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ABSTRACT

Radiative capture on3*S has been shown to have an impact on nucleosynthesis in hot
and explosive astrophysical environments, including stellar (core and shell) oxygen burn-
ing, Type Il supernovae, and Type la supernovae. However, there exist discrepancies in
the literature for the resonance strengths of two strong resonances within the Gamow win-
dow for oxygen burning temperatures (which ranges frofacy = 2:286 4:080 MeV at 2.2
GK). Previous measurements su ered from systematic uncertainties inherent in the experi-
mental technique employed. Furthermore, there are several states3PAr lying within the
Gamow window for oxygen burning temperatures which n&*'S + resonance strength/en-
ergy measurements have been performed. The strengths of these resonances could signi -
cantly impact the astrophysical reaction rate at oxygen burning temperatures. The present
measurement was performed in inverse kinematics at the DRAGON electromagnetic mass
separator. DRAGON's experimental technique allows direct measurement of quantities such
as stopping power and resonance energy, alleviating the need for external inputs and reducing
uncertainty in many cases. The results of the present measurement agree well with existing
Hauser-Feshbach statistical models of the astrophysical reaction rate ffS(; )38Ar in
the temperature range of interest.

Additionally, in order to increase the science reach of the DRAGON experiment, within
this thesis a new type of scattering chamber was designed to allow for the high precision
measurement of charged patrticle elastic scattering cross sections in inverse kinematics with
radioactive beams. The chamber was designed and fabricated at CSM and for the rst time

tested in beam.
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FOREWORD

In social situations, | am often asked what my profession is, and my answer usually
prompts follow-up inquiries as to the nature of my research. After a lengthy explanation, |
am often asked the question (in some variation) how will this bene t society?, of what
consequence is this to me?, or sometimes more rudely why should | care? | struggle
to answer such questions, mostly because | nd that the core concepts of physics are quite
foreign to a large portion of the population, but also, because | have a hard time nding a way
to relate something convoluted and often esoteric to the non-scientists' everyday life, let alone
giving it a sense of meaning and consequence thereunto. Often | nd myself frustrated with
such questions and my answers can be hostile: If you cannot see the value of basic scienti c
research, then | cannot be bothered to explain its value to you is a reactionary response |
often have to restrain myself from retorting. When I'm not hostile, my initial reaction is to
resort to Vannevar Bush's linear model of scienti ¢ research; basic research leads to applied
research and development, which leads to technology, which leads to application which leads
to social bene t. In this view, what I'm researching is of utmost importance because it is
basic science, and basic science drives innovation, no matter how inconsequential, peripheral
or esoteric it may seem. | would love for the answer to the above questions to be that simple,
but that is a fairy tale that the public is not buying anymore and even if they were, | feel
uncomfortable selling it because | know it's not truly how scienti ¢ research works (most of
the time), if indeed it ever really did work that way...

| often nd myself contemplating Carl Sagan's famous monologue describing the Voyager
1 portrait of the solar system [1], and its implication of our insigni cance. This line of
thinking often leads me down the rabbit hole of wondering of what consequence was any
of the knowledge of modern physics to an ancient person (or analogously, anyone ignorant
of the fundaments of modern science), who would have had no knowledge of (and indeed,

could not even have dreamed of) the existence of such things (from superclusters to quasars,
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black holes and neutron stars, all the way to the other end of the scale; atoms, protons,
neutrons, electrons, quarks, leptons, hadrons and everything in between). | have come to
the conclusion that the answer is that nature is simultaneously of no consequence and of
ultimate consequence to all inhabitants of the universe. Those that had no idea (or have no
idea and continue to choose not to) of the workings of the universe go on about there lives
in ignorant bliss, hardly a ected at all by the earth's location in the Orion Arm of the Milky
Way, or the trillions of neutrinos traversing their viscera every second, or the metallicity of the
sun and the chemical composition of the solar system. And yet, we humans, and everything
about us, and everything we do are inexorably intertwined with these phenomena, with
nature, whether we are aware of it or not. And although our understanding of nature has
progressed immensely since the dawn of civilization, it is not hard to imagine that a future
generation (or species?) may one day view our understanding as quaintly incipient, if not
downright medieval.

First and foremost, | would like to thank my advisor, Uwe Greife. Like | tell all of the
prospective physics graduate students that visit Mines, | cannot say enough good things
about Uwe; he is the best advisor | could have asked for. He has repeatedly gone above and
beyond in his role and duties as an advisor for myself and my family. There are no words
that can express my gratitude towards him and | will forever be in his debt. | would also like
to thank my committee members, Fred Sarazin and Lawrence Wiencke and Mark Jensen.
In addition | would like to thank the two department heads, Tom Furtak and Je Squier
who sat during my academic career at Mines, as well as the Mines physics community. |
would especially like to thank Barbara Johnson for all of her help, camaraderie, support and
comic relief during my academic career at Mines. | owe immense gratitude to Greg Christian
for answering many questions, engaging in stimulating discussions, and providing copious
amounts of free technical support, as well as Dave Hutcheon for his subtle and masterful
guidance. Special thanks go to Randy Bachman for fabricating SONIK and providing in-
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and my brother, Brendan Connolly. Their support, love and aid were instrumental in my
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PART |
SCIENTIFIC RESULT:DIRECT MEASUREMENT OF RADIATIVE ALPHA CAPTURE
ON S34 AT RESONANT ENERGIES WITHIN THE GAMOW WINDOW FOR HOT
AND EXPLOSIVE ASTROPHYSICAL ENVIRONMENTS



CHAPTER 1
INTRODUCTION

Nucleosynthesis is sensitive to radiative captures on3*S in hot and explosive astrophys-
ical environments, including (core and shell) oxygen burning [2], explosive oxygen burning
(type Il supernovae) [3 5], and type la supernovae [6]3*S and the -capture reaction prod-
uct 38Ar are stable nuclei, with isotopic abundances of 4.25% and 0.0629% respectively. It
has been shown that reaction rates involving*S and 38Ar signi cantly impact nal abun-
dances of mid-mass elements (28A 62) [3]. Furthermore, there exist discrepancies in the
literature for two strong resonances within the Gamow window (for oxygen burning) that
present signi cant uncertainties in the stellar reaction rates at these temperatures. Finally,
there are several excited states i#PAr lying within and below the Gamow window for oxygen
burning temperatures T = 1:5 2:7 GK) for which no 3*S + resonance strength/energy
measurements have been performed [7].

343 is synthesized mainly via -capture on39Si in a secondary reaction to theneavy ion
reactions that occur during oxygen burning. 3°Si is synthesized by one of the seven primary
reactions given Equations 1.1a - 1.1g that occur during oxygen burning. [9]

The large Q value for Equation (1.1g) populates many compound states i#S, most
of which transition to lower energies via particle emission rather than-ray transitions, so
Equation (1.1g) does not contribute signi cantly to the total fusion cross section at oxygen
burning temperatures [3]. There are several measurements of #® + 160 reaction in the
literature [10 15]. However, the partial cross sections (and therefore the branching ratios of
the exit channels) are in poor agreement amongst these measurements. lliadis [2] notes that

on average, Equation (1.1a) and Equation (1.1b) amount to 60% of the total exit

Isolated narrow resonances in the energy range [BEg; Eo] (where Eg is the Gamow peak energy) can
dominate astrophysical reaction rates [2].
y30sj (and subsequently34S) can be synthesized through a number of other reaction channels - such as
3(4) subsequent -captures beginning on'®0 (which is synthesized in the CNOIII & IV cycles), or numerous
channels in the 0+ 160 system [8] - but these are much less likely.



30sj + 2p (Q=0.381 MeV) (1.1b)

285 + (Q=9.594 MeV) (1.1c)

160 4 160 | 30p + D (Q=-2.409 MeV) (1.1d)

8154+ n (Q=1.499 MeV) (1.1e)

§ 3p 4 p (Q=7.678 MeV) (1.1a)
§ 24\g + 2 (Q=-0.390 MeV) (1.1f)

325 + (Q=16.5 MeV) (1.1g)

channel at the lowest measured energy &:n = 6:8 MeV. The individual contributions
of Equation (1.1a) and Equation (1.1b) to the total fusion cross section have not been
experimentally determined [5], but a theoretical calculation sets the branching ratios at 0.5
and 0.1, respectively [16]. The remaining 40% of the total fusion cross sectiorEat, = 6:8
MeV is split amongst Equations (1.1) to (1.1), with Equation (1.1c) and Equation (1.1f)
contributing  25%, Equation (1.1d) contributing 10%, and Equation (1.1e) contributing

5% [2]. Figure 1.1 illustrates the main reaction channel for the production &fsS.

1.1 Evolution of massive stars

After the main sequence phase of stellar evolution, massive stars embark on a Red Su-
pergiant Phase beginning with shell hydrogen burning (as is illustrated in Figure 1.2). Even-
tually, the inert He core becomes dense enough to contract, increasing in temperature and
igniting helium burning which converts helium to carbon and oxygen and builds up an inert
C-O core. When the He is exhausted, the C-O core contracts and heats up until C burning
is ignited, converting C to Mg, Ne and O. When the C in the core is exhausted, the core
again contracts and heats up. At this point, stars in the mass ranget <M < 8M will
not reach su cient temperatures to ignite further burning stages. Instead, thermal pulses

in the core will destabilize the outer layers (which will then be blown o by stellar winds)
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Figure 1.1: Principal oxygen burning reaction leading to production of*S and the subse-
quentl 34S(; )38Ar reaction.

and the core will contract into a degenerate O-Ne-Mg white dwarf. Stars more massive than
8M will continue the pattern of contraction and heating to ignite successive burning stages
of Ne, O and nally, Si (see Figure 1.3.) The eventual product of Si burning is an inert
Fe-Ni core, which will eventually succumb to gravity and collapse cataclysmically in a type
Il supernova, the degenerate remnant of which will be either a neutron star or black hole
(depending on the star's initial mass.) During the supernova, an additional burning stage

(that of explosive oxygen burning) is of interest for radiative capture on34S.
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Figure 1.2: H-R Diagram for evolution of> 8M star [17].
1.2 Oxygen burning and explosive oxygen burning

Oxygen burning occurs irM > 8M stars near the end of their evolution (during the blue
supergiant phase.) Core oxygen burning typically occurs at temperatures of= 1:5 2.7
GK, and at somewhat higher temperatures during shell burning [2]. The primary ashes
(byproducts) of oxygen burning are?8Si and3%34S [8]. A network calculation [2] predicts that

the most abundant nuclides at the end of oxygen burning ar€Si(X; = 0:54), 32S(X; =0:28),



38Ar (X =0:084),34S (X; =0:044) , 36Ar (X; =0:027) and*°Ca (X; =0:021) [2, 8].

Figure 1.3: Shell structure of nuclear burning stages in massive evolved stars (not to scale).
Note: Ne burning occurs atTne =1:2 1.8GK<Tg

Explosive oxygen burning occurs in core collapse (type Il) supernovae typically at tem-
peratures of T =3 4 GK. Synthesis up to the iron peak along the main line of stability
(A =22Z) experiences a bottleneck at Sc and Ti which quickly photodisintegrate at these
temperatures because they are weakly bound relative to the magic proton number isotopes
of Ca (Z =20.) On the other hand, nucleosynthesigan proceed along the neutron rich path

A =2(Z +1), where nuclides are more tightly bound than the main line of stability [5]. Thus

345(: )38Ar provides an important channel for nucleosynthesis up to the iron peak.

1.3 Type la Supernovae

A recent sensitivity study showed that radiative capture on3*S could impact nucle-

osynthesis in Type la supernovae [6]. In this study, the authors varied the reaction rate for

The mass fraction of34S at the end of oxygen burning can be as high as 0.16 in more massive 25M )
stars [8].



speci ¢ reactions (among a reaction network) by a factor of 16 (the enhancement factor,

fo) and compared the yield (mass ejectd);) of nuclides to a reference model. The reference
model was a one-dimensional delayed detonation model DDTc [18], using a Chandrasekhar
mass C-O-Ne (49.5%-49.5%-1.0% by mass) white dwarf progenitor with a de agration-to-
detonation (DDT) transition density of ppr = 2:2 10’ g cm 3 [6]. Table 1.1 shows the
results for nucleosynthetic sensitivity to radiative capture. The rst column gives the par-

ent nuclide, while the second gives the mass ejecta (ih ) processed through the channel

in the reference model. The third column gives the species for which increasing (decreasing)
the enhancement factor by an order of magnitude resulted in an increased (decreased) yield
of species by greater than a factor of 2. Finally, the fourth column gives the species for
which increasing (decreasing) the enhancement factor by an order of magnitude increased
(decreased) the yield of specigsbetween 12 100%. It is evident from Table 1.1 that in

the reference model, 029M (about 2% of the total mass ejecta) were processed thorough
the 34S(; )38Ar channel and that varying the enhancement factor by an order of magnitude

resulted in the yield of38Ar and 2°K being altered by 12 - 100%. It is worth noting that:

1. Only 6 (including 3*S(; )38Ar) of the 18 (; ) reactions considered a ected the yield

of 38Ar, and they all altered the yield of 38Ar in the range of 12 - 100%

2. Only 6 (including 3*S(; )38Ar) of the 18 (; ) reactions considered a ected the yield
of 39K of those 6 reactions, only**Ne (; )2?*Mg altered the yield of3°K by more than

a factor of 2 (the rest altered the yield of°K in the range of 12 - 100%.)

1.4 Existing Data

There exists about a factor of 2 discrepancy in the literature for the nominal value of the
resonance strength of three strong resonances within the Gamow window for oxygen burning
temperatures (see Table 1.2). Additionally, the uncertainties for these resonances do not

overlap, meaning that these values have a signi cant degree of discrepancy. This



Table 1.1: Sensitivity of nucleosynthesis to radiative captures on the parent nucleus in type la supernovaé?s(; )38Ar
is highlighted in red. M jx(M ) is the mass ejecta processed through the channel in the reference model, Hdgd is the
logarithmic derivative of the mass ejecta of thé!" species with respect to the enhancement factdp. The listed reactions are

those that processed more than 16M

in the reference model and witrany max (jD;j) > 0:05 Adapted from Bravo et. al. [6].

Parent Nuclide M (M ) jDjj> 03 03 j Djj 005

288i 0.93 SOSi 31;33P 33;348 35c| 38Ar

32g 0.39 37C|

20Ne 0.33 24;25Mg 2627, 30g;j 3537(] 14N 2021Ne 23Nag 26Mg 2829gj 3233p
39K 41 43Ca46;47Ti 33;348 36 38Ar 40Ca 44Ti 48;49V 52;53Mn

160 0.30 14N, 2021Ng, 23Na, 24Mg, 27Al, 29Sj, 32p, 33355 455¢

40Ca 0.20 44T

24Mg 0.19 24Mg 35g 23Na 25Mg 2627p| 30gj 31p 35| 38ar

39K 41;4ZCa 458C 46;47Ti

58N 0.15 62Njj, 63Cu, 64 667n

57Ni 0.090 °INi

12¢ 0.074 45 14N 28 30gj 32p 37pp 39K 40 420 4446Tj 48y 52\In

295; 0.065 s

33g 0.062 37ClI, 37Ar

SOSi 0.047 358 SOSi, 31 33P, 348, 35c|’ 37;38Ar' 39K, 42;4SCa

| 343 0.029 38Ar, 39K

41Cca 0.024 43Ca, 41Ti

42Ca 0.011 3BAr, 39K, 4142Cq, 4647T

14N 31 104 2INe

627n 1.2 104 667n

170 1.0 104 *'Ne




disagreement leads to a signi cant uncertainty in the narrow resonance reaction rate in this
energy range (see Figure 2.5). Further, it is clear from transfer reactions [7] and heavy
ion fusion evaporation (HIFE) reactions [19] that there exist isolated narrow resonances in
38Ar at lower energies within the Gamow window (see section 2.3) for which radiative-
capture resonance strengths have not been measured (see Figure 1.4.) The existing data was
collected from solid targets experiments. Solid target reactions su er from systematic un-
certainties due to straggling, stoichiometry and contamination that are di cult to quantify.
Further, obtaining an absolute value for yield measurements from solid target experiments
is challenging [2], so absolute yield measurements are typically only performed for one or
two energies of interest, with subsequent measurements being performed relative to these
absolute measurements (leading to additional uncertainties). The DRAGON experiment
(utilized in this work) is capable of measuring absolute resonance strengths for each en-
ergy of interest. Additionally, in solid target experiments, one cannot reliably measure the
stopping power due to the impurity and temporal variability of the target stoichiometry, so
calculation of the resonance strengths obtained from solid target yield data rely on stopping
power values calculated from models or simulations. DRAGON can make direct stopping
power measurements.

The present work, designated (and hereafter referred to as) TRIUMF experiment S1372,
measured the resonance strengths and energies of eight isolated narrow resonances in the
radiative  capture reaction®*S(; )38Ar. All of these resonances fall within the Gamow
window for oxygen burning temperatures (see Figure 1.4), so their resonance strengths could
have a signi cant impact on the astrophysical reaction rate ot*S(; )38Ar at oxygen burn-
ing temperatures.

The states in black above the -separation energy in Figure 1.4 are all known from
previous 34S(; )38Ar measurements [20 22]. The 2 state at E, = 9720 keV has been

observed in the heavy ion fusion evaporation (HIFE) reactiof°CI( ; p)38Ar [19] as well

Interactions between the reaction products and the target or other intervening material that alter the
energy and/or trajectories of the beam or recoil particles



Table 1.2: Literature resonance strengths for thé*S(; )38Ar reaction. Values highlighted
in red are those for which there exists signi cant disagreement amongst the literature. The
Gamow window for34S(; )38Ar at T =2:2 GK is 2280 4080 keV in the CM frame. All
CM resonance energies carry an uncertainty of 4:5 keV unless otherwise noted.

Sinha et. al. [22] Erne & Van Der Leun [21] Clarke et. al. [23]
Ecwm [keV] I [eV] Ecwm [keV] I [eV] Ecm [keV] I [eV]
3123(9) 1.6(4) - 3129 2.1(1.1)
3042(9) 2.6(6) - - 3049 2.7(1.4)
3036(9) <0.04 - - - -
3009(9) 0.04 - - - -
2973(9) 4.9(1.2) - - 2974 8.0(4.0)
2962 2.4(6) - - - -
2938(9) 0.3 - - - -
2859 0.6 - - - -
2839 0.04 - - - -
2822 2.0(5) 2828 4.5(1.35) - -
2781(9) 1.7(4) 2788 3.0(1.0) - -
2743 0.2 - - - -
2703 2.62(56Y 2706 4.5(1.35) - -
2686 0.6 - - - -
2602 0.3 2604 0.3(2) - -
2589 0.3 - - - -
2482 1.3(3) 2480 1.5(5) - -
2388 1.71(34Y 2389 4.0(1.2) - -

Uncertainty 50% unless otherwise noted.
Y Absolute resonance strength measurement.

as the36Ar(t,p) 38Ar transfer reaction [24], but were not observed id*S radiative capture
measurements.

There are other states in the energy region of interest for this experiment, (for example
a 1" state at 9431 keV known from38Ar(e,e") [25] and a state of unknown) (4 :8 ) at
Ex = 9829 keV, also known from HIFE [19]), but we expect not to populate these states
and they have thus been omitted from Figure 1.4 for clarity. The states highlighted in red

in Figure 1.4 are those for which there exist ambiguities in the literature for the measured

The former because it is of unnatural parity for target and projectile nuclei ofju‘)’p =0%, the latter
because our likely upper limit for the 's angular momentum is™ =3 or possibly 4 considering the Coulomb
barrier height and the  penetration factor P, (E).
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/N /N

EN [Mevi |3 Ecy [MeV]
9917 L1 2:709
2" 2:686
9.894
9811 L1 2:603
9.797 |3 2:589
9720 L2F 2:512
9.689 1 2:481
Existing 34 g (; ) 38 Ar
9.597 1 Measurements 2:389 | _
9535 27 2:327
9.460 3 :7 ) 2:252
9437 B 7 ) 2:229
9374 |G 7 ) 2:166

)
9203 |B 7 ) w

Additional States

34 5+ (7.208)

3.810 3 N/

+

3.378 0
+

2.168 2
+

o Lo

38 Ay

Figure 1.4: Partial level diagram of 38Ar. States highlighted in blue were measured in this
work. The two states in red (also measured in this work) are those for which there exists
disagreement in the literature values of the resonance strength. The dashed red line indicates
the minimum energy to which prior3S(; ) measurements probed.
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resonance strength, as well as for the resonance energy of Eye= 9917 state. The states
highlighted in blue are those we aimed to measure during S1372. The dashed red line
indicates the minimum energy to which prior?*S(; ) measurements probed.

TheJ =2% state at Ex = 9535(30) keV is known from both the3Ar(t,p) 38Ar [24] and
the 3°CI(; p )38Ar [26] transfer reactions; Flynn et.al. [24] measured & = 27 state at
Ex = 9530 20 keV and Kern et. al. [26] measured a state of unknowin at Ex = 9535 30
keV. However, no electromagnetic transitions have been observed from this state [27].

In summary, the 3*S(; )38Ar reaction occurs in hot and explosive astrophysical envi-
ronments as a secondary reaction to the primary reaction channels of oxygen burning. There
exists discrepancy in the literature for the resonance strengths of two resonances in @

+  system that lie within the Gamow energy window for oxygen burning temperatures.
Additionally, there are several low™ states in 38Ar that lie within the Gamow window for
oxygen burning temperatures that have not been studied via radiative capture on3* whose
resonance strengths and energies could signi cantly impact the astrophysical reaction rate
in these temperature ranges. The Gamow window is an important concept in the theory of

radiative capture, which is the subject to which we turn our attention next.
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CHAPTER 2
THEORY OF RADIATIVE CAPTURE REACTIONS

In this chapter, we present the quantitative formalism relevant to radiative capture re-
actions. We begin with the kinematics of radiative capture reactions, and then lay out the
formalism of cross section, reaction rate (nonresonant and resonant), as well as the pene-
tration factor and selection rules, all of which are important in the description of radiative
capture reactions. The kinematics formalism is presented for the non-relativistic limit, which
is su cient for the purpose of this work (as is demonstrated below). The maximum incident
beam energy in this work was measured &y = Tig, = 25:7535 MeV, corresponding to a
center of mass (CM - see Appendix B.1) energy &fcy = 2:715 MeV. Taking this to be the

true relativistic kinetic energy, the Einstein relation yields

T(rel)
Tap) = mc( 1)) = oo +1 100081 (2.1)
wheremc? is the rest mass energy of the beam ions. It is often convenient to express the

rest mass in units of amu 931:494061 [MeV/@] (Masg = 316409 [MeV/cz]). Hence,

S

1 \ 1
= g—) =-= 1 — 0:040322 (2.2)
1 2 C
The nonrelativistic kinetic energy is then
T(class) _ 1 2 _ 1 2C2 g
b = émv = ém 257221 [MeV] (2.3)
where we have used the rest mass #fS above. Then
.—(rel) (class).
T _Map Tab 1 (00121957 2.4)
T(rel) T(rel)
lab lab

The nonrelativistic lab frame kinetic energy off $2°%) = 25:7221 MeV corresponds to a CM
energy ofE((f,{j‘ss) = 2:711 MeV. Then the relative di erence between the relativistic and
classical CM energies is 0:00118. Since this is the maximum kinetic energy measured in

this work, 0.12% is the maximum error introduced by relativistic e ects.
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Although the above shows that the nonrelativistic approximation could introduce pos-
sibly as much as a 4 keV error in the CM resonance energy (and therefore the excitation
energy), the uncertainty in beam energies measured at DRAGON's charge slits idD%6
[28]. Additionally, the spread in the beam energy delivered by the ISAC-I accelerators was
0:3% FWHM, which is an uncertainty of Q19%. Added in quadrature, this gives a total
uncertainty in beam energy of , = 0:26%. At the maximum measured bombarding energy
of Ep == 25:7535 MeV, this translates to a (minimum) uncertainty of , = 7 keV in the
CM frame (and the excitation energy) at the maximum measured beam energy. Clearly the
error introduced by the nonrelativistic approximation is less than that of the measurement
uncertainty of the beam energy, so the nonrelativistic approximation will not introduce any
signi cant error to the measured beam energies. Thus the nonrelativistic approximation is

justi ed.

2.1 Kinematics

Consider a radiative capture reaction in which two nuclei, say nuclei a and A (with masses
ma and mp) collide and fuse, producing a new nucleus (nucleus B, of masg = mg+ ma)

and a -ray:
a+A! B+ (2.5)

The energy released in such a reaction is called tigvalue, and it is given by
Qaa =(Ma+ My mMg)c®= ma+ mp  mg (2.6)

where m;j is the atomic mass defect, which is de ned as the di erence between the measured

(atomic) mass of the nuclide and that of the sum of the masses of its constituent nucleons:
m(ZX) [m(EX)  AlEMy = 931:494061i (2X) Al [MeV] (2.7)

where m(ZAX) is the measured atomic mass of the nuclide (in amul and A are the

atomic number and mass number (respectively) of the given nucleus akt, is the mass of

14



1 atomic mass unit (1 amu = 931494 [MeV/c?]).
The kinematics of the collision between nuclei a and A can be easily understood in the
center of mass of the two particle system (or the equivalent one-body problem). The center

of mass is de ned as
P

iMili _ Marag+ mar
R i'i _ Mala AlA (2.8)
i Mi Ma + Ma

Di erentiating Equation (2.8) with respect to time gives

drR d marg+ mar MyVa+ MaV
_-_ ala AlTA — aVvVa AVA vV (2.9)
dt dt My + My Mg + My

The (nonrelativistic) momentum of nucleus a with respect to the center of mass is given by

(see Appendix B)

pSM = v (2.10)
wherev vy Vva is the relative velocity of the two nuclei and nTaimn?A is the reduced
mass of the system. Similarly,

pSM= v (2.11)

The total energy of the system before the collision is given by

1 1
E = émav(§+ émAvi (2.12)

and can be expressed in terms of the center of mass system as
Ecm = ;(ma+ ma) V2 + ;v 2 (2.13)
For a two body collision (such as described above), conservation of energy demands
Epb= Ecm +(ma+ ma)® = E + mpgc® = E; (2.14)

where Ecy is the kinetic energy in the center of mass frame anl is the energy of the

emitted -ray. Rearranging Equation (2.14), we nd

E = Ecy+(ma+ ma)c® mgc? (2.15)

1 amuis % the mass of a neutral'2C atom.
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and using Equation (2.6), we have
E =Ecn+Q (2.16)

It is then straightforward to show (see

2.1.1 Inverse Kinematics

Experiments at DRAGON are conducted ininverse kinematicy’ in which a heavy ion
projectile is accelerated to moderate energies (15 - 50 MeV) and impinged on a stationary
low mass target nucleus in a gaseous phase (see Figure 2.1). Immediately after fusion occurs,
the recoil nucleus has the same momentum as the projectile nucleus (because of conservation
of momentum) and is initially in an excited energy state. The recoil nucleus subsequently
decays to its ground state via transition(s). This slightly alters the momentum of the

recoil. For the collision in Figure 2.1, conservation of momentum demands
Pi=P¢ ) mMpvp=(Mt+ Mp)Viec+ P = MrecVrec+ P (2.17)

where the subscripts p, t and rec represent the projectile, target and recoil nuclei, respectively.
Then

Prec= Pb P (2.18)
and p is a small correction to the momentum of the recoil nucleus. Thus in experiments
conducted in inverse kinematics, recoil nuclei leave the target with nominally the same mo-

mentum as the beam. This presents a challenge to the experimenter because beam intensities

For simplicity, we have assumed that excited recoil nuclei, transition directly to the ground state by
emission of a single -ray. In general, an excited recoil can transition to the ground state by emission of
multiple -rays (known as a -cascade), in which case

X 0]
EY = Ecm + Q

YThe following exposition of the quantitative formalism of inverse kinematics also applies toforward
kinematics, in which a light projectile nucleus is impinged on a (stationary) heavy target nucleus (which
is bound within a solid). However, in the forward kinematics scenario, the recoil nucleus is not detected
because, although it does recoil in the manner detailed below, it's energy is typically not su cient to liberate
it from its solid bonds.

Z0f course the target nuclei in a gaseous phase are not stationary, but their kinetic energies are negligible
compared to that of the heavy ion projectile.
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Mlrec Viec
(a) Before rxn. (b) Compound (recoil) nucleus (c) -transition

Figure 2.1: Collision of two nuclei ininverse kinematics Panel (a) - Before the collision; a
projectile nucleus of massny, is incident on a (stationary) target nucleus of massy  my
Panel (b) - After the collision; the two nuclei from the previous panel fuse, creating a
compound recoil nucleus of massi,ec = My + M in an excited state. The excited recoil
nucleus subsequently decays to its ground state via emission of one (or severaiy(s) and
the recoil nucleus is emitted into a cone of maximum half-anglenax.

are much greater than recoil intensities, making detection of recoil nuclei di cult and neces-
sitating suppression of the beam. At DRAGON, beam suppression is achieved through the

use of an electromagnetic mass separator (see section 3.3). The momentum of a photon is

givenbyp =~k = ET (wherek is the wave vector), so the momentum of the recoil nucleus
is 0 1
g — — E
Prec = 2MpEp @1 g4——oA (2.19)
2mbc2Eb

(the insertion of the  will be explained below.) The recoil will be emitted into a cone of

maximum half angle (see Appendix B.2)

0 1
E
max = tan 1@g—— A (2.20)
ZmbCZEb

In order to more completely understand the energy dependence gfax, we can recast this

in terms of Ecy by replacingE  with Equation (2.16) and using??:
0 1
ECM + Q A
2my c2(mp= )Ecm.

o =tan l@g (2.21)

Equation (2.21) is minimum atQ. At center of mass energies greater tha@, mnax increases

17



with increasing Ecy (and therefore increasingep), but at center of mass energies less than
Q, max increases with decreasingcy (and therefore decreasingep). All of the yield
measurements for S1372 were conductedBg) energies less tha®, so our minimum CM
energy will yield the maximum possible recoil cone angle (assuming, of course, that the
excited recoil nucleus transitions directly to the ground state). The minimum measured
center of mass resonance energyligy = 2089:4 8.7 keV. Given the uncertainty in this
measurement, the minimum center of mass resonance energy that we could expect to measure
isEmin 20806 keV. Using this along withQ = 7208 keV, the maximum recoil cone angle
IS max = 8:311 mrad, which is well within DRAGON's maximum acceptance ofnax = 20:0
[mrad] [29, 30].

Conversely, in Equation (B.26), =0when = n ,wheren2 Z (orwhen =0 ;180)
and the photon is emitted either parallel or antiparallel to the beam axis. Then the momen-
tum of the recoil is decreased (increased) slightly if the photon is emitted parallel (antipar-

allel) to the beam axis. From Equation (B.19a), we nd

8 0 1
q
% 2mpE, @1 quA =0 (2.22a)
2mp C2Ep
Prec = 1
q E
g 2mpEp @1 + g— A =180 (2.22b)
2mbc2Eb

and we now see the origin of the sign in Equation (B.17). Like max, the correction to the
recoil's momentum pmbT increases with decreasing beam energy whEgy < Q, so

the greatest spread in recoil momentum will correspond to our lowest resonance energy. The
minimum beam energy measured during S1372 was that of the outgoing beam energy during
yield measurement 10 (see section 5.1} = 19:5942 MeV. At this energy, we nd that the
momentum spread is 0:833%. The spread in the recoil energy can then be calculated

using Erec = prec =2Mrec.

0 1
m E2 2E
Erec= —Ep@L+ o —or  g——o—A (2.23)
Mrec 2myc-Ep 2mp 2 E,
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At the minimum beam energy ofEp = 19:594 keV, the (classical) recoil energy iErec =
17:532%:333 MeV, giving an energy spread of ':20)%, which is well within DRAGON's

energy acceptance of 4% for recoil trajectories (anti)parallel to the beam axis [31].

2.2 Cross Section

The cross section is a quantitative description of the probability of an interaction (elastic

scattering or reaction) occurring. It is formally de ned as

number of interactions per unit time
(num. incident nuclei per area per time)(num. target nuclei within beam area)

_ N, =t
" Nine=(AD](Nigr) (2.24)
) ] (2.25)

[Ninc:(At)](tht)
where we have replaced the number of interactions with the number of ejected interaction

products Ne. Then the di erential interaction cross section is

d NS =t A

d ~ (Nig)(Ninc=t)d

whereNJ is the number of interaction products emitted into a detector of areadl = r?d,

(2.26)

wherer is the distance from the detector to the point where the interaction occured. We

can recast the total cross section and di erential cross section in terms of (particle) current

densities as
Ne=t
= —° (2.27)
Jinc tht
d je dA je rd jer?
a _ JeOA _ Je = le (2.28)
d Jincd Jinc d Jinc
where
—— — . R, .
The di erential cross section is related to the total cross section by = 5—d, where d is the
element of di erential solid angle (d sin d d in spherical polar coordinates).
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Ninc =t

Jinc A (2.29)
_ NS =t

—_& 2.30

Je Nigt dA ( )

The total interaction cross section 1 can be expressed as the sum of the elastic scattering

Cross section ¢ and the reaction cross section;:

Tot = et r (2.31)

2.3 Reaction Rate

The reaction rate for reactions in the stellar interior is formally de ned as the number of

reactions occurring per unit timet and unit volume V

N rxn Ninc tht Ninc tht
= = 2.32
Vt VAt v v ' (2.32)

where we have usedlinc NA";C = vN\i,“C, and v is the relative velocity between the two
particle species. For particle induced reactions (such as a radiative capture reaction) the

above can be rewritten as
ror = NoN1v (V) (2.33)

where we have de nedrg; N\;Xp and Ng N\'% and N1 N\‘,—gt are the number densities
of the particles participating in the reaction. The (relative) velocity of ions in the stellar
plasma is described by a distribution of velocities, so the probability of an ion having a
velocity betweenv andv +dv is P(v)dv. We are interested in the most probable velocity
for ions in the stellar plasma, hence the reaction rate is described by the expectation vdlue

of the velocity distribution, namely

For identical particles, the rate given in Equation (2.33) double counts the number of particle pairsNg;
so the rate is generally given byrg; = %"(V)

R
YThe expectation value of a probability distribution P(x) is generally de ned ashxi = xP (x)dx,
where the integration is over the entire domain of the distribution.
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Z1 2,
ro1= NoN1 VP(vo)P(v1) (V)d3vod3vy = NoNihvi (2.34)

Most stellar environments can be reasonably well approximated as an ideal gas, so the
velocity distribution of ions in the stellar plasma can be described by the Maxwell-Boltzmann
velocity distribution, so Equation (2.34) becomes (see Appendix C)

|
= 2 2"
_ (momy)32 MoVp + MiVvi

Po(vo)d3voPi(v1)divy = G KT P KT vod3vq (2.35)

This is expressed in terms of the CM energy as (see Appendix C)

S
NoNlh Vi= NoN1

—g 2
(kT)3 o

The reaction rate is frequently tabulated in terms of the matter density and mass fraction

1
e E=CTE (E)dE (2.36)

Xi or mole fractionY; of nuclei in the stellar plasma. These values are related to the number

density thusly

X.
Ni = Na A.' = NLAY, (2.37)
|

where N is Avogadro's number andA; is the mass number of nuclear speciesn atomic
mass units. Then Equation (2.34) becomes

S
ror = YoY1 2NZhvi = YoY; 2NZ

— g z

1
KT o © E=TYE (E)dE (2.38)

The reaction rate is often expressed in terms of th&tellar reaction rate

S
NAhVi: Na

g %1

T E (E)e KT dE (2.39)

2.3.1 Nonresonant Reaction Rate

The reaction rate for particle induced reactions is given by Equation (2.39). For non

resonant reactions, the reaction cross section may be replaced by

1.2

(E) ze? SE) (2.40)
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Figure 2.2: Maxwell-Boltzmann distribution (grey), Gamow factor (blue) and Gamow peak
(orange) for®*s(; )38Arat T =2:2 GK.

2

where S(E) is the so-calledastrophysical S-factorand e is the Gamow factor (see Fig-

ure 2.2) de ned by

Zozlezr j 2
~ 2E

P-o(E) exp 2 (2.41)

Z0Z1€° 9 —

where Z; are the atomic number of the nuclei in question and - Is the Som-

merfeld parameter. The (hon-resonant) reaction rate is then given by

S—g 12,

Nahvi=Nya ———x E)e BkTe 2 dE 2.42
ANV I A (kT)3 S( )e e d ( )
Assuming S(E) = Sp is constant, we can bring it outside the integral:
Nahvi=N SOSSZleE:kTeZ dE (2.43)
A A (kT) o '

The integrand in Equation (2.43) is known as the Gamow peak, and it can be well approxi-

mated by a Gaussian distribution with identical maximum and concavity (see Figure 2.3):
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Figure 2.3: Gamow window (vertical blue lines) and Gaussian approximation of the Gamow

peak (dashed blue curve.)

(E Eo)z!

G(E) = Cexp 5 2

(2.44)

whereC; Eg; and are determined by matching the respective extrema and concavity values

of the Gamow peak and Gaussian distribution. Doing so (see Appendix C.1), we nd that

the Gamow peak is given by

I 5o
Z0z,kT —
Eo= 20215 %°0

and the width of the Gamow window is

The Gaussian approximation of the Gamow peak is then

3E Eg?

- o
(B)=e kT exp  — =T
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(2.46)

(2.47)



The region betweertg =2 andEg+ =2is known as the Gamow window. Fof*S+ at

a temperature of T = 2:2 GK (typical for core oxygen burning), The Gamow window ranges
from 2280 - 4080 keVEp = 3180 900 keV) in the center of mass frame. For nonresonant
reactions, the Gamow window is the most probable energy range for thermonuclear reactions
to occur at a given temperature. For explosive oxygen burningl' (= 3:5 GK), the Gamow
window ranges from 3000 - 5660 ke\EQ = 4340 1320 keV).

The Gaussian approximation of the integrand in Equation (2.43) gives a rough idea of
the energy region that will most signi cantly impact reaction rates of primary interest to
nuclear astrophysics. Additionally, lliadis [2] notes that at elevated temperatures, isolated
narrow resonancedelowthe Gamow peak could have the most signi cant contribution to
the astrophysical reaction rate, in which case the e ective energy window would more ap-
propriately be [G3Eg; Eo], rather than the oft quoted Eg =2. Following this approach,
the e ective energy window for oxygen burning would be [953180] keV, and the e ective
energy window for explosive oxygen burning would be [13@340] keV (in the center of mass

frame).

2.3.2 Narrow Resonance Reaction Rate
The cross section for an isolated narrow resonance is generally described by the one-level
Breit-Wigner formula

2(2I+1)(1+ 1p) 2 b
4 (2j:+1)2jp+1) (Er E)2+ 2=4

Bw(E) = (2.48)

where is the de Broglie wavelength of the reactionj; are the spins of the target and
projectile, J is the spin of the excited state in the recoil nucleud;; is the energy of the
resonance, ; are the partial widths of the entrance and exit channels of the resonance,

is the total width of the resonance, and p is the Kronecker delta (i, = O for 34S+ )
Equation (2.48) is a distribution of Lorentzian shape (see Figure 2.4.) We are concerned

with radiative  capture reactions in which we assume that only the and channels are

24



oaw (E)

- F

Ecy

Figure 2.4: Lorentzian shape of the energy dependance of the Breit-Wigner one level
formula.

open (inwhichcase = + ), sowe mayreplace; with and and Equation (2.48)

becomes

2

sw(E) = 4—! (€, E)2+ 2=4

(2.49)

where we have de ned

(23 +1)

@+ D@2ip* 1) (2:50)

Inserting Equation (2.49) into Equation (2.39), we nd that the narrow resonance reaction

rate is (see Appendix C.1.1)
| oo
5 32

Nahvi=Na - — 21 g ErkT (2.51)

from which it follows that the reaction rate due to multiple narrow resonances is (numerically)

given by [2]

Note: ! =2J+1 for 3*S+ because both nuclei have a ground state spin and parity of =0%.
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X ) —
Nahvi=1:5399 10"%(Tg) 32 (1 )je 00%ii=To  [ecmimol s Y] (2.52)

|
whereTy is the temperature expressed in units of GK. It is common practice to compare reac-
tion rates obtained from laboratory measurements to that of the Hauser-Feshbach statistical

model [32 34], given by

Nahvi=exp ap+aiTgl+apTy o+ agTy o+ asTo+ asTe -+ agin To (2.53)

where a; are reaction dependent parameters. Table 2.1 lists the parameteaas given by

Rauscher and Thielemann for radiative capture on34S [32].

Table 2.1: Parameters of the Hauser-Feshbach Statistical model for th&#S(; )38Ar
reaction rate. Set 1 are the t parameters for the NONSMOKER code [32], while set 2
are the recommended t parameters from REACLIB [35]. See text for explanation of the
di erences between the parameter sets.

Set ao ai az as ay as as

1 -269.200 1.29700 -408.32 706.73 -48.690 3.04950 -308.000

2 55.3373 0.0 -65.4106  -7.70521  6.43820 -2.88918 -6.66667
90.3440 -6.34146 0.0 -62.1734  9.25995  -0.666665  -1.500000

Additionally, the REACLIB reaction rate database includes experimental input to the
Hauser-Feshbach statistical model. The REACLIB t is the same t used by Rauscher and
Thielemann [32] (Equation (2.53)), but allows for multiple instances of Equation (2.53) with
di ering t parameters sets a to be summed in order to properly t rates with contribu-
tions from non-resonant charged particle induced reactions, non-resonant neutron induced
reactions, and narrow resonance reactions. The REACLIB database gives the two sets of pa-
rametersa; listed in Table 2.1. The two sets of parameters are inserted into Equation (2.53)
and the two instances are summed to obtain the total REACLIB reaction rate. Figure 2.5
shows the uncertainty spread in the narrow resonance reaction rate due to the literature

discrepancies for the two strong known resonances3ts(; )38Ar assuming the factor 2
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Figure 2.5: Uncertainties in narrow resonance contribution to astrophysical reaction rate
arising from discrepancies in the literature and comparison to the Hauser-Feshbach statistical
model [32, 35]. Vertical lines denote typical temperature ranges for oxygen burning (1.7-2.5
GK) and explosive oxygen burning (3-4 GK).

uncertainty for both, and compares the narrow resonance reaction rate to the theoretical

Hauser-Feshbach statistical model calculated using Equation (2.53) [32, 33].

2.4 Coulomb Barrier Penetration Factor

In order for a radiative capture reaction to occur, an incident particle must penetrate
the Coulomb and centripetal barriers. The probability of penetration is described by the
penetration factor, P-(E), given by
i ()i® _ 1
i “Ro)i® iR P+IG( P —ere
whereF-( ; ) and G-(; ) are the regular and irregular Coulomb wave functions, respec-

P(E) = (2.54)
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Figure 2.6: Total resonant reaction rates calculated using Equation (2.52) and resonance
strengths and energies from Sinha et. al. (red) [22] and Erne and Van Der Leun (blue) [21]
compared to the NONSMOKER [32] and REACLIB [35] Hauser-Feshbach statistical models.
The REACLIB rate is plotted with uncertainty bands of 5 rate and 10? rate. Verti-

cal lines denote typical temperature ranges for oxygen burning (1.7-2.5 GK) and explosive
oxygen burning (3-4 GK).

tively. The penetration factor can be approximated using the WKB approximation [9]:
|

. ) 1=2 P~z Red —
b m(1) Ve E exp 22 V-(r9 Edr° (2.55)

i n(Ro)j? E ~ Ro

P-(E) =

whereRg 1:25(Aé:3+ Aizs), V- (r) is the Coulomb plus centrifugal potential barrier (see Fig-

ure 2.7), given by

ZoZ1€? ~2°(+1)
+
r 2r 2

Vg is the potential barrier height at the nuclear radius ¥g = V-(Rp)) and R¢ is the classical

turning point. For an incident ion of energyE, the classical turning point is
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Figure 2.7: Coulomb plus centripetal barrier penetration for radiative -capture. Ry is
the nuclear radius (approximated here as a square well fo R o) and R¢ is the classical
turning point, and E is the (center of mass) incident -particle energy.

q — ,
Z0Z1€ (ZoZ1€2 )2+2 ~2°(C+1)E

= 2.57
: 2E (2.57)

Humblet et. al. [36] note that the WKB approximation for the penetration factor should be
accurate as long a€ < 0:8Vg. For 3*S+ ;V c=0)(Ro) = Vc 7640 keV is the minimum
(i.,e. - =0) potential barrier height. Our maximum measured center of mass resonance
energy wask, = 2706 keV  0:35Vc, so the WKB approximation should give accurate
results. Equation (2.55) can be evaluated numerically, but is often approximated as [9]

, 0 2 .3 1

E 2 2 E =2 2 2
P-(E) Ve exp@ pa:41+— — S5+4b = ‘+% A (2.58)
E 3 C b
where
ST

a ZoZ1€ (2.59)

-2
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and

S

2
b 55Z0Z:€Ryg (2.60)

By evaluating Equation (2.58) at varying values of angular momentum for a given energy,
we can estimate the angular momentum limit of states that will be populated irf8Ar.
Evaluating the penetration factor at the maximum CM resonance energy measured during
S1372E " = 2709 keV, we nd that Ps=P;  0:031,P4=Py 0:0030 andPs=Py 1.7
10 4. P-(E) decreases aEcy decreases, so the probability of populating higher spin states
also decreases with decreasing energy (e.d?0f2085 keV)=Py(2706 keV) 0:009). Thus we
anticipate being limited to populating states with a maximum angular momentum of = 3

or possibly™ = 4.

2.5 Selection Rules

Given that 34S and“He are both even-even nuclei, they both have a ground state spin
and parity of J =0%. For a channel containing two nuclei (1 & 2) with sping; and parities

i, conservation of total angular momentumJ and total parity demand

J="+j1+j2="+5s (2.61)

= 12 1) (2.62)

wheres=ji+j2ands=jj1 jo;ii5j1t 2. Inserting] =jaag=0and = ag=+1, we
haves=j0 0j;:::;;0+0=0 and

Jr =" (2.63)

c=( 1) (2.64)

Thus the spins and parities of resonances #iAr populated by radiative capture on34S
are uniquely determined by the orbital angular momentum . Then the allowed quantum

numbers for® =0;1;2;::etc. areJ," =0%;1 ;27;3 ;4% ;:::etc. We expect to populate
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such states in®8Ar which are said to havenatural parity. On the other hand, we expect not
to populate states ofunnatural parity (i.e. - those withJ,* =0 ;1";2 ;3";::etc.), such as
theJ =1" state at Ey = 9431 keV.

The above only concerns half of the reaction of interest, namely thecapture. We must
also consider the selection rules for radiative transition of the exciteAr recoil nuclei. For

a channel containing only 1 nucleus and a photon, Equation (2.61) becomes

J= L+ (2.65)
e= 1 - for electric (E) multipole radiation (2.66)
v= 1( D for magnetic (M) multipole radiation (2.67)

wherelL =1;2;3;::;;etc. is the multipolarity of the electromagnetic radiation,J; is the total
angular momentum of the resonance (initial) state and; is the total angular momentum
of the nal state. We only expect to populate states with a maximum angular momentum
| =4) J =4 (see section 2.4), so we will only consider states with =0*;1 ;2";3 ;4".
According to the selection rulesjd J¢j L Jy+ J¢. Consider transitions fromal =1
resonance in*®Ar. Then a transition to a J =0 state, j0 1j=1 L 0+1=1) L=
1 () dipole radiation) and o= ,( 1)!=( 1)( 1) =1 for electric multipole radiation
and o= ( DY =( 1)( 1)2= 1 for magnetic multipole radiation, so transitions to
the J =0" ground state may proceed via emission of electric dipole (E1) radiation or
transitionstoaJ =0 state may proceed via emission of magnetic dipole (M1) radiation.
Similarly, a transition fromaJ =4% statetoaJ =3 state, j4 3j=1 L 7=4+3,and
e=( 1= 3forL even (2,46)and g = 3 forL odd (1,3,5,7). On the other hand,
m=( D= sforLevenand y =( 1)-*1 = j3forL odd. Thus, transitions from
the 4" state to the 3" state may occur through M1, E2, M3, E4, M5, E6 and M7 radiation
or to the 3* state may occur through E1, M2, E3, M4, E5, M6 and E7 radiation (although
transitions above sextupole multipolarity are unlikely). In practice, the lowest multipolarity

in E and M are highly favored over the higher multipolarities. Table 2.2 displays values of
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the character and polarity for various allowed electromagnetic transitions from states 8f
to J; relevant to 4S(; )3®Ar.

Table 2.2: Character and multipolarity of allowed EM transitions from states ofJ; to J;.

Only states of natural parity with respect to the3*S+ system are given forJ i . Note that
transitions with multipolarities greater than sextupole L > 3) are unlikely.

Initial State J
o* 1 2" 3 4*
o* El E2 E3 E4
0 M1 M2 M3 M4
1* M1 M1,E2 M1,E2,M3 M2,E3,M4 M3,E4,M5
1 El E1,M2 E1,M2,E3 E2,M3,E4 E3,M4,E5
- 2" M2 E1,M2,E3 M1,E2,M3,E4 E1,M2,....E5 E2,M3,....E6
% 2 E2 M1,E2,M3 E1,M2,E3,M4 M1,E2,...,M5 M2,E3,...,M6
% 3* M3 M2,E3,M4 M1,E2,...,M5 E1,M2,...,M6 M1,E2,...,M7
L% 3 E3 E2,M3,E4 E1,M2,....E5 M1,E2,....E6 E1,M2,....E7
4* M4 E3,M4,E5 E2,M3,...,.E6 E1,M2,.. . E7 M1,E2,...,.E8
4 E4 M3,E4,M5 M2,E3,...,M6 M1,E2,...,M7 E1,M2,...,M8
5* M5 M4,E5,M6 M3,E4,....M7 M2,ES...,M8 M1,E2,....E9
5 ES E4,M5,E6 E3,M4,....E7 E2,M3...,.E8 E1,M2,...,M9
The J;j! J; =0! Otransition is forbidden becausdL 2 |1jL > 0g, so the photon must

carry away at least~ of angular momentum.
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CHAPTER 3
EXPERIMENTAL PROCEDURE
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Figure 3.1: Schematic of ISAC-I experimental hall at TRIUMF in Vancouver BC, Canada
circa 2007. LTNO and 8 have been decommissioned. 8 has since been replaced by
GRIFFIN

The experiment was conducted in inverse kinematics at the Detector of Recoils And
Gammas Of Nuclear reactions (DRAGON) which is located in the Isotope Separator and
ACcelerator-1 (ISAC-I) experimental hall (see Figure 3.1) at TRIUMF, Canada's national
laboratory for nuclear and particle physics. An isotopically pure beam of*S ions was
generated by the Supernanogan [37] electron cyclotron resonance (ECR) plasma source - part
of ISAC's O Line lon Source (OLIS) - using enriched SE gas. After magnetic separation,
the beam was accelerated through the Radio-Frequency Quadrupole (RFQ) and the Drift-
Tube Linac (DTL) to energies between 596 and 758 keV/u. The beam was delivered to

DRAGON's gas target at an average intensity of Z4 10° s ! in the 7+ charge state
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Figure 3.2: Schematic of the ISAC-I RFQ and DTL accelerators [38].

(satisfying ISAC-I's A=q requirements [38]). Use of the post-accelerator bunching station

(consisting of a low- 11.8 MHz triple-gap structure and high- 35.4 MHz spiral resonator

- see Figure 3.2) allowed the beam to be delivered to DRAGON with an energy spread of
E=E < 0:3% at full width at half maximum (FWHM).

3.1 DRAGON Overview

DRAGON consists of three main components: the head, the electromagnetic mass sepa-
rator (EMS) and the tail (see Figure 3.3). The head is comprised of DRAGON's windowless,
high-density gas target and an array of 30 Bismuth Germanate (BGO) scintillation crystals.

The EMS is comprised of DRAGON's optical (magnetic and electrostatic) separation and
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Figure 3.3: TRIUMF's Detector of Recoils And Gammas Of Nuclear (DRAGON) reactions

electromagnetic mass separator (EMS).

focusing elements, as well as various beam diagnostics. The tail is comprised of DRAGON's

heavy ion detectors: a dual micro-channel plate (MCP) time of ight (TOF) system and

either a double-sided silicon strip detector (DSSSD) [39] or ionization chamber (IC) [40].

For this measurement, the ionization chamber was selected because sa@mnigenti cation

capability was expected for this recoil mass and energy range [40].
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3.2 DRAGON Head: The windowless gas target and BGO -ray array

DRAGON's high-density windowless gas target is capable of maintaining constant pres-
sures between 0.2 - 10 Torr of # He or 3He gas within its central gas volume, which has
an cm e ective length of 123 0:4 [29]. The gas streaming out of the gas ow limiting
apertures is collected in the rst pumping stage by a series of roots blowers and recirculated
through a liquid nitrogen (LN2) cooled zeolite cleaning trap in order to ensure gas purity
(see Figure 3.6). Two ion-implanted silicon (1IS) charged particle detectors mounted inside
the target box at angles of 30 and 57 (with respect to the beamline) continuously monitor
the beam intensity by detecting elastically scattered target nuclei. This information is then
used for normalization purposes. The gas target is further di erentially pumped via a se-
ries of seven turbomolecular pumps attached to pumping boxes immediately upstream and

downstream of the target box (see Figure 3.6). The turbos maintain a beamline vacuum on

Collimator
insert

H,/He gas cell

(

Elastic monitor
detectors

Fill tube from ¢ L

recyclin
Feedthru yEis

connectors
Figure 3.4: DRAGON's windowless gas target.
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the order of< 10 © Torr. This is particularly critical on the downstream side of the target,
where charge changing reactions outside the target (due to poor beam line vacuum) could

degrade the EMS's suppression factor [29].

10cm 6.15cm 7.7cm 7.7cm 6.0cm 4.3cm 9.9cm

D I [ BEAM &

BEAM ’\’ | t=tszem Lz:%}m i B | L_———\ RECOILS
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r——_—\ [ D=6 mm D=8 mm I_I ] rﬁ

) ) [ ) "] ) "] T 1 T ) )
D=15mm D=13mm| D=9.9 mm D=9.0 mm D=17.9 mm [D=25 mm D=36 mm

D=10.0 m D=10.4 m D=18.05 mm D=20.6 mm

D=11.8 mm D=9.0 m D=11.8 mm
D=8.0 m

Figure 3.5: Schematic of DRAGON's pumping tubes and apertures.

DRAGON's -ray detection array consists of 30 Bismuth Germanate (BGO) scintillation
crystals of hexagonal cross section packed in a tight geometry surrounding the gas target
box. The -detector array detects prompt -ray emission from excited recoil nuclei resulting
from radiative capture reactions occurring inside the gas target volume. These data are
used for coincidence tagging with heavy ion events in DRAGON's end detectors (MCPs and
IC/DSSSD). The total e ciency of the -detector array depends on the geometric coverage
(89 92%) and energy(ies) E ), which depend(s) on the decay scheme of the recoil nucleus.
Monte Carlo simulations of the -detector array predict an e ciency of 45 60% for1 10

MeV -rays [41, 42].

3.3 Electromagnetic mass separator (EMS)

Traditionally, radiative capture experiments using accelerated ion beams were performed
by impinging a light projectile nucleus (beam particle - such as protons or particles)
on heavy target nuclei in solid form. This method has the advantage of simplifying the

detection mechanism as well as the kinematic formalism because the target and recoil nuclei
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Figure 3.6: Schematic of DRAGON gas recirculation and di erential pumping.

are assumed to have negligible momentum and experimental yields rely on the detection of
the light reaction products ( -rays in the case of radiative capture experiments.) However,
this setup introduces systematic uncertainties due to beam energy loss and straggling, as well
as target stoichiometry (which changes over the course of bombardment) and contamination
which are di cult to quantify.

Radiative capture reactions at DRAGON are performed in inverse kinematics, in which
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Figure 3.7: Schematic of DRAGON's BGO array.

a heavy projectile 4S in our case) is impinged on a light (He) target. Recoil nuclei exit the

target with the same momentum as the beam but have di erent energies (see section 2.1.1):

Prec  Poeam (3.1)

Mpeam

rec

Trec =

Theam (3.2)

Detection of the recoil presents a challenge to the experimenter because the reaction
cross sections for radiative capture reactions are small, making the intensity (or ux) of
recoil nuclei many orders of magnitude smaller than the beam intensity. Therefore, the
beam must be suppressed in order to detect the recoil. DRAGON achieves this utilizing

two electromagnetic mass separators (EMS) arranged in series. DRAGON's EMS consists
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Figure 3.8: Schematic of a DRAGON scintillation detector, composed of a hexagonal BGO
crystal coupled to a 51 mm diameter photomultiplier tube.

of two each of magnetic (M) and electrostatic (E) dipoles (for separation), ten magnetic
quadrupoles (Q - for focusing) and four magnetic sextupoles (S - for focusing) arranged
in the order (QQMSQQQSE)(QQSMQSEQQ). Additionally, the EMS consists of various
beam diagnostics - Faraday cups (FC), beam centering monitors (BCM), a CCD camera and
steering magnets (for tuning - see Figure 3.3.) Recoils can be separated from beam particles
by exploiting the laws that govern charged particles in electric and magnetic elds, namely

the Lorentz force law:

F:((j;::q(E+v B) (3.3)

Recoil separation is achieved by transmitting a recoil tune through the separator and
steering beam particles into slits located at the focal planes of the selection stages. Recoils

are separated from beam particles by selecting for charge at the ( rst) magnetic dipole; an
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ion's trajectory in a (uniform) magnetic eld depends on its magnetic rigidity:

Ru rjBj= z (3.4)

Because recoil and beam particles exit the target with (nominally) the same momentum (see
section 2.1.1), their trajectories in the MD depend only on their charge statg lons that do
not have the selected charge are steered into slits at the charge focal plane (focal plane Q
in Figure 3.3.)

The next stage of selection is for mass at the ( rst) electric dipole (see Figure 3.9). Mass
selection is achieved by exploiting the dependence of an ion's trajectory in an electric eld

on electric rigidity:

mvZ T
R rigj= — 1/ — (3.5)
- a ' q
Inserting Equation (3.1) into Equation (3.5), we nd
.., m T
rrecJEJ/ beam !beam (3.6)
rec q
whereas
T
beamEj / ba”‘m (3.7)

Because the overwhelming majority of ions making it to the ED have the same charge state
(having been selected for charge at the MD), their trajectories in the EDs depend only on
their energy, and hence, their mass. Because recoil ions are more massive than beam ions,
their trajectories have a larger radius of curvature in the EDs than do beam ions. lons
that do not have the selected” mass are steered into slits at the mass focal plane (focal
plane M in Figure 3.3.) DRAGON's sequence of two such charge and mass selections (via
a second set of magnetic and electrostatic dipoles) gives it unparalleled beam suppression
capabilities. Together with vetoes provided by coincidence matching between DRAGON's

ray array and heavy ion detectors, as well as veto criteria speci ¢ to each detector, DRAGON

Note that recoil particles di ering in charge from the selected charge state will also be steered into the
charge slits; this introduces a systematic uncertainty to the yield measurement, which must be corrected by
measuring the charge state distribution of the recoil species at the energies of interest.
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Figure 3.9: Schematic of DRAGON's electrostatic dipole.

has demonstrated beam suppression factors of'0 10 [28, 43].

3.4 DRAGON's heavy ion detectors: microchannel plate (MCP) detector and

ionization chamber (IC)

DRAGON employs a dual microchannel plate (MCP) detector to make local time of
ight (TOF) measurements as one method of particle identi cation. DRAGON's MCP is
a transmission detector: it interacts minimally with heavy ions, allowing subsequent mea-
surements. Each MCP detector setup consists of a diamond-like carbon (DLC) foil which

produces secondary electrons, an electrostatic mirror (a grid of charged Au plated W wires)
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that redirects secondarye toward the MCP, and of course, the MCP itself (see Figure 3.10).
Generally, a microchannel plate is a slab of highly resistive material containing millions of
microscopic ( 10 m) channels connecting the opposing faces of the slab. A su cient
bias is applied across the slab so that each channel acts as a continuous dynode electron mul-
tiplier [44]. Each of DRAGON's MCP detector setups actually contains two MCPs in the
well known Chevron con guration. Additionally, DRAGON's MCPO (the upstream MCP) is
coupled to a resistive encoded anode (REA), which provides position data (see Figure 3.11).
DRAGON's MCP has a geometric transmission of 78 0:6%, and a detection e ciency
100% forA > 20@ 500A keV [40]. However, it was recently discovered that during
S1372 (and other recent DRAGON experiments), the electrostatic mirror wires were slightly

thicker than the previously reported value of 20 m, leading to a geometric transmission of
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Figure 3.11: MCP position coordinate hit pattern in the plane perpendicular to the beam
axis at MCPO as read out by the resistive encoded anode. Blue squares represent singles
events, red triangles are coincident events, and green asterisks are events that passed a cut
condition in the MCP TAC vs Separator TOF 2-D pulse height spectrum.

664 1:0%.

DRAGON's ionization chamber detects heavy ions that transit the separator. The IC
detection volume is 25 cm in length and lled with isobutane (typically 10-15 Torr). It is
separated from the beam line by a thin mylar entrance window. lons that enter the IC lose
energy in the detection volume due to interaction with the Il gas [40]. A non-relativistic

ion's stopping power is classically described by the Bethe formula:[45]

|
E 4e4f 2mev2
dE Nz 2e'T,, 2me

dx MeV2 I (3.8)

where me is the rest mass of the electronge is the elementary chargeN and Z are the
respective number density and atomic number of the absorbeq and v are the charge
state and velocity of the incident ion, andl is the (usually empirically determined) average

excitation energy and ionization potential of the absorber. Note that the stopping power
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Figure 3.12: Schematic of DRAGON's ionization chamber.

does not explicitly depend on an incident ion's mass, but as we have already seen, unreacted
beam patrticles and recoils di er in energy by the ratio of their masses, so an ion's stopping
power implicitly depends onA (because it depends ow.) Additionally, beam and recoill
nuclei dierin Z (by Z =2 in the case of capture and Z =1 in the case of proton
capture). Thus unreacted beam nuclei and recoil nuclei will deposit di erent amounts of
energy in the IC and follow di erent path lengths. A modest electric eld ofE =50 V/cm
separates the electron-ion pairs created by the incident ion's interaction with the gas, and
is kept uniform by eld shaping wires surrounding the detection volume. A Frisch grid is
held at an equipotential between the segmented anodes and the cathode, which allows the
anode pulse amplitude to depend only on the number of electron-ion pairs created by an
incident ion's interaction with the detection volume (rather than depending on the location

- or distance from the anode - of the electron-ion pair production.)

3.5 Data Acquisition

DRAGON's data acquisition (DAQ) system was recently replaced with a custom, state-of-
the-art timestamp based DAQ [46] that was commissioned in the spring of 2013. Experiment
S1372 was the rst experiment run on the new DAQ following its commissioning, so there

were still a few bugs in the system, as will be evident in the following sections on the analysis
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Figure 3.13: Schematic of timestamp-based trigger logic used by DRAGON's DAQ.

of S1372 data. [47]

DRAGON's DAQ consists of two independent DAQ systems: one for the BGO-ray
array (colloquially known as the head) and one for DRAGON's heavy-ion detectors (includ-
ing the IS elastic scattering monitors - colloquially known as the tail). This design enables
triggering on singles events from either detector system, while coincidence events are iden-
tied in software via timestamps during the analysis phase. This method of coincidence
matching reduces dead time in the DAQ and also alleviates the need for error-prone hard-
ware coincidence gates and delays. The heart of each DAQ is the 1032, a general purpose
VERSAmModule Eurocard (VME) designed and manufactured at TRIUMF [48]. Each 1032
consists of an Altera-Cyclone eld-programmable gate array (FPGA) with sixteen nuclear
instrumentation module (NIM) and sixteen emitter-coupled logic (ECL) input channels, six-

teen NIM output channels, and a 20 MHz quartz oscillator crystal accurate to 20 parts per
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million.

Figure 3.13 illustrates the trigger logic of DRAGON's head and tail DAQ systems. The
signals from the BGO -ray array's photomultiplier tubes (PMTSs) are divided into logic and
analog branches. The logic branch signals are sent through a pair chéh V812 constant
fraction discriminators (CFD). The CFD signals are then sent to a @en V1190 time to
digital converter (TDC) and a channel by channelORis sent to the 1032 ECL inputs 0
and 1 to create the system trigger. The analog branch is sent to aaén V792 charge to
digital converter (QDC) after being delayed (in accordance with the QDC's speci cations

- see [46]). The signals of DRAGON's heavy-ion detectors are sent through a combination
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Figure 3.15: Schematic of the coincidence matching algorithm used by DRAGON's DAQ.
The analysis bu er is lled from separate head and tail events. The coincidence matching
window is user programmable and must be set large enough to recognize coincident events
arriving in the queue at signi cantly di erent times.

of ampli ers, shapers and discriminators speci c to each detector in order to create analog
and logic signals suitable for measurement by the DAQ. The analog signals are sent to a
Caen V785 analog to digital converter (ADC) after being delayed (if necessary) to put the
signal inside the system trigger gate. The logic signals are sent to anotheagd V1190 TDC
and to ECL inputs O - 7 of the 1032 to create the system trigger. Copies of both system
triggers are sent to the other DAQ system in order to make a second measurement of the
separator TOF. Additionally, a copy of the ISAC-1 11.8 MHz radio frequency quadrupole
(RFQ) accelerator signal is sent to both systems' TDC as an additional timing reference.

The RFQ signal is gated by the system trigger in order to avoid ooding the TDC bu ers
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with rF pulses.

Control of DRAGON's DAQ and storage of the data collected by it is implemented
through the Maximum Integrated Data Acquisition Software (MIDAS) [49]. The MIDAS
software code stores event based data in banks of classes in a MIDAS (.mid) le format,
which can be converted into ROOT [50, 51] trees with the DRAGON Analyzer software
package [52, 53]. The data can then be viewed and analyzed in ROOT. Additionally, TRI-
UMF has implemented the Experimental Physics and Industrial Control System (EPICS)
software [54] developed by Argonne National Laboratory and Los Alamos National Labora-
tory throughout the lab for control of many beamline elements and apparatuses, including
DRAGON. DRAGON's DAQ records a vast amount of EPICS data, including (but not
limited to) the eld, current and voltage settings of DRAGON's optical elements, position
settings and current readings of DRAGON's beam diagnostics, as well as the target pressure
and temperature.

Matching of coincident events between the head and tail DAQ systems is performed both
online and o ine. MIDAS places events into a local bu er on the frontend to be pre-analyzed
(online) for coincidences before transferring them to the backend (the o ine analysis bu er)
via the network. The method used for coincidence matching di ers for online and o ine
analysis, and we will only concern ourselves with the method used for o ine analysis of
the data (for details concerning online coincidence matching, see [53]). A schematic of
DRAGON's o ine coincidence matching algorithm is given in Figure 3.15. The backend
analysis buer is lled from banksof separate head and tail events. This introduces the
possibility that coincident events could arrive at the analysis bu er separated by a large
number of events in the queue. Thus the (user programmable) coincidence matching time
window must be set large enough to recognize coincident events arriving in the queue at
signi cantly di erent times. For further details on DRAGON's DAQ, the reader is referred

to [46, 53, 55] and the references therein.
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CHAPTER 4
ANALYSIS METHODS

During experiment S1372, ten separate yield measurements were performed for incident
beam energies ranging frory, = 757:5 keV/u to E, = 595:1 keV/u (corresponding to center
of mass energies dcy = 2715 keV to Eqy = 2133 keV). Relevant run parameters for these
ten yield measurements are given in Table 5.1. The following sections detail the methods

used to analyze the data collected during experiment S1372.

4.1 Yield

Laboratory experiments of radiative capture reactions attempt to measure thgeld of

the reaction, which is de ned as

NI’Xﬂ.
Y = 4.1
= (4.1)

where Ny, is the number of reactions occurring during the yield measurement and, is

the total number of beam particles incident on the target volume. DRAGON measures the

number of recoils from reactions occurring within the target volume (via its heavy ion and
-ray detectors) and theninfers the number of reactions based on the systematics of the

experimental setup. Thus DRAGON's yield is given by

(4.2)

where (ec is the total recoil detection e ciency (see Appendix D for a more complete
exposition of DRAGON's yield).
In order to relate the experimental yield to the resonance strength, consider a beam of
energy Ey, incident on a target of thickness x, which we can divide into slices of width
Xi. Assuming that the energy lost E; by beam ions across the slice is small and that the
number density of target nuclei within the sliceN; is constant (or that the stopping power

i and cross section ; are constant over the width of the slice), the yield can be written
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N rvn i iN
Yi = I\r:ill = 'At: iNi X (4.3)

where we have used Equation (2.24). Then the total yield is obtained by integrating over

the thickness of the target
z

Y (Eo) = N (x)dx (4.4)
X
where we have assumed that the number density of target nuclei is constant over the width
of the target. We can recast this in terms of the energy using the stopping power; for an

absorption medium of number densityN, the stopping power is given by

1dE

SWE) g B (45

where the stopping power is expressed in units of energy per atomic number density (MeV
cm? / 101 atoms is common, and the unit). If the incident ions only lose a fraction of
their energy over the width of the absorption medium, then the thickness of the absorption

medium X is given by

2 Eg dE
Eo E dE=dX

X = (4.6)

where E is the total energy loss of the ions across the width of the medium and we have
used the linear stopping powelS,  dE=dx (expressed in units of energy per length). If

the stopping power is constant across the width of the absorption medium, then arrive at

E

X7 ([dE=dw)g,

(4.7)

where (dE=dx)g, is the stopping power evaluated aEo. Multiplying by N=N and rear-

ranging, we have

E E
N x= 1 aE = (48)
N dx g,
Then we can rewrite Equation (4.4) as
z z
_ de. 1 “Eo (E)
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4.1.1 Resonant Yield

For isolated narrow resonances, we can replacein Equation (4.9) with the one level

Breit-Wigner formula (Equation (2.48)), which gives [56]

2B 1 2 (3+1)1+ o)
Y(Eo) = : . ab dE 4.10
(Eo) Ee E (E)4 (2o+1)(2j1+1) (E, E)2+ 2=4 (4.10)
If the width of the resonance is small compared to the width of the target (i.e. - E),

and the energy dependence of;, ,, and are small over the width of the resonance, then

we can replace them with their values aEp and we arrive at

2 Z —
mp+ m¢ 1 © Eo =2
Y(Eg) = -1 P = dE 4.11
(Eo)= 3 m: . Eo E(Er E)2+ 2=4 (4.11)
where the transformation factor™=™ has been introduced because the stopping power is

typically measured in the lab frame (and we are extracting the center of mass frame reso-
nance strength). Equation (4.11) can be integrated following the procedure in section 2.3.2

(replacing the appropriate limits), which yields

" ! I#
2 mp+m;l Eo E Eo E E
— I p t - 1 0 r 1 0 r
Y (Eo) > Tme tan = tan — (4.12)
Equation (4.12) is maximum when
" ! 1#
Eo E Eo E E
dg tan ! % tan ! 0—1 =0 (4.13)
O —_— —
2= 2=
) T EE 5 = T RE E 5 (4.14)
=2 =2
P2 P2
EO Er EO Er E
— =0 4.15
) — o5 5 (4.15)
) (Eo E)? (Eo Er E)*=0 (4.16)
) [(Eo Er) (Eo Er E)(Eo E)+(Eo Er E)=0 (4.17)

The rst term in brackets on the left hand side gives the trivial solution ( E = 0) and the
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second term gives

EM™) = E, + 2E (4.18)

Inserting this back into Equation (4.12), we nd

|
5 !
mp+ Mm: 1 E
T ID7t—tan L — (4.19)
mg r

Ymax = !

In the limitthat E!'1 (or E ) we recover the thick target yield for a narrow

Breit-Wigner resonance [57]

vz py Mol (4.20)
where! is the resonance strengthm, and m; are the masses of the projectile and target
nuclei (respectively),  is the lab frame stopping power at the resonance energy, angd

is the (center of mass) de Broglie wavelength of the resonance. We are interested in the

resonance strength, so solving fdr gives:

_ 2Y1 mt

| -
' 2
r Mp+ M

r (4.21)

Thus calculating the resonance strength requires experimentally determined knowledge of
the (thick target) reaction yield (which in turn requires knowledge of the number of incident
beam particles, the number of observed recoils and the recoil detection e ciency) and the
stopping power. Fortunately, all of these quantities (with the exception of the e ciency of
DRAGON's BGO -ray array pggo) can be measured directly with DRAGON. We turn to

the methods used to ascertain these values in the following sections.

4.1.2 E ects of the Energy Distribution of the Beam and Straggling

The above treatment of the thick target yield for an isolated narrow resonance makes

two key assumptions:
1. The beam is monoenergetic.

2. The energy spread in the beam due to straggling in the target is negligible.
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In general, these factors must be taken into account by convoluting the yield curve with the
distribution (usually approximated as Gaussian) of the beam energy and straggling:

ZEg Zq ZEo (E 09

Y (Eo) = de® de® =2

(Eo) Eo E 0 o (E9%

However, if the energy spread of the beam is small compared to the total beam energy,

9(Eo;EY (E;E%E®YdE (4.22)

and if the energy loss due to straggling is small compared to the total energy loss across
the target and the stopping power is constant across the target, then these factors may be
neglected. Additionally, in the case of an in nitely thick target (or equivalently, E),
and if g(Eg:EQ ! g(Ep EY9and (E;ECE®! (EO E;E (i.e. - the spreads ofy and
are independent of their respective means) then Equation (4.22) becomes
1ZEq Z, Z go

Y. (Eg) = = , dEOOO dEOO (E®Ng(Eqc EY (E° E;ENdE (4.23)

r
where we have assumed that the stopping power is constant across the width of the target.
The probability of a particle losing any amount of energyE® E due to straggling in the
target is unity (i.e. - is normalized over the domain of O; Epg, SO we have
121 Z go
Y. (Eg) = = , de® ) (E®g(Eq EYdE (4.24)

r
Therefore, as long as the target can be approximated as being in nitely thick, the yield is
independent of the energy loss due to straggling. In the case tHaP  Eg (i.e. - the energy
spread is small compared to the beam energy), we recover the expression for the thick target
yield:

141
N

Y: (Eo) = (E®dE (4.25)

0

For an in nitely thick target, the yield only depends on the cross section and stopping power
and is independent of the beam resolution, beam straggling and resonance width. In the
case of a target of nite thickness, it can be shown [2] that the area under the yield curve is
independent of beam resolution, straggling, target thickness, stopping power and resonance

width, and that

54



Z3 E 2
AY = Y(Eo)dEo = Y]_ E = 7*”
0 ro 2

(4.26)
However, for a target of nite thickness, beam resolution and straggling do in uence the
shapeof the yield curve, and therefore must be taken into account when computirfyy .

In most cases, DRAGON's gas target is approximated as an in nitely thick target (i.e.
- it is assumed that the target thickness E is much greater than the total width of the
resonance ). In the case of S1372 measurements, total resonance widths were not available
for any of the resonances measured, so they were assumed to be isolated and narrow. The
Z -distributions of highest energy per event for resonances measured during S1372 (see for
example Figure 4.16) illustrates that this was a reasonable assumption.

For S1372 measurements, use of ISAC-I's post-accelerator bunching station (consisting
of a low- 11.8 MHz triple-gap structure and high- 35.4 MHz spiral resonator [38]) enabled

a narrow energy spread of Ep=Ep < 0:3% (FWHM). The fractional uncertainty in the

incident beam energy was then

b _ Ep

— = p— 0:.0013 4.27
Eb 2 2In2E, (4.27)

The energy spread of the beam due to straggling as it traverses the target can be

described by the Bohr straggling model [58]:

q q ‘

where Z, and Z; are the respective atomic numbers of the projectile and targeN is the
number density of target atoms, and x is the thickness of the target. Table 4.1 lists the
uncertainty due to straggling stragg for each yield measurement and the parameters used to
compute  stragg-

Note that although syragg is insigni cant compared to the total beam energy (stargg=Eb -

0:1%) is a fairly signi cant fraction of the energy thickness of the target, so we must take

p The term spread in this document is used to indicate the FWHM of the distribution (i.e. - FWHM=
2 2In(2) for a Gaussian distribution).
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Table 4.1: Parameters used to calculate the beam energy spread due to straggling in the
target using Equation (4.2@Lhe e ective length of DRAGON's gas target is x = 12:3
cm, and sgagg = stragg=(2 21In2) is the standard deviation of the energy distribution of
the beam due to straggling. A global average temperature Gty = 28:16 2:82 C was
used in the computation ofN

Measure- Ejp Eout Energy Loss P N stragg

% of E

ment no. [MeV] [MeV] [keV] [Torr]  10Y[*He/cm3]  [keV]

1 25.753 25.513 240 3.27 1.05 13.11 5.46
2 25.753 25.242 512 6.97 2.23 19.15 3.74
3 23.984 23.305 680 8.98 2.88 21.73 3.19
4 23.036 22.334 702 9.03 2.89 21.79 3.11
5 22.376  21.696 681 9.04 2.90 21.80 3.20
6 22.376 21.718 659 8.75 2.80 21.45 3.26
7 21.789 21.123 666 9.00 2.88 21.76 3.27
8 21.364 20.681 683 9.13 2.93 21.91 3.21
9 20.744  20.179 565 7.89 2.53 20.37 3.60
10 20.234 19.594 640 8.57 2.75 21.23 3.32

care in our assumption of an in nitely thick target. If the resonance width for any of the
resonances measured is not su ciently narrow compared to the target thickness to justify the
in nite thickness approximation, then we must measure the yield curve and include straggling
and beam resolution into our calculation of . On the other hand, if the resonance width

is large compared to the energy thickness of DRAGON's gas target, the narrow resonance
formalism is invalid. In this case it would be necessary to use the broad resonance formalism
in addition to altering DRAGON's measurement procedure (to that of scanning the beam
energy in small steps over the energy width of the resonance). Therefore, as long as the total
resonance width is small compared to the energy thickness of the target (which we have
taken as an assumption), we may neglect the energy spread in the beam due to straggling
within the target. Since (as demonstrated above) we may also treat the beam as being
monoenergetic, the thick target yield (Equation (5.2)) su ciently describes the relationship

between the experimental yield and the resonance strength.
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4.2 Beam Normalization

In order to ascertain the total number of nuclei incident on the DRAGON gas target
(Np), the beam was continuously monitored during data collection by detecting elastically
scattered “He nuclei with a pair of ion-implanted silicon (1IS) charged particle detectors
(mounted at angles of 30 and 57 with respect to the beamline) inside the gas target box.
These data were normalized to regular Faraday cup (FC) readings of the beam current via
a FC immediately upstream of the target (FC4 - see Figure 3.3). FC readings were taken at
the beginning and end of each hour long run. The relationship between beam current (FC4
current readings) and number of elastically scattered target nuclei yields a normalization

coe cient R, which can be calculated for a given run as:

- c:eNtEPz o (4.29)
whereN is the number of*He nuclei scattered into the IIS detector within a time window
t, | is the current reading on FC4.e is the elementary chargeq is the beam charge state
(7+), E is the incident beam energy (keV/u),P is the target pressure (Torr), and g Is
the beam transmission through an empty target. The factor ogz makesR invariant with
respect to the target pressurd® and beam energ\e [59]. The data from S1372 seemed to
(mostly) adhere to this invariance (see Figure 4.1). An average normalization coe cient over
all runs (for given E) can then be computed by tting a constantR to the normalization

data (see Figure 4.1), and the total number of beam particles incident on the gas target

volume can then be calculated as

. E2
Np=RN — (4.30)

whereN is the total number particles scattered into the 1IS detectors during the yield
measurement, ande and P are the beam energy and (average) pressure during the yield
measurement. The normalization data from S1372 yielded a normalization coe cient of
R =(32:6 420) 10°. The uncertainty in R ( 13%) is dominated by the statistical

uctuation in R;.
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Figure 4.1: Normalization coe cient R; vs (arbitrary) run number for both IIS detectors
for all S1372 runs. The solid line is the averageR, the dashed lines are the statistical
uncertainty of R, and the dotted lines are the total uncertainty inR.

4.3 Stopping power

Often, laboratory measurements of nuclear yields cannot e ectively measure the stopping
power (due to a variety of factors) [2, 60], so one must rely on semi-empirical model calcula-
tions of the stopping power in order to calculate resonance strengths. Typically, experimental
values of stopping power di er from that of model calculations by 5%, but at energies near
the stopping power maximum, these di erences can be signi cantly larger because it is often
the case that little experimental data exists in this range [60]. DRAGON is able to make
direct stopping power measurements by varying the target pressure and then measuring the
magnetic eld strength required to center the beam on the charge slits. The target pressure

can be converted into a target thickness (number density of gas atoms/molecules) via

P 273[K]

N=L
760[Torr] T

(4.31)
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Figure 4.2: Determination of stopping power from MD1B - eld (beam energy) vs target
pressure (target thickness) for yield measurements 2 - 6. Panel (e = 758 [keV/u]. Panel

(b) - Ep =706 [keV/u]. Panel (c) - E, =678 [keV/u]. Panel (d) - Ep =659 [keV/u] (yield
measurements 5 and 6).

whereL =2:68677 10%cm 3 is the Loschmidt constant and =1 (for He) is the number

of atoms per molecule. The beam energy is calculated from the magnetic eld strength via

the relationship

(4Bwp1)*

A (4.32)

Ebeam = Cmag

where Byp1 is the magnetic eld in MD1, q is the beam charge state, and a value of
Cmag = 48:15(7) [MeV T 2] was used (as recommended in [62]). Plotting the beam energy vs
the target thickness yields a linear relationship (see Figure 4.2 and Figure 4.3), of which the

slope is the stopping power. These measurements were performed with ¥ ion beam at
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Figure 4.3: Determination of stopping power from MD1B - eld (beam energy) vs target
pressure (target thickness) for yield measurements 7 - 10. Panel (afp = 641 [keV/u].
Panel (b) - Ep = 629 [keV/u]. Panel (c) - E, =611 [keV/u]. Panel (d) - Ep = 596 [keV/u].

all beam energies for which yield data was taken, as well as with tHBAr ion beam at the
three beam energies for which charge state distribution (CSD - see section 4.4.2) data were
taken. The stopping power measurement can then be used in Equation (5.2) to calculate the
resonance strength with a greater degree of con dence than would be possible using model
calculations of the stopping power. Figure 4.4 compares the stopping power measurements
of S1372 to that of the Stopping and Range of lons in Matter (SRIM) model calculation
[61]. It is apparent that the experimentally measured stopping power di ers from the model
calculation by 10 15%, which agrees well with previous comparisons to the SRIM code

[60].
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Figure 4.4: Comparison of S13724S in “He stopping power measurements to SRIM 2013
[61]. The dashed line is the SRIM calculation scaled by a factor of 0.9.

4.4 Recoil Detection e ciency

In order to ascertain the reaction yield, we must rst have knowledge of the recoil de-
tection e ciency. The de nition of DRAGON's detection e ciency varies depending on
whether one is analyzing the data collected from DRAGON's detectors in singles or in co-
incidence (and can often vary depending on which detectors were used to identify recoils).

The coincidence detection e ciency for S1372 data is given by

coinc — trans det coinc
rec — BGO CSF sep MCP MCP live (4.33)

whereas the singles detection e ciency for S1372 data is given by

sing — trans det sing.
rec — IC CSF sep MCP MCP live (4.34)

where pgo is the detection e ciency of DRAGON's BGO -ray array, |c is the detec-
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tion e ciency of DRAGON's ionization chamber, csk is the fraction of ions in the charge
state selected by MD1, ¢ is the transmission of ions through the separator, {208 is the
geometric transmission of DRAGON's MCP, ¢l is the detection e ciency of DRAGON's
MCP detectors, and e is the appropriate (singles or coincident) live time of DRAGON's
DAQ. Inserting Equation (4.33) and Equation (4.34) intoEquation (4.2), we obtain the full

expressions for DRAGON's coincident and singles yields:

c

Ycoinc = : (4.35)
Nb BGO CSF sep Nich MeP fve©
S
Ysing = ans det  sing (4.36)

b IC CSF sep }\EICP MCP live

wherec is the number of signal events identi ed as recoils detected in coincidence between
DRAGON's BGO -ray array and the MCPs ands is the number of signal events identi ed
as recoils detected in DRAGON's IC (see Appendix D for derivations of Equation (4.33),
Equation (4.34) and Equation (4.35)).

The separator transmission sep is primarily governed by DRAGON's acceptance of re-
coils into a cone of half angle 20 mrad [29, 30]. This value is primarily limited by the
downstream aperture of DRAGON's windowless gas target. As discussed previously (see
section 2.1.1), the maximum recoil cone angle for S1372 measurements wasg, = 8:317
mrad, well within DRAGON's acceptance. Thus, for the purposes of this document, the
canonical value [63] of sep = 0:999'%:30% was adopted.

The MCP transmission is primarily governed by geometric factors [64] (i.e. - the frame on
which MCPOQ's DLC foil is mounted as well as the Au plated W wires of both MCPs electro-
static mirrors). It was discovered in the spring of 2014 (during a separate measurement) that
the MCP transmission e ciency &S was less than the canonical value of 7 0:6% [64].
This was due to the grid wires constituting the MCPs' electrostatic mirrors having a diame-
ter greater than their speci cations. The MCP transmission with the over-spec electrostatic

mirror wires was measured to be 66 1:0% [65].
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The MCP detection e ciency (&L, varies with yield measurement and was determined
from attenuated beam runs, as well as from recoil data in cases where recoil events were
abundant. These data are displayed in Table 5.2. The MCP detection e ciency was deter-
mined in the normal way, i.e. - by summing the number of events that produce a signal in
both the MCP and IC and dividing that by the sum of events that produce a signal in the
IC:

Nic mcp
oot = Ne (4.37)
Ic

whereNc vcp is the number of events in the signal peak of the IC vs MCP TAC 2-D pulse
height spectrum andN ¢ is the total number of events in the IC signal peak.

The IC detection e ciency ¢ also varies with yield measurement and was determined
from attenuated beam runs as well as from recoil data in cases where recoil events were
abundant. The IC detection e ciency was determined in a manner similar to that of the
MCP e ciency, namely from by summing the number of events that produce a signal in
both the MCP and IC and dividing that by the sum of events that produce a signal in the
MCP:

N
o = Nicmep (4.38)
Nmcp

whereN|c mcp is de ned as above andNycp is the total number of events in the MCP TAC
signal peak. These data are displayed in Table 5.2 (see Table 5.14 for resonance strengths
determined from singles yields).

The coincident and singles livetime of DRAGON's DAQ vary by yield measurement. For
each of DRAGON's DAQs (head and tail), the singles live time for Poisson events is de ned
as [46]

L=1 =T (4.39)

where is the sum of all busy times for a given run and is the total runtime. To calculate
the coincident live time, DRAGON's coincidence matching algorithm sorts through the start

and stop times for all events from both DAQs and sums the total time when either DAQ
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was busy (ih i ), removing times for which the busy times of both DAQs overlapped
("&& )
X N
coinc = ( ih i« ih && ) (4.40)
|

The live time is then calculated using Equation (4.39).

4.4.1 E ciency of DRAGON's BGO -ray Array

Because of the nature of radiative capture experiments conducted at DRAGON, the
e ciency of DRAGON's BGO -ray array varies with varying experimental conditions. Thus
the e ciency of the BGO -ray array cannot be calibrated via an independent measurement.
If there is good discrimination between recoil and unreacted beam (or leaky beam) events
in DRAGON's heavy-ion detectors for a given yield measurement of a given reaction, then
the BGO e ciency can be measured by comparing the number of singles recoil events and
coincidence recoil events, but this is not always possible.

In order to ascertain the e ciency of the BGO -ray array, Geant 3 Monte Carlo sim-
ulations of the response of the BGO -ray array were performed. The @ant 3 model of
DRAGON's BGO -ray array included the geometry of the BGO array, DRAGON's window-
less gas target pumping box and gas cell, as well as all materials and all possible interactions
of -rays with the materials of DRAGON's head [41, 42]. When known, the-decay scheme
of the state of interest, including branching ratios and -energies was also included in the
simulation. When the -decay scheme of the state was not previously known, several simu-
lations were performed using a variety of decay schemes constrained by the spin and parity
of the state, as well as the observed data. The detection e ciency of the BGO array is
dependent primarily on two parameters: the number of's emitted in the decay (above the
threshold of the individual detectors) and the energy (and therefore the branching ratio).
For all yield measurements, several simulations were performed varying values for the num-
ber of 's in the cascade and branching ratios in order to quantify the uncertainty in the

simulated detection e ciency.
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Although a background calibration of the BGO thresholds was performed immediately
preceding S1372 data collection, a background calibration was not performed at the end of
S1372 data collection. This step is standard procedure to determine the proper threshold
value on the BGO's photomultiplier tubes. This is because the high voltage (HV) settings on
the PMTs tend to drift slightly (possibly due to the presence of the nearby magnetic eld of
DRAGON's rst quadrupole magnet), causing the threshold values on the PMTs to change
slightly over long periods of data collection. However, we can circumvent this problem by
applying a software threshold to our data by making an energy cut on the spectrum of
highest energy per event ( g). We set our software threshold at 1.5 MeV (well above the
hardware threshold of 750 keV) in order to ensure that the hardware threshold has no e ect
on the (gated) data. Table 5.2 lists (for each energy) the simulated BGO e ciencies as well
as the measured e ciency obtained by comparing coincidence to singles yields. Table 5.14
lists the resonance strengths and energies determined from coincidence yields. More details
on the various spectra are given in the following resonance energy sections and the decay
schemes used for &nt 3 simulations are given in the corresponding sections below for a
given yield measurement.

The measured BGO detection e ciency is just the ratio of the number of recoils detected
by the BGO N %€t to the number of reactions occurring in the targeN i :

N (rjet
mes = N (@41
xn

The number of recoils detected by the BGO isiot simply the number of coincidences; this
number must be corrected for the fraction of recoils that are selected for charge at MD1, the
fraction of recoils that get transmitted to DRAGON's end detectors, the fraction of recoils
transmitted through and detected by the MCP, and the fraction of recoils that are recorded
by DRAGON's DAQ. Thus the number of detected recoils can be related to the number of

coincidences by:

Ndet_ C

rec — trans det coinc
CSF sep MCP MCP live

(4.42)
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On the other hand, the number of reactions occurring in the target is just the number of

detected singles events divided by the singles detection e ciency:

S S C
Noon = —= trans det sing B-GO (4.43)
sing CSF sep MCP MCP IC live coinc

Inserting Equation (4.42) and Equation (4.43) into Equation (4.41), we have

C Ic =ing
gg%s = S coig\ée (4.44)
live

The measured BGO detection e ciency can only be estimated in cases in which there is good
discrimination between recoil events and leaky beam events in DRAGON's end detectors. It
should also be noted that the BGO detection e ciency obtained from @ant 3 simulation
is used to calculate the coincident yield, and the measured BGO e ciency is simply a sanity
check that was possible in S1372 data because of good discrimination between recoils and
leaky beam in the singles particle identi cation (PID) spectra. Measured BGO e ciencies
for S1372 data were calculated using Equation (4.44) and are compared to BGO e ciencies

obtained from Geant 3 simulations in Table 5.2.

4.4.2 Charge State Distributions

lons (recoil and beam ions) traversing DRAGON's gas target exit the target in a distri-
bution of charge states. Some fraction of the recoils produced in reactions in DRAGON's
gas target will be directed into the charge slits at the charge selection stage because they are
not in the selected charge state, and therefore do not possess the required magnetic rigidity
to be focused onto the focal plane at the charge slits. Consequently, yield measurements
at DRAGON have to correct for the charge state fraction (CSF) of recoil nuclei that are
transmitted to the charge focal plane. Ideally, a direct measurement of a beam of the recoil
species is performed. The reader should note that it is not necessary to make CSD mea-
surements of a beam of the speci ¢ (possibly radioactive) recoil isotope because the average

equilibrium charge state (Equation (4.46)) does not depend on the mass (or baryon number
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Figure 4.5: S1372 charge state distribution measurements®¥r in He gas at a bombarding
energy ofEp = 540 keV/u compared to CSD obtained form the semi-empirical relationship
obtained by Liu et. al. [66].

A) of incident ions (see [58, 67 70] and the references therein). This simpli es the CSD
measurement because a stable beam of the recoil species of interest may be used.

CSD data for S1372 were collected at thré8Ar bombarding energiesEp = f 610540 484y
keV/u) and at three pressures P f 7:0;8:0;9:0g9 Torr) for each energy. Concerning the
S1372 data, at two out of the three energies at whicfPAr CSDs were measured (the 610
keV/u and 484 keV/u measurements) only three charge states had a magnetic rigidity suf-
cient to center the beam on the charge slits (see Figure 4.6). As such, the Gaussian ts
obtained for CSDs at those energies had zero degrees of freedom. Thus there is no way of
knowing how well S1372 measurements described the actual CSD. Additionally, examination
of Figure 4.6 reveals that the measurements at the 484 keV/u beam energy appear to not

be normalized. There are a couple possible causes for this: either the charge slits were too
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Figure 4.6: All S1372 charge state distribution measurements 6fAr in He gas.

narrow to allow the full (charge selected) beam to be deposited on the charge Faraday cup
(FCCH) or FCCH was malfunctioning at the time of these measurements. Therefore only
the CSD measurements obtained for th&°Ar bombarding energy ofEy, = 610 keV/u may

be considered valid measurements and the rest must be discarded.

There are several methods in the literature for tting CSD data in order to nd the
relationship between the average equilibrium charge statgand ion energyE [58, 67 70].
Liu et.al. [66, 71] studied the charge state distributions of many species of heavy ions of
interest to DRAGON passing through H and He gas and found that the CSDs of the ions

were well described by a Gaussian distribution with meaq and standard deviation

d= dizY (4.45)

where d; = 0:23675 andw = 0:54772. Liu et.al. found that the following semi-empirical

relationship was the best t to describe the relationship betweem and E for CSD data
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Figure 4.7: S1372 average equilibrium charge state data (black squares) and semi-empirical
t (red line), semi-empirical t for Liu data in H (dashed black line) and semi-empirical t
for Liu data in He (dashed blue line) [66].

relevant to DRAGON's commissioning:

2 0 s 13

g E
q= Zp41l exp@ zil S0t CAS (4.46)

p
whereZ,, is the atomic number of the projectile ion with energyE, E®=0:067635 MeV/u is

the energy corresponding to the (modi edyeduced velocity®=3:6 10° m/s, and ¢ and
are free parameters of the t.

Figure 4.7 and Figure 4.8 compare the valid S1372 CSD data to the t obtained by
Liu et.al. [66]. It is evident from Figure 4.7 and Figure 4.8 that S1372 data agrees with
the semi-empirical formula obtained by Liu. Since it is impossible to obtain a relationship
betweenEy and g with only one data point, the yield values obtained for S1372 data in this

thesis uses the semi-empirical formula obtained by [66] to estimate the CSF for a given yield
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measurement with a generous uncertainty of 5 percentage points. Using Equation (4.46)
along with Equation (4.45) one can interpolate the value off for a given recoil energy,
we can ascertain the average equilibrium CSD for a given energy and evaluate it at the
selected charge statg in order to ascertain csg. The values obtained forg by evaluating
Equation (4.46) and subsequent values obtained féts and F7 by evaluating the resulting
gaussian distribution for S1372 recoil energies are given in Table 4.2. It is recommended that
the CSD of “°Ar be measured again with greater care at a later date.

A word on the CSD study by Liu et.al. [66, 71]. Because DRAGON's experimental
yield (and consequently, the resonance strength) is inversely proportional to the CSF, it is

important that this value be known a high degree of accuracy, as experimental yields are

sensitive to variations of the CSF. However, Engel notes in [63] that:
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With the presented results, it becomes obvious that deviations of the measured
resonance strength especially iR!Ne(p; )2??Na at E¢m = 258:6 keV might be
linked to assumptions made on the charge state probability. It can be concluded
that the study to predict charge state distributions o ers room for further im-
provements. In the meantime, for reliable results, the charge state fraction has

to be measured and analyzed for each experiment individually.

Additionally, Liu et. al. [66] note that The distribution width is a very sensitive parameter
and no theoretical prediction is available yet. Furthermore, Liu et. al. give no uncertainties
for the t parameters they obtained, nor do they recommend any value for the systematic un-
certainty of charge state fractions calculated using their semi-empirical formula. Close exam-

ination of their semi-empirical formula reveals a possible aw: rearranging Equation (4.46),

we nd S
I
¢ E
In(1 9=4%) = — + (4.47)
% Z, EO°

which has the form of a line with slope c; and interceptc, (wherey ! In(1 Q=%) and

q —
X ! i £u). Examining the left hand side of Equation (4.47), we expect that it can never
be > 0, otherwisegq=2, would have to be negative (which is physically impossible because
Zp, 2 Z* by de nition and the probability of g < 0 is vanishingly small). Continuing on to

solve Equation (4.47) forcp, we obtain

(4.48)

As incident ion energyE ! 0, we expectg! O, in which casec, ! In(1) = 0. Otherwise,
for nonzero energies, we always expect thgt< Z,, in which case In(1 g9=2%,) is always< O.
Thus, In(1 g=2%,) (and, by proxy, Cy) is physically constrained to always be 0. Yet Liu
et. al. give positive values forc, (see gures 8 (a) and (b) in [66]), which, it would seem, are

not physically realizable.
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Table 4.2: Average equilibrium charge statesq) and resulting charge state fractions (csg)
obtained by applying the Liu semi-empirical formula [66] to®®Ar (Z = 18) recoil energies
(Erec) corresponding to34S(; )38Ar resonance energiek;.

E Meas [MeV] E 128 [MeV/u] [ g+ 7+

26965 0.647 8.34 0.355 0.188
2477 0.594 7.95 0.371 0.265
23912 0.573 7.78 0.365 0.295
2299%b 0.551 7.60 0.350 0.324
2249 0.539 7.50 0.338 0.338
2218 0.532 7.43 0.329 0.346
2164 0.519 7.32 0.312 0.357
2089y 0.501 7.16 0.285 0.368

@ Tuned to the 8" recoil charge state during this yield measurement.

b Tuned to the 7* recoil charge state during this yield measurement.
See section 5.2 for details concerning this value Bf"¢S.

Y See section 5.11 for details concerning this value B{"€2,

Finally, DRAGON has a backlog of CSD data from years of radiative capture experiments.
For these reasons, it is recommended that the CSD data from [66] as well as subsequent CSD
data collected at DRAGON be reexamined with the aim of a more accurate and complete

understanding of charge state distributions of heavy ions passing through H and He gas.

45 Particle Identi cation

Particle identi cation (PID) was conducted via analyses of two data sets; singles data
(events that had detector signatures only in DRAGON's heavy ion detectors) and coincident
data (events that had detector signatures in DRAGON's BGO -ray array in coincidence with
detector signatures in the heavy ion detectors.) The following sections detail the methods

utilized in analyzing singles and coincidence data.

45.1 PID in Coincidence

Particle identi cation of coincident events was achieved by plotting a 2-D pulse height

spectrum of the time to amplitude converter of the MCP signals (MCP TAC) vs the separator
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Figure 4.9: MCP TAC vs separator TOF for (coincident) events during yield measurement
number 6 (at E, = 2359 keV tuned to the 8+ recoil charge state - see Table 5.1). Gray
triangles are coincident events, open red triangles are events in the background region, and
lled red triangles are events that passed the golden TAC-TOF recoil gate (inset)

TOF (TAC-TOF) for heavy ion events occurring in coincidence with detection of a -ray
in the BGO array (that passed the threshold and pileup gates on the YelA spectra,
see Figure 5.24). The TAC-TOF spectra for data taken during S1372 were largely free of
background, making identi cation of a recoil signal remarkably obvious, and negating the
necessity of background estimation via sideband analysis.
A word on the relative cleanliness of the TOF-TOF spectra: the probability of a random

-ray occurring in coincidence with a leaky beam event that falls within the MCP TOF ROI
is a Poisson process. For a BGO threshold setting of 750 keV (the threshold setting we ran
at for the duration of S1372 data collection), the BGO trigger rate () is roughly 200 Hz.

Thus, the probability of a random -ray occurring in coincidence with a leaky beam event
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Figure 4.10: rF period as measured by the TDC during attenuated beam run 1034.

within the =20 s coincidence window is

(e

P(k=1)=

= (200[Hz] 20[ s])e 200MHz 200 sl (:004 (4.49)

Thus, if we see 1000 leaky beam events over the course of a yield measurement, we should
expect on the order of a few (or, more precisely 1000*0.004=4) accidental coincidences within
the 20 s coincidence window.

We can perform a simple sideband analysis in order to ascertain the expected background
in our de ned signal region (the golden recoil gate). Using the noisiest MCP TAC vs
separator TOF spectrum (i.e. - the TAC-TOF spectrum for yield measurement number
6 - see Table 5.1) as an example, we can estimate the expected background as follows.

The rF period measured by the TDC during this yield measurement wasg = 86:8 ns
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(see Figure 4.10), so we de ne our signal region to be 20886:8 ns. This allows room

for =224 shifted background regions within the default 10 s coincidence window (from
136 ¢ to 88 (¢). There aren = 3 events that fall within the MCP TAC recoil gate, but

outside the separator TOF recolil gate (see Figure 5.24). This gives a (negligible) background

rate ofr = n= =0:013.

4.5.2 PID in Singles
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Figure 4.11: MCP TAC spectrum of yield measurement 4. The orange lled histogram
shows events that occurred in coincidence with a signal in the BGO array and the gold-
lined histogram are coincident events in the golden recoil gate. Vertical lines denote a
software gate used to identify recoil (signal) events. Note the presence of jitter in the MCP
TAC signal and the large leaky beam shoulder on the signal peak.

The expected separator TOF for38Ar recoils at the resonance energy of 2327 keV/u (in the CM frame)
is 2065 ns, so accounting for energy loss across the target we exp&8Ar recoils to have a separator TOF
of 2080 ns.
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Unfortunately, the MCP TOF resolution was not su cient to distinguish recoil candi-
dates from leaky beam events in singles (see Figure 4.12). However, good energy separation
between recoil candidates and leaky beam events within DRAGON's ionization chamber
made analysis of singles events possible. The following procedure was used to identify sin-

gles events for all resonance energies:

1. From the MCP TAC vs separator TOF histogram, we can de ne a golden coincidence
recoil gate in order to highlight ROIs in singles histograms (in the IC and MCP - and

possibly in RF TOF as well).

2. Make a (narrow) cut on the local (MCP) TAC on the region(s) where golden recoils

events populate (see Figure 4.11).

From here, we could plot a 2-D pulse height spectrum of IC anodes and draw another
narrow gate around the ROI where the golden recoil events populate (as in Figure 4.13(a)),
but this does not give us a good idea of how many leaky beam (background) events are leaking

into our signal region. Furthermore, close examination of Figure 4.13(a) reveals that there

Note that a simple sideband analysis would not work here because the background is not uniform.
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are golden recoil events that bleed into the region of leaky beam events, hence if we make
an appropriate cut that includes the bleed region, we will inadvertently overestimate the
number of singles recoils. On the other hand, we could project the 2-D spectrum of IC
anode[1] vs IC anode[0] onto the diagonal and attempt to identify recoils in the resulting
1-D pulse height spectrum. For the S1372 data, IC anodes 0 and 1 exhibit good separation

between leaky beam and recoil events, so we can proceed with recoil identi cation as follows:

3. Plot IC anode[1] vs IC anode[0] and project this 2-D pulse height spectrum onto the
diagonal using the rotation matrix
# 0" o# #
cos  sin X

0 = sin  cos y (4.50)

4. Plot the resulting projected 1-D pulse height spectrum with events in the golden
recoil gate overlaid (see Figure 4.14). This reveals the same structure that we expected
from the 2-D histogram of IC anode[1] vs anode[0], namely, that there is a marked peak
where the golden recoil events populate that seems to bleed into the leaky beam

region, as well as a leaky beam peak that appears to also bleed into the signal region.
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during the yield measurement 4. The gold lined histogram are golden recoil events. Vertical
lines denote a software gate used to identify the signal region.

5. This distribution is well modeled by a double Gaussian (see Figure 4.14):
|

f(X) = coexp ()(2%01)2 + czexp ()(2024)2 (4.51)

6. We can choose a signal gate that includes all of the golden recoils, count the number
of events in the signal region and then subtract thestimated number of background

counts in the signal region by integrating the rst Gaussian over the signal region.

7. One can then estimate the uncertainty using a number of di erent methods: adding the
uncertainties in the number of counts in the signal and background regions in quadra-
ture, or use ROOT'sTRolke [72] class to model the background(s) and e ciency(ies)

as Gaussian or Poisson distributions.

addition of uncertainties in quadrature was su cient for the purposes of this work.
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453 E!®) Measurement

By analyzing the hit pattern of -ray signals in the BGO array, it is possible to estimate
the location along the beamline (irz) of the resonance within the target. Because beam ions
lose energy (as a result of interactions with the target material) as they traverse the target,
the z-position (i.e. - the position along the beam axis with respect to the target center)
of the resonance can be used to estimate the energy of the resonalige The measured
resonance energies for S1372 data were calculated from the measured arithmetic mean of the
z-position distribution of of the highest energy per event using equations (3) - (5) from

[62]:

Our calculations exclude the geometric correction, i.e. - the systematic o set of 0.57 cm (due to the
“less e cient two upstream BGO counters’) from eqgn (3) because the two aforementioned detectors were in
their normal position for stable beam measurements (i.e. - the BGO array was symmetric with respect to
the z-axis).
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Zggo = 0:79Zrye

p o 952 (4.52)
Le
- . (Ei o)
B =1 DE+E, 11 0L >R

Where possible (i.e. - when the outgoing beam energy from the gas target was approxi-
mately equal to or overlapped with the next measurement's incoming beam energiR),was
calculated using measured values f&, S, E and S. Otherwise it was calculated using

interpolated values from the SRIM calculation scaled by a factor of 0.9.
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CHAPTER 5
RESULTS

The following sections describe the results of the analysis of S1372 data in detail. Table 5.1
displays various physical values relevant to analysis of the S1372 data, and Table 5.2 displays
various e ciency values associated with DRAGON, also necessary for analysis of S1372 data.

We begin discussion of the results with a word on jitter.

5.1 Jitter

As described in section 3.5, every timing signal processed through DRAGON's DAQ
contains jitter. Although in most cases the e ect is small, jitter doesa ect data analysis
as illustrated below. Specically, ringing in the timing signals produced by DRAGON's
MCPs give rise to a jitter peak in the MCP spectra (see Figure 4.11). These jitter events
can also be seen in the 2-D MCP TAC vs separator TOF pulse height spectra (the spectra on
which the principal cut is made for identifying recoils in coincidence - see Figure 5.15). Taking
yield measurement number 4 as an example (because out of all of the yield measurements it
has the most events in the jitter region), we can de ne a golden recoil gate on the MCP TAC
vs separator TOF spectrum that includes only these events in order to determine whether
they should be included in the analysis or discarded.

Figure 5.1 displays various BGO spectra useful for identifying recoils populated with
events in the jitter recoil gate superimposed on the identical spectrum for golden recoil
events. Figure 5.2 displays a 2-D pulse height spectrum of IC anode[l] vs IC anode[0] of
the same jitter events superimposed over the same spectrum for golden recoil events. It is
evident from Figure 5.3 and Figure 5.2 that the jitter events satisfy all other criteria for
golden recoils - namely - they are coincident events that have the correct separator TOF
occurring in the central region of the target with -ray energies between 1.5 and 11.0 MeV.

Therefore the events in the jitter region cannot be vetoed using any criteria apart from being
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Figure 5.1: BGO spectra for events in the jitter region of the MCP TAC vs separator TOF
spectrum for yield measurement 4. Panel (a) BG@-position of highest energy per event.
Panel (b) - sum of energy spectra of all BGO detectors. Panel (c) - spectrum of highest
energy per event ( o). Panel (d) - 2-D spectrum of 2nd highest energy-ray per event vs
highest energy -ray per event (1 VS o).

jitter events. Apart from being in the jitter region of the MCP TAC spectrum, these events
would make convincing recoil candidates (for example if one were to use a golden recoil gate
on just the separator TOF, these events would be counted as recoils). On the other hand,
if one were unaware of the phenomenon of jitter or not careful in analyzing the MCP TAC
spectrum, these events would be missed entirely. For these reasons, the jitter events have
been taken as a systematic uncertainty of the yield measurement (or, more speci cally of the
measurement ofNec) and are added in quadrature with the statistical uncertainty in order

to obtain the total uncertainty in N ec.
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golden recoil gate during yield measurement 4 to illustrate the lack of a reasonable veto
criteria for the jitter events.
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Table 5.1: S1372 measured resonance energies (in the CM frame) compared to literature values [27] and other relevant run
data. The measured excitation energy ofAr Ey was calculated using the literature value of) = 7208:04 keV [73, 74] for the
345(: )38Ar reaction. All energies are in units of keV.N are the number of particles detected in the elastic scattering
monitors during the given yield measurement (not corrected for deadtime). Note: see section 5.2.1 for discussion regarding the
literature value of Ey = 9917 keV.

Measurement RUNS E cm range E, E galc. E it Pavg N
Number [keV] [keV] [keV] [keV] [Torr] (raw)
12 967-979 2689-2715 2706(9) 9914(9) 9917 3.27(10) 10715
24 985-994 2661-2715 2696(8) 9904(8) 9917 6:97(35f 21920
and 9894
3a 1000-1008 2457-2528 2477(10) 9685(10) 9689 8.98(19) 16907
42 1018, 2354-2428 2391(7) 9599(7) 9597 9.03(21) 55424
1021-1033
54 1035-1044 2287-2359 2299{8) 9507(8) 9535 9.04(20) 263288
6° 1047-1058 2289-2359 2300%8) 9508(8) 9535 8.75(19) 156758
7° 1060-1065 2227-2289 2249(10) 9457(10) 9460 9.00(18) 91370
g° 1075-1081 2180-2252 2218(8) 9426(8) 9431 9.13(19) 127131
9o 1088-1104 2127-2187 2164(8) 9372(8) 9374 7.89(19) 235743
10° 1110-1122 2065-2133 2089(9) 9297(9) 9300 8.57(18) 170144
and 9293

@ separator was tuned to the 8+ recoil charge state.

b separator was tuned to the 7+ recoil charge state.

¢ EPICS pressure data was only recorded for runs 992-994, so a generous 5% uncertainty has been adopted.

d The measured resonance energy for both yield measurements B, = 659 keV/u (corresponding to Ecy = 2359 keV) was E, = 2299(7) keV.
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Table 5.2: Measured DRAGON e ciency parameters for S1372 singles and coincidence data. All values feisg have an
uncertainty of 5%. The recoil cone angle for 90's at the lowest measured resonance energy is 8.31 mrad is well within
DRAGON's acceptance, so we adopt the canonical value obhra = 99:9*%@%% [59] as the separator transmission for all yield
measurements.

Measurement o Ic MCP 286 BGO s foac e oy
Number

22 35.5 81.4(5)  99.6(5) 6837 67(3) 99.9 95.7 1% 29 191 24
3R 37.1 72(4) 84(4) 70782, 72(4) 99.9 95.6 14 2.7 149 2.7
42 36.5 80(3) 90(3) 6983 70(5) 99.9 95.7 14 33 173 255
52 35.0 80.1(9) 86.5(9) 703  67(29) 98.9 94.8 146 38 159 2:3
6° 32.4 80.1(9) 86.5(9)  7p*Y3  71(11) 99.7 95.5 13 37 149 2:3
7° 33.8 43(8) 89(3) 8588,  73(25) 98.4 94.6 19 27 85 1:.8°
g 34.6 80(8) 86(9) 8&' 9, 928, 98.5 94.2 18 35 155 34
oP 35.7 79(1) 81(1) 8580,  77(14) 99.7 95.6 18 28 152 1.9
10° 36.8 79(5) 88(5) 888, 70(15) 99.8 95.7 14 34 169 25

See section 5.2.2 concerning data for yield measurement 1.
@ Separator was tuned to the 8+ recoil charge state.
b Separator was tuned to the 7+ recoil charge state.

¢ The discrepancy between coincident and singles detection e ciencies for yield measurement 7 is due to the poor IC téetion e ciency for this
yield measurement, see section 5.8.
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5.2 Yield Measurements 1 and 2: Er("t) = 2709 keV

Yield measurements at an incident beam energy & = 2715 keV were taken at two
di erent pressures. This was done because online analysis of the data revealed that the
count rate for recoil candidates was much lower than expected, so it was apparent that the
resonance neaEcy = 2709 keV was not in the target. After increasing the target pressure
and touching up the tune, the count rate increased to expected levels. We begin with a
discussion on apparent inconsistencies in the literature value of the excitation energy of this

state E>(<"t) = 9917 keV.

521 E) =9917 keV state

According to Cameron [27] and the NNDC [75], thd =1 state at Ex =9:917 MeV
is attributable solely to 3*S(; )38Ar measurements. There are 3 sources [20 22] in the
literature that claim to have measured the energy of a 1resonance neaEy = 9:913 MeV
in 34S(; )38Ar. Table 5.3 displays the various literature values of the excitation energy
(Ex) of this state. The values ofEcy given for the NNDC and Endt are the center of mass
resonance energy calculated from the respective adopted valueg gfand Q in these sources.
The values given for the three literature sources [20 22] are the measuredenergy values
and the respective values oEx and Q adopted in those works. The values dEcy for the
sources in Table 5.3 are calculated by transforming the energy to a CM energy using the
most recent values oimay,, Masg [73, 74]. The values given in parenthesis fdy are the
updated values, calculated using the most recent value o) = 7:20804 MeV (calculated
from the most recent values of map,, Mg and massa, [74]) and the calculated values
for E cm. Note that the values forEyx given in the three sources in Table 5.3 are erroneous
because theQ-values used to calculate them are obsolete. The NNDC's average value for
the excitation energy of this stateEx = 9:917 MeV is similarly obsolete. It is recommended

that the excitation energy of this state be updated tdEx = 9:912 MeV.
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5.2.2 3.38 Torr runs

Data for yield measurement 1 (see Table 5.1) were collected at an average target pressure
of 3:38 0:05 Torr. The incoming beam energy was measured &f, = 757:5 keV/u (corre-
sponding toEcpm = 2715 keV) and the outgoing beam energy was measuredB&g,; = 750:57
keV/u (corresponding to Ecpy = 2690 keV). For this target thickness, only the 1 state near
Elt = 9:917 MeV should have been in the target. However, an unexpectedly low yield was
measured during these runs compared to the later measurement (see section 5.2.3), when the
target pressure was increased to 6.97 Torr and both the =1 state at EJ' = 9:917 MeV
and theJ =27 state at Ex = 9:894 MeV were clearly in the target. This is quite puzzling
as the yield should have increased only slightly when the much weaké&* resonance was
included in the target. Additionally, because the state neaElt = 9:917 MeV has a spin and
parity of J =1 , we would expect to see a strong transition directly to the ground state
(owing to the E1 character and polarity of the emitted ) as in Figure 5.9(c). However, we
see no such evidence of a strong ground state transition in the yield measurement 1 data
(see Figure 5.5(d)). This suggests that th& !t = 9:917 MeV state was not in the target

during this yield measurement.

Table 5.3: Discrepancies in the literature for the value of the excitation energky of the

1 state near 9.913 MeV in®8Ar. The values in parentheses in column 2 are the values of
Ex obtained using the most recent (from reference [74]) - value of 7.20804 MeV for the
345(; ) 38Ar reaction. All units are in MeV.

Source Ex Q Ecv E

NNDC [27, 75] 9.917 7.2077 2.709 -

Endt [7, 76] 9.912 7.2078 2.704 -

Sinha [22] 9.914(9.911) 7.2102 2.703 3.022
Phillips [20]  9.920(9.913) 7.213 2.706 3.025
Erne [21] 9.919(9.913) 7.213 2.706 3.025

Sinha et. al. [22] measured a resonance strength ¢f =0:6 0:3 eV for the Ex = 9:894 MeV state
compared to! =2:62 0:56 eV for the Et =9:917 MeV state.
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Figure 5.4: Local (MCP) TOF vs separator TOF for (coincident) events during yield
measurement 1. Gray triangles are coincident events, open red triangles are events in the
background region, and lled red triangles are events that passed the golden TAC-TOF
recoil gate (inset).

There are a total of 10 events in the MCP TAC vs separator TOF (TAC-TOF) golden
recoil gate for yield measurement 1 (see Figure 5.4), and a total of 14 events in the jitter
region. Because there are more events in the jitter peak than the golden recoil gate and
because the total number of events in the separator TOF signal region is relatively low, the
histograms in this section are overlaid with histograms including events from both the golden
recoil gate and the jitter peak.

One possible explanation for the discrepancy is the possibility of a mistune during
the data collection at the 3.38 Torr pressure. Table 5.4 displays various parameters for

DRAGON's separation elements that are indicative of the integrity of a tune, along with the
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Figure 5.5: BGO spectra for events in the separator TOF signal region for yield measure-
ment 1. Panel (a) - Spectrum of BGO Z-position of the highest energy per event. Panel
(b) - sum of energy spectra of all BGO detectors. Panel (c) - spectrum of highest energy
per event. Panel (d) - 2-D spectrum of 2nd highest energyray per event vs highest energy

-ray per event (1 vS o). The overlaid orange histograms result when the golden recoil
gate is expanded to include the jitter peak.

resulting measured atomic mass to charge raticA=q and the percent error between the
measured and theoretical values. The mass to charge ratio measured by DRAGON is

calculated as

2
2 - 2:468 10 5CMDL (5.1)
ED1

whereBypz is given in gauss and/gp; is the ED1 set point voltage in kV. Although

i.e. - the atomic mass to charge ratio to which DRAGON's optical elements are tuned
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Table 5.4: Tune parameters for DRAGON's separation elements during S1372 data collection. The direction of the arrow in
column 14 indicates a relative increasé') or decrease #) in the measured mass to charge ratio.

MD1 ED1 [V] ED2 [V] Field Ratios (F/MD1)
Ep [MeV] Gune Field[g] I[A] Set Read Set Read MD2 Q1 Q2 Alg % error

AB 9 4712.05 3924 1448 144.0 1151 1144 1.230 0.703 0.670 3.785 "0.19 (

25.754 3.38 [Torr] 8 5304.49 443.7 1473 1464 117.1 1164 1.232 0.707 0.707 472 #).73(
6.97 [Torr] 8 5293.55 4427 146.2 1454 116.3 1156 1.232 0.706 0.673 473 #.44 (

3,985 AB 8 5073.11 4235 148.9 1481 1184 117.7 1.229 0.705 0.672 4.26 "0.34 (
Recoils 8 5703.25 4235 133.3 1325 106.0 1053 1.229 0.705 0.672 4.77 "0.34(

93,036 AB 8 4966.67 414.4 1423 1415 1135 1128 1.229 0.705 0.672 428 "0.65 (
Recoils 8 4966.85 414.4 1274 126.7 1015 1009 1.229 0.705 0.672 4.78 ").65 (

AB 8 4893.36 407.7 137.7 137.0 110.1 1095 1.228 0.704 0.671 429 "0.97(

22.377 8+ rec. 8 4893.19 407.7 123.2 1226 985 979 1.228 0.704 0.671 4.80 "0.95(
7+ rec. 7 5595.47 468.7 141.1 1404 1128 112.1 1.228 0.658 0.675 547 "0.85 (

21.789 AB 7 5517.32 461.6 153.4 152.6 1225 121.8 1.229 0.707 0.674 490 "0.81 (
Recoils 7 5517.36 461.6 137.3 136.5 109.6 109.0 1.229 0.707 0.674 5.47 ").80 (

21,364 AB 7 5455.58 455.7 150.4 149.6 119.8 119.0 1.229 0.706 0.673  4.88 "0.55 (
Recoils 7 5455.6 455.7 134.6 133.8 107.2 106.5 1.229 0.706 0.673 5.46 "P.55(

20.744 AB 7 5378.08 448.9 1458 145.0 116.4 1157 1.228 0.705 0.672 4.90 "0.80 (
Recoils 7 5389.09 4499 132.0 131.3 1054 104.8 1.228 0.705 0.672 5.428 #).003 (

20.234 AB 7 5315.97 4439 1425 141.7 113.6 1129 1.228 0.705 0.672 4.89 "0.78 (
Recoils 7 5316.15 4439 1275 126.8 101.6 101.1 1.228 0.705 0.672 5.47 ")0.78(
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discrepancies of up to 1% can often be tolerated by DRAGON, an interesting feature
of the S1372 data is that for almost all of the resonances measured, the percent error did
not change drastically (or at all in many cases) between the attenuated beam run and the
recoil runs (sc. - the systematic error in the mass to charge ratio was consistent between
attenuated beam and recoil runs for a given energy). For example, the attenuated beam
run for the 2478 keV resonance (which was taken in the 8+ charge state) DRAGON was
tuned to a measured mass to charge ratio of 4.26 0.34% higher than the actual value of
A=q = 34=8 = 4:25. Similarly, during the recoil runs for the 2478 keV resonance, DRAGON
was tuned to a measured mass to charge ratio of 4.77 0.34% higher than the actual
value of A=q = 38=8 = 4:75. On the other hand, during the recoil runs at a pressure of 3.38
Torr for the 2706 keV resonance, DRAGON was tuned to a mass to charge ratio of 4.72
0.73%lower than the actual value of 4.75, whereas the attenuated beam run was tuned to a
mass to charge ratio of 3.785 0.19%igher than the actual value of 3.778. Although this

is not compelling evidence that DRAGON was mistuned during the 3.38 Torr runs at the
2706 keV resonance, it isuggestivehat a mistune was the possible reason for the puzzling
data collected at this target pressure. The lack of a competing explanation for the puzzling
data collected during yield measurement 1 makes a mistune the likely explanation for the
discrepancy, and since nothing reliable can be stated about the recoil energy and charge state

in the event of a mistune, the data for yield measurement number 1 should be discarded.

5.2.3 6.97 Torr Runs

Data for yield measurement 2 were collected at an average target pressure 76
0:35 Torr. However, EPICS data is missing from the midas/root les for runs 988 - 991,
and the pressure reading from runs 985 - 987 seems to be have been recorded erroneously,
having a singular value of 3.17 Torr (which con icts with the runlog comment stating 7.08
Torr) over the span of these three runs (approximately 2 hours), so we have adopted the

average pressure value over runs 992 - 994 of 6.97 Torr with a generous 5% uncertainty.
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The incoming beam energy remained unchanged &y = 757:5 keV/u (corresponding to
Ecm =2715 keV), but the increased target pressure resulted in an outgoing beam energy of
Eout = 742:0 keV/u, corresponding to a CM energy oEcm = 2659 keV. At this bombarding
energy and target thickness, both the]l =1 state at EJ' = 9:917 MeV E[,, = 2709
keV) and the J =2% state at Ex = 9:894 MeV (Ecm = 2686 keV) were roughly centered

in the target (see Figure 5.8). During yield measurement 2, a total of 10,715 particles
were detected in the IS signal peaks, resulting in a total integrated beam on target of

Np = (5:81 0:81) 10" incident 34S’* ions.

5.2.4 Coincidence Analysis of Yield Measurement 2

There are atotal ofc St $¥5=863 294 9eventsinthe MCP TAC vs separator
TOF (TAC-TOF) golden recoil gate for these runs (see Figure 5.6). We can estimate the
background rate using a simple sideband analysis, with=2, =225 (corresponding to an
RF period of rg =86:8 ns measured by the TDC) and r = 0.0089. This rate is insigni cant
considering the number of detected recoils. Of the 863 events in the expected signal region,
745 events have a valid signal in the IC, suggesting an IC detection e ciency ofc =
86:3+= 4:3%. This agrees with the IC detection e ciency of |ACB =81:5 0:6% measured
during the attenuated beam run for this energy.

The only parameter that is missing from our calculation of the coincidence yield (and
subsequently the resonance strength) then is the e ciency of the BGO-ray array. This was
ascertained by performing a ®ant 3 simulation [42] of the BGO -ray array. Figure 5.9(a)
shows the spectrum of highest energy per event in the BGO array, and compares the
measured spectra to the spectra obtained from éant 3 simulations. Cameron and the
NNDC [27, 75] only give the intensity of one electromagnetic transition from th&)t =
9:917 MeV state (the ground state transition), but list a total of ve transitions four of

which have no transition intensities listed. S1372 data clearly shows (weaker) transitions

Note that the IC detection e ciency is only used in calculation of the singles yield.
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Figure 5.6: MCP TAC vs separator TOF for (coincident) events during yield measurement
2. Gray triangles are coincident events, orange diamonds are jitter events, open red triangles
are events in the background region, and lled red triangles are events that passed the
golden TAC-TOF recoil gate (inset).

to other lower lying states in addition to the ground state (see Figure 5.9(a), Figure 5.9(b)
and Figure 5.9(c)).

The BGO e ciency was determined using the (known [27, 75]) -decay scheme in Fig-
ure 5.7 in conjunction with the (unkown) branching ratios given in column 4 of Table 5.5.
The uncertainty on the BGO e ciency was determined by running the simulation with al-
tered decay schemes (also given in Table 5.5); the lower limit on the BGO e ciency was
determined by forcing a branching ratio of 100% for the direct to ground state transition,
whereas the upper limit was determined by splitting the branching ratio evenly between
a direct to ground state transition and a three (above threshold) cascade through the

Ex = 3810, keV andEx = 2168 keV states. Figure 5.9(a) compares the spectra obtained
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Figure 5.7: (Abbreviated) -decay scheme used in éant 3 simulations of DRAGON's
BGO array for the ENt = 9:917 MeV state. Note: for the lower lying states, only the
strongest transition is shown.

from Geant 3 simulations to the observed spectrum of highest energyper event for yield
measurement 2. In this gure, the orange lled histogram are the observed spectra, the blue
dashed histogram is the spectrum obtained from the&ant 3 simulation using the branching
ratios in column 4 of Table 5.5, the green dashed histogram is the spectrum obtained from
the Geant 3 simulation using the branching ratios in column 5 of Table 5.5, and the red
dashed histogram is the spectrum obtained from the&ant 3 simulation using the branching
ratios in column 6 of Table 5.5. The simulation was performed with the known spin and

parity assignment ofJ =1 . It should be stressed that the branching ratios given in
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Table 5.5: Branching ratios (in %) for electromagnetic transitions from theEl' = 9:917
MeV state used in Geant 3 simulations of DRAGON's BGO array. Labeling corresponds to
that in Figure 5.7. Note: for the lower lying states, only the strongest transition is shown.

Branch E [keV] E>(<f) [keV] Nominal Upper Lower

a 9913 0 71.5 50 100
b 7745 2168 3.0 0 0
c 6535 3378 6.0 0 0
d 6103 3810 10.0 50 0
e 5977 3936 3.0 0 0
f 5348 4565 6.5 0 0
g 2397 2168 93.81 0 0
h 3936 0 99.92 0 0
[ 1642 2168 93.18 100 0
] 1210 2168 100 0 0
k 2168 0 100 100 0

column 3 of Table 5.5 represent gossibleset of branching ratios used for the purposes
of simulation of the BGO array's detection e ciency. DRAGON's BGO -ray array does
not have su cient resolution to accurately measure the intensities of the electromagnetic
transitions of excited recoil nuclei.

The Geant 3 simulation yielded an e ciency of ggo =70 9%. Combining this with
the other relevant coincidence e ciencies, we obtain a total coincident recoil detection e -
ciency of Sin¢ = 15:61"2:31%. We then use this along with the aforementioned values for

and Ny, to calculate the coincident yield, obtainingYcoinc = 9:80'532 10 1. Then, using

the thick target yield (Equation (4.20)), we calculate a resonance strength bf = 4:37"%4:32
eV. Note that for the calculated resonance strength, the asymmetric uncertainties propa-
gated from the BGO detection e ciency are so close in value that it does not add any
meaning to the value. Thus we report the resonance strength with the maximum uncer-
tainty: ! =4:37 1.05eV.

The Z-distribution of highest energy per event for events passing the MCP TAC vs

separator TOF golden recoil gate has an arithemtic mean of -1.564 cm (see Figure 5.8). This
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Figure 5.8: Spectrum of BGO Z-position of the highest energy per event for the yield
measurement atE, = 2715 keV at Payg = 6:97 Torr.

results in a measured resonance energy (using the method described by Hutcheon et. al. [62])
of E; = 2696 8 keV. Some discussion is warranted here.

It is clear from Figure 5.8 that the presence of th&y = 9:894 MeV [Ecpm = 2686 keV)
in the target shifts the arithmetic mean of theE° z-distribution downstream of the distri-
bution's peak, causing an erroneous measurement of the resonance energy of the state near
Ex = 9:917 MeV. Examining Figure 5.8, we see that the distribution is peaked near= 3
cm (corresponding to a center of mass energy Bty = 2704 keV) and that the distribu-
tion has a de nite shoulder near the expected location (at the target centeg, = 0) of the
Ecm = 2686 keV resonance. Hence we measure a resonance energy nearly exactly between
the Ecy = 2686 keV resonance and th&cqy = 2704 keV resonance.

Because of the presence of tHe, = 2686 keV resonance in the target during this yield
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measurement the onlymeasuredvalue we can report is the combined resonance strength of
the 2705 keV and 2686 keV states. On the other hand, Sinha et. al. measured the resonance
strength of the Ecy = 2686 keV (E = 3002 keV) resonance to be:6 0:3 eV. Using
Equation (4.12), we can estimate thd&ecy = 2686 keV resonance's contribution to the thick
target yield and subtract it from our combined yield value in order to estimate the yield (and
subsequently the resonance strength) of thEecy = 2705 keV resonance. Doing so, we nd
that the expected yield from theE ¢y = 2686 keV resonance i¥2eg6 = (1:30 0:65) 10 11,
which gives a yield ofY>705 = (8:20 2:35) 10 1! and a resonance strength df = 3:77
1:09 eV. Unfortunately, the resonance strength obtained from S1372 yield measurements does
nothing to resolve the ambiguity in the literature values for the strength of the resonance
near Ecy = 2706 keV, as it agrees with both canonical values (within uncertainties). In
order to resolve the discrepancy, it would be necessary to measure both they = 2706
and the E ¢y = 2686 resonances again with greater care. This could possibly be done at a
later date in combination with a planned34S (p; )3°Cl beam time.

Comparing the combined resonance strength of the, = 2706 keV and theE, = 2686
keV resonances obtained from S1372 measurements to the combined literature values of the
resonance strengths for the two resonances would be misleading because such a comparison
would not take into account the e ect that the value of the corresponding resonance energy
has on the astrophysical reaction rate. However, we can compare our measured values to
the literature values by calculating the narrow resonance reaction rates for these resonance
strengths and energies using Equation (C.28) and Equation (2.52).

Table 5.6 compares the values for the narrow resonance reaction rate calculated from
resonance strengths and energies obtained in this work to those obtained by Sinha et. al. [22]
and Erne and Van Der Leun [21] for a temperature of = 2:2 GK. The reaction rate
calculated using the resonance strength and energy measured in this work agrees much more
closely with that of the reaction rate calculated using the resonance strength and energy

measured by Erne and Van Der Leun [21] than for the combined resonance strengths and
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Table 5.6: Narrow resonance reaction rates calculated from resonance strengths and en-
ergies obtained in this work compared to those obtained by Sinha et. al. [22] and Erne and
Van Der Leun [21].

S1372 Sinha et. al. [22] Erne & Van Der Leun [21]

E; [keV] 2696(8) 2703(4.5) 2686(4.5) 2706(4.5)
| [eV] 437 2.62(56) 0.6(3) 4.5(1.35)
Nahvi 0.0203 0.0147 0.0198

[cmPmol s 1]

energies measured by Sinha et. al. [22]. The values of the resonance strengths of these states
remain doubt. However, given that the total resonant reaction rate obtained by combining
S172 observations with existing data agrees so well with Hauser-Feshbach statistical models,
any future measurements of these resonances would likely be less valuable than the pursuit

of lower energy resonances (of which there are several - see reference [27]).

5.2.5 Singles Analysis of Yield Measurement 2

Employing the method outlined in section 4.5.2 for identifying recoil events in singles
with DRAGON's heavy ion detectors, we obtain the spectrum in Figure 5.10(a) and the
t shown in Figure 5.10(b). There are a total of Nsjg = 1114 events in the signal region
in Figure 5.14(a), but we estimate the background via the tin Figure 5.14(b) to bé = 26:7,
giving a total of s = 1088 34 singles recoil events. Combining this with the singles livetime
and IC detection e ciency of f =81:5 0:5%, we calculate the measured BGO detection
eciency to be &% =67 3%. This value agrees well with the value ofggo =70 9%
obtained from the Geant 3 simulation of the BGO array for theE, = 2705 keV resonance.
Using the relevant e ciencies for this yield measurement (see Table 5.2), we calculate a total
singles detection e ciency of gjng = 19:1  2:4%, giving a singles yield ogjng = (9:80
1:95) 10 11, This agrees well with the coincident yield obtained in the previous section.
Inserting this into Equation (5.2) along with the measured stopping power of = 186 6

eV/(101° “He cn?) for this bombarding energy and the de Broglie wavelength
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Figure 5.10: IC signal spectra obtained by employing the method outlined in section 4.5.2.
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region identi cation. Panel (b) - Double Gaussian t to spectrum in panel (a).

of the resonance (? = 0:855 barns forE, = 2696keV), we obtain a singles resonance strength
of ! sing=4:51 0:91eV. This is of course in good agreement with the coincident resonance

strength obtained in the previous section.

5.3 Yield Measurement 3 ( Er("t) = 2481 keV)

Data for yield measurement number 3 were collected at an average target pressure of
8.98(19) Torr. The incoming beam energy was measured g = 706:1 keV/u (correspond-
ing to Ecm = 2528 keV) and the outgoing beam energy was measured Bty = 686:1
keV/u (corresponding to Ecy = 2456 keV). At this bombarding energy and target thick-
ness, thel =1 state at EI' = 9:689 MeV was roughly centered in the target. From the
Z -distribution of highest energy per event (see Figure 5.12(a)), we measured a resonance
energy ofE, = 2477 10 keV, which is in good agreement with the literature values of
Elt =2480 45 keV [21] andE/" = 2482 4:5 keV [22]. During yield measurement 3, a
total of 16,907 particles were detected in the 1IS signal peaks, resulting in a total integrated

beam on target ofN, = 3:07(42) 10 incident 34S’* ions.
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5.3.1 Coincidence Analysis of Yield Measurement 3

There are atotalofc ~ $&  $¥5=205 143 4eventsinthe MCP TAC vs separator
TOF golden recoil gate for the yield measurement aEp = 2528 keV. Figure 5.11 shows
that there was virtually no background in the MCP TAC vs separator TOF spectrum, and
very few jitter events in the MCP TAC. Of the 205 golden recoil events in the TAC-TOF
spectrum, 161 events have a valid signal in the IC, suggesting an IC detection e ciency of

{?:B =785 8:3%. Thisis signi cantly higher than the IC detection e ciency of 61.9 3:1%
measured during the attenuated beam run for this energy, but is in good agreement with the

IC detection e ciency of ¢ =71:9 3.9 measured with singles recoil events.
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Figure 5.11: MCP TAC vs separator TOF for events passing the BGO threshold gate
during yield measurement 3. Gray triangles are coincident events, orange diamonds are
events in the jitter region, open red triangles are events in the background region, and lled
red triangles are events that passed the golden TAC-TOF recoil gate (inset).

This quantity was measured using the method in section 4.4.
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Figure 5.12: BGO spectra for events within the golden recoil gate for yield measurement
3. Panel (a) - BGO z-position spectrum for highest energy per event. Panel (b) - sum
of energy spectra of all BGO detectors. Panel (c) - BGO spectrum of highest energyer
event (see text for further explanation). Panel (d) - 2-D spectrum of 2nd highest energy
per event vs highest energy per event ( 1 vsS o).

Figure 5.12(c) shows the spectrum of highest energy per event in the BGO array,
and compares the measured spectra to the spectra obtained fronedht 3 simulations. The
Geant 3 simulation yielded an e ciency of ggo = 71*%0. The BGO e ciency was deter-
mined using the -decay scheme in Figure 5.13 with the branching ratios given in Table 5.7.
The uncertainty on the BGO e ciency was determined by running the simulation with al-
tered decay schemes (also given in Table 5.7); the lower limit on the BGO e ciency was

determined by forcing a branching ratio of 100% for the direct to ground state transition,
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Figure 5.13: (Abbreviated) -decay scheme used in &ant 3 simulations of DRAGON's
BGO array for the EI' = 9:689 MeV state. Note: for the lower lying states, only the strongest
transition is shown.

whereas the upper limit was determined by splitting the decay probability equally between
the direct to ground state transition and the transition to the 3936 keV state. Figure 5.12(c)
compares the spectra obtained from &nt 3 simulations to the observed spectrum of highest
energy per event for yield measurement 3. In this gure, the orange lled histogram are
the observed spectra, the blue dashed histogram is the spectrum obtained from thea@t 3
simulation using the branching ratios in column 4 of Table 5.7, the green dashed histogram
is the spectrum obtained from the @ant 3 simulation using the branching ratios in column

5 of Table 5.7, and the red dashed histogram is the spectrum obtained from the&ht 3
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Table 5.7: Branching ratios (in %) for electromagnetic transitions from theE)t = 9:689
MeV state used in Geant 3 simulations of DRAGON's BGO array. Labeling corresponds to
that in Figure 5.13. Note: for the lower lying states, only the strongest transition is shown.

Branch E [keV] E>(<f) [keV] Nominal Upper Lower

a 9689 0 12.6 50 100
b 7521 2168 30.4 0 0
c 6311 3378 8.7 0 0
d 5753 3936 48.3 50 0
e 3936 0 93.2 93.2 0
f 1210 3378 99.5 99.5 0
g 2168 0 100 100 0

simulation using the branching ratios in column 6 of Table 5.7. The simulation was performed
with the known spin and parity assignmentofl =1 .

The observed distribution in Figure 5.12(c) does not match the &@nt 3 simulation using
the literature values for the branching ratios for -transitions from this excited state. The
literature assignment of a spin and parity ofJ =1 leads one to expect a strong ground
state transition. Although the observed spectrum in Figure 5.12(c) does exhibit some di-
rect to ground state transition, it is signi cantly suppressed in contrast to Figure 5.9(a)
and Figure 5.16(c). Further, the literature branching ratios (given in Table 5.7) show that
the strongest observed electromagnetic transition is to thé = 2* state at 3936 keV (the
fourth excited state). This fact, coupled with the observation of a signi cant (but sup-
pressed) direct to ground state transition suggest that the spin and parity of this state could
beJ =27 rather than the literature assignment of) =1 .

Combining the BGO detection e ciency with the other relevant coincidence e ciencies
for this yield measurement (see Table 5.2), we obtain a total coincidence detection e ciency
of coinc = 14:1 2:7%. Along with the number of golden recoils and the total integrated
beam on target, we calculate a coincident yield &f.ginc = (4:74 1:16) 10 1. Then, using
Equation (5.2) along with the measured stopping power of = (192  11) [eV/(10%° “He

cm 2)] and the de Broglie wavelength of 2 = 0:930 barns (for this energy), we calculate a
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resonance strength of = 2:07 0:52 eV. This value agrees with the canonical values of
I =1:3 03evVand! =1:5 0.5 obtained by Sinha et.al. and Erne and Van Der Leun,

respectively.

5.3.2 Singles Analysis of Yield Measurement 3

Employing the method outlined in section 4.5.2 for identifying recoil events in singles
with DRAGON's heavy ion detectors, we obtain the spectrum in Figure 5.14(a) and the
t shown in Figure 5.14(b). There are a total of Nsjg = 302 events in the signal region
in Figure 5.14(a). Integration of the background t over the signal region results in an
estimated b = 88:3 background events in the signal region, giving a total of = 214 20
singles recoil events. Combining this with the singles livetime and IC detection e ciency
of 8 =785 8:3%, we calculate the measured BGO detection e ciency to be &3 =
72 12%. This value agrees well with the value of ggo = 71+910% obtained from the
Geant 3 simulation of the BGO array for theE, = 2481 keV resonance. Using the relevant
e ciencies for this yield measurement (see Table 5.2), we calculate a total singles detection
e ciency of sing = 14:9  2:7%, giving a singles yield o¥sing = (4:67 1:05) 10 1. This
is in good agreement with the coincident yield obtained in the previous section. Inserting this
into Equation (5.2) along with the measured stopping power of = 192 11 eV/(10%° “He
cm?®) for this bombarding energy and the de Broglie wavelength of the resonance & 0:930
barns forE, = 2477keV), we obtain a singles resonance strength bf ging = 2:03  0:47 eV.
This is of course in good agreement with the coincident resonance strength obtained in the

previous section.

5.4 Yield Measurement 4: Er("t) = 2389 keV

Data for yield measurement number 4 were collected at an average target pressure of
Pavg = 9:03 0:21 Torr. The incoming beam energy was measured & = 678:2 keV/u (cor-

responding toEcy = 2428 keV) and the outgoing beam energy was measuredig,; = 657:5
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Figure 5.14: IC signal spectra obtained by employing the method outlined in section 4.5.2.
Panel (a) - 1-D pulse height spectrum of IC anode[l] vs IC anode[0] projected onto the
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region identi cation. Panel (b) - Double Gaussian t to spectrum in panel (a).
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keV/u (corresponding to Ecy =2354 keV). At this bombarding energy and target thickness,
theJ =1 state at E' = 9:597 MeV was roughly centered in the target. From the -
distribution of highest energy per event (see Figure 5.16(a)), we measured a resonance
energy ofE, = 2391:1 7:2 keV, which is in good agreement with the literature values of
Elt =2389 45 keV [21] andE[" = 2388 4:5 keV [22]. During yield measurement num-
ber 4, a total of 55,424 particles were detected in the IIS signal peaks, resulting in a total

integrated beam on target ofN, = 9:22 1:21 10 incident 3*S* ions.

5.4.1 Coincidence Analysis of Yield Measurement 4

There are a total ofc  Cstat Csys = 590 243 25 events in the MCP TAC vs
separator TOF golden recoil gate for the yield measurement 3 &, = 2428 keV. The TAC-
TOF 2-D pulse height spectrum has virtually no background, but does include a signi cant
number of jitter events (Njiix = 25). Of the 590 events in the golden recoil gate, 492 events
have a valid signal in the IC, suggesting an IC detection e ciency of ¢ = 83:4 5:1%.
This is in good agreement with the IC detection e ciency of §® =79:6 2:7% measured

during the attenuated beam run for this energy.

106



5000IIIIIIIIIIIIIIIIIIIIIIIIIIIIII

4500

2000

\

o

] A

£1800 — @ —

£ N ]

5 L , \
1700 — — \

1600 {— — . \
T B \
3000 3500 4000

4000

3500

MCP TAC [ch:

w
o
o
o

2500

P IR IR
1500 2000 2500
Separator TOF [ns]

1500y Loy y 1y
0 00 1000

N
o
o
o

MCP TAC [channels]

1500

1000

500

O_A? ‘IMI | 1 AI 1 TMI T 1 r 1 I‘I |A IAAAI IAl ‘I‘“I“‘I“l‘“l‘ ‘IA 1 “Iul AI“IAAl IA ‘I“_I.“lAIAIA“I_
-10000 -8000 -6000 -4000 -2000 0 2000 4000 6000 8000 10000
Separator TOF [ns]

Figure 5.15: MCP TAC vs separator TOF for events during yield measurement 3. Gray
triangles are coincident events, orange diamonds are events in the jitter region of the MCP
TAC spectrum, open red triangles are events in the background region (i.e. - in the MCP
TAC signal region but outside separator TOF signal region), and lled red triangles are
events that passed the golden TAC-TOF recoil gate (inset).

Figure 5.16(c) shows the spectrum of highest energy per event in the BGO array,
and compares the measured spectra to the spectra obtained froredht 3 simulations. The
Geant 3 simulation yielded an e ciency of ggo = 69*%. Cameron and the NNDC [27, 75]
report branching ratios for only one electromagnetic transition from th&t = 9:597 MeV
state (the ground state transition). However, the ¢ and the ; vs ¢ spectra ( Figure 5.16(c)
and Figure 5.16(d), respectively) suggest that there exist transitions of signi cant intensity
to other lower lying states that transition to the ground state in a cascade through the
rst excited state at Ex = 2168 keV. The BGO e ciency was determined using the -decay
scheme in Figure 5.17 with the branching ratios given in Table 5.8.

The uncertainty on the BGO e ciency was determined by performing the simulation with
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Figure 5.16: BGO spectra of events within the golden recoil gate for the yield measurement
4. Panel (a) -z-position spectrum of highest energy per event. Panel (b) - sum of energy
spectra of all BGO detectors. Panel (c) - spectrum of highest energyper event (see text
for further explanation). Panel (d) - 2-D spectrum of 2nd highest energy per event vs
highest energy per event (1 VS o).

altered decay schemes (also given in Table 5.8); the lower limit on the BGO e ciency was
determined by forcing a branching ratio of 100% for the direct to ground state transition,
whereas the upper limit was determined by splitting the decay's branching ratio evenly
between a direct to ground state transition and a three (above threshold) cascade through
the Ex = 3810, keV andEyx = 2168 keV states. Figure 5.16(c) compares the spectra obtained
from Geant 3 simulations to the observed spectrum of highest energyper event for yield

measurement 4. In this gure, the orange lled histogram are the observed spectra, the blue
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Figure 5.17:  -decay scheme used in éant 3 simulations of DRAGON's BGO array for
the ENt = 9:597 MeV state. Note: for the lower lying states, only the strongest transition is
shown.

dashed histogram is the spectrum obtained from the&ant 3 simulation using the branching
ratios in column 4 of Table 5.8, the green dashed histogram is the spectrum obtained from
the Geant 3 simulation using the branching ratios in column 5 of Table 5.8, and the red
dashed histogram is the spectrum obtained from the&ant 3 simulation using the branching
ratios in column 6 of Table 5.8. The simulation was performed with the known spin and
parity assignment ofJ =1

Combining the BGO detection e ciency with the other relevant coincidence e ciencies

for this yield measurement (see Table 5.2), we obtain a total coincidence detection e ciency
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Table 5.8: Branching ratios (in %) for electromagnetic transitions from theEl! = 9:597
MeV state used in Geant 3 simulations of DRAGON's BGO array. Labeling corresponds
to the that in Figure 5.17. Note: for the lower lying states, only the strongest transition is
shown.

Branch E [keV] E>(<f) [keV] Nominal Upper Lower

a 9597 0 71.5 50 100
b 7429 2168 4.0 0 0
c 6219 3378 6.5 0 0
d 5787 3810 6.5 50 0
e 5661 3936 3.5 0 0
f 5032 4565 8.0 0 0
g 2397 2168 93.81 0 0
h 3936 0 99.92 0 0
[ 1642 2168 93.18 100 0
] 1210 2168 100 0 0
k 2168 0 100 100 0

of coinc = 14:4 3:3%. Along with the number of golden recoils and the total integrated
beam on target, we calculate a coincident yield ofcoinc = (4:44 1:04) 10 L. Then,
using Equation (5.2) along with the measured stopping power of= (197  9) [eV/(101° *He
cm 2)] and the de Broglie wavelength of 2 = 0:964 barns (for this energy), we calculate a
resonance strength of =1:92 0:46 eV. This value agrees well with the value df =

1:71 0:34 eV obtained by Sinha et. al.

5.4.2 Singles Analysis of Yield Measurement 4

Employing the method outlined in section 4.5.2 for identifying recoil events in singles with
DRAGON's heavy ion detectors, we obtain the spectrum in Figure 5.18(a) and the t shown
in Figure 5.18(b). There are a total olNsjg = 957 events in the signal region in Figure 5.18(a).
Integration of the background t over the signal region resulted in an estimated background
of b= 261, giving a total of s = 698 35 singles recoil events. Combining this with the

singles livetime and IC detection e ciency of 8 =79:6 2:7%, we calculate
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the measured BGO detection e ciency to be Jg&’ =70 7%. This value agrees well with
the value of ggo = 69+89% obtained from the Geant 3 simulation of the BGO array for
the E, = 2388 keV resonance. Using the relevant e ciencies for this yield measurement
(see Table 5.2), we calculate a total singles detection e ciency ofging = 17:3  2:5%,
giving a singles yield ofYsing = (4:38 0:88) 10 1L This is in good agreement with the
coincident yield obtained in the previous section. Inserting this into Equation (5.2) along
with the measured stopping power = 197 9 eV/(10'® “He cn?¥) for this bombarding
energy and the de Broglie wavelength of the resonance?(= 0:964 barns forE, = 2391
keV), we obtain a singles resonance strength bf sji,g = 1:89  0:39 eV. This is of course in

good agreement with the coincident resonance strength obtained in the previous section.

5.5 Yield Measurements 5 and 6: Er("t) =2327 keV tuned to 7+ and 8+ recoils

The separator was tuned to 2 di erent recoil charge states (7+ and 8+) for yield mea-
surements 5 and 6 (at an incoming beam energy &cy = 2359 keV) with the intention

of comparing the yield data from these two measurements to the CSF measurements. This
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Figure 5.19: Spectrum of BGO Z-position of the highest energy per event for yield
measurements 5 and 6 (see Table 5.1).

section details the analysis of the coincident data of the combined 7+ and 8+ data sets.
From the BGO z-position spectra of o events in the golden recoil gate, we measure
center of mass resonance energieskf=22979 9:7keV for the 8+ charge state ande, =
23005 10.0keV for the 7+ charge state. (see Figure 5.25(a) and Figure 5.28(a)). However,
plotting the BGO z-position spectra of ¢ events in the golden recoil gate for runs 1035-
1044 and runs 1047-1058 (i.e. - all golden recoils from yield measurements 5 and 6), we
measure a center of mass resonance energ¥pft 22985 7.3 keV (see Figure 5.19.) This
corresponds to an excitation energy dEx = 9506 keV. Although this is signi cantly lower
than the excitation energies oE /' = 9537:2(4) keV and EJ' = 9535(30) keV of the doublet
ofJ =(8")andJ =27 states, this measurement does agree with previous measurements of

the excitation energy of thel =2* state at Ex = 9535(30) keV due to the large uncertainty
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Figure 5.20: BGO spectra for events within the golden recoil gate for both yield measure-

ments nos. 5 and 6. Panel (a) z-position spectrum of highest energy per event. Panel

(b) - sum of energy spectra of all BGO detectors. Panel (c) - spectrum of highest energy

per event (see text for further explanation). Panel (d) - 2-D spectrum of 2nd highest energy
per event vs highest energy per event ( 1 Vs o).

in the canonical value of this state's excitation energy [24, 26, 27].

The 1vs o spectrum ( Figure 5.20(d)) of all recoil events for the yield measurements at
Ep =658 keV/u does not exhibit a strong transition directly to the ground state (as would
be expected for al =1 resonance). However, there does seem to be a strong transition
from the rst excited state (the J =27 state at Ex = 2168 keV) to the ground state, so it

is likely that there is a transition to the rst excited state or a cascade that runs

A strong direct to ground transition would be indicated by the presence of a peak neaEy = 9506 keV
(or generally Ex = E; + Q) in both the ¢ and the 1 vs ¢ spectra, as illustrated in?? and Figure 5.16(d).
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Table 5.9: Branching ratios (in %) for electromagnetic transitions from theE ;¢3S = 9506
keV state used in Gant 3 simulations of DRAGON's BGO array. Labeling corresponds to
the that in Figure 5.21.

Branch E [keV] E>(<f) [keV] Nominal Upper Lower

a 4942 4565 16.67 100 0
b 5571 3936 16.67 0 0
c 5697 3810 16.67 0 0
d 6129 3378 16.67 0 0
e 7339 2168 16.67 0 0
f 9507 0 16.67 0 100

through the rst excited state. The lack of a strong direct to ground transition makes a spin
and parity of J =1 highly improbable, and the presence of at least one) of E@ o9
MeV makes spin and parity ofJ =0* equally improbable. Thus the most probable spin
and parity assignment to this state is that of] =27.

No electromagnetic transitions have been previously observed from this state [27]. As
such, a hypothetical -decay scheme for this state was constructed from the information
available. In the nomenclature of the NNDC, there are strong arguments that suggest the
spin and parity of the state atEx = 9535(30) keV isJ = 2*. Using this and Table 2.2, we
can hypothesize a decay scheme such as the one given in Figure 5.21. Taet Gsimulation
that yielded the nominal value for the BGO e ciency used the decay scheme given in Fig-
ure 5.21 and the branching ratios given in Table 5.9. The&ant 3 simulation of DRAGON's
BGO array for this resonance yielded a detection e ciency of 3€3 = 77:0"1}2%.

The uncertainty on the BGO detection e ciency was estimated as follows: the lower limit
for the detection e ciency was estimated by forcing a 100% branching ratio to the ground
state. The upper limit for the detection e ciency was estimated by a cascade beginning
with a transition to the Ex = 4586 keV with a 100% branching ratio. The branching ratios
used for each of these simulations are given in Table 5.9. Figure 5.20(c) compares the spectra

obtained from Geant 3 simulations to the observed spectrum of highest energyper event
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for yield measurements 5 and 6. In this gure, the orange lled histogram are the observed
spectra, the blue dashed histogram is the spectrum obtained from thee@nt 3 simulation
using the branching ratios given in column 4 of Table 5.9, the green dashed histogram is the
spectrum obtained from the Gant 3 simulation using the branching ratios given in column

5 of Table 5.9, and the red dashed histogram is the spectrum obtained from thee@&@ht 3
simulation using the branching ratios given in column 6 of Table 5.9. The simulatsion was
performed with a spin and parity assignment ol = 2%, as this is likely spin and parity

of this state. The fact that we were able to populate this resonance through radiative

capture is a strong indication that this state has a spin and parity o =2%.

5.6 Yield Measurement 5: Er("t) = 2327 keV tuned to 8+

Data for yield measurement number 5 were collected at an average target pressure of
Pavg = 9:04 0:20 Torr. The incoming beam energy was measured Bf, = 658:8 keV/u
(corresponding toEcm = 2359 keV) and the outgoing beam energy was measuredBgy: =
6387 keV/u (corresponding to Ecy = 2287 keV). At this bombarding energy and target
thickness, the] =2% state at EI = 9:535 MeV was just downstream of the center of the

target.
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Figure 5.22:  Spectra of elastic scattering monitors during run 1037. Panel (a) - 14&
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and the navy lled spectrum denotes the background region.
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During one of the hour-long runs (run 1037) for yield measurement number 5, there
was a sudden burst of events in the background region of the elastic scattering monitors
(see Figure 5.22). This was likely caused by a momentary (transient) uctuation of the
beam intensity related to the problems with the ISAC-I mass analyzer magnet's NMR probe
feedback loop. In the IIS mounted at an angle of 57(hereafter referred to as I1g7), the
increased background had virtually no e ect on the signal region (see Figure 5.22(b)). How-
ever, in the IIS mounted at an angle of 30(hereafter referred to as 119g), the increased
background overlapped signi cantly with the signal region. Thus ascertaining the number of

particles scattered into the elastic scattering monitors required subtracting the underlying
background on 1S (see Figure 5.22(a)). The total number of particles scattered into
the elastic scattering monitors during yield measurement number 5 was théh = 262;857

resulting in a total integrated beam on target ofNy, = 4:11E +014 incident 34S’* ions.
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Figure 5.23: Spectra of 11§ during run 1037 with background t.
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Figure 5.24: MCP TAC vs separator TOF for (coincident) events during yield measurement
5 (at Ep = 2359 keV tuned to the 8+ recoil charge state - see Table 5.1). Gray triangles
are coincident events, open red triangles are events in the background region, and lled red
triangles are events that passed the golden TAC-TOF recoil gate (inset).

5.6.1 Coincidence Analysis of Yield Measurement 5

There are atotal ofc St $$=123 111 1 events within the golden recoil gate
of the TAC-TOF spectrum for the yield measurement 4 (aEp = 2359 keV tuned to the 8+
recoil charge state - see Figure 5.24). Like most of the other TAC-TOF spectra, Figure 5.24
exhibits virtually no background in the MCP TAC vs separator TOF spectrum, and very
few jitter events in the MCP TAC. Of the 123 events in the golden recoil gate, 103 events
have a valid signal in the IC, suggesting an IC detection e ciency of (@"° = 83:7  11:2%.
This is in good agreement with the IC detection e ciency of ,ACB =80:1 0:9% measured
during the attenuated beam run for this energy.

Combining the BGO detection e ciency with the other relevant coincidence e ciencies
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Figure 5.25: BGO spectra for events within the golden recoil gate for yield measurement
5. Panel (a) -z-position spectrum of highest energy per event. Panel (b) - sum of energy
spectra of all BGO detectors. Panel (c) - spectrum of highest energyper event (see text
for further explanation). Panel (d) - 2-D spectrum of 2nd highest energy per event vs
highest energy per event (1 vs o).

for this yield measurement (see Table 5.2), we obtain a total coincidence detection e ciency
of coinc = 14:6  3:8%. Along with the number of golden recoils and the total integrated
beam on target, we calculate a coincident yield ofcoinc = (2:04 0:60) 10 2. Then,
using Equation (5.2) along with the measured stopping power of= (191  9) [eV/(101° *He

cm 2)] and the de Broglie wavelength of 2 = 1:002 barns (corresponding to the resonance
energy ofE, = 2298 keV measured during this yield measurement), we calculate a resonance

strength of! =0:082 0:024 eV.
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5.6.2 Singles Analysis of Yield measurement 5

Employing the method outlined in section 4.5.2 for identifying recoil Events in singles
with DRAGON's heavy ion detectors, we obtain the spectrum in Figure 5.26(a) and the t
shown in Figure 5.26(b). There are a total oNsjg = 2204 events in the signal region in Fig-
ure 5.26(a). Integration of the background t over the signal region resulted in an estimated
background ofb = 2051 leaky beam events, giving a total o = 153 65 singles recoil events.
Combining this with the singles livetime and IC detection e ciency of {?:B =80:1 0:9%,
we calculate the measured BGO detection e ciency to be §g& = 67  43%. Although
this value does agree with the values of§%, = 77*%2% from the Geant 3 simulation of the
BGO array for the E, = 2298 keV resonance, the large background in the IC for this (singles)
yield measurement leads to a large uncertainty on the number of singles recoils, making the
value of the measured BGO e ciency virtually meaningless. Fortunately, the subsequent
yield measurement, which was made at the same bombarding energy but with the separator
tuned to a di erent recoil charge state (the 7+ charge state), had a substantially increased
beam suppression. The increased beam suppression led to a much smaller background in
the IC signal region, making a more meaningful comparison of the measured and simulated
BGO detection e ciencies possible.

Using the relevant e ciencies for this yield measurement (see Table 5.2), we calculate
a total singles detection e ciency of sing = 15:9  2:3%, giving a singles yield ofYsing =
(2.3 1:1) 10 2. This agrees well with the coincident yield obtained in the previous
section. Inserting this into Equation (5.2) along with the measured stopping power =
191 9 eV/(10%° *He cn?) for this bombarding energy and the de Broglie wavelength of the
resonance (? = 1:002 barns forE, = 2299 keV), we obtain a singles resonance strength of
' sing=0:234 0:110 eV which is in good agreement with the coincident resonance strength

obtained in the previous section.
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Figure 5.26: IC signal spectra for yield measurement 6 obtained by employing the method

outlined in section 4.5.2. Panel (a) - 1-D pulse height spectrum of IC anode[1] vs IC anode|[0]
projected onto the diagonal overlaid with the same spectrum for all events in the golden recoill

gate and signal region identi cation. Panel (b) - Double Gaussian t to spectrum in panel

a.
5.7 Yield Measurement 6: Er("t) = 2327 keV tuned to 7+ recoils

Data for yield measurement 6 were collected at an average target pressurePgfy =
875 0:19 Torr. The incident beam energy did not change from yield measurement 5,
but the outgoing beam energy increased slightly (due to the slight decrease in average target
pressure) to a measured outgoing energyB§y: = 639:4 keV/u (corresponding toEcy =2289
keV). At this bombarding energy and target thickness, the]l =2* state at EJt = 9:535
MeV was just downstream of the center of the target. During yield measurement 7, a total
of 156,758 particles were detected in the IIS signal peaks, resulting in a total integrated

beam on target ofN, = (2:54 0:35) 103 incident 3*S’* ions.

5.7.1 Coincidence Analysis of Yield Measurement 6

There arec & ¥s=74 86 6 events within the golden recoil gate of the
TAC-TOF spectrum for the yield measurement 5 (atEp, = 2359 keV tuned to the 7+ recoil
charge state see Figure 5.27). Figure 5.27 exhibits virtually no background in the MCP TAC

vs separator TOF spectrum, and very few jitter events in the MCP TAC. Of the 74 events
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Figure 5.27: MCP TAC vs separator TOF for (coincident) events during yield measurement

6 (at Ep = 2359 keV tuned to the 7+ recoil charge state - see Table 5.1). Gray triangles
are coincident events, open red triangles are events in the background region, and lled red
triangles are events that passed the golden TAC-TOF recoil gate (inset).

in the golden recoil gate, 73 events have a valid signal in the IC, suggesting an IC detection
e ciency of ¢ = 98:6"5,%. Although this is much higher than the IC detection e ciency
of {*CB =80:1 0:9% measured during the attenuated beam run for this energy, the large
uncertainty on this e ciency (due to the low counting statistics) only disagrees slightly within
the uncertainties of the two e ciencies (the e ciency measured during the attenuated beam
run has an upper limit of ,ACB = 82% while the e ciency suggested by golden recoils has
a lower limit of $2"° = 82:3%). The BGO detection e ciency of &7, = 77*42% for this
yield measurement was taken from the simulation for the previous yield measurement.
Combining the BGO detection e ciency with the other relevant coincidence e ciencies

for this yield measurement (see Table 5.2), we obtain a total coincidence detection e ciency
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Figure 5.28: BGO spectra for events within the golden recoil gate for yield measurement
6. Panel (a) -z-position spectrum of highest energy per event. Panel (b) - sum of energy
spectra of all BGO detectors. Panel (c) - spectrum of highest energyper event (see text
for further explanation). Panel (d) - 2-D spectrum of 2nd highest energy per event vs
highest energy per event (1 vs o).

of coinc = 13:7 3:7%. Along with the number of golden recoils and the total integrated
beam on target, we calculate a coincident yield ofcinc = (2:12 0:65) 10 2. Then,
using Equation (5.2) along with the measured stopping power of= (191  9) [eV/(101° “He
cm 2)] and the de Broglie wavelength of 2 = 1:002 barns (for this energy), we calculate
a resonance strength of = 0:085 0:026 eV. This agrees with the coincident resonance

strength obtained in the previous yield measurement (tuned to the 8+ recoil charge state).
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5.7.2 Singles Analysis of Yield measurement 6

Employing the method outlined in section 4.5.2 for identifying recoil Events in singles
with DRAGON's heavy ion detectors, we obtain the spectrum in Figure 5.29(a) and the
t shown in Figure 5.29(b). There are a total of Nsjg = 87 events in the signal region
in Figure 5.29(a). As one can see in Figure 5.37(b), there is virtually no overlap between
the signal and background regions in the IC spectrum, so integration of the background
t over the signal region resulted in an estimated background ob = 0, giving a total of
s =87 9:3singles recoil events. The intensity and energy of the unreacted, down-scattered
(leaky ) beam was signi cantly reduced when the separator was scaled to the 7+ recoil
charge state for this and subsequent yield measurements as is illustrated in Figure 5.29(a)
(cf. Figure 5.26(a)). Combining the number of detected singles recoils with the singles
livetime and IC detection e ciency of 8 =80:1 0:9%, we calculate the measured BGO
detection e ciency to be [€% =71 16%. This value agrees with the values of3%, =
7T1125% from the Geant 3 simulation of the BGO array for theE, = 2298 keV resonance.

Using the relevant e ciencies for this yield measurement (see Table 5.2), we calculate
a total singles detection e ciency of sing = 14:9  2:3%, giving a singles yield ofYsing =
(2:30 0:54) 10 2. This agrees well with the coincident yield obtained in the previous
section. Inserting this into Equation (5.2) along with the measured stopping power =
191 9 eV/(10%® “He cn?) for this bombarding energy and the de Broglie wavelength of the
resonance (? = 1:002 barns forE, = 2300 keV), we obtain a singles resonance strength of
' sing = 0:230 0:055 eV which is in good agreement with the coincident resonance strength
obtained in the previous section, as well as the coincident and singles resonance strengths

obtained for yield measurement 5 (tuned to the 8+ recoil charge state).

5.8 Yield Measurement 7: Er("t) = 2252 keV

Data for yield measurement number 4 were collected at an average target pressure of

Pavg = 9:00 0:18 Torr. The incoming beam energy was measured &, = 641:5 keV/u
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Figure 5.29: IC signal spectra for yield measurement 6 obtained by employing the method

outlined in section 4.5.2. Panel (a) - 1-D pulse height spectrum of IC anode[1] vs IC anode[0]
projected onto the diagonal overlaid with the same spectrum for all events in the golden recoil

gate and signal region identi cation. Panel (b) - Double Gaussian t to spectrum in panel

(a).
(corresponding toEcy = 2297 keV) and the outgoing beam energy was measured Bg,; =
6219 keV/u (corresponding to Ecy = 2227 keV). At this bombarding energy and target
thickness, the state of unknowrd = (3 :7 )at EN =9:460 MeV should have been roughly
centered in the target. However, Figure 5.31(a) shows no de nitive evidence of the presence
of an isolated narrow resonance in the target. From th&-distribution of highest energy
per event (see Figure 5.31(a)), we measured a resonance energlf,0f 2249 10 keV,
which does agree with the literature values d& = 2252 2 keV. During yield measurement
number 4, a total of 91,730 particles were detected in the IIS signal peaks, resulting in a

total integrated beam on target ofNp = (1:39 0:19) 10 incident 3*S’* ions.

5.8.1 Coincidence Analysis of Yield Measurement 7

Therearec @ =31 56 1 events within the golden recoil gate of the TAC-
TOF spectrum for yield measurement 7 (see Figure 5.30). The 2-D pulse height spectrum
used for recoil identi cation during this yield measurement exhibits virtually no background,

and very few jitter events in the MCP TAC. Of the 31 events in the golden recoil gate, only 15
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Figure 5.30: MCP TAC vs separator TOF for (coincident) events during yield measure-
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have a valid signal in the IC, suggesting an IC detection e ciency of (Q"° = 48:4  15:2%.
This is much lower than the IC detection e ciency of ¢ =78:3 2:9% measured during the
attenuated beam run for this energy but is in good agreement with the IC detection e ciency
of SM9=43:2 7:5% measured with singles recoils (using the method in section 4.4). This
suggests that the recoils may have been poorly focused at the end focal plane during this yield
measurement, but the large uncertainty on this e ciency (due to the low counting statistics)
makes it di cult to make any de nitive statements about the IC detection e ciency for this
yield measurement. The poor focusing on the nal focal plane may be correlated with the

lack of a discernible resonance in the target, but the extent of such a correlation is unclear.

Additional calculations shed some light on the subject.
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Figure 5.31: BGO spectra for events within the golden recoil gate for yield measurement
7. Panel (a) -z-position spectrum of highest energy per event. Panel (b) - sum of energy
spectra of all BGO detectors. Panel (c) - spectrum of highest energyper event (see text
for further explanation). Panel (d) - 2-D spectrum of 2nd highest energy per event vs
highest energy per event (1 vs o).

As above, we can estimate the BGO detection e ciency using Equation (4.44). If we
use the IC detection e ciency of ¢ =78:3 2:9% measured during the attenuated beam
run, we obtain a measured BGO e ciency of ¢ = 133 39%. On the other hand, if
we use the IC detection e ciency of 29 = 43:2  7:5% measured with singles recoils, we
obtain a measured BGO e ciency of ¢ =74 25%. If we use the IC detection e ciency
of ¢ =48:4 152% suggested by the coincidence data, we obtain a measured BGO

detection e ciency of FEF =82 35%. The latter two e ciencies agree quite well with the
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Figure 5.32: Known -decay scheme used for éant 3 simulations of DRAGON's BGO
array for the E' = 9:460 MeV state.

simulated BGO e ciency of %igo = 4*%1% (see below), albeit with large uncertainties. The
BGO e ciency calculated using the IC detection e ciency obtained during the attenuated
beam run is obviously an absurd value, so it may be concluded that the recoils during this
measurement were indeed poorly focused on the nal focal plane, and therefore that the IC
detection e ciency measured with the attenuated beam run drastically overestimates the IC
detection e ciency for this yield measurement. For these reasons, the IC detection e ciency

measured with singles recoils was used to calculate the singles yield.
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Table 5.10: Branching ratios (in %) for electromagnetic transitions from theE [t = 9:450
MeV state used in Geant 3 simulations of DRAGON's BGO array. Labeling corresponds to
the that in Figure 5.32.

Branch E [keV] E>(<f) [keV] Nominal Upper Lower

a 4874 4586 100 100 0
b 2418 2168 0.4 100 0
c 776 3810 9.9 0 0
d 106 4480 89.7 0 0
e 670 3810 100 0 0
f 1642 2168 99.92 0 0
9 3810 0 0.08 100 0
h 2168 0 100 0 0

(g.s.) 9460 0 0 0 100

Not shown in Figure 5.32.

Geant 3 simulation of DRAGON's BGO array yielded a detection e ciency of &&=
84'9,%. The only known electromagnetic transition from theElit = 9:460 MeV state is to
theJ =5 (hence the NNDC's assignment of weak arguments suggest that the spin and
parity has a value between 3 and 7 ) state at Ex = 4:586 MeV. The resulting -decay
scheme used for the €ant 3 simulation is given in Figure 5.32. The uncertainty on the BGO
detection e ciency was estimated as follows: the lower limit for the detection e ciency was
estimated by forcing a 100% branching ratio to the ground state. The upper limit for the
detection e ciency was estimated by forcing a 100% branching ratio through a 3 (above
threshold) cascade through the 4586 keV state and the rst excited state. Figure 5.31(c)
compares the spectra obtained from &@nt 3 simulations to the observed spectrum of highest
energy per event for yield measurement 7. In this gure, the orange lled histogram are
the observed spectra, the blue dashed histogram is the spectrum obtained from thea@t 3
simulation using the branching ratios in column 4 of Table 5.10, the green dashed histogram
is the spectrum obtained from the @ant 3 simulation using the branching ratios in column
5 of Table 5.10, and the red dashed histogram is the spectrum obtained from thedht 3

simulation using the branching ratios in column 6 of Table 5.10. The branching ratios used
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for each of these simulations are given in Table 5.10. The simulation was performed with a
spin and parity assignment of] =3 , as this is the likely upper limit for the channel spin
due to the particle's low penetrability at this energy and angular momentum. However,
the lack of de nitive evidence of the presence of a resonance in the target during this yield
measurement may suggest a higher value &ffor this state.

Combining the BGO detection e ciency with the other relevant coincidence e ciencies
for this yield measurement (see Table 5.2), we obtain a total coincidence detection e ciency
of coinc = 15:9 2:7%. Along with the number of golden recoils and the total integrated
beam on target, we calculate a coincident yield &f.ginc = (1:41  0:41) 10 2. Then, using
Equation (5.2) along with the measured stopping power of = (188  10) [eV/(10%° “He
cm 2)] and the de Broglie wavelength of 2 = 1:025 barns (for this energy), we calculate a

resonance strength of =0:054 0:016 eV.

5.8.2 Singles Analysis of Yield Measurement 7

Employing the method outlined in section 4.5.2 for identifying recoil events in singles with
DRAGON's heavy ion detectors, we obtain the spectrum in Figure 5.33(a) and the t shown
in Figure 5.33(b). There are a total ofNsjg = 19 events in the signal region in Figure 5.33(a).
Integration of the background t over the signal region resulted in an estimated background
of b=0:1, resulting in a total ofs = 18:9 4:4 singles recoil events. As noted in the previous
section, the measured BGO e ciency is |c =73 25% (corresponding to the IC detection
e ciency measured with singles recoils of 519 = 42:9  7:5%). This value agrees with the
values of ST = 84*9,% obtained from the Geant 3 simulations of the BGO array for this
resonance energy.

Using the relevant e ciencies for this yield measurement (see Table 5.2), we calculate
a total singles detection e ciency of sing = 8:5 1:8%, giving a singles yield offsing =
(1:61 0:56) 10 2. This agrees well with the coincident yield obtained in the previous

section. Inserting this into Equation (5.2) along with the measured stopping power =
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188 10 eV/(10'® “He cn?) for this bombarding energy and the de Broglie wavelength of
the resonance (? = 1:025 barns forE, = 2249 keV), we obtain a singles resonance strength
of I sing = 0:062 0:022 eV which is in good agreement with the coincident resonance

strength obtained in the previous section.

5.9 Yield Measurement 8: Er("t) = 2229 keV

Data for yield measurement number 8 were collected at an average target pressure of
Pavg = 9:13 0:19 Torr. The incoming beam energy was measured &, = 629:0 keV/u
(corresponding toEcyu = 2085 keV) and the outgoing beam energy was measuredBgy: =
6088 keV/u (corresponding to Ecy = 2180 keV). At this bombarding energy and target
thickness, the he state of unknowd = (3 :7 )at ENt = 9:437 MeV was roughly centered
in the target (see Figure 5.35(a)). The arithmetic mean of th& -distribution of highest
energy per event was (see Figure 5.35(a)), giving a measured a resonance enerdgy; ot
2218 8 keV, which is in good agreement with the literature value dE* = 2229 2 keV.

During yield measurement number 4, a total of 127,131 particles were detected in the 1IS
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Figure 5.34: MCP TAC vs separator TOF for (coincident) events during yield measure-
ment number 8. Gray triangles are coincident events, open red triangles are events in the
background region, and lled red triangles are events that passed the golden TAC-TOF
recoil gate (inset).

signal peaks, resulting in a total integrated beam on target dfl, = (1:83 0:24) 10%

incident 34S’* ions.

5.9.1 Coincidence Analysis of Yield Measurement 8

There are a total ofc S $¥5=77 88 17 events that fall within the golden
recoil gate of the TAC-TOF spectrum for the yield measurement 8. The 2-D pulse height
spectrum used for recoil identi cation during this yield measurement exhibits virtually no
background, but does have a signi cant amount of jitter eventsNi = 17). Of the 77 events
in the golden recoil gate, 60 events have a valid signal in the IC, suggesting an IC detection

eciency of ¢ =779 134%. This is in good agreement with the IC detection e ciency
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Figure 5.35: BGO spectra for events within the golden recoil gate for yield measurement
8. Panel (a) -z-position spectrum of highest energy per event. Panel (b) - sum of energy
spectra of all BGO detectors. Panel (c) - spectrum of highest energyper event (see text
for further explanation). Panel (d) - 2-D spectrum of 2nd highest energy per event vs
highest energy per event (1 vs o).

of #8 =79:8 8:1% measured during the attenuated beam run for this energy.

Geant 3 simulation of DRAGON's BGO array yielded a detection e ciency of Z&& =
84'9,%. The only known electromagnetic transition from theE/l' = 9:437 MeV state is to
theJ =5 state atEx = 5:659 MeV. The resulting -decay scheme used for thedant 3
simulation is given in Figure 5.36. The uncertainty on the BGO detection e ciency was
estimated as follows: the lower limit for the detection e ciency was estimated by forcing a

100% branching ratio to the ground state. The upper limit for the detection e ciency was
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estimated by forcing a 100% branching ratio through a 3 (above threshold)cascade through
the 5.659 MeV state and the rst excited state. The branching ratios used for each of
these simulations can be calculated form the intensities given in Figure 5.36. Figure 5.35(c)
compares the spectra obtained from &@nt 3 simulations to the observed spectrum of highest
energy per event for yield measurement 8. In this gure, the orange lled histogram are
the observed spectra, the blue dashed histogram is the spectrum obtained from thea@t 3
simulation using branching ratios calculated from the intensities given in Figure 5.36, the
green dashed histogram is the spectrum obtained from thee@nt 3 simulation for the 100%
3 cascade, and the red dashed histogram is the spectrum obtained from theaat 3
simulation for the 100% direct to ground state transition. The simulation was performed
with a spin and parity assignment of] = 3 to this state, as this is the likely upper limit
for the channel spin due to the low penetrability of the particle at this energy and angular
momentum. The fact that we were able to populate this resonance through radiative
capture is a strong indication that this state has a spin and parity o =3 .

Combining the BGO detection e ciency with the other relevant coincidence e ciencies
for this yield measurement (see Table 5.2), we obtain a total coincidence detection e ciency
of coinc = 15:8 3:5%. Along with the number of golden recoils and the total integrated
beam on target, we calculate a coincident yield ofcoinc = (2:68 0:75) 10 2. Then,
using Equation (5.2) along with the measured stopping power of

= (190 5) [eV/(101° *He cm 2)] and the de Broglie wavelength of 2 = 1:00 barns (for

this energy), we calculate a resonance strength bf = 0:103 0:027 eV.

5.9.2 Singles Analysis of Yield Measurement 8

Employing the method outlined in section 4.5.2 for identifying recoil events in singles
with DRAGON's heavy ion detectors, we obtain the spectrum in Figure 5.37(a) and the
t shown in Figure 5.37(b). There are a total of Nsjg = 70 events in the signal region

in Figure 5.37(a). As one can see in Figure 5.37(b), there is virtually no overlap between
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Figure 5.37: IC signal spectra for yield measurement 8 obtained by employing the method

outlined in section 4.5.2. Panel (a) - 1-D pulse height spectrum of IC anode[1] vs IC anode|[0]
projected onto the diagonal overlaid with the same spectrum for all events in the golden recoill

gate and signal region identi cation. Panel (b) - Double Gaussian t to spectrum in panel
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the signal and background regions in the IC spectrum, so integration of the background
t over the signal region resulted in an estimated background ob = 0, giving a total of
s =70 84 singles recoil events. Combining this with the singles livetime and IC detection
eciency of B =79:8 8:1%, we calculate the measured BGO detection e ciency to be

meas = 92 15%. This value agrees with the values of§T, = 85*9,% obtained from the
Geant 3 simulations of the BGO array for this resonance energy.

Using the relevant e ciencies for this yield measurement (see Table 5.2), we calculate

a total singles detection e ciency of sing = 15:5 3:4%, giving a singles yield ofYsing =
(2:47 0:66) 10 2. This agrees well with the coincident yield obtained in the previous
section. Inserting this into Equation (5.2) along with the measured stopping power =
190 5 eV/(10%° *He cn?) for this bombarding energy and the de Broglie wavelength of the
resonance (? = 1:039 barns forE, = 2218 keV), we obtain a singles resonance strength of

' sing=0:095 0:025 eV which is in good agreement with the coincident resonance strength

obtained in the previous section.

136



5.10 Yield Measurement 9: Er("t) = 2166 keV

Data for yield measurement number 9 were collected at an average target pressure of
Pavg = 7:98 0:19 Torr. The incoming beam energy was measured &, = 610:7 keV/u
(corresponding toEcy = 2187 keV) and the outgoing beam energy was measured Bg,; =
5940 keV/u (corresponding to Ecy = 2121 keV). At this bombarding energy and target
thickness, the he state of unknowd = (3 :7 )at ENt = 9:374 MeV was roughly centered
in the target (see Figure 5.39(a)). The arithmetic mean of th& -distribution of highest
energy per event was (see Figure 5.39(a)), giving a measured a resonance enerdy; of
2164 8 keV, which is in good agreement with the literature value oE' = 2166 2 keV.

During yield measurement number 9, a total of 235,743 particles were detected in the 1S
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Figure 5.38: MCP TAC vs separator TOF for (coincident) events during yield measure-
ment number 9. Gray triangles are coincident events, open red triangles are events in the
background region, and lled red triangles are events that passed the golden TAC-TOF
recoil gate (inset).
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signal peaks, resulting in a total integrated beam on target dfl, = (3:70 0:53) 10%

incident 34S™ ions.

5.10.1 Coincidence Analysis of Yield Measurement 9

There are a total ofc St Y5=56 7:5 1 events that fall within the golden
recoil gate of the TAC-TOF spectrum for yield measurement 9. Like other S1372 vyield
measurements, Figure 5.38 exhibits virtually no background, as well as only one jitter event.
Of the 56 events in the golden recoil gate, 49 events have a valid signal in the IC, suggesting
an IC detection e ciency of ¢ =87:5 17:1%. This agrees with the IC detection e ciency
of 8 =79:2 1:2% measured during the attenuated beam run for this energy.

Geant 3 simulation of DRAGON's BGO array yielded a detection e ciency of &&=
84'9,%. The only known electromagnetic transition from theElit = 9:374 MeV state is to
theJ =5 state at Ex = 4:586 MeV. The resulting -decay scheme used for thegant 3
simulation is given in Figure 5.40. The uncertainty on the BGO detection e ciency was
estimated as follows: the lower limit for the detection e ciency was estimated by forcing a

100% branching ratio to the ground state. The upper limit for the detection e ciency

Table 5.11: Branching ratios (in %) for electromagnetic transitions from theE!t = 9:374
MeV state used in Geant 3 simulations of DRAGON's BGO array. Labeling corresponds to
the that in Figure 5.40.

Branch E [keV] E>(<f) [keV] Nominal Upper Lower

a 4788 4586 100 100 0
b 2418 2168 0.4 100 0
c 776 3810 9.9 0 0
d 106 4480 89.7 0 0
e 670 3810 100 0 0
f 1642 2168 99.92 0 0
g 3810 0 0.08 100 0
h 2168 0 100 0 0

(gs.) 9374 0 0 0 100

Not shown in Figure 5.40..
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spectra of all BGO detectors. Panel (c) - spectrum of highest energyper event. Panel (d)

- 2-D spectrum of 2nd highest energy-ray per event vs highest energy -ray per event ( 1
VS o).

was estimated by forcing a 100% branching ratio through a 3 (above threshold)cascade
through the 4586 keV state and the rst excited state. The branching ratios used for each
of these simulations are given in Table 5.11. Figure 5.39(c) compares the spectra obtained
from Geant 3 simulations to the observed spectrum of highest energyper event for yield
measurement 9. In this gure, the orange lled histogram are the observed spectra, the blue

dashed histogram is the spectrum obtained from the&ant 3 simulation using the branching

ratios in column 4 of Table 5.11, the green dashed histogram is the spectrum
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Figure 5.40: Known -decay scheme used for €ant 3 simulations of DRAGON's BGO
array for the E' = 9:374 MeV state.

obtained from the Geant 3 simulation using the branching ratios in column 5 of Table 5.11,
and the green dashed histogram is the spectrum obtained from theeént 3 simulation using
the branching ratios in column 6 of Table 5.11. The simulation was performed with a spin
and parity assignment of] =3 , as this is the likely upper limit for the channel spin due to
the low penetrability of the particle for this energy and angular momentum. The fact that
we were able to populate this resonance through radiative capture is a strong indication
that this state has a spin and parity ofJ =3

Combining the BGO detection e ciency with the other relevant coincidence e ciencies
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for this yield measurement (see Table 5.2), we obtain a total coincidence detection e ciency
of coinc = 15:3 2:8%, and using Equation (5.2) along with the measured stopping power
of = (182 4)[eV/(10'° *He cm ?)] and the de Broglie wavelength of 2 = 1:06 barns (for

this energy), we calculate a resonance strength bf =0:035 0:01 eV.

5.10.2 Singles Analysis of Yield Measurement 9

Employing the method outlined in section 4.5.2 for identifying recoil Events in singles with
DRAGON's heavy ion detectors, we obtain the spectrum in Figure 5.41(a) and the t shown
in Figure 5.41(b). There are a total ofNsjg = 62 events in the signal region in Figure 5.41(a).
Integration of the background t over the signal region resulted in an estimated background
of b= 1:9, resulting in a total of s = 60:1 singles recoil events. Combining this with the
singles livetime and IC detection e ciency of 'ﬁCB =79:2 1.2%, we calculate the measured
BGO detection e ciency to be [J&¥ =70 14%. This value agrees with the values of

My = 84%%,% from the Geant 3 simulation of the BGO array for the E; = 2166 keV

resonance.
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Figure 5.41: IC signal spectra for yield measurement 9 obtained by employing the method

outlined in section 4.5.2. Panel (a) - 1-D pulse height spectrum of IC anode[1] vs IC anode[0]
projected onto the diagonal overlaid with the same spectrum for all events in the golden recoll

gate and signal region identi cation. Panel (b) - Double Gaussian t to spectrum in panel
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Using the relevant e ciencies for this yield measurement (see Table 5.2), we calculate
a total singles detection e ciency of sing = 15:2  1:9%, giving a singles yield ofYsjng =
(1:07 0:25) 10 2. This agrees well with the coincident yield obtained in the previous
section. Inserting this into Equation (5.2) along with the measured stopping power =
182 4 eV/(10%° “He cn?) for this bombarding energy and the de Broglie wavelength of the
resonance (? = 1:065 barns forE, = 2164 keV), we obtain a singles resonance strength of
' sing = 0:039 0:009 eV. This is of course in good agreement with the coincident resonance

strength obtained in the previous section.

5.11 Yield Measurement 10: E{M) = 2133 keV

Data for yield measurement number 10 were collected at an average target pressure of
Pavg = 8:57 0:18 Torr. The incoming beam energy was measured &, = 595:7 keV/u
(corresponding toEcy = 2133 keV) and the outgoing beam energy was measured Bg,; =
5768 keV/u (corresponding toEcy = 2065 keV). At these beam energies, there were possibly
as many as 3 resonances in the target during this yield measurement: the state of unknown
spin and parity ) = (3 :7 )at EN = 9293 keV (corresponding to a center of mass energy
of Ecm = 2085 keV), the state of unknown spin and parityJ = (0 :4%) at E/t = 9300
keV (corresponding to a CM energy oEcy =2092 keV), and the state of unknown spin and
parity J = (4% :8") state at EI' = 9330 keV (corresponding to a CM energy dcy = 2122
keV - although it is not likely that we populated this state as the penetration factor is
quite small for~ 4 - see section 2.4). The known-decay scheme for th&, = 2085 keV
state is given in Figure 5.44. The (0 : 4") state at 9300 has only one known transition: to
the rst excited state).

The arithmetic mean of the z-distribution of highest energy per event was (see Fig-
ure 5.43(a)), giving a measured resonance energy B&f = 2089 9 keV. This is roughly
directly in between the resonance energies of thg, = 9:300 MeV andEx = 9:293 MeV

states. Given that this doublet of states are close in energy, it is unlikely that they would
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be able to be resolved individually in DRAGON's gas target. On the other hand, the com-
bined resonance strength of this doublet is quite small, and the individual contributions of
these states to the total resonant astrophysical reaction rate would likely yield no new in-
formation, so any future attempts to measure isolated narrow resonancess(; )S38Ar
should prioritize measuring states below this energy (such as tle = (0" : 47) states at

Ex = 9:2609:204 and 9158 MeV, thed = (1;2") states atEyx = 9:100 MeV, thed =(1 )
state at Ex = 8:233 [27], among others) over measuring these resonances again. During yield
measurement number 10, a total of 170,144 particles were detected in the IIS signal peaks,

resulting in a total integrated beam on target oNp, = 3:31  0:43 10" incident 34S* ions.
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Figure 5.42: MCP TAC vs separator TOF for (coincident) events during yield measure-
ment number 10. Gray triangles are coincident events, open red triangles are events in the
background region, and lled red triangles are events that passed the golden TAC-TOF
recoil gate (inset).
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5.11.1 Coincidence Analysis of Yield Measurement 10

There arec & Y5=42 65 1 events that fall within the golden recoil gate of
the TAC-TOF spectrum for the yield measurement number 10 (see Figure 5.42). Once again,
the 2-D pulse height spectrum used for recoil identi cation exhibits virtually no background,
but does have a signi cant amount of jitter events Nji = 9). Of the 42 events in the golden
recoil gate, all 42 events have a valid signal in the IC, suggesting an IC detection e ciency of

ic = 10033%. This agrees with the IC detection e ciency of /8 = 79:4 4:6% measured

during the attenuated beam run for this energy.
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Figure 5.43: BGO spectra for events within the golden recoil gate for yield measurement
10. Panel (a) -z-position spectrum of highest energy per event. Panel (b) - sum of energy
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From the arithmetic mean of the Z-distribution of o for each event, we calculate a
resonance energy of, = 20894 8.7 keV. Given that the measured resonance energy of
Er = 2089:4 keV is roughly midway between the CM energies of the/t = 2085 keV E[ =
2092 keV states and given that the measured resonance energy agrees (within uncertainty) the
CM resonance energy of both states, it is likely that there was signi cant contribution to the
measured yield from both resonances. Further study - either performing this measurement
with greater care at a later date or perhaps exploration via simulation (i.e. - extension of
DRAGON's Geant 3 simulation to include multiple resonances in the target) - is needed
to be able to state anything more than a combined resonance strength with any degree of
condence. On the other hand, the states in this doublet are so close in energy that it
may not be possible to resolve each resonance individually in DRAGON's gas target, so the
combined resonance strength may be the best that can be done with DRAGON.

Geant 3 simulation of DRAGON's BGO array yielded a detection e ciency of &&=
85'9,%. The only known electromagnetic transition from theElit = 9:293 MeV state is to
theJ =5 state at Ex = 4:586 MeV. The resulting -decay scheme used for thegant 3
simulation is given in Figure 5.44. The uncertainty on the BGO detection e ciency was
estimated as follows: the lower limit for the detection e ciency was estimated by forcing
a 100% branching ratio to the ground state. The upper limit for the detection e ciency
was estimated by forcing a 100% branching ratio through a 3 (above threshold)cascade
through the 4586 keV state and the rst excited state. The branching ratios used for each
of these simulations are given in Table 5.12. Figure 5.43(c) compares the spectra obtained
from Geant 3 simulations to the observed spectrum of highest energyper event for yield
measurement 10. In this gure, the orange lled histogram are the observed spectra, the blue
dashed histogram is the spectrum obtained from the&ant 3 simulation using the branching
ratios in column 4 of Table 5.12, the red dashed histogram is the spectrum obtained from
the Geant 3 simulation using the branching ratios in column 5 of Table 5.12, and the green

dashed histogram is the spectrum obtained from the&ant 3 simulation using the branching
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Figure 5.44: Known -decay scheme used in &nt 3 simulations of DRAGON's BGO
array for the EJ' = 9:293 MeV state.

ratios in column 6 of Table 5.12. The simulation was performed with a spin and parity
assignment of] =3 , as this is the likely upper limit for the channel spin due to the low
penetrability of the patrticle at this energy and angular momentum. The fact that we were
able to populate this resonance through radiative capture is a strong indication that this
state has a spin and parity of] =3

Combining the BGO detection e ciency with the other relevant coincidence e ciencies
for this yield measurement (see Table 5.2), we obtain a total coincidence detection e ciency

of coinc = 15:3 2:8%. Along with the number of golden recoils and the total
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Table 5.12: Branching ratios (in %) for electromagnetic transitions from theE [t = 9:293
MeV state used in Geant 3 simulations of DRAGON's BGO array. Labeling corresponds to
the that in Figure 5.44.

Branch E [keV] E>(<f) [keV] Nominal Upper Lower

a 4707 4586 100 100 0
b 2418 2168 0.4 100 0
c 776 3810 9.9 0 0
d 106 4480 89.7 0 0
e 670 3810 100 0 0
f 1642 2168 99.92 0 0
9 3810 0 0.08 100 0
h 2168 0 100 0 0

(g.s.) 9293 0 0 0 100

Not shown in Figure 5.44.

integrated beam on target, we calculate a coincident yield &inc = (7:30  2:05) 10 13,
Then, using Equation (5.2) along with the measured stopping power of= (189 4)
[eV/(101° “He cm 2)] and the de Broglie wavelength of 2 = 1:10 barns (for this energy), we

calculate a resonance strength df = 0:026 0:007 eV.

5.11.2 Singles Analysis of Yield Measurement 10

Employing the method outlined in section 4.5.2 for identifying recoil events in singles
with DRAGON's heavy ion detectors, we obtain the spectrum in Figure 5.45(a) and the
t shown in Figure 5.45(b). There are a total of Nsjg = 50 events in the signal region
in Figure 5.45(a). As one can see in Figure 5.45(b), there is virtually no overlap between
the signal and background regions in the IC spectrum, so integration of the background
t over the signal region resulted in an estimated background ob = 0, giving a total of
s = 50 singles recoil events. Combining this with the singles livetime and IC detection
eciency of B =79:4 4:6%, we calculate the measured BGO detection e ciency to be

meas = 69:5  15:1%. This value agrees with the values of3%5 = 85:1"755% and
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Figure 5.45: IC signal spectra for yield measurement 10 obtained by employing the method
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2092 = 77:0  6:1% obtained from the respective @ant 3 simulations of the BGO array for
the E; = 2085 keV andE; = 2092 keV resonances. Further, the measured BGO detection
e ciency agrees remarkably well with the total simulated e ciency of Ssigo = 65:5*%@%%
(which is just taken to be the product of the simulated e ciencies of the individual reso-
nances, assuming detection of-rays from the two resonances by the BGO array are inde-
pendent events).

Using the relevant e ciencies for this yield measurement (see Table 5.2), we calculate
a total singles detection e ciency of sing = 17:4  3:4%, giving a singles yield ofYsing =
(8:93 2:18) 10 3. This agrees well with the coincident yield obtained in the previous
section. Inserting this into Equation (5.2) along with the measured stopping power =
189 4 eV/(10*° *He cn?) for this bombarding energy and the de Broglie wavelength of the
resonance (? = 1:103 barns forE, = 2089 keV), we obtain a singles resonance strength of
' sing=0:032 0:008 eV. This is of course in good agreement with the coincident resonance

strength obtained in the previous section.

148



5.12 Resonance strengths and energies

Resonance strengths were calculated from the experimentally measured yields and reso-

nance energies using the expression for a thick target yield (see section 4.1.1):

_2Y My

| - -
’ 2Mp+ Mt

(E) (5.2)

where (E) is the (lab frame) stopping power. The parameter values used to calculate the
resonance strength for each yield measurement are tabulated in Table 5.13, and Table 5.14
compares the values of the measured resonance strengths and energies to available literature
values. Figure 5.46 plots the resonance strengths obtained from S1372 measurements vs
energy and compares the S1372 results to the literature values.

Figure 5.47 shows a plot of the resonant reaction rates resulting from S1372 measure-
ments as a function ofTg along with the NONSMOKER and REACLIB Hauser-Feshbach
statistical models. It is clear from Figure 5.47 that the resonance &, = 2389 has the
strongest contribution to the total resonant reaction rate over the range of oxygen burning
temperatures. Figure 5.48 shows a plot of the total resonant reaction rate and compares
the result to the theoretical (NONSMOKER) [32] and the experimental (REACLIB) [35]
Hauser-Feshbach statistical models. The REACLIB rate is plotted with factor of 5 and
factor of 100 uncertainty bands. It is apparent from Figure 5.48 that the total reaction
rate calculated from S1372 measurements along with the canonical values for higher energies
agrees well with both the theoretical (NONSMOKER) [32] and the experimental (REACLIB)

[35] Hauser-Feshbach statistical models.

5.13 Part 1 Summary

In summary, TRIUMF experiment S1372 measured the resonance strengths and ener-
gies of eight resonances i#'S(; )S38Ar in the energy range relevant to hot and explosive
astrophysical environments. Of the eight resonances measured, six had not been previ-

ously studied via radiative capture on34S. The two previously measured resonances had
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Figure 5.46: Resonance strength vs center of mass resonance energy for S1372 data. The
grey bars indicate the energy range covered by the gas target during the yield measurement.

signi cant discrepancies in the literature values for the resonance strength. The S1372 mea-
surements resolved the discrepancy for tHell,, = 2389 keV resonance, but the value of the
resonance strength of theEly, = 2709 keV resonance remains in doubt. Further study is
needed here. The total resonant reaction rate calculated using S1372 data (along with ex-
isting literature values) agrees well with the theoretical (NONSMOKER) and experimental
(REACLIB) Hauser-Feshbach statistical model calculations. This is an example in which
the Hauser-Feshbach statistical model appears to be con rmed by the expermental data.
The discrepancy amongst the measured resonance strengths for E1§M = 2709 keV
state was not adequately resolved. However, given that the total resonant reaction rate
obtained by combining S172 observations with existing data agrees so well with Hauser-

Feshbach statistical models, any future measurements of this resonance would likely be
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Table 5.13: Parameters used to calculat¢ from Equation (5.2).

BVl 2B Yoo ¥ Ve e meile
2696(8)  0.8548 &1 225 980 1:95 186(6)
2477(10) 0.9301 44 1:13 467 1:.05 192(11)
2391(7)  0.9637 a4 1:04 438 0:88 197(9)
2299(8% 1.002 0204 0:050 0234 0:110 191(9)
23008p  1.002 0212 0:065 0230 0:055 191(9)
2249(10)  1.025 141 0041 0161 0:056 188(10)
2218(8) 1.039 268 0071 0247 0:.066 190(5)
2164(8) 1.065 M99 0:025 Q107 0:025 182(4)
2089(9) 1.103 ®73 0019 0089 0:022 189(4)

@ separator was tuned to the 8+ recoil charge state
b separator was tuned to the 7+ recoil charge state

less valuable than the pursuit of lower energy resonances. The possibility for further study
of radiative  capture on3*S at DRAGON exists, as there are several states #FAr with
excitation energies that correspond to CM energies within the range:BE&g; Eg] for both
oxygen burning and explosive oxygen burning that have not been measured 8 (; )3€Ar.

Of particular interestisaJ = (1 ) state at Ex = 8:233 MeV (corresponding to a CM energy
of Ecm = 1025 keV. This corresponds to a lab energy &, = 286 keV/u, which is well within
the energy capabilities of TRIUMF's ISAC-I accelerators.
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Table 5.14: Measured resonance strengths and energies from analysis of S1372 data.

ED kev]  ED™ [keV] 1 coincleV] ! sing[eV] ! [eVI[22] ! [eV][21]
270F 2696(8Y 4.37(1.05% 4.51(91F 2:62(56Y 4:5(1:35)
2481 2477(10) 2.07(52) 2.03(47) :3(3) 1:5(5)
2389 2391(7) 1.92(46) 1.89(39) M(34) 40(1:2)
2327 2299(8) 0.082(24) 0.094(44) - -
2327 2300(8) 0.085(26) 0.093(22) - -
2252 2249(10) 0.054(16) 0.062(22) - -
2229 2218(8) 0.103(29) 0.095(25) - -
2166 2164(8) 0.035(10) 0.039(9) - -
2085/2092 2089(9) 0.026(7)' 0.032(8)' - -

2 See section 5.2.1 for discussion of the literature value dEy for this state.

b Calculated from ( Z-distribution weighted mean of 2706 keV and 2686 keV resonances.
¢ Combined! of 2706 keV and 2686 keV resonances.

d See Table 5.6 for proper comparison of S1372 resonance strength to literature values.

€ Separator was tuned to the 8+ recoil charge state.

f Separator was tuned to the 7+ recoil charge state.

9 Calculated from ¢ Z-distribution weighted mean of 2092 keV and 2085 keV resonances

h Combined! of 2092 keV and 2085 keV resonances.
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PART II
IMPROVEMENTS TO DRAGON: SCATTERING OF NUCLEI IN INVERSE
KINEMATICS AT DRAGON (SONIK DRAGON)
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CHAPTER 6
SONIK

Figure 6.1: SolidWorksR 3-D model of the SONIK scattering chamber

In order to exploit TRIUMF's radioactive ion beam capabilities for elastic scattering
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experiments, a new type of scattering chamber was designed to t in place of DRAGON's
existing gas target and utilize the existing DRAGON infrastructure in order to make high
precision measurements charged particle elastic scattering cross sections in inverse kinemat-
ics. The Scattering Of Nuclei in Inverse Kinematics (SONIK) chamber was designed and
fabricated at Colorado School of Mines and commissioned at TRIUMF in July of 2015. In
this chapter, we will discuss the motivation for designing SONIK, details of SONIK's design

and the commissioning experiment.

6.1 SONIK Motivation

The "Be(p; )®B reaction is of interest to solar neutrino physics in relation to the solar
neutrino problem. Although the solar neutrino problem has been largely explained by neu-
trino oscillations, the focus has shifted to constraining neutrino mixing parameters. Recent
measurements [77 80] ofBe(p; ) 8B have increasedthe uncertainty of the extrapolation of
the S;7(0) astrophysical S-factor to solar energies, making more stringent constraints on the
Be(p; )®B cross section desirable.

Solar neutrinos are primarily produced in reactions in the p-p chain. Figure 6.2 illustrates
the branching ratios of the various reactions of the p-p chain. The vast majority of the
neutrino ux is from p+p ! 2H+e* + o However, these neutrinos are low in energy
(Emax = 0:425 MeV - see Figure 6.3), which makes them dicult to detect. Neutrinos
produced by the proton-electron-proton (pep) reaction, as well as those produced Hye
electron capture are also low energy ( 1MeV). Therefore, the solar neutrino signal of the
8B1 8Be+e' +  ( -decay of®B is relatively easy to detect. The neutrino ux from éB
decay is proportional to the solar abundance &, which is dependent on the/Be (p; )2B
reaction cross section - or astrophysical S-fact@;7(0). One method for constraining the
Be(p; )®B cross section (S-facto17(0)) is via high-precision measurements of the elastic

scattering cross section ofBe (p;p) ‘Be. We turn to this topic in the next section.

157



P 99,77 % 0,23 % NP q
pr+p*—22H+e +v, ’7 pr+e+p —22H+v,

10° %

84,92 % . . .
2H+p"—>3He+y — He+p' = 'He+e +v,
15,08 %

0,1 %

SHe + ‘He — 'Be +y

99,9 %
‘Be+e = Li+vg ’ ‘ ‘Be+p = *B+y ’
‘B
3He + 3He — ‘He + 2p* 1 ‘Li+p* — ‘He + ‘He 1 ‘B — *Be* +e" + Vg

1 *‘Be* — *He + ‘He

Figure 6.2: Branching ratios of the p-p chain [81].

6.1.1 Relationship between el and S17(0)

Consider a nucleus with an excited resonant state at enerdgy that can be populated
through radiative capture X(a, )Y (such as the 0.7695 MeV state ifiB that can be populated
through resonant proton capture on’Be illustrated in Figure 6.4). If the total width of
this resonance is su ciently large, the resonance will have a low energy tail through which
the X + a reaction may still proceed, albeit at a much lower rate than the on-resonance
reaction. The reaction cross section at low energies for such a resonance can be estimated

via the astrophysicalS-factor by combining Equation (2.40) and Equation (2.48)

2 a E
S(E) = T! (E, ’E()Zi_ 2=4

E e? (6.1)

where 5~ (E) is the single-particle partial width given by [84]
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Figure 6.3: Standard Solar Model BS05(OP) [82] neutrino energy spectra [83].

a (E;Rn) = = P-(E;Rn) 2 (6.2)

where P-(E;Rp) is the Coulomb barrier penetration factor (see section 2.4) and® is the
single-particle reduced width. If the astrophysicaB-factor (cross section) cannot be mea-
sured directly, extrapolation of theS-factor to low energies requires knowledge of the single
particle partial width. On the other hand, the elastic scattering cross section for resonance

scattering (i.e. - a reaction a(X,X)a) is described by the one level Breit-Wigner formula

_ 3(E)
E)= 7 (Er E)2+ 2=4

(6.3)

Because both the X(a )Y and the X(a,a)X reactions have the same entrance channel, the

particle partial widths for these reactions are equivalent. Therefore a measurement of the
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elastic scattering cross section at a given energy (which can be used to extract the particle
partial width via an R-matrix t) enables calculation of the astrophysical S-factor at that
energy, which can be used to constrain its extrapolation to low energies. The extraction of
the particle partial width from elastic scattering measurements is achieved through tting
elastic scattering data with the phenomenologicdR -matrix, to which we turn our attention

next.

6.1.2 R-Matrix

The R-matrix was developed in order to solve coupled channel Schddinger equations for
systems of particles [85]. ThdR-matrix is the inverse of the logarithmic derivative of the

wave function at the nuclear boundary. The multichanneR-matrix [85] is given by

X 0
Re(E)= 5 6.4
c(E) CEE (6.4)

For a single reaction channel, theR-matrix for the “t

partial wave and total angular mo-
mentum J is given by
R (E) = b (6.5)
n=1 Eny E
The positive(negative) poles of Equation (6.5) describe scattering(bound) states, and the

(real) parameters ,-; are the reduced width amplitudes [85], given by
¢ = 2P¢; (EiRn) fc (6.6)

Extraction of R-matrix parameters is simpli ed further in the case of isolated narrow reso-
nances. However/Be has a spin and parity of] = 3=2 , so radiative proton capture can
have channel spins o§ = f1;2g. Thus mixing of partial waves can contribute signi cantly

to the amplitudes ,-; of Equation (6.6), so Equation (6.5) is the appropriate tool. Addi-
tionally, there have been some observations [77 80] which suggest signi cant contributions
from other reaction channels, so an accurate t may require the use of Equation (6.4).

A full exposition of the phenomenologicaR-matrix formalism (including the function
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Figure 6.4: Level diagram of®B.

of the collision matrix) is beyond the scope of this document. For more information, the
reader is referred to [85 88] and the references therein. Additionally, Barker et. al. [89 91]

have developed an application of the phenomenologidatmatrix formalism for the express
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purpose of extrapolating theS-factors of radiative capture reactions to low energies that

may be of interest to the reader.

6.2 SONIK Design/Construction Overview

In order to exploit TRIUMF's radioactive ion beam capabilities for elastic scattering ex-
periments, the SONIK scattering chamber was designed to tin place of DRAGON's existing
gas target and utilize the existing pumping and gas recirculation system (see Figure 3.6), with
just one additional roots blower (see Figure 6.10). It consists of 30 ion implanted silicon (11S)
charged particle detectors mounted on collimated telescopes (see Figure 6.7) a distance of 17
cm from the center of the beamline at observation angles in the rangg, = 225 ;135g.
Nine of the angles have a three-fold redundancy and there are four unique angles (see Ta-
ble 6.1). Each set of nine redundant telescopes observes a di erent interaction region within
the gas target volume (see Figure 6.5 and Figure 6.6). Because each observation point has
a di erent z-coordinate, the bombarding energy and therefore the scattering energy varies
slightly by observation point. The IIS detectors detect elastically scattered Hor He nu-
clei depending on the measurement of interest. The telescopes are collimated by a 2.0 mm
wide slit aperture at the telescopes' interface with the gas volume and a 1 mm diameter
circular aperture immediately in front of the 1IS detector (see Figure 6.7). Additionally, the
chamber's beamline collimators were designed as a relatively simple assembly that can be
removed. This is useful for working with radioactive beam species, when unreacted beam can
be inadvertently deposited on the collimators. In the event that the beamline collimators
become contaminated, they may be easily disposed of. In order to build the chamber in
a cost-e ective manner, the chamber and all of its components are constructed of 6061-T6
aluminum alloy.

Unfortunately, due to a design aw that was overlooked, the chamber was perforated

Like many SONIK's components, the circular apertures were designed to be manufactured inexpensively,
allowing for the exibility to easily alter the diameter or the geometry of the aperture to suit varying
experimental needs.

162



2EVHUYDWLRQ 2EVHUYDWLR!
3RLQW 3RLQW
S

Figure 6.5: SONIK design details; all dimensions are given in mm.
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Figure 6.6: SONIK outer pumping details.
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Table 6.1: Angles subtended by detectors according to interaction point. See text for
explanation of strikethroughs.

Angles Subtended

1| 20 225 25 30 35 40 45 55 60 65
2| 20 225 25 30 35 40 45 55 60 65
20 225 25 30 35 40 45 55 60 65
3| 75 90 120 135

Observation
points

during fabrication while milling the port for the 22.5 telescope for observation point 3. The
location of the perforation necessitated lling and welding the 23 telescope for observation
point 3 as well as welding an aluminum block over the corresponding 3telescope port.
Further, since the 30 ports for observation points 1 and 2 had already been machined,
it was realized that machining the corresponding 20ports called for in the design would
similarly perforate the chamber. Thus one 30port as well as all three of the planned 20

ports were lost.

6.3 SONIK Timeline

The design work and fabrication of the SONIK scattering chamber were completed during
the summer of 2014 at Colorado School of Mines. The chamber was vacuum tested at
CSM during this time and was subsequently vacuum tested at TRIUMF in August 2014
(see Figure 6.8.) At that time, an attempt was made to t the chamber into the existing
beamline in the location of DRAGON's gas target. However, it was discovered that the
pumping boxes immediately upstream of the target area were slightly misaligned, causing
the downstream end of the chamber to be de ected o -axis by approximately 2 mm. The
original design of the ttings to the existing DRAGON target beamline area were rigid,
and relied on the expectation that the pumping boxes on either side of the target were fairly
precisely aligned. This not being the case, the beam time had to be postponed until a exible
bellows tting between the chamber and beam line could be manufactured. The chamber was

vacuum tested using half (the downstream half) of DRAGON's pumping/gas recirculation
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Figure 6.8: Vacuum tests of SONIK scattering chamber

system. This was achieved by attaching the chamber to the downstream pumping boxes
and blanking o the upstream end of the chamber. Initially, using only the existing pumps
available, the chamber was able to maintain a gas pressure of approximately 6 Torr before
the maximum load of 400 W on TP3 was reached. When a 6th roots blower was attached
in parallel (with the existing roots blowers) to the inner pumping ports (see Figure 6.5
and Figure 6.6) of the scattering chamber, a central cell pressure of 9.7 Torr was achieved
before the max load was reached on TP3. These tests gave reasonable con dence that
the SONIK scattering chamber would be ready for commissioning during the subsequent

TRIUMF beam schedule.
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6.4 SONIK Commissioning

Figure 6.9: SONIK commissioning experiment.

The SONIK scattering chamber was commissioned between July'®3 August 4", 2015
in conjunction with TRIUMF experiment S1025 measurements. The chamber was com-
missioned with two separate measurements: elastiele - scattering CHe(; )S3He) at
bombarding energies oEy = f4:45,3:58,2:70,1:80,0:90g MeV and elastic proton scattering
o ‘Li ("Li(p;p) ‘Li) at bombarding energies ofEy, = f2:56;2:18;1:80;1:85; 1:49g MeV Both
measurements were made in inverse kinematics. All scattering measurements were collected
at an average target pressure dPye = 5:10 0:04 [Torr] He (for the 3He(; )°He mea-
surement) andPy, = 5:22  0:09 [Torr] H, (for the “Li(p;p) ‘Li measurement). Because
the volume of the gas cell of the SONIK scattering chamber is considerably larger than that
of the DRAGON gas target, an additional roots blower and a modi ed pumping scheme
(see Figure 6.10) were necessary to achieve di erential pumping comparable to DRAGON's
typical operation. In order to ascertain the number of incident beam particles, the beam

was dumped on FC1 (immediately downstream of the target) and the current on FC1
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Figure 6.10: SONIK pumping scheme.

was continuously monitored. The FC1 current could then be normalized to regular (hourly)
beam current readings on FCA4.

The SONIK commissioning experiment can overall be considered a success, as it pro-
vided data suitable for characterizing the apparatus. However, there were some di culties
encountered during the experiment and there several aspects were identi ed in which im-
provements can be made. Owing to the limited availability of electronics and detectors
(mainly due to budgetary constraints), the®He(; )3He was made with only 19 detectors
and the “Li(p;p) ‘Li was made with only 8 detectors. Further, the suite of detectors that
were used in the commissioning experiment were a mixed bag. Ten of the detectors were
brand new Canberra Passivated Implanted Planar Silicon (PIPS) detectors purchased by
Colorado School of Mines. The PIPS detectors were all model PD 150-14-100 AM par-
tially depleted Si charged particle detectors, which have a 150 minactive area and a 100

mm active thickness. The other nine detectors were a mix of Si charged particle detectors,
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Figure 6.11: SONIK IIS calibrated energy spectrum of 45detector observing interaction
regions 2 (orange Il) and 3 (blue) for all runs at bombarding energy dE,, = 2696 keV.

of known and unknown make, model, active area and active thicknesses, many of which had
unknown origins. Additionally, the electronics (preampli ers and shaping ampli ers) used
during SONIK's commissioning consisted of a borrowed elements; a mesytec MSI-8 8 channel
preampli er, shaper and timing Iter ampli er, a mesytec MSCF-16 16 channel shaper and
timing Iter ampli er with constant fraction discriminators and an RAL preampli er. The
shaped signals from the 1S detectors were used to create (individual) logic pulses (which
were sent into a logic fan-out which was subsequently used to create a system trigger) and the
shaped signals were sent to the tail &n V785 ADC inputs normally used for the DSSSD.
An extension to the DRAGON analyzer package was written in order to unpack MIDAS

event banks from these MIDAS les into a SONIK class ROOT tree [52, 53, 92].

After data collection began, it became apparent that one of the detectors (that was initially thought to
be functional) showed signs that it had clearly been damaged, and another (also thought to be functional)
showed signs that it had possibly been contaminated.
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Figure 6.12: SONIK IIS calibrated energy spectrum of 60detector observing interaction
regions 2 (orange Il) and 3 (blue) for all runs at bombarding energy dE,, = 2696 keV.

The Si detectors were energy calibrated in a separate chamber witlP®Pu - 241Am -
244Cm triple - source. The electronics lines used for the calibration and their respective
settings were preserved when the detectors were mounted on the chamber for data collection
during the 3He(; )3He measurement. This procedure, although serviceable, proved to be
cumbersome and led to problems during théLi(p;p) ‘Li measurement, at which time the
mesytec MSCF-16 unit became quite noisy, severely reducing the livetime of the DAQ and
requiring its removal (along with the 8 detectors whose signals it was shaping) from the
trigger. Over the course of the’Li(p;p) ‘Li measurement, several di erent con gurations
of 8 detectors were used with the mesytec MSI-8 to collect data. Because the electronics
setup for nearly all of the detectors changed during this measurement, their respective energy
calibrations were e ectively destroyed. The potentiality of similar situations arising in the

future make devising a method for insertion or installation of a calibration source desirable.
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Figure 6.13: SONIK IIS calibrated energy spectrum of 75detector (observing interaction
region 3). Orange Il - all runs at bombarding energy oEy = 3576 keV. Blue Il - all runs
at bombarding energy ofE,, = 2696 keV.

Data from the SONIK commissioning experiment are still being analyzed at TRIUMF
and Ohio University, but preliminary results suggest that the chamber performs as ex-
pected. Figure 6.11 to Figure 6.14 show various spectra féHe(; )°3He data collected
during SONIK's commissioning. Figure 6.15 displays the spectrum of the 3@etector ob-
serving interaction region 2 for all runs at a bombarding energy &, = 2561 keV for the
Li(p;p) ‘Li measurement.

Although the data collected will be su cient to adequately characterize the apparatus,
there exists the potential for signi cant improvements in resolution and signal to noise ratio

with the procurement of state of the art equipment. Thus it is of utmost importance

This was the only detector for which the energy calibration was preserved when the switch was made
to the “Li(p;p) ’Li measurement.
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Figure 6.14: SONIK IIS calibrated energy spectrum of the 22.5detector (observing in-
teraction region 3). Orange Il - all runs at bombarding energy ok}, = 1802 MeV. Blue ||
- all runs at bombarding energy o, = 901 keV.

for the future success of SONIK to acquire a full suite of new detectors (ideally matching
Canberra PIPS® PD 150-14-100 AM detectors) and complementary electronics (two 16
channel shaping ampli er, preampli er and discriminator units would be ideal).

It should be noted that the ISAC-I accelerators are capable of delivering beams of up to
1.9 MeV/u. At this energy, protons scattering from’Be at a lab angle of |5 = 22:5 will
have an energy of 4.95 MeV. According to SRIM [61], 5 MeV protons have a range o215

m in elemental Si. Thus it will be necessary to obtain detectors with an active thickness
of 300 m (ideally the Canberra PIPS® PD 150-14-300 AM). There are future plans to
measure’Be (p; p) ‘Be in the ISAC-II facility at bombarding energies at up to 5 MeV/u. If
SONIK is to be used for these measurements, it may be necessary to acquire detectors with

up to 1000 m active thickness for the shallow angles. Otherwise detectors of 30 active
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Figure 6.15: SONIK IIS calibrated energy spectrum of the 30detector (observing inter-
action region 3) during the’Li(p ; p) 'Li measurement for all runs at a bombarding energy of
Ep = 2561 keV.

thickness should su ce for most conceivable measurements at the DRAGON gas target
location as the range of protons in Si does not exceed 306 unless the proton energy
exceeds 6 MeV [61].

Like DRAGON's high density, windowless gas target, SONIK will be able to make direct
measurements of the stopping power. Measurement of the stopping power with DRAGON's
gas target or SONIK is achieved varying the pressure in the target and then measuring
the beam energy. The stopping power can then be calculated as in section 4.3 (by linear
tting of beam energy vs target thickness data). This method of measuring the stopping
power requires precise knowledge of the e ective target length, which (along with the target
pressure and temperature) is used to calculate the target thickness via Equation (4.31). The

e ective length of the target is a di cult quantity to measure. However, if we know the
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stopping power of a given ion in a given medium precisely, we can use Equation (4.8) to

ascertain the e ective target length x:

X = N (6.7)

whereN is the number density of target nuclei (which can be calculated for a given target
pressure and temperature using Equation (4.31)). Note that Equation (6.7) is only valid if the
target pressure pro le is (approximately) constant and the stopping power is (approximately)
constant over the energy thickness of the target.

Table 6.2 and Table 6.3 display the e ective target lengths obtained from measurements
taken during SONIK commissioning experiment, along with the parameters needed to cal-
culate them. The stopping power of He ions in He gas has been measured many times and
is well described by the SRIM model (to within a 4.4% mean error - see Figure 6.17), so the
measurements of SONIK's e ective length with the’He beam should be reliable.

The SRIM model has a mean error of 13.2% with the stopping power data for Li ions
in Ho, so the measurements of SONIK's e ective length with thé€Li beam are decidedly
less reliable. Further, there is marked disagreement in the Li data in the range of the
stopping power maximum (100 - 400 keV/u), which is precisely the energy range for
which the “Li(p;p) ‘Li measurements taken. On the other hand, the fact that the e ective
length measurements from the/Li(p:;p) ‘Li data agree with the measurements from the
SHe(; )°%He data to within ~ 3:3% is encouraging. The anomalous value tf = 36:64
cm calculated for the bombarding energy oE, 4.45 MeV was likely due to an erroneous
energy measurement (eitheEy or Egyt) due to some steering of the beam by DRAGON's
rst quadrupole magnet. Because these e ective lengths from the SONIK commissioning
experiment were calculated from stopping power values obtained from the SRIM model [61],
they should be treated with care until another measurement can verify them.

Such an independent measurement is planned for a future test beam time for the SONIK

chamber. This independent measurement will utilize the method employed by Engel in
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Figure 6.16: Existing Data for stopping power of Li ions in B gas and comparison to
SRIM model [61].

[63, 93]. Stopping power measurements at a given bombarding energy will be made with
the chamber's standard entrance and exit apertures (i = 6 mm) and then repeat the
stopping power measurements (at the same bombarding energy) using entrance and exit

apertures with a diameters of j, =1 1.5 mm. The entrance and exit apertures with the
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Figure 6.17: Existing Data for stopping power of He ions in He gas and comparison to
SRIM model [61].

reduced diameter will limit the gas ow out of the central target volume, thereby decreasing
the e ective length of the target so that it is nearly the geometric length of the target.

Taking stopping power measurements in this manner allows one to estimate the energy

177



Table 6.2: Parameters used for calculating SONIK's e ective length during théHe -
scattering measurement (i.e. - with He gas). All energies are in units of MeV.

dE/d x [61]

Ecm Ep Eout [eV/(1015 at/cm 2)] T [C] E le [cm]
2537  4.449 4415 5.74 29.0 0.0345 36.64
2039 3576 3552 6.78 29.0 0.0241 21.53
1537 2696  2.665 8.34 29.0 0.0315 22.84
1.028 1.802  1.762 10.94 29.0 0.0397 21.93
0515 0.904  0.849 15.76 29.0 0.0544 20.88
0514 0.901  0.844 15.76 29.0 0.0571 21.91
0514 0.901  0.841 15.76 27.1 0.0597 22.88
0514 0.901  0.842 15.76 29.0 0.0587 22.08
&9 = 22:00 070

See text concerning the anomalousness of this value &f .

lost in the central volume of the gas cell (E¢) as well as the energy loss in the gas leaking

out of the entrance and exit collimators ( E;). As Engel explains [63],

Though it may not be assumed that E. is independent of the aperture, it can be
argued that the e ective width of the energy loss in the inner target cell is. This
means that the steepness of the edges in...[the stopping power curves] changes
with the size of the con ning collimators; however, the e ective length does not.
Thus, the total energy loss remains the sum of both, the energy loss within the
central target material plus contributions from the gas leaking further into the

di erential pumping system. The rst, Eg, is the same in either set-up, while
the latter, E,, is proportional to the open area of the aperture, in rst order

approximation.

Then the e ective length can be calculated by scaling the physical target length by the ratio

of the stopping powers obtained in the previous two measurements:

le = i (6.8)

lim
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Table 6.3: Parameters used for calculating SONIK's e ective length during théLi - proton
scattering measurement (i.e. - with H gas). All energies are in units of MeV.

dE/d x [61]

Ecm Ep Eout [GV/(lOlS at/cm 2)] T [C] E le [cm]
0322 256 244 17.78 30.0 0.1192 19.95
0.322 256 243 17.78 30.0 0.1274 22.04
0322 256 243 17.78 30.0 0.1317 22.02
0274 218 204 19.20 30.0 0.1422 21.95
0226 180 168 19.69 30.0 0.1220 17.85
0232 185 170 19.69 30.0 0.1496 23.05
0232 185 171 19.69 30.0 0.1419 21.43
0232 1.85 174 19.69 30.0 0.1076 21.41
0232 1.85 174 19.69 30.0 0.1068 21.24
0.187 149 134 20.36 315 0.1500 21.73
0187 149 135 20.36 32.0 0.1461 21.20
0.187 149  1.34 20.36 325 0.1483 21.75
0142 113 0.8 20.67 325 0.1476 21.04
&9 = 21:28 125

where g Is the stopping power measured using the standard entrance and exit apertures,
im IS the stopping power measured using the small diameter entrance and exit apertures
and lg is the physical distance between the centers of the apertures. From the machining
tolerances the physical target length i$p = 16:82 cm (see Figure 6.5 and Figure 6.6). Small
diameter entrance and exit apertures will need to be machined before these measurements
can be made.

However, because the SONIK chamber has two pumping stages on either side of the cen-
tral gas target volume - separated by two (each) gas ow limiting entrance and exit apertures
(see Figure 6.5 and Figure 6.6) - this method will only give a rst order approximation
to the e ective length of SONIK's central gas volume. In order to ascertain an accurate
measurement of the e ective length of SONIK's central gas cell, it will be necessary to
measure the contribution to the beam energy loss from the gas leaking into the outer pumping
stages. Therefore, it will be necessary to machine small diameter gas ow limiting beamline

apertures for the outer pumping stages as well.
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6.5 SONIK Outlook

The SONIK scattering chamber has already generated some interest in the nuclear astro-
physics community. The possibility of making high precision elastic scattering cross section
measurements in inverse kinematics with a gaseous target in order to constrain reaction cross
sections (astrophysicalS-factors) is compelling. Several experiments have already been ap-
proved by the TRIUMF Subatomic Physics Experiments Evaluation Committee that will

utilize the SONIK scattering chamber (see Table 6.4).

Table 6.4: Experiments approved by the TRIUMF SAP-EEC that will utilize the SONIK
scattering chamber. Note that®He(; )3He and the “Li(p;p) ‘Li were measured during
SONIK's commissioning experiment in July 2015/Be (p;p) ‘Be will be measured at a later
date.

TRIUMF Experiment Reaction(s) Measured

Number
SHe(; )°He
S1025 7Li(p : p)7Li
"Be(p;p) 'Be
18F (p; )19Ne via
S1425 ’
150( ; )19F and 150( : )150
S1452 Be(; )’Be

Letter of Intent

Although there were several di culties encountered during the SONIK commissioning
experiment, the data collected will enable adequate characterization of the apparatus and
therefore should overall be considered a success. However, there are several issues that need
to be addressed and improvements that need to be made before the next measurement with

SONIK is performed. These are itemized below in order of priority:

1. As noted previously, SONIK was only partially instrumented during its commissioning.

Full instrumentation with state of the art detectors and electronics will likely dramati-

180



cally increase SONIK's performance. It is of utmost importance to acquire a full suite

of new detectors and complementary electronics.

. The 30 and 22.5 slit apertures collide when they are fully inserted into their respective
ports. These need to machined so that they do not collide. This should be relatively

simple and can be achieved without altering the relevant geometry of the apparatus.

. Small diameter ( = 1:5 mm) beamline apertures need to be fabricated in order to

measure the e ective target length.

. During the commissioning experiment, pressure was read from a manometer attached
to one of the telescope ports. This setup is not ideal, as it removes a detector from
the apparatus and, in the case of the commissioning experiment, the port chosen
was directly adjacent to and pointed towards the gas inlet port. Thus the pressure
readings during SONIK's commissioning experiment carry an additional, unknown
uncertainty. A port normal to the beamline with a standard connection (KF-16) needs

to be machined on the central portion of the chamber for a proper pressure reading.

. As mentioned previously, calibration of the 1IS detectors was cumbersome, time con-
suming, and error prone. It will be necessary to devise a method for easy insertion of

a calibration source.

. The integrity of SONIK's observations is critically dependent on the trajectory of beam
ions through the chamber (i.e. - it is critical that the beam be well aligned as it passes
through the chamber). The misalignment of the upstream and downstream pumping
boxes complicates the beam alignment. It has been suggested that irises be installed

in the upstream and downstream beam boxes to more reliably ensure beam alignment.

. Installation of the chamber in the beamline is time consuming and cumbersome as it

requires removal of the turbo pumps that are attached to the beam boxes adjacent
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to DRAGON's gas target. Simplifying the beamline installation of SONIK would

drastically ease the burden of pre-run preparations.
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CHAPTER 7
SUMMARY AND CONCLUSION

In summary, TRIUMF experiment S1372 measured the resonance strengths and ener-
gies of eight resonances i#'S(; )38Ar in the energy range relevant to hot and explosive
astrophysical environments.

A direct measurement of the3*S(; )38Ar reaction at several resonant energies within
the Gamow window for hot and explosive astrophysical environments was approved (TRI-
UMF experiment S1372) and conducted at the Detector of Recoils And Gammas Of Nuclear
reactions at TRIUMF in Vancouver, BC Canada. The resonance strengths and energies of
eight isolated narrow resonances were measured. Of the eight resonances measured, six had
not been previously studied via radiative capture on3*S. The two (previously measured
resonances) had signi cant discrepancies in the literature values for the resonance strength.
The S1372 measurements resolved the discrepancy for &, = 2389 keV resonance, but
the value of the resonance strength of thE Y, = 2709 keV resonance remains in doubt. Fur-
ther study is needed to resolve this discrepancy. The total resonant reaction rate calculated
using S1372 data (along with existing literature values) agrees well with the NONSMOKER
and REACLIB Hauser-Feshbach statistical model calculations. This is an example in which
the Hauser-Feshbach statistical model appears to be con rmed by the empirical data.

The possibility for further study of radiative  capture on34S at DRAGON exists. The
discrepancy amongst the measured resonance strengths for E@w = 2709 keV state was
not adequately resolved, and there are several states within the energy rang8H; Eo] (at
still lower energies than the present work probed) for both oxygen burning and explosive
oxygen burning that have not been measured vi#'S(; )38Ar. Of particular interest is a
J =(1 )stateatEyx =8:233 MeV (corresponding to a CM energy & cy = 1025 keV. This
corresponds to a lab energy d&, = 286 keV/u, which is well within the energy capabilities

of TRIUMF's ISAC-| accelerators.
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Additionally, a new apparatus was designed and delivered that will signi cantly extend
the scienti c reach of the Detector of Recoils And Gammas of Nuclear reactions (DRAGON)
experiment. The SONIK scattering chamber was designed and fabricated at CSM, and sub-
sequently tested and commissioned at TRIUMF, Canada's national laboratory for nuclear
and particle physics. SONIK was designed to t in place of DRAGON's existing gas tar-
get and utilize the existing pumping and gas recirculation systems in order to make high
precision elastic scattering cross section measurements, with the explicit intent to extract
the 'Be(p; )®B cross section. In conjunction with TRIUMF experiment S1025, the scatter-
ing chamber was commissioned at TRIUMF between July #¥3and August 4", 2015 with
two separate scattering measurements: elasfitle - scattering GCHe(; )3He) and elastic
proton scattering from “Li (’Li(p;p) ‘Li). Data from these measurements are still being
analyzed, but preliminary results show that the chamber performs as expected.

Although the SONIK commissioning experiment was successful, there are issues that need
to be addressed and improvements that need to be made before subsequent measurements
can commence. Of utmost importance is the acquisition of a full suite of Si charged particle
detectors as well as a full complement of state of the art electronics. Other issues that need
to be addressed include machining of additional parts as well as some minor alterations to
the existing chamber.

The SONIK scattering chamber has a great potential for making future measurements
of elastic scattering cross sections of interest to nuclear physics and astrophysics. Several
experiments which intend to utilize SONIK have already been approved by TRIUMF's Sub-
atomic Physics Experiments Evaluation Committee, including’Li(p:p) ‘Li, ‘Be(; )’Be

and °0(; ) o0.
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APPENDIX A - UNITS AND PHYSICAL CONSTANTS

The most convenient expression for most formulae relevant to nuclear astrophysics is in
the CGS (centimeters, grams, seconds) unit system, which is the system of units predomi-
nantly adopted throughout this text (unless otherwise noted) but with preference for listing
energies in the convenient nuclear units of electronvolts (eV) (1 [eV] =@022 10 1°[J] =
1:6022 10 12 [erg], kilo-electronvolts (keV), or mega-electronvolts (MeV), distances in units
of fm (1 [fm] = 10 13[cm] or 10 15 m), cross-sections in units of barns (1 [b] = 10?4 [cm?]),
and masses in atomic mass units, u (1 u =:660538921(73) 10 2% [g] = 931.494061(21)
[MeV/c?]), or rest-mass (MeV/c?).

In CGS units, Coulomb's law is written as

F= % (A1)

The (derived) unit of electric charge in the CGS unit system is the statcoulomb (statC). It is
de ned as the amount of charge required for a pair of equal charggsseparated by a distance
of 1 [cm] to exert/experience a mutual force of 1 [dyne]. In order to reconcile the units on

both sides of Equation (A.1), the charges; must have units of cnP dyne = cmp erg cm =

g2cm3?s 1) 1 [statC] = 1g™2cm3?2s 1. Thus one cannot make a direct conversion of
electric charge between the CGS unit system and the Sl unit system (in which electric charge
has the unit of Coulombs which is derived from the base units of Amperes and seconds.) In
the CGS system, the elementary charge has a value ®f 4:80320425(10) 10 10 [statC],

which, for convenience, is often expressed as

2
e? = 4:80320425(10) 10 1O[statC]
0 Vv 12

u
. [MeV] f
@4:80320425(10) 10 1°t [erg cMsoarresssiss) 0 g 10 © = 10130 A

1:4399764 [MeVfm]:
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APPENDIX B - KINEMATICS

The kinematics of the collision between nuclei a and A described in section 2.1 can be
easily understood in the center of mass of the two particle system (or the equivalent one-body

problem). The center of mass is given by

P

i M Maglfg+ MaTl
R — | [ — ala AlTA (B.l)
i mi Ma + Ma

Di erentiating Equation (B.1) with respect to time gives

drR d marag+ mar MaVa+ MaV
= _ ala ATA — aVvVa AVA Vv (B.2)
dt dt Mg + My Mg + My

The momentum of nucleus a with respect to the center of mass is given by

MaVa+ Ma VA

CM _ _
= mg(Vv V)= mgv m
pP3 a(Va ) aVa a Mat Ma

2
MaVa(Ma+ Ma) MZVa MaMaVa

ma + mA
MaMma
= ——(Va Vva)= V B.3
o i va va) (B.3)
wherev  va va is the relative velocity of the two nuclei and ~ 27A- is the reduced
mass of the system. Similarly, we nd forp &M
CM _ _ _MaMma _
= ma (v V)= ——(Va Va) = % B.4
PA A(Va ) ma+mA(A a) (B.4)
Equation (B.3) and Equation (B.4) can be rearranged to yield
Ma
Va=V+ ———v B.5
a e (8.5)
Ma
Vva=V ——v B.6
A T (B.6)
The total energy of the system before the collision is given by
1 1
E = Zmavi+ —mava (B.7)

2 2
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We can express this in terms of the center of mass system by inserting Equation (B.5) and

Equation (B.6):

2 2
m 1 m
E= m, V+ A v +Imp V a
2 Mg+ Mp 2 Mg+ Mp
2 mam,%\ 2 mAmg 2
= —(Mag+ mp)V SV + 5
2(ma + ma) 2(mMa+ Ma)

Mama(ma + Mgy) >
2(Ma + mp)?

1
= é(ma"' ma) V2 +
1 1
) Ecm = é(ma"' mA)V2+ > v 2 (B.8)

B.1 Transformation Between Laboratory and Center of Mass Coordinates

We can nd the energy of the center of mass system in terms of the bombarding energy

by using Equation (B.2) and setting the target velocity to zero:

Mp
V= —v B.9
me+ mg VP (B.9)

Then the projectile and target velocities with respect to the center of mass are

CM _ _ Mp _ my
vVg'=Vvp V=1 ——— vp= ——V B.10
b b mirm P mormg VP (B.10)
CM _ _ Mp
Y =v¢ V= ——v B.11
t t me+ mg Vb (B.11)
which corresponds to kinetic energies of
1 m¢ 2 m¢ 2
EEM=Zmp, ——— v= — E B.12
b 2P m; + my b m: + My b ( )
1 Mp 2 m¢ Mp
EM=Zmy —2 = —1 2 B.13
t 27 me+mp P (me+ mp)2 P (B.13)
The total kinetic energy in the center of mass frame is then
my 2 me My, my
Ecm = EEM+EM= —  Ep+ ——2 Ep= ———E B.14
R mormp P mirme2 T mem, > G
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B.2 Inverse Kinematics
For the collision in Figure 2.1, conservation of momentum demands
Pi=P¢ ) mMpVvp=(Mt+ Mp)Viec+ P = MrecVrec+ P (B.15)

where the subscripts p, t and rec represent the projectile, target and recoil nuclei, respectively.
Then
Prec = Ppb P (B.16)

and p is a small correction to the momentum of the recoil nucleus. The momentum of a

. . _ _ E . .
photon is given byp = ~k = = (wherek is the wave vector), so we have for the recoil
momentum 0 1

q —— E
Prec = 2mMpEp @1 g¢— A (B.17)
2mp CZEb

(the insertion of the  will be explained below.) We can break Equation (B.15) into horizon-
tal and vertical components, and employing conservation of energy and linear momentum,

we have the following relationships:

% My Vp = MyecVrec COS + ETcos (B.18a)
0 = MyrecVriec SIN ET sin (B.18b)
%
" Ep+(mg+ Mmp)® = Epect M@+ E (B.18c)
where we have useth; + mp = meec. Making the replacementm;v; = p; ! P 2m; E;, and

usingQ = (m¢ + mp mrec)cz, we have (with a little rearranging)

8 q

§ 2MyecErec COS =P 2mp Ep ET cos (B.19a)
q . E .

§ 2MrecErec SIN = = sin (B.19b)
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Squaring Equation (B.19a) and Equation (B.19b) and adding them, we have

8 2
3 2MiecErec = 2MpEp 2P oy Ey E cos + 5, (B.20a)

3
- Q = Erect+ E Eb (B.20b)

We can divide Equation (B.20a) by 2nec to obtain the recoil energy:

P——— 2

Mp 2mpEp E E
Eiec = E — — — —_COS + B.21
T Mrec Mec  C 2MyecC2 (8.21)

On the other hand, we can eliminatée ¢ by dividing Equation (B.20a) by 2mec and adding
it to Equation (B.20b), which yields

P— 2
Mp 2mpEp E E
= E ———— —CO0S + Z+E E B.22
Q Myec b Myrec C 2Mrec b ( )
P 2
mp 2mpEp E E
E =0QO+E, 1 + ——— — —CO0S _— B.23
) Q b Myec Mrec c 2MyecC? ( )

Inserting my + mp = My along with P 2mpEp = mpvy, we have

E =0+ ™ E +vC cos B (B.24)
mt + My b™ Tbe 2Myec C? '

where we have usetl, = %vb. We can nd the relationship between the recoil angle and

the photon emission angle by dividing Equation (B.19b) by Equation (B.19a):

=-sin E sin
tan = p & = = g (B.25)
2myE,  —-cos 2m,2Ep E cos
0 1
E sin
) =tan l@q A (B.26)

2mpc?E, E cos

The recoil cone angle is maximum when the is emitted normal to the beam axis (i.e. -

=90 ): 0 1
E
max =tan 1@q—— A (B.27)
2mp c2Ey

Thus the recoil nucleus is emitted into a cone of maximum half anglgnax.

197



APPENDIX C - REACTION RATE

Most stellar environments can be reasonably well approximated as an ideal gas, so the

velocity distribution of ions in the stellar plasma can be described by the Maxwell-Boltzmann

velocity distribution:

3 mi 32 L 2-2kT) 43
Pi(vi)d°vi = KT e MY d°v; (C.1)
|
3=2 2 4 2
= Mexp W dSVOdSV]_ (CZ)

3 3
) Po(vo)d®voPi(v1)divy = @ KT )
Since %(movg + myv?) = E, we can replace it with Equation (B.8), and multiplying by

Mo+ M1 2 yialds

Mo+ My
Mo+ m; 5 5 (m +m)V2+v2!
3 3y, = 0 1 0 1 3 3
Po(vo)d®voP1(v1)d®vy ST Sk oXP LT dvod3vy
(C.3)

We can recast dvod3v1 in terms of the center of mass velocity and relative velocity using

the Jacobian determinant

Qy, @y, 1 ms
dvo, dvy @y @y Mo + My
b = =1 C.4
dVy dvy @y, @y, Mo (C4)
Mo + My

@y @y

and similarly for dvo, dvy, and dvg, dvi,. Hence dvod3vy = d3V dv and Equation (C.2)

becomes
3 ( ) 2 2!
3 3,- Mot My 2 Mo+ M)V<+ v 3, 43
P(V)d°V P(v)d°v = > KT KT exp KT d°vdsv (C.5)

Nlw

SinceP (V)d3V is normalized to unity, we can integrate it immediately upon insertion into

Equation (2.34), which becomes
|
5!

3:221 3 V
v (V) exp KT dv (C.6)

NoNlh VI= NON14 2 kT
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where we have used ¥ = 4 v 2dv. This can be recast in terms ofE by making the

G
substitutions v ! £ fv2) Eanddv! p;:EdE:
S 8 Zl
NoN1h v i = NgN; TP o © E=kT)E (E)dE (C.7)

C.1 Gamow Peak

The integrand in Equation (2.43) is known as the Gamow peak, and it can be well approx-

imated by a Gaussian distribution with identical maximum and concavity (see Figure 2.3):

(E Eo)z!

G(E) = Cexp 52

(C.8)

whereC; Eg; and are determined by matching them to the respective extrema and con-
cavity values of the Gamow peak and Gaussian distribution. The maximum of the Gamow

Peak is found by di erentiating with respect to E and setting the result equal to zero:

I# ]
ZoZ12" — E Z o0Z12" ™ 1 1 E
0c1F = £04 e? k=0 (C.9)

d
E P 2T E = 2E® kT
Solving for E gives

[
Z02,kT —

Eqn =
0 ~ 2

(C.10)

whereEg is known as the Gamow energy (see Figure 2.2). We can then rewrite the Gamow

peak in terms of the Gamow energy:

| 0 _ 1
exp 2 ZOZ~1€2r ; T =exp @ 192;% kETA (C.11)
Evaluating Equation (C.11) atE = Eg we nd
) _ ° 2ES Eol _ 3Ep _
e Eop, - &P @ pﬁ ﬁA =exp L = C (C.12)

We match the concavities of the Gaussian distribution and the Gamow peak by matching

the second derivatives aEg; for the Gamow peak, we nd
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2 3=2 3=2 3
2Ey E d Eo 1 E
. _4exp@ 0 _—_AS = __4 0 ~Aeg? &T5
aez PT PE T kT dE  E32kT KT
:EO E= EO
20 1 0 1, 3
3=2 3=2
3 Eg > E Eg 1 , E
— A KT + —A KT
= E=2KT KT © .
E= Eo
3 3Eo
= ——e T
2EokT
For the Gaussian approximation of the Gamow peak, we nd
" 1# " I#
d? o %oex (E Eop)? . d E Eo %ex (E Ep)?
dE2 P27 T dE 2 P
0 0
" ! I#
= 1 E Eo 2 (E Eo)?
=€ =2t 2 exp 5
Eo
1 3Eo
= 7e kT
Set equal to the result for the Gamow Peak, we arrive at
3 3Eg 1 3Eo
T = — T
2EokT °© 2®
S ﬁ
) = éEokT (C.13)
Then the Gaussian approximation of the Gamow peak is
|
3Eo 3(E Eg)?
G(E) = KT — C.14
(E)=e ¥ exp =7 (C.14)

The Gamow window is de ned by thee-folding width of Equation (C.14). We can nd the

e-folding width by setting Equation (C.14) equal to Xe of its maximum value and solving

for E:

R =

!
s SE EBo® _ 9 (C.15)
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3E Eo?

3(E Eog)? _
> 4
) (E Eo)?= JEoKT (C.18)
2 q —
) E=Eo 19? EokT = Eg > (C.19)

where the e-folding width is the full width of the Gamow window de ned by the region
betweenEg =2 and Eg+ =2. For nonresonant reactions, the Gamow window is the

most probable energy range for thermonuclear reactions to occur at a given temperature.

C.1.1 Resonant Reaction Rate

Inserting Equation (2.49) into Equation (2.39), we have

S

Zq
NahVvi= Nj (2I3<T)3 E sw(E)e E7KTdE (C.20)
I E=KT
= I | =
Na K o E & B 7=C dE (C.21)

Replacing the de Broglie wavelength with its de nition 922:& we have

S—g— 2 Z4

Nah Vi A
AV (kT)® 2 = o (E, E)2+ 2=4

Na e EKT dE (C.22)

[
(kT )2 o (Er E)2+ 2=4

= Na e E7KT dE (C.23)

If the resonance is su ciently narrow, thene =T and ; are approximately constant over

the integration, so they may be replaced by their values &, , giving

P E, =kT 21 =2
NahVi=Np—o —eE=kTy > dE C.24
ARV = BA 7 )32® o (E, E)2+ 2=4 (C.24)
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We can evaluate the integral in Equation (C.24) by lettinga =2 andx = (E,

dE = dxandfxg;xfg= fE;; 1g . Then we have

o 2o N oAy
o (Er E)2+ 2=4 g x%+a?

We can evaluate this integral by making a trigonometric substitution:

let x = atan
8 dx
?T = ase¢ ) dx = aseé d
- 1 Er
. _ 11 _
fo=tan * - = 5
where we have assumed 1.
)Zl =2 dE—ZzZ a’sec d_z=2d_
o (Er E)2+ 2=4 =2 a2tan? + a2 =2
so Equation (C.24) becomes
pT~2 Er =kT
Nahvi=Np——=e 7% —2
A A( KT )32
De ning ! I ——, we have
5 3=2
Nahvi=Ny —  ~2e BT
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APPENDIX D - STATISTICAL ANALYSIS AND UNCERTAINTY ESTIMATION

The yields measured by DRAGON are best estimates of the actual number of reactions
occurring during a given yield measurement in DRAGON's gas target. The estimates are
derived by maximizing a probability model of DRAGON's detection method (i.e. - the
summing of events of interest in DRAGON's various detectors () in the presence of back-
ground(s) - i - where the background(s) is/are characteristic of the physical properties of
each detector - subject to the respective e ciencies of each detector) in the frequentist ap-
proach. Bishop [94] derived a probability model for DRAGON and a maximum likelihood
estimator for DRAGON's yield. The derivation of a probability model in this document
di ers slightly, owing to the addition of detectors (the MCPs and the IC), the replacement
of DRAGON's DAQ and a slightly di erent analytical method employed for particle identi-
cation. In the following sections, we generalize the probability model to include nuisance

parameters (background).

D.0.1 Reaction and Detection Probability

Suppose thatN v, is the true number of fusion events occurring in DRAGON's high den-
sity gas target during a given yield measurement. The probability thaNy, reactions occur
within the target given Ny incident beam particles is described by a Poisson distribution

(NbY)ern eN bY

P(NnjNp;Y) = N |
rxn :

(D.1)

whereY is the true mean reaction rate. However, we cannot directly observe the true number
of reactions that occur in the target. Instead, DRAGON detects the reaction products
(prompt -ray emissions from excited recoil nuclei and the recoil nuclei themselves). Thus our
probability model must be convoluted with the detection probabilities of DRAGON's various
detectors (which themselves depend on their independent e ciencies as well as DRAGON's
transmission probabilities). The probability that a reaction product is detected by a radiation

detector is described by a binomial distribution:
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P(Xjnip)= © pX(@ p)" * (D2)

where
|
n _ n!

X xi(n x)! (0:3)
The binomial distribution describes the probability P(xjn;p) of x successes (that have a
success probability op) out of n trials. In general, the convolution of a Poisson distribution

with a binomial distribution is

S
P 1 Pan(xi )= e e P Y (04)

~
o

»
= e ipx(l p) X

X0 x)!

We can change the limits of the summation by de ningy = X, then

@ p (D.5)

Ppoi i )Ppin(Xj :
_ poiss( J 5 )Poin(X] ;P) x| y=0 y!

e P = Ppoiss(Xj ; P )

It follows immediately that convolution of Equation (D.5) with an additional binomial distri-
bution, say Pypin( jx; ) will similarly yield a Poisson distribution Ppoiss( j ; p ). Because
the data for S1372 was analyzed in both singles and coincidence, we will derive probability

models for both singles and coincident yields. We begin with the coincident yield.

D.0.2 Probability Density Function (pdf) for the Coincident Yield Pcoinc

The probability of observing g events in DRAGON's BGO -ray array (assuming e -

ciency ggo and Ny, reactions occur in the target) follows a binomial distribution:
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N

P(9jNmn; BcO) = gn' Bco (L Bgo)"™ ¢ (D.6)

Provided that the recoil cone angle of the reaction is within DRAGON's acceptance, and that
the tune is good, a recoil for each detected in DRAGON's BGO array will be transmitted

to MD1. However, only the recoils that emerge from DRAGON's gas target in the charge
state selected at MD1 will be transmitted to the focal plane at DRAGON's charge slits. The

probability that q out of g recoils are presented at the charge focal plane is

P(ajg; csF) = g cse?@d  csp)d @ (D.7)

where, as usual, csk is the fraction of recoils in the given charge state. Continuing on in
this fashion, we nd that of the m recoils that are transmitted to the charge focal plane,
the probability that d recoils will be transmitted through the separator to the MCP is
P(djqg; pra) Where pra is the separator transmission (pra = 0:999°%:393 for the pur-
poses of this document). We then nd that of thed recoils that are transmitted to the
MCP, the probability that recoils will be transmitted through the MCP for detection is
P( js; mcp)where pgra isthe MCP transmission ( pra = 0:664 0:010 for the purposes
of this document). Similarly, the probability that out of the recoils that are transmitted
through the MCP, the probability that c coincident recoils are detected by the MCP is
P(mj; S8,)Y. Finally, the probability that c signals out ofm events detected by the MCP
arrive when DRAGON's DAQs are not busy recording a previous event in either the head or
tail systems isP(cjm; £on°) where £o° is the coincident live time of DRAGON's DAQ.
Then, using Equation (D.1), Equation (D.4) and Equation (D.5), the probability model for

detection of recoils in coincidence with the BGO array and the MCPs is

more than one may be produced and detected for each fusion recoil transmitted to MD1, but this
factor is taken into account in the e ciency of the BGO array BGO.

YN.B. that in general, the coincident detection probability should also include the detection probability
of DRAGON's end detector (either the IC or DSSSD). The probability of detection in DRAGON's end
detector was not included in this analysis because signals from DRAGON's IC were not used in identifying
coincidence events (because it did not provide any further discrimination).
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P(ciY P(cim: coinc X P i . det X P( id: X P(dig:
(cjY) (cim; e (mj; wMce) ( Jd; mcr) (djd; pra)

c=m m= d d=q

- X - -
P(djg; csr) Ppoiss(Nmn JNb; Y)P(9jNxn; BGO)
g=9 Nmxn =0

inc det t
( fone Sep Mep DRA csk BcoNpY)©
cl

coinc det trans
exp ive  McP McP DRA csF BGONpY

— (COin(;ll\lbY)Ce coinc NbY (D8)

where coine  fonc det - trans o0 cse Beo is the total coincident detection e ciency.

D.0.3 pdf for the Singles Yield Psing

The probability model for singles events is the probability of detecting a heavy ion signal
in DRAGON's heavy ion detectors. Thus the detection probability doesiot depend on
the detection of a -ray in DRAGON's BGO array. It follows from the above discussion
that the probability of detecting a recoil event in DRAGON's ionization chamber is initially
dependent on the transmission of recoils through MD1, through the separator, and through
DRAGON's MCP to the nal focal plane. Then the probability of s signals being recorded

by the DAQ out of i singles recoil events being detected by the IC is

P( jd; mcp)
d

: X . singy X . X _ X
P(siY)=" P(sii; o) P(irn ic) P(i: fite)
1= =

S=i r r=

) X ) .
P(djg; pra) Ppoiss(Nrmxn JNp; Y)P(AiNmn; csk)
d=q Nrxn =q

NEh g (0.9)

where sing  pe Ic s WIS pra csr s the total singles detection e ciency.
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D.0.4 The Method of Maximum Likelihood in the Presence of Nuisance Pa-

rameters

The method of maximum likelihood [95] is a method of estimating parameters (such
as best estimates and con dence intervals) from a statistical model using the frequentist
approach. The statistical likelihood that a probability model describes a set of data can
be tested using the method of maximum likelihood. This is achieved through thi&elihood
function, which is given by

. W _
L(; iX)= f(Xij; ) (D.10)
i=1

where = ( 1;::; k) are parameters of interest, = ( 1;:::; ) are nuisance parameters,
X =(X1;::;XN) are independent observations and (Xij ; ) is the probability density
function. Neglecting nuisance parameters for the moment (i.e. -! 0), the likelihood

function for DRAGON's coincident yield is given by

¥ W o
Loy = | P(gjy)= | CeoneNbY)T

coinc NpY
| | o e b (D.11)
i=1 i=1

Similarly, the likelihood function for DRAGON's singles yield is given by

¥ ( CoinchY)Si g sing NpY

W .
L(Y)=  P(sijY) = 5

i=1 i=1
The maximum likelihood estimator for a given parameter of interest; can be found

(D.12)

by nding the supremum of L with respect to ;. Thus, to nd the maximum likelihood
estimator for DRAGON's coincident yield, we maximize its likelihood function with respect
to Y. However, it is easier to work with the log likelihood function, the maximization of

which is an identical problem:

To maximize L, we di erentiate it with respect to the parameter we wish to maximize (say o, set the
result equal to 0 and solve for the parameter:

€
= =0
@o
On the other hand, maximizing the log-likelihood yields
@ 1Q @
—InL= ——=0 — =0
@o L @o ) @o

Therefore, we see that maximizing the log likelihood is an identical problem to maximizing the likelihood.
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InL(Y)

I
5

X
P(GjY)= InP(GjY) (D.13)
i=1 i=1

G In( coincNpY) In(c!) coincNpY (D.14)
i=1

We maximize Equation (D.14) by di erentiating with respect to Y, set the result equal to O
and solve forY:

= InL(Y) =

@ @X
@ @i

G In( coincNpY) In(c!) coincNpY =0 (D.15)
X

i=1 Ymax

)

coincNp =0 (D.16)

In order for the left hand side of Equation (D.16) to vanish, each term in the sum must be

identically equal to O:

YCI coincNp = 0 (D.17)

max

) Yiax = — (D.18)
coincNb

This is just the maximum likelihood estimator for one independent observatioX;, so
the maximum likelihood estimator for the total coincident yield is

C
Yeoine = ————— N (D.19)
coincNb

P - : : oo :
wherec = ¢. A similar procedure will show that the maximum likelihood estimator for

the total singles yield is given by

S

Ysing = (D.20)

sinng
D.0.5 Nuisance Parameters (Background Estimation)

Because the coincident spectra used to identify recoil events in DRAGON's detectors

had negligible backgrounds, the following discussion for including nuisance parameters in
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the estimation of the yield in the method of maximum likelihood will only be applied to the

singles yield.

D.0.6 Con dence Intervals in the Presence of Nuisance Parameters

Rolke, Lopez and Conrad [72] have shown that the estimation of con dence intervals
using the pro le likelihood results in good interval coverage, even in the presence of (several)
nuisance parameters. The estimation of con dence intervals in the method of maximum

likelihood utilizes the pro le likelihood method:

supib (L o; jX); 9
supib (5 jX);5 9
where supL ( o; jX); g is the likelihood function evaluated at the maximum likelihood

( 0X)= (D.21)

estimator and sudL (; jX);; gis the likelihood function evaluated at the maximum
likelihood estimators and . A100(1 ) con dence interval is then determined by evalu-
ating 2log atit's minimum (the maximum likelihood estimators) and then nding where
the function increases by %. In the case of normally distributed backgrounds and e cien-
cies, the con dence interval simply reduces to the simple Gaussian con dence intervals, and,

consequently, independent uncertainties may simply be added in quadrature.

209



D.1 SONIK Technical Drawings

This section contains the SolidWork§ technical drawings of the various components of

the SONIK scattering chamber.
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Figure D.4: Variable sizes for removable circular aperture. All dimensions are given in cm. SONIK was commissioned using
= 1 mm apertures on all telescopes.
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