chapter has been submitted for publication inhlisecBl Review C.
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Figure 4.15: Total measured S-factor (red points) from present.wbinke E™ = 557 and 677 keV
resonance tail contributions (dashed curve) have been subtrageédgléhe measured direct capture
S-factor (green points). The weighted average of these green paoiata flat direct capture S-factor
curve (purple band) with 23% associated uncertainty. The new totat8rfeurve (solid line) is the
sum of the resonance and direct capture contributions.
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5 Reaction Rate Calculations

The reaction rates of the competifgO(p.c)!*N and '"O(p;)'®F reactions are of interest to
classical nova simulations and other environments where the CNO cycl@s gperation. In this
chapter the new Monte Carlo method for calculating reaction rates discinsSed. 1.5 and the new
method of matching experimental rates to statistical model calculations that esenped in Chap.
2 will be combined to calculate new thermonuclear reaction rate¥ @fp.a)'“N and"O(p;y)'®F

using the cod®atesMC [8].

5.1 The!'"O(p,«)'*N Reaction Rate

The total reaction rate df O(p)'“N consists entirely of resonant contributions. The rate will
be made up of contributions from several types of resonances, inglsdiothreshold resonances,
low lying resonances, interfering resonances, and both narrow raxadl lbesonances. Each type of
resonance will be explored individually in this section, and the specifatiozarate contributions will

then be combined to determine the total reaction raté@fp ) *N.

5.1.1 Narrow Resonance Contributions to thé”O(p,a)!*N Reaction Rate

The narrow resonance contribution to the reaction rate is given by Egy. B2 the!”O(p.o) N
reaction there are unresolved discrepancies in the literature valuesrartiogy resonance strengths.
Table 5.1 displays the literature values for the narrow resonané¢é®{p)'*N. The column labeled
“Current” is our best resonance strength that has been derivaed tire available literature. The
NACRE [14] strengths represent a weighted average of the literatlwes/for each of the resonances,
but there are some problems with the interpretation of these data.

The strength for the " = 530 keV resonance is listed in Ref. [34] as an upper limit. The accepted



NACRE [14] strength is taken to be 10% of this value. Though it is the stdrutactice, 10% is an
arbitrary choice. It is not statistically valid to treat this resonance strersgéim arbitrary value with
a large uncertainty. This must be handled much more carefully by consaecd the partial widths.
This procedure is discussed in App. A.1.

The issue of the two™J= 3~ states at " = 633.9 keV and F" = 635.5 keV is interesting. It
seems to be the case that Brown [35] lists a value that includes both ressnarhile Kieser [36]
was able to resolve these two states and has listed them separately. Ththsjreried by NACRE
[14] for the E™ = 633.9 keV state is an average of the two strengths listed by Refs. [35T3i6]is
incorrect and should be handled in one of two ways. Either the two staiakldbe separated and the
strengths from Ref. [36] should be used for each resonance, strérgths associated with these two
states should be summed and then averaged with the strength listed in ReT.H8%5kcond approach
was adopted here. The resonance energy was choséff as@33.9 keV to coincide with the energy
of the lower of the two resonances. This choice was made for consisititihe listings in Refs.
[14, 35].

The final discrepancy in the literature involves the two states liste¢t’atE1040.5 keV and £*
=1170.5 keV. NACRE [14] has attributed a strengthuef,, = 150+ 6 eV to the E™ = 1040.5 keV
state from Brown [35]. However, it is clear in Ref. [35] that this resmwastrength is listed for the
EZ™ = 1170.5 keV resonance. Rolfs [34] also quoted a strengtingf = (150+ 6) eV from Brown
[35] for the E™ = 1170.5 keV resonance. This strength has been incorrectly assigttesl B =
1040.5 keV resonance by NACRE [14]. The NACRE valueJuof,, = (109 £ 15) eV from Kieser
[36] does not come from the same table in Ref. [36] as the other valuesilisted NACRE table
for this reference. Reference [36] does, however, include a ligadfal widths for the"”O(po)*N
reaction, which includes this resonance. If the strength for this resenarcalculated using these
partial widths, a value abv,, = (111+ 17) eV is obtained.

Owing to the discrepancies explained above, the calculation of the tottibreeate of "O(p ) '*N
will not use the directly measured resonance strengths. Instead, thltéie calculated by integra-
tion over the estimated cross section of these resonances. Although thg daependence of these
resonances is relatively unimportant and integration is a much more tedmeedpre, the strengths

listed above are not completely understood. Therefore, the partial widdtiesl in Ref. [36] for each
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WYpa (EV)
E%M (kev) | J° Brown Kieser Rolfs NACRE Current
489.9+1.2| 4~ | 50.0+5.0| 47.9+54 - 49.04+ 3.7 | 49.0+ 3.7
530.0+ 0.3 | OF - - <0.17 0174+ 43~ <0.17
556.7+ 1.0 | 3" - - 2.25+0.42| 2.25+0.42 | 2.254+0.42
633.9+ 0.9 | 3~ 43+ 4 | 29.8+35 - 355+26 |46.1+29
635.5+£3 |3~ - 19.7+ 2.3 - 19.7+ 2.3 -
655.5+ 2.5 | 1T - 5.0+ 0.6 - 5.0+ 0.6 5.0+ 0.6
676.7+ 1.0 | 2* - - 58+1.2 58+1.2 -
704.0+0.9 | 3" | 100+ 10 | 97.04+ 10.4 - 98.6+7.2 | 98.6+7.2
779.0+ 1.8 | 2* 23+2 | 243+27 - 234+16 | 235+1.6
878.4+ 1.6 | 3" 39+4 | 376+42 - 384+29 |383+29
960.5+ 1.6 | 5T - 1.044+0.22 - 1.04+0.22| 1.04+ 0.22
1037.2+0.9 | 2~ 36+t4 |389+438 - 37.2+3.1 | 37.2+31
1040.5+4 | 1~ - - - 150+ 16 -
1170.5+1.5| 4t | 150+ 16 - - 109+ 15 150+ 16

Table 5.1: Narrow resonances used in the calculation of the total reaat®for'”O(p.a)'*N. Res-
onance energies are taken from Ref. [33] and strengths are takerRiefs. [14, 34, 35, 36].

Egn (keV) | T I, (eV) T, (eV) I, (eV)
65.1+05 |1~ | (44+0.2)x10~! | (18.84+3.2)x1077 | 130£5
183.35+ 0.25| 27 | (9.64 3.6)x1073 | (3.99+ .24)x103 | 13.3£5.5

Table 5.2: Partial widths for the two lowest lying resonance$®(p«)'*N. Resonance energies are
taken from Ref. [19] for E" = 65.1 keV and averaged from Refs.[7, 21, 25] f%f‘Ez 183.35 keV.

of the resonances, will be used in order to construct the Breit-Wigmss@ections. The rate contri-

bution can be calculated using Eqg. 1.24. This will be discussed in more dé&tailddhis chapter.

5.1.2 Low-Lying and Subthreshold Resonances

Recall from Sec. 1.3.3 that it is often necessary to take the energy dkpenof a resonance
into account when calculating the reaction rate. This will require integratientbe resonance cross
section. The two lowest lying resonancesi®(p,a)!*N at ES" = 65.1 keV andE¢" = 183.4 keV
must be integrated in order to accurately determine their contributions to theetatdion rate at the
lower temperatures of interest. Table 5.2 gives the values of the resoenergies and partial widths
for both of these resonances. The resonance energy;of= 183.35 keV is an average of the three

most recent literature values [7, 21, 25].
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The values of the partial widths listed in Tab. 5.2 can be easily calculateddvaitable experi-
mentally measured values for the strengths and total widths. The followingssahe known for the

ECM = 65.1 keV resonance:

wyy = 0.4440.02eV

wype = (47£0.8) x 1077 eV
% = 130+5eVv
s 2J + 1 .
Rt (2j1ay +1)(2ja + 1)
o5 2J 41 1
w e _ —
e 2o +1)(2jp +1) 4

The value forn5> is an average of the values from Refs. [34, 37, 38, 39}, is a correction to the
value from Ref. [40] and'®’ is taken from Ref. [41].

One can solve for the remaining two partial widths in terms of the above knaantigjes:

e — Yoy 5.1
v Wa'y(ra - w'}’a'y) ( )
Wpa (Fa + F'y)

res = 2 e v 2
P (,Upara (5 )

This gives values of5° = (0.44 + 0.02) eV andl'}” = (18.8 £ 3.2) x 10~ eV.

The strengths for the 183 keV resonance are:

wyas! = 0.016 £ 0.006 eV
wy? = (12£02)x 107 eV

Wy’ = (1.66+£0.17) x 10~% eV

The value foru,5? is taken from Ref.[7]i07,5° is from the current work and~,3? is from Ref.
[34].

Again, using the definitions of the corresponding resonance strengghsodving for the partial
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ESm (keV) C’sé;, T, (eV) I', (eV)
—3.12 4 0.57 | 0.054 +0.018 | 0.485 £ 0.051 | 42.8 £ 1.6
—1.64+057 | <0.0082 | 0.89440.074 | 32.0+2.1

Table 5.3: Input values for subthreshold resonancé$@fp)'*N. These will be numerically inte-
grated to find the reaction rate contribution of each resonance. [5, 42]

widths, gives:
3 4
F}}g;}, _ : [w'ya'yW'Ypa + WYpyWYay + W'VP’Y‘U'YPQ] (5.3)
w’)/a'y
12 4
riss — = [W%vw%a + Wy Wlay + “vaw%a] (5.4)
WYpa
3 4
riss — 2 [“mew%a T Wiy WYay + WVm‘”pa] (5.5)
5 Wpy

Inserting the measured resonance strengths into the above equatestogihe partial widthsE'183
=(13.3+5.6) eV ,F;l,83 = (0.00399+ 0.00024) eV andF#S?’ = (0.0096+ 0.0036) eV.

For the case of’O(p)™N, there are two subthreshold resonances which may contribute signif-
icantly to the total reaction rate at low temperatures. These have res@rargées o™ = —3.12
keV andE{™ = —1.64 keV. The proton width for a subthreshold resonance is described by. 5,
Table 5.3 includes all of the values necessary to calculate the partial widthe$e two subthreshold
resonances. Note that the values given foril§ = —1.64 keV resonance include an upper limit
and must be treated carefully. Recall from Sec. 1.5 that the Monte Cagleakculation requires a
statistically valid distribution for each resonance parameter. The praeéaudescribing the single
particle reduced width for the case of an upper limit value is described in Adp This resonance

will have a large affect on the reaction rate at very low temperatures.

5.1.3 Higher Lying Resonances

The contribution to the reaction rate from resonances wjth B 489.9 keV is found using Eq.
1.24. The partial widths for each of these resonances are given irb¥abThis list of higher lying
resonances includes the narrow resonances discussed in Sec. & #ld ot have reliable literature

resonance strength values. The partial widths were taken from R&fajd were calculated using an
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[E7(keV) | F | T,(V) | T.(eVv) |
4899+12 | 4 | 138+26 106+ 17
501.5+ 3.0 | (1) | 0.20+0.02 | 33.6+3.3
556.7+ 1.0 | 3" | 14000+ 500 5.0+ 0.6

633.9+£ 0.9 3~ 58.2+ 7.0 133.0+ 23.8
635.5£3.0 | 3~ 40.8+ 3.7 137.0+ 34.7
655.5£ 2.5 1t 27+3 575+ 120
676.7+1.0 | 2" | 10000+ 500 27+ 3
704.0£ 0.9 3" 525+ 117 426+ 82
779.0+ 1.8 | 2* 109+ 11 286+ 87
878.4+ 1.6 3t 277+ 91 123+ 25

9605+ 1.6 | 5° 1.2+0.1 560+ 132
1026.5+ 10.0| 1~ | 2920+ 313 | 77090+ 2000
10372209 | 2= | 368+61 231+ 40
1170.5£ 15 | 47 | 9000+ 1000| 150+ 24
12025 5.0 | 2 | 16570+ 1551 | 71500+ 2000
1204.5+ 10.0| (27) | 2750+450 | 210+ 67
1250.5+ 10.0| (3) | 5000+ 1000| 30+ 7
15945+ 2.1 | (47) | 29400+ 1000| 500+ 58
1640.5+ 2.1 | (17) | 5000- 1000 | 55000+ 5000
16845+ 2.1 | 3 | 15820+ 1427 | 44180+ 15000

Table 5.4: Input parameters for the resonances to be integrated oealdolation of the total reaction
rate in!”O(p)'*N. Resonance energies taken from Ref. [33] and the particle partitisiide taken
from Ref. [36].

R-matrix fit. There are two tables in Ref. [36] which list partial widths fooremnces of F* > 489.9
keV. The values from Tab. 3 of Ref. [36] were chosen becausegtmeyde better agreement with the
resonance strength values presented in Tab. 5.1. Equation 1.24 takesnisideration the effects of
the tails of wider resonances which cannot be estimated using the nasomaree approximation.
Also, interference between resonances, which will be discussed irbSed, requires knowledge of
the full energy dependence of the interfering resonances.

Figure 5.1 shows the relative contributions to the total reaction rate for @fattte resonance
categories. The individual and total contributions were calculated usenylinte-Carlo sampling
codeRatesMC [8] which is described in Sec. 1.5. The two subthreshold resonandgsartwo low
lying resonances are all considered individually, while the other 20 highngy resonances listed in
Tab. 5.4 are combined. The contributions from t{# E 65.1 and 183 keV resonances dominate the

total reaction rate in the temperature range 6<0Py <0.3. The uncertainty in the total reaction rate
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Figure 5.1: Fractional contributions to the reaction rat& 6f(p«) N, including the contributions of
the 20 resonances from Tab. 5.4, the two low lying resonances and trsubilreshold resonances
listed in Tabs. 5.2 and 5.3. Calculations were performed RitesMC [8].

will be dominated by the individual contributions from these two resonaat#sese temperatures.

In the range § > 0.3, the total rate is entirely determined by the 20 higher lying resonances. Th
temperature is now high enough that the low lying and subthreshold ressmaa longer contribute
noticeably.

The lowest temperatures shown in Fig. 5.4, 0.02, display a very interesting feature. Not only
do the subthreshold resonances become important, the contributions framadithéual resonances
are all so small that the tails of the higher lying resonances also contribuificgigtly to the total
reaction rate. The contribution of these tails would not be seen if the naesonant reaction rate
formalism were used to calculate the rates. This is a distinct advantage ahitintggover the entire

Breit-Wigner energy dependence of the resonances.

5.1.4 Interference

Interference between levels of the sarfiésldescribed in Ref. [43] by the simple equation:
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Figure 5.2: Interference between twoJ 1+ resonances il O(p)*N at E™ = -3.12 keV and 655
keV.

Stotat(E) = S1(E) + S2(E) £ 24/ 51(E)S2(E)cos(1 — d2), (5.6)

which comes from squaring the sum of reaction amplitudes with arbitraryeephd@se phase shifts of
the two interfering resonances, are given in Ref. [43] by:

- [i(E)
8 = tan™? [M} , (5.7)

with E,,, the resonance energies of the interfering resonances. The iateréebetween two reso-
nances may be either constructive or destructive and an experimentslina@&nt is necessary to
resolve the ambiguity. If the interference is constructive on one sideexfanance it will be destruc-
tive on the opposite side of that resonance, since the phase shift wilgitip at E = E, .

The effects of interference on the uncertainties of the total reaction ithteewarger if the sign
of the interference term is not known, since this will result in an uncertzsape for the interference

S-factor. The effects of interference between five pairs of resz@saon the S-factor have been plotted
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Figure 5.3: Interference between twbJ 1~ resonances i’ O(p,a)'“N at E™ = -1.64 keV and 65
keV. The value of the spectroscopic factor for the subthreshold aesenis an upper limit. These
curves were calculated using the upper limit value.
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Figure 5.4: Interference between twb3 2" resonances il O(p,a)'“N at E™ = 677 keV and 779
keV.
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Figure 5.5: Interference between twbJ 2~ resonances itV O(p,a)'*N at E™ = 183 keV and 1037
keV.
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Figure 5.6: Interference between twb=J 2— resonances il O(p)*N at E™ = 183 keV and 1202
keV.
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in Figs. 5.2 through 5.6. There are three curves in each plot, corrésaiodthe S-factors for two
resonances summed incoherently and the results using either the (Hpterfgrence signin Eq. 5.6.

It is important to determine which pairs of interfering resonances will cantilignificantly to
the total reaction rate uncertainties. If a specific pair of resonancéshrdas an uncertainty which
is several orders of magnitude less than the uncertainty on the total reeatiorthe interference
between these resonances may be ignored and the individual contribtdgitime reaction rate for
each of them simply summed incoherently. In order to determine the significhtice uncertainty
from interference between a pair of resonances, the contribution totdiedaction rate of the two
interfering resonances, including uncertainties, is calculated separdibly is then compared to
the analytical reaction rate calculated assuming there are no interfermgarees. The analytical
reaction rate is a simple calculation of the total reaction rate that uses the ligevatue for each
resonance parameter without taking uncertainties or interference irgorgicd he final recommended
rate will be calculated rigorously usirgatesMC [8], but the analytical rate was used for studying
the interferences since it is very time consuming to use a Monte Carlo appfarabis purpose.

Figure 5.7 (bottom panel) shows a comparison of ff@(p.a)!*N analytical reaction rate and
the reaction rate calculated assuming that only the 3~ resonances at’® = -1.64 and 65.1 keV
interfere. All rates and uncertainties were divided by the analytical matedmparison purposes.
A value of C?Segp = 0.0041 was chosen for the product of the spectroscopic factor angkrdion
reduced width for the ' = -1.64 kev resonance. This is half of the upper limit value from Tab.
5.3. The interference between these two states may be an even more sigadioze of error in the
calculation of the total reaction rate if the value is actually larger and a pstagstical distribution
for this parameter will be used for the Monte Carlo rate calculation (see Ady.

The interference contributions shown in Figs. 5.7 and 5.8 indicate thatfdwsebf the 3 = 1~
resonances will dominate the reaction rate uncertainties caused by ieederThis is also shown
quantitatively in Tab. 5.5, where the uncertainties in the final reaction raseday specific interfer-
ing resonance pairs are compared as a percentage of the total anabgatain rate at a temperature
of 0.01 GK. This temperature has been chosen as a reference tempdéoattomparison purposes
only. Of the remaining 4 pairs of interfering resonances, the 2~ resonances at/® = 183 and

1203 keV contribute the most uncertainty to the total reaction rate at this tetmger@herefore, for
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Figure 5.7: Tests of the significance of interference effects on the &atelion rate uncertainties from
individual pairs of resonances. The top panel shows the reactioarreggtainty from the interference
between theD= 1T resonances at®® =-3.1 keV and 655 keV divided by the total analytical reaction
rate. The bottom panel shows the reaction rate uncertainty from the netectebetween thé & 1~
resonances at’P = -1.6 keV and 65.1 keV divided by the total analytical reaction rate.
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Figure 5.8: Tests of the significance of interference effects on the &atelion rate uncertainties from
individual pairs of resonances. The top panel shows the reactioarreggtainty from the interference
between theJ= 2" resonances at‘® = 677 keV and 779 keV divided by the total analytical reaction
rate. The bottom panel shows the reaction rate uncertainty from the netectebetween thé 2~
resonances at’P = 183 keV and 1203 keV divided by the total analytical reaction rate.
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EZ" (keV) J* | Deviation from analytical rate
-3.12and 655 | 1" 1.36%
-1.64and 65.1 | 1~ 50.1%
677and 779 | 2t 0.26%
183 and 1037 | 2~ 0.044%
183 and 1202.5 2~ 2.78%

Table 5.5: Effects of interference between pairs of resonancesoarpated to the total analytical
reaction rates. The temperature of30.01 has been chosen as a reference for comparison between
pairs of resonances. The deviation from the analytical rate is the rati@ efrttertainty in the total
reaction rate from interference between the given pair of resonémttesstotal reaction rate calculated
analytically.

the final rate calculations, only the interference between these two pagsarfances will be consid-
ered. All other interferences between resonances will be consitesigdificant for the final reaction
rate of'7O(p«)N. The interference contributions are only significant below a temperafufg =

0.08.

5.1.5 Total Reaction Rate for'’O(p,a)'N

The calculation of the total reaction rate'8D(p«)'*N includes a combination of all the contri-
butions discussed previously in this chapter. The total rate calculationfemped usingRatesMC
(see Sec. 1.5). A Porter-Thomas distribution with a mean proton reducel efi¢h2) = 0.05 (see
appendix A.1) has been chosen to describe the the proton reduced ftitttsabthreshold resonance
at B = -1.64 keV. This resonance was not accounted for in the rate calcutz#tRaf. [21]. Table
5.6 gives the calculated values for the total Monte Carlo reaction ratéQgp«)'*N. The recom-
mended rate is the median of the sampled rates. A number of 10,000 sampldsos@s © ensure
good statistics. The lower and upper limits listed define a 68% coveragehiligh#\lso included in
Tab. 5.6 are the lognormal parametgrando for each temperature. These may be used to construct
an approximate log-normal distribution describing the output rate probabditgity. A random vari-
able that is made up of a sum of many contributing factors will be describad3aussian probability
density function. Since the reaction rate is made up of a product of caimigbiactors, however, it
should be described by a lognormal probability density function [8]. A bistm of the sample of

calculated rate values fdfO(p)'“N at a temperature ofgT= 0.05 is displayed in Fig. 5.9. The

112



Ty LL Recommended UL I o
0.010 | 5.04x10 % | 5.89x10 2> | 6.98x10 %> | -5578<10°1 | 1.66x10 9!
0.011 | 5.36x10°2* | 6.21x10°2% | 7.28x10°2% | -5.343¢<10t0! | 1.57x10°0!
0.012 | 4.38x10° % 5.02x10°23 5.85x10°23 | -5.134x10T01 | 1.47x10°9!
0.013 | 2.88x10°22 | 3.30x10°22 | 3.81x10°22 | -4.946<1010! | 1.42x10°9!
0.014 | 1.60x10° 2! 1.82x10°2! 2.08x1072! | -4.775¢1010! | 1.35x10°0!
0.015 | 7.68x10°%! 8.73x10°2 9.98x10°2! | -4.618<10"01 | 1.32x10° "
0.016 | 3.34x10°20 | 3.78x10°20 | 4.31x10°20 | -4.472¢10t0! | 1.28x10°0!
0.018 | 5.86x10°19 | 6.78x10°19 | 7.87x10°19 | -4.183«1010! | 1.48x10° 0!
0.020 | 1.28x10°'7 1.57x10°17 1.91x10°17 | -3.870x10t01 | 1.98x10° %1
0.025 | 1.24x10° 1.52x10° 14 1.86x10° 14 | -3.182<10M91 | 2.00x10~
0.030 | 1.44x10°'2 1.73x10712 | 2.08x10712 | -2.708<10M9! | 1.82x10~
0.040 | 5.13x10°10 6.05x10710 7.17x10°10 | -2.123¢10t01 | 1.69x10°0!
0.050 | 1.61x10°98 1.89x10°98 | 2.22¢10°08 | -1.778<10M°1 | 1.64x10~ "
0.060 | 1.51x10°97 1.78<10°97 | 2.11x10°07 | -1.554x10"9! | 1.67x10°
0.070 | 7.27x10°97 | 8.59x10°07 1.02<1079 | -1.397x10t01 | 1.69x10°%1
0.080 | 2.33x10°96 | 2.77x10°% | 3.28x10°% | -1.280x10t0! | 1.72x10° 9!
0.090 | 6.04x10796 | 7.11x10°% | 8.35x10°% | -1.185¢10t0! | 1.62x10° 0!
0.100 | 1.59x10°% 1.80x10°9° 2.05x10°% | -1.092¢<10T01 | 1.27x10°9!
0.110 | 4.87x10°9 | 528x10°% | 575x10°% | -9.847x10"%° | 8.38x10 92
0.120 | 1.59x10°% 1.68x 1094 1.79x10°% | -8.689x10t%0 | 6.10x10°02
0.130 | 4.83x10° ™ 5.12x10°%4 5.42x10°% | -7.578<10t%0 | 5.76x10 92
0.140 | 1.32x10°93 1.40x10793 1.48<107% | -6.574x10"%0 | 5.76x10 92
0.150 | 3.19x10° % 3.38x10°03 3.58x10°% | -5.689«10T%0 | 5.89x10 92
0.160 | 6.95x10° %3 7.36x10793 7.81x10°9 | -4.911x10t%0 | 591x10 92
0.180 | 2.52x10792 | 2.68x10°92 | 2.84x10°92 | -3.620x10"%° | 6.00x10 92
0.200 | 7.00x10°92 7.44x10702 7.89x10°92 | -2.599¢10t%0 | 6.01x 1092
0.250 | 4.29x10° % 4.54x10°01 4.81x10°01 | -7.891x10° 9! | 5.85x10702
0.300 | 1.59x10+00 1.67x 10100 1.77x10t%0 | 5155¢10°9" | 5.39x10 92
0.350 | 5.87x107% 6.28x10100 6.73x10t00 | 1.838<101%0 | 6.92x10° 92
0.400 | 2.32x10™% 2.55x 10101 2.81x10t01 | 3.240¢101%0 | 9.52x10 92
0.450 | 8.22x10t01 9.13x1010! 1.02¢10t92 | 4.515¢10t00 | 1.07x10°™
0.500 | 2.41x10702 2.68x10102 2.99x10t02 | 5591x10+%° | 1.09x10° 9!
0.600 | 1.26x10193 1.40x 10103 1.55x10t03 | 7.241x10t00 | 1.06x10°
0.700 | 4.15x1019% | 4.58<10t%3 | 5.06x10t03 | 8.430<10t%0 | 9.94x10 92
0.800 | 1.03x10+04 1.12x 10104 1.23x10%4 | 9.327x107%0 | 9.24x10°02
0.900 | 2.09x10t9* | 2.27x10t%* | 2.48x10t%4 | 1.003<10t0' | 8.55x10 92
1.000 | 3.73x10"% 4.03x10T% | 4.36x10M%* | 1.061x10M°1 | 7.90x10 02
1.250 | 1.12x10t05 1.19x 10105 1.27x10%% | 1.169<10™01 | 6.46x10°02
1.500 | 2.51x10%% | 2.65x1019% | 2.79x10t0% | 1.249<10t0! | 5.40x10 92
1.750 | 4.76x10M% | 4.99x10t9% | 5.22¢10t05 | 1.312¢<1010' | 4.73x10° 92
2.000 | 8.03x10"% 8.39x 10105 8.77x10t%5 | 1.364x101! | 4.41x10°92
2.500 | (1.71x10%%6) | (1.79x10196) | (1.87x101%) | (1.440x10701) | (4.39x109%)
3.000 | (3.05x10706) | (3.18x10196) | (3.33x101%) | (1.497x10701) | (4.39x10792)
3.500 | (4.86x107%%) | (5.08x1019%) | (5.31x107%) | (1.544x10701) | (4.39x1079%)
4.000 | (7.15x10106) | (7.47x10196) | (7.80x101%%) | (1.583x10701) | (4.39x109%)
5.000 | (1.30x10707) | (1.36x10197) | (1.42x10M07) | (1.642<10701) | (4.39x10792)
6.000 | (2.03x10197) | (2.12x10M07) | (2.21x10707) | (1.687x10101) | (4.39x10702)
7.000 | (2.86x10197) | (2.98x10M07) | (3.12x10707) | (1.721x10101) | (4.39x1070%)
8.000 | (3.76x10707) | (3.93x10197) | (4.11x10M07) | (1.749<10701) | (4.39x1079%)
9.000 | (4.71x10%07) | (4.93x10197) | (5.15x10707) | (1.771x10701) | (4.39x1079%)
10.000| (5.91x10%07) | (6.18x10197) | (6.45x10M07) | (1.794x10701) | (4.39x1079%)

Table 5.6: Reaction rates fofO(p«)'“N calculated using the Monte Carlo codeatesMC [8].
The recommended rate is the median of the sampled distribyti@md o are the parameters of a
log-normal distribution approximating the sampled distribution. The rates wetehethto Hauser-
Feshbach rates adopted from Ref. [12] at 2.115 GK (see Chap n2atohing procedure)
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Figure 5.9: Histogram of the distribution of reaction rates calculated usinyltrgée Carlo code,
RatesMC [8] for Tg = 0.05. The histogram is overlayed by a lognormal distribution with parameters
of u=-1.78 andr = 0.164 taken from Tab. 5.6

black curve represents a log-normal distribution witk -17.78 and> = 0.164, as listed in Tab. 5.6.
The lognormal approximation is a very good description of the Monte Cartaldison. Similar
results are found at all other temperatures.

Figure 5.10 displays a comparison between the rates calculated in thetpreskrand those
presented in Ref. [21]. There are two interesting aspects. First, atéowpdratures (I < 0.02)
the new rates are much larger and have a much larger uncertainty tharmpthssated in Ref. [21].
This results from including the subthreshold resonance’dt£-1.64 keV, which was disregarded
in Ref. [21]. Interference effects were also taken into account hedethese were shown to be
important at temperatures below F 0.03 (see Sec. 5.1.4). Both of these effects will contribute to
the discrepancies between these two sets of reaction rates. The s#eonis ¢hat the rates diverge
at the highest temperatures showg (¥ 1.0). This discrepancy is caused by the fact that the present
calculation includes all the levels listed in Tab. 5.4, while the rates from R&f.ii2lude only those

resonances listed in Tab. 5.1. The resonances that are not includaf.irbTl but are taken into
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Figure 5.10: Comparison of the total reaction raté @ (p.a)'*N calculated in the present work,
compared to those presented in Reference [21]. All reaction ratespgogat and lower limits were
normalized to the recommended rates from Ref. [21]

account in Tab. 5.4 are all located at higher excitation energies.

5.2 Thel"O(p,y)'®F Reaction Rate

New reaction rates fol”O(p;y)'®F can be calculated using the newly measured direct capture
S-factor presented in Chap. 4. These reaction rates will be calculdledifg the same procedure
used for calculating the rates &fO(p)'“N presented in Sec. 5.1.5. First, accurate values for all of
the known resonance parameters must be compiled from the literatureexhtbusake an input file
for the Monte Carlo reaction rate code. These will be combined with the neestdiapture S-factor

and new reaction rates will be presented.

5.2.1 Narrow Resonances in’O(p,y)'*F

There are several narrow resonances which contribute to the reeattosf'”’O(p,y)'®F, but there

are problems with the values of the resonance strengths quoted in the lgerasudiscussed in Ref.
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| Resonances ifO(p)™*N |

wypy (eV)
ESM (keV) | Rolfs renormalized Sens
489.9+1.2 0.013:0.0016 0.006&0.0013
530.G+0.6 0.116:0.025 0.0720.015
556.A1.0 0.335:0.075 0.235:0.044
633.9+0.9 0.166:0.026 0.14-0.20
676. A1.0 0.455:0.094 0.28#0.053
704.0£0.9 0.0320+0.0071 0.02520.0049
779.0£1.8 0.0306-0.0078 0.02160.044
878.4:1.6 0.018@:-0.0070 0.012#0.0041
1037.2+0.9 0.215:0.051 0.165-0.033
1170.5t1.5 0.14@:0.028 0.07%0.013
1196.6+1.6 0.027a@-0.0092 0.020%0.0047
1270.9+1.8 0.050a-0.0186 0.01930.0052

Table 5.7: Literature values for narrow resonances usét(p,y)'®F. Resonance energies are taken
from Ref. [33] and strengths are from Ref. [34, 44].

[7], the wv,, values quoted in Ref. [6] are normalized to an incorrect strength of ffe=E633
keV in 27Al(p,7)*Si. The strengths were normalized to a valuesgf, = 0.444+ 0.07 eV, while the
correct value taken from Ref. [13] isy,, = 0.264+ 0.016 eV. The data from Ref. [6] need to be
renormalized to the correct strength. These renormalized values areni§iaol 5.7. Also included
in Tab. 5.7 are the resonance strengths measured by Sens et alg@dch of the resonances listed,
the strengths are systematically lower in Ref. [44] than the renormalizedsvafuRef. [34]. Fox et
al. [7] used an average of the two strengths and Chafa et al. [21]usedyhted average for the final
resonance strengths. The experiment presented in Chap. 4 includedreteeesonance strengths for
both the E™ = 144 keV in'®0(p,y)'°F and the E™ = 490 keV resonance iHO(p;)'8F. The result
for the E™ = 144 keV resonance strength from the present work is in agreementhaititerature
[1]. The renormalized strength of Rolfs et al. [34] for thg"E= 490 keV is in agreement with the
present measurement of this resonance (see Sec. 4.2.3). For tmsesrehe resonance strengths of

Ref. [44] will be disregarded for the purposes of calculating the reactite of'”O(p;y)'8F.
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5.2.2 Broad and Interfering Resonances

Each of the resonances included in Tab. 5.7 will be treated as narr@pteke E™ = 556.7 keV,
676.7 keV and 1037.2 keV resonances. The width of these resonaeeses the inclusion of the
energy dependence of their cross sections in the integration of the reestéio The particle partial
widthsI', andI',, for each of these states can be found in Tab. 5.2 and-tag partial widths[',,
can be easily derived using their respective resonance strengthsridigal 5.7. This results in final
values ofl’, =0.57-0.13 eV, 1.02:0.23 eV and 0.840.20 eV for the above resonances, respectively.

Interference effects are considered for three pairs of resosatiee resonances at/E = -1.6
and 65 keV, the 2 resonances at’P = 183 and 1037 keV, and the"Z2esonances at’P = 677 and
779 keV. The partial widths for the two subthreshold resonances arf’the 65 keV resonance can
be found in Sec. 5.1.2. Recall that the proton partial witlth for the subthreshold resonance &t'E

=-65 keV is an upper limit value and its treatment is specifically addressedairb3e2.

5.2.3 Total Reaction Rate for'’O(p,y)'*F

Combining the resonance strengths for the narrow resonances in .Taandthe partial widths
listed above, the total reaction rates #60(p;y)'F can now be calculated using the Monte Carlo
procedure. The results are presented in Tab. 5.8.

The new rates for th&’ O(p,y)'®F reaction are compared to the rates calculated by Chafa et al.
[21] in the top panel of Fig. 5.11. Notice that for the peak temperatureeramgortant to classical
novae (T = 0.1 -0.4 GK) the reaction rate has a significantly smaller uncergaidtis lower than that
of Ref. [21]. This is a result of using a smaller direct capture contributiomfthe present work that
has a factor of two smaller uncertainty than that of Chafa et al. [21]. Thlis¢sissed in detail in Sec.
4.3.5. At low temperatures the present rate is consistent with the recomnraneled Ref. [21]. The
uncertainty on the total reaction rate, however, is significantly smaller. Thaigas a result of the
dominance of the direct capture contribution below T = 0.03 GK (see Figor Ref. [7]). At high
temperatures (B 0.4 GK) the rate is dominated by the contribution of resonances with2E489
keV. The present rates are higher than those of Ref. [21] becamisertbrmalized strengths of Rolfs

et al. [34] were used here. The bottom panel of Fig. 5.11 shows a cmopa&f the current reaction

117



Ty LL Recommended uL 1 o
0.010 [ 2.95x10 % | 3.58x10 % | 4.38<10 % | -5.629%<10701 | 2.02¢x10 01
0.011 | 3.10x10°2% | 3.78x10°2* | 4.64x10°2* | -5.393<10M9! | 2.01x10"%
0.012 | 2.51x10°2 | 3.09x10°2 | 3.81x10 2% | -5,183x1019! | 2.08x10 0!
0.013 | 1.64x10°22 | 1.99x10 22 | 2.45x10 22 | -4.996x10"9! | 2.03x10 0!
0.014 | 8.83x10°22 | 1.08x10°2! | 1.33x10°2! | -4.827x10M9! | 2.05x10-%
0.015 | 4.08<10°2' | 4.98<10°2! | 6.14x10°2! | -4.675<1010! | 2.07x 100!
0.016 | 1.65x10°20 | 2.02x10°20 | 2.50x10 20 | -4.534x10"9! | 2.05x10 0!
0.018 | 1.98x10°19 | 2.42x10°19 | 2.96x10°19 | -4.287x10M9! | 2.03x10~%
0.020 | 1.69x10° ¥ | 2.06x10°'® | 2.51x10'8 | -4.072¢<1019! | 1.99x10 0!
0.025 | 1.67x10°16 | 1.97x10°¢ | 2.32<10°16 | -3.616x10"9! | 1.62x10 0!
0.030 | 8.35x10° 15 | 9.69x10°1° | 1.12x10° 14 | -3.227x10M9! | 1.46x10~%
0.040 | 2.13x10° 12 | 2.47x10°12 | 2.88x10'2 | -2.672¢<1010! | 1.53x10° 0!
0.050 | 6.56x10° 1 | 7.62x10°! | 8.88x10° ! | -2.330x10"0! | 1.52x10 0!
0.060 | 6.61x10°10 | 7.66x10°10 | 8.88x107'0 | -2.099¢<1010! | 1.48x1070!
0.070 | 3.61x10°%9 | 4.13x107% | 4.76x10799 | -1.930x1019! | 1.40x10 0!
0.080 | 1.38x10°98 | 1.58<10°98 | 1.79x10°98 | -1.797x1010! | 1.32x10° 01
0.090 | 4.31x10°9 | 4.93x10°9 | 5.66x10°% | -1.682¢<10"9! | 1.37x10"%
0.100 | 1.21x10°97 | 1.39x10°97 | 1.61x10797 | -1.579x1010! | 1.44x10° 0!
0.110 | 3.13x10°97 | 3.64x10°97 | 4.25¢10797 | -1.482¢<1010! | 1.54x10 0!
0.120 | 7.69x10°97 | 9.02x10797 | 1.07x10°9 | -1.391x10"9! | 1.64x10-%1
0.130 | 1.78x10°9 | 2.11x10°9 | 2.52¢1079 | -1.306x1010! | 1.75x10 0!
0.140 | 3.87x10°9 | 4.65x1079¢ | 5.65x10°96 | -1.227x1010! | 1.92x10° 01
0.150 | 7.96x10°% | 9.65x107 9 | 1.19x10°% | -1.154x10"9! | 2.03x10~%
0.160 | 1.53x10°9 | 1.87x1079 | 2.33x1079 | -1.088x1010! | 2.16x107 0!
0.180 | 4.85x10°9 | 5.99x1079% | 7.57x1079% | -9.710x101%0 | 2.30x10 01
0.200 | 1.29x10°%4 | 1.60x10°9 | 2.02x10°%4 | -8.729<10"0 | 2.32x10"%
0.250 | 8.64x10°94 | 1.05x10°9% | 1.32x1079% | -6.841x101%0 | 2.21x10 !
0.300 | 3.89x10°9 | 4.61x10°9 | 557x10793 | -5.371x10190 | 1.84x10 0!
0.350 | 1.64x10792 | 1.87x10°92 | 2.15x10°92 | -3.974x 10" | 1.37x10"%
0.400 | 6.87x10°92 | 7.71x10°92 | 8.69x10 92 | -2.561x101%0 | 1.18x10 0!
0.450 | 2.53x10°9! | 2.85x10°91 | 3.22¢<10°0! | -1.253x10190 | 1.21x10° 01
0.500 | 7.85x10°%1 | 8.86x10°9' | 1.01x101%0 | -1.186x10° 9! | 1.26x10"%
0.600 | 4.59x101%0 | 5.20x101%° | 594x101%0 | 1.651x107%0 | 1.29x100!
0.700 | 1.65x10101 | 1.87x10t091 | 2.13x10t01 | 2.932¢<10t%0 | 1.28x10-%
0.800 | 4.31x10M01 | 4.88x10"91 | 555x1010! | 3.889<107%0 | 1.26x10°0!
0.900 | 9.03x10M°1 | 1.02<10%92 | 1.15x10192 | 4.626<107%0 | 1.22x10°0!
1.000 | 1.62x10102 | 1.82x10M92 | 2.06x10102 | 5.206x10t%0 | 1.22¢10-%
1.250 | 4.49x10102 | 5.02¢<10M92 | 5.66x10102 | 6.222¢<10t%0 | 1.15x10"%
1.500 | 8.59x10702 | 9.59x10792 | 1.08x107% | 6.868<101%0 | 1.13x10° 9!
1.750 | 1.33x10103 | 1.48x1079% | 1.66x101t%3 | 7.305<101t%0 | 1.10x10-%
2.000 | 1.82x10103 | 2.02x10%9% | 2.25x10103 | 7.613x10t%0 | 1.07x10"%
2.500 | 2.69x10193 | 2.99x10193 | 3.32¢10193 | 8.004x107%0 | 1.05x10 0!
3.000 | 3.38x10103 | 3.74x10%9% | 4.13x10103 | 8.227x10t%0 | 1.02x<10-%
3.500 | 3.85x10193 | 4.25x1019% | 4.71x1019% | 8.356<107% | 9.98x10°02
4.000 | 4.14x10193 | 4.56x10t03 | 5.03x10103 | 8.425¢101%° | 9.86x10 92
5.000 | 4.33x10703 | 4.78x101%% | 5.26x10703 | 8.471x10t% | 9.55x1002
6.000 | 4.24x10193 | 4.66x1019% | 5.14x1019% | 8.449<107%° | 9.60x 1002
7.000 | 4.04x10193 | 4.44x10193 | 4.90x101093 | 8.400x107% | 9.72x10°02
8.000 | 3.80x10"93 | 4.18<10"%% | 4.61x101%% | 8.340x107%° | 9.59x10°02
9.000 | 3.58x1019 | 3.93x1019% | 4.32¢101%% | 8.276x107%° | 9.56x 1002
10.000| 3.34x107%3 | 3.68x10M93 | 4.04x10%93 | 8.211x101%0 | 9.47x 1092

Table 5.8: Reaction rates &fO(p;y)'®F calculated using the Monte Carlo codRatesMC [8]. The
recommended rate is the median of the sampled distributicemd o are the parameters of a log-
normal distribution approximating the sampled distribution.
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Figure 5.11: (bottom panel)Comparison of the present total reactionafité®(p,y)'*F with those
presented in Ref. [7]. All reaction rates and upper and lower limits werdetl by the recommended
rates from Ref. [7]. (top panel) Comparison of the present total reacies of'"O(p,y)'8F with
those presented in Ref. [21]. All reaction rates and upper and lower lingite divided by the
recommended rates from Ref. [21]
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Figure 5.12: Comparison of the ratio 5fO(p.«)'*N to '"O(p;y)'®F rates calculated in the present
work to those from Chafa et al. [21]

rate and the rate of Fox et al. [7]. In the temperature regions where tigbedion of direct capture
dominates, the two reaction rates are in agreement, though the presehtxatesaller uncertainties
than those of Ref. [7]. The present rates are again larger at high tetagebecause of the use of the
renormalized resonance strengths from Rolfs [34] for the high emegpnances.

Figure 5.12 shows a comparison of the ratio of reaction rates fof @@) N to the'"O(p;y) 1*F
reaction, derived from the present work and from Chafa et al.. [Rh¢re are several interesting fea-
tures to notice. First, the uncertainties on the present rate ratio are smalleteshperatures than
those from Ref. [21]. This is a result of a more precise direct captm&ibution and the inclusion
of more!”"O(p;y)'8F resonances, along with a more reliable Monte Carlo method of reactioratate ¢
culations. Another feature is that the new ratio never falls below unity at lowpégatures. A ratio
below unity is not ruled out by Chafa et al [21]. This finding is importantdi@ilar nucleosynthesis
because it means that the&D(p.«)'*N rate is always stronger than th&0(p,y)'®F rate. The present

ratio is higher at nova temperatures, including a factor of 1.5 greater ad.2 €K, as a result of
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the smaller direct capture contribution to tHe(p;y)'®F reaction rate. It is important to note that
the reduction in the present uncertainties, however, is far more importaiat s this will allow for
better constraint of classical nova simulations. There is also a small dip irréser ratio at the
highest temperatures as a result of the decrease i @@,y)'*F reaction rate seen in Fig. 5.11.

The new reaction rates derived in the present work will be submitted faligadion in the near

future.

121



6 Summary and Conclusion

Classical novae are explosive binary stellar systems with peak temperafure= 0.1 - 0.4 GK.
They involve the accretion of hydrogen rich material from a main sequ&acento the surface of a
small, dense white dwarf partner. Studies of the nova ejecta give inforn@dtimoth the underlying
white dwarf and the path of nucleosynthesis in these systems. Obseraeshédd abundances from
the ejecta serve as much needed constraints for the modeling of thesdagldSlassical novae
are also thought to be the most bountiful sourcé®f, 17O and perhap$®C in the universe [18].
Short-lived '®F, which emits3-decay radiation, is also produced in novae and may be observable
when the envelope becomes transparent. These 51%4ays can be detected, providing more con-
straints for nova simulations. These explosive environments involve bdadf nuclear reactions
that are accounted for when modeling the nucleosynthesis. Only a restriateber of these nuclear
reactions actually substantially affect nucleosynthesis in these envirésumiine!”O(p;y)'®F and
170(p )N reactions have an important effect on nucleosynthesis in classicaénswce they de-
termine the destruction df O and the production offF. For instance, the greater the&D(p;y)'®F
rate, the higher th&F abundance produced. The gredf@®(p.)'“N reaction, however, the lower
the relative abundance &tF to CNOI elements produced. The quality of the reaction rates of these
two 17O + p reactions have been vastly improved as a result of the current work

The B = 193 keV resonance i O(p,y)'®F has been the object of recent contention in the
literature with a disagreement in measured strengths presented by Fo{B]adf w~,, = (1.2+
0.2)x10% eV and Chafa et al. [21] ab,, = (2.2+ 0.4)x10~¢ eV. The dominant contribution
to this reaction rate, however, comes from the direct capture procdssvalues in the published
literature for the direct capture cross section differ by a factor of tw@]6 A measurement of the

direct capture of’O(p,y)'®F at energies of £ < 500 keV has been presented in Chap. 4 and the



results have already been submitted for publication [28]. This experireached an energy ofE ~
250 keV, just inside the Gamow peak for nova temperatures. The resultewy dapture S-factor of
S(E) = 4.6+ 1.1 keV b is a factor of two lower than the original value of Rolfs [6] andceagrwith
the calculated predictions of Fox et al. [7]. Experimental uncertaintie3306) of the direct capture
S-factor have been established for the first time. The improved uncenaisty marked effect on the
final reaction rate, which is discussed in detail in Chap. 5.

For the competing”O(p)™*N reaction, the 2% = 193 keV resonance is the only notable con-
tributor to the reaction rate at nova conditions. This resonance was fissiuresl by Chafa et al. [19].
A remeasurement of this resonance using anodized instead of the implagtdd td Ref. [19] is pre-
sented in Chap. 3 and this work has already been published in Ref T[2ig]resulted in a resonance
strength ofuy,, = (1.664 0.17)x 1073 eV [27], which is in agreement with the measurement of Ref.
[19]. Subsequently, this resonance strength was remeasured usingpketely different technique at
ORNL and their result also confirmed the original measurement of Reff. [19

A new method for extrapolating experimental reaction rates to high stellar tatopes has been
presented in Chap. 2 and the results have been published in Refs6]1%his new method illumi-
nates some flaws of current matching procedures used in nucleargsiicgoand further explains the
shortcomings of the Gamow peak concept when applied to narrow recemalt is shown that this
concept breaks down at high temperatures, which is precisely the regéorvhich most laboratory
rates need to be extrapolated. This new procedure, based on the statistidaution of fractional
rate contributions, provides a proper description of the energy buragign at all temperatures and
should replace the previous method for determining a matching temperature.

The dominant rate contributions at nova temperatures for botH™®¢ )N reaction and
170(p;y)'8F reaction have been successfully measured in the current worke Témgts have been
used in combination with a Monte Carlo code in order to estimate new reaction Téesew rates
for 17O(p;y)'®F and'"O(p)'*N are presented in Chap. 5. Thedprate has been found to be sig-
nificantly higher at low temperatures compared to the results of Ref. [2ilfrerate uncertainties in
the temperature range of interest for classical novae have been irdgrpeefactor ok 2. The (py)
reaction rates have remarkably improved uncertainties compared to literatesd7, 21].

Given these considerable improvements, the next obvious step will beftympearew hydrody-
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namical nova simulations using the curréf® + p reaction rates. This will allow for more accurate
nucleosynthesis results, which should significantly affect the undelisgof the destruction of' O
and production of®F in classical novae. Preparations for these simulations are underd/agsarits

will be provided in the near future.
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A Appendix

A.1 Probability Density Function for the Spectroscopic Factor

Often it is the case that the only available literature data forthay or particle partial width of
a known nuclear level is an upper limit. It is not statistically correct to assuatdlib true value is
equally likely to be any result below the upper limit. Instead, recall from E85 1hat the particle
partial width can be found from the spectroscopic factor, S. The gmatipic factor describes the
relative probability that a compound nucleus can be described by anduadiwsingle particle state
[1]. The spectroscopic factor is made up of the square of an amplituddnighjgroportional to a
matrix element of the nuclear Hamiltonian [8]. These matrix elements form a @Aays®bability

density function centered around zero. The Gaussian distribution fondtrx elements, M, has the

form
2
f(M) = \/2;76}{13 <_;\§2>' (A1)

The probability density function for the spectroscopic factax 872, can be easily derived from the
Gaussian distribution of the nuclear matrix elements, M. For a Gaussian distnilsentered around
zero, the mean of the distribution {8/) = 0 and the variance will be? = (M?) — (M)? =
(M?). Consider a change in variables frofM )dM to g(S)dS. We have S= kM?, where k is a

proportionality constant. This give&\ = %ds. Rewriting f (M) in terms of S gives the new

k'S
form
1 M? C S

Substituting the known variance of the original Gaussian, the final funofi@becomes

o(S) = \% exp <—2<5;,>> (A3)

This makes use of the identitys) = k(M?) and a constant, Gi(S) is a chi-squared distribution

with one degree of freedom, also known as the Porter-Thomas distribufiois. is the functional
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Figure A.1: Histogram of measured proton spectroscopic factordMg. The solid line is a Porter-
Thomas fit to the data resulting in a distribution mean$f = 0.03. Data taken from Refs. [45, 46]

dependence of the spectroscopic factors for a given nucleus d@nchaxinel. It is clear that this
distribution highly favors spectroscopic factors with very low values.s€Hew values are the most
difficult to measure experimentally. This results in experimental data setsrih&lighly skewed
toward larger values of the mean. Itis very important to develop an aequacedure for describing
the distribution of spectroscopic factors, so that they may be properlyledrop the Monte Carlo
procedure when accounting for an unknown spectroscopic factor.

The rest of this section is dedicated to determining a Porter-Thomas fit todlaanlgpectroscopic
factors for unbound levels in six different nuclei. The final goal is teedaine the mean(S), of a
Porter-Thomas distribution that may be used to randomly sample the protdnospepic factor of
an unknown level if®F. Since there are not sufficient measured spectroscopic factos\alaigable
for 18F, it is necessary to look to other nuclei. Mitchell et al. have done extessindies on the proton
spectroscopic factors 8tMg, 28Si, 3°P, 32S, 36Ar, and“’Ca. These data sets will be fit in order to
accurately describe the distribution of proton spectroscopic factothédevels in these nuclei and
to estimate a value for a given level ifF.

Figures A.1 - A.6 display histograms of the proton spectroscopic factoXalifferent nuclei.
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Figure A.2: Histogram of measured proton spectroscopic factot$3in The solid line is a Porter-
Thomas fit to the data resulting in a distribution mea$f = 0.03. Data taken from Refs. [47]
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Figure A.3: Histogram of measured proton spectroscopic factot$FAnThe solid line is a Porter-
Thomas fit to the data resulting in a distribution mea$f = 0.02. Data taken from Refs. [47, 48,

49]
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Figure A.4: Histogram of measured proton spectroscopic factot$9nThe solid line is a Porter-
Thomas fit to the data resulting in a distribution mea$f = 0.006. Data taken from Refs. [50, 51]
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Figure A.5: Histogram of measured proton spectroscopic factot$An The solid line is a Porter-
Thomas fit to the data resulting in a distribution meari$)f = 0.03. Data taken from Refs. [52]
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Figure A.6: Histogram of measured proton spectroscopic factof¥da. The solid line is a Porter-
Thomas fit to the data resulting in a distribution mea$f = 0.01. Data taken from Refs. [53]

Included in each plot is a Porter-Thomas fit to the spectroscopic factar @ais fit determines the
best value for the mean of the distribution describing these data. It is impdotarote that the
Porter-Thomas distribution describes the probability density function fawesngnucleus and specific
set of quantum numbers. The data that were fit, however, constitute ar@imb of levels with
different orbital angular momenté, The result is that the Porter-Thomas fits do not describe the above
data very accurately. Since there is not sufficient experimental datp#vate by specific quantum
numbers, the current method is the best first approach for descritengdkon spectroscopic factor
distributions in these six nuclei. The fits seem to describe the lower values pffdton spectroscopic
factor reasonably well, however.

There are still not sufficient data to describe the probability distributiomafirtknown proton
spectroscopic factor through the exploration of individual nuclei. Ferrdason, the spectroscopic
factors for the six nuclei from Figs. A.1 - A.6 will be combined into a total Sel®27 proton
spectroscopic factors. For the purposes of combining the availabletdataroton dimensionless

reduced widths will be used instead of the spectroscopic factors. Thensiomess reduced width,
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Figure A.7: Histogram of measured dimensionless reduced proton widthsound states ittMg,
285j, 30p, 325,36 Ar and“°Ca. The solid line is a least-squares Porter-Thomas fit to the data resulting
in a distribution mean off2) = 0.0043.

62, may be calculated from the spectroscopic factor by the following equatiom Ref. [1],

0* = C?567, =~ (“hRQ) : (A.4)
Whereﬁgp refers to the dimensionless single particle reduced widthf4is the reduced width of the
level and is usually the value listed in the literatyrgs the reduced mass of the target and projectile
and R is the nuclear radius, wifh = 1.25(A§/3 + A,l/g) [4].

Figure A.7 displays a histogram of the combined dimensionless reducea pvimtths for levels
from all six nuclei. The Porter-Thomas fit to the data resulted in a mean val{#&)o= 0.0043. A
parallel work has found a similar value &) = 0.0045 [8]. This value of 0.0045 will be adopted
for the mean of the Porter-Thomas distribution describing the entire data set.

Another test of how accurately the data is described by a Porter-Thastabudion is to nor-
malize each data point to its specific Porter-Thomas curve. The reductaswiill be collected into

groups sharing the same A andalues. The dimensionless reduced widths in each of these small
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Figure A.8: Histogram of measured dimensionless reduced proton widthsound states ittMg,
28gj, 30p, 325, 36Ar and “°Ca. Eachp? value is divided by the local average&ﬁ for levels of the

same A and values. The solid line represents a Porter-Thomas distribution with meé%of: 1.

groups will be averaged and each specific value will be divided by it$ azaple average. The data
will then be recombined, producing a larger data set with each point noeddalizthe mean of its
group of common quantum numbers. This results in a global mea{\g%of: 1. These normalized
data are plotted in figure A.8 and appear to be much more accurately dddayilsePorter-Thomas
distribution than the unnormalized data sets. Plots similar to Fig. A.8 are usuatig fouhe liter-
ature for exactly this reason. The value(8f), however, cannot be determined by fitti% =1
and the purpose of this plot is simply to illustrate the fact that the Porter-Thdmstmiution is an

accurate description of the distribution of dimensionless reduced widths.

A.2 Anodized Targets

The oxygen targets used for this project were made by oxidizing tantalckimigs via anodization
using oxygen enriched water. Anodization is a well understood prppesducing targets of high

stability and well defined stoichiometry. It involves dissociating water and aandthe resultant
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O?~ ions with ionized metal. The anodization process follows the chemical reaédgn [

2Ta + 5H90 = Tas05 + 5Ho. (A.5)

The procedure is to first apply a positive voltage to a Ta backing and tindranother Ta sheet
that is isolated from the target backing. These tantalum pieces are asaehed to either side of an
anodization chamber. The chamber used for the current work is shotig.inA.9. The chamber
allows for isolation of the two metal sheets and acts as a container for the vofumager which must
span the gap between the Ta sheets. The anodizing voltage will pull eleoffdhe Ta, forming T2
ions, and will also dissociate the water. This will supply thie"@ns. The Tat and G~ ions will
combine to form a well defined 385 compound [24]. Kl crystals should be added to the water prior
to anodization in order to facilitate the flow of charged ions and electronsghrthe solution. The
solution should consist of 1 mg of KI per 0.5 mL of water [24].

The thickness of the target is proportional to the anodization voltage chésgure A.10 shows
the linear dependence of target thickness on anodization voltage. daesare for the 151 keV
resonance in®0(p;y)'?F and were measured with sifO enriched targets prepared by Chris Fox.
The fit to the data in Fig. A.10 was used to determine the 30 V anodization voltage ‘6O target
from Chap. 4. The target thickness saturates very quickly and anzatiod time of 2 minutes was
chosen to be certain that saturation was reached.

Once an anodization voltage is chosen, the water is inserted into the anadidagimber via a
syringe. This fills the gap between the target backing (anode) and the dliethl. After application
of the anodization voltage, the target backing is removed from the chamtestauld have a very
clear oxygen deposition on the surface. The actual color is voltagedept but all targets are very
bright and uniform. It is important to ensure that the anodization chambemipletely full of water,
otherwise there may be non-anodized portions of the target area. Wikeappear as holes in the
oxygen coloring and will result in nonuniform, unusable targets. Theseimform targets can be
fixed by immediately rotating the target backing and re-anodizing it over the sarface. Since the
target thickness is only a function of anodization voltage, re-anodizalionld result in a uniform

target as long as the voltage is exactly the same as during the first anodifatéat care should be
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Figure A.9: Anodization chamber used for the production of all of the bed@mxygen targets from
the current work.

taken when removing the target backing in order to allow for efficientliext@n of the expensive

isotopically enriched water.
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Figure A.10: Target thicknesses B0 targets made with a range of anodizing voltages. The targets
were made and tested by Chris Fox using th& E 151 keV resonancEO(p;y)'°F reaction. The
data were adopted from his run book.
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