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"Physics is like sex. Sure, it may give some
practical results, but that's not why we do it"

Richard P. Feynman

PREFACE

It has been long time, since the first theories of the composition of matter were postulated. The
concept of atom was already introduced in the IV century B.C. by the Greek philosopher Democritus refer-
ring to the basic component of matter, which could not be divided into smaller pieces. This idea remained
during the next 25 centuries, until the experimental works of Dalton, Avogadro and co-workers, that
allowed elucidating the phenomenological laws governing the different kind of atoms and their combi-
nations. New developments of experimental techniques played crucial roles in investigating the structure
of small microscopic objects. One highlight in 1895, that astonished the world due to their applicability in
various fields including crystal structures, was the discovery of X-rays by the German physicist Wilhelm
Rontgen.

In 1896 the French scientist Henry Becquerel studied uranium compounds, which emitted radia-
tion continuously without requiring any gas-discharge tube to be switched on. Becquerel found that any
of the uranium or its compound emitted this kind of radiation. Further investigations in this field led to
identify other radioactive substances, e.g. thorium by the Polish scientist M. Curie in 1898. At this time,
the British physicist J.J. Thomson, who was interested in why the X-rays made air conducts electricity,
discovered that the so-called cathode rays were particles, which he called corpuscles. The name electron
was given afterwards by the Irish physics George FitzGerald.

The New Zealand-born physicist E. Rutherford went to Britain to work with Thomson. He clas-
sified the radiation according to its penetrability: alpha-radiation, which is easily absorbed by matter,
beta-radiation that is more penetrating and gamma-radiation that can even pass through several centime-
tres of lead. With this knowledge at hand, he used the radiation to probe the atom itself. In one of the
most famous physics experiment by H. Geiger and E. Marsden, carried out in 1909 under the supervision
of Rutherford, alpha particles impinged onto a Gold foil and the angular distribution of the scattered par-
ticles was studied. The interpretation of the results lead Rutherford to suggest in 1911 that the atom is
composed of a positively-charged atomic nucleus concentrated in a reduced volume at the centre of the
atom leaving the electrons to orbit around it. This model discarded the plum-pudding atomic model of
Thomson and meant the discovery of the atomic nucleus and a new research field, Nuclear Physics, was
born.

A large number of experiments have been and still are devoted to study the atomic nucleus and
its properties since 1911. The name proton was given by Rutherford to the lightest nucleus, hydrogen,
as possible candidate for being one of the building blocks of nuclei, as these were emitted from nitrogen
atoms when alpha particles collided with them. Later, in 1932, the English physicist J. Chadwick discov-
ered the other type of particle present in atomic nuclei, the neutron, which have similar mass to the proton
but no electric charge.

Today, the nuclei are still seen in the same way; a collection of protons and neutrons interacting
between themselves by the strong, weak and electromagnetic forces. Since the Rutherford experiment
there has been a rapid progress in understanding of nuclear phenomena due to focused experimental
efforts and the development of particles accelerators. Since the first linear accelerator build by Cockroft
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and Walton in 1930, first cyclotron by Lawrence in 1939, and first synchrotron in 1940, radiative ions beam
(RIB) production has become possible using highly sophisticated accelerators even allowing exploration
of highly unbound nuclei.

With the recent artificial production of the element with Z=117 [OAB10], the periodic table, where
all natural or artificial chemical elements are represented, completes all species between Z=1 and Z=118.
For each of the chemical elements, characterised by its number of protons, nuclei with different number of
neutrons, called isotopes, exist. All these isotopes are represented in the Chart of nuclei, where all known
nuclei (around 3000) are classified according to their number of protons and number of neutrons. It is
worth noting that ~3000 more are predicted to exit but not experimentally observed. Figure|l|shows a
diagram of the Chart of Nuclei with neutron and proton numbers on z and y axes, respectively. Here,
the different colours indicate how the nuclei decay, see the caption for more details. A review about the
evolution, properties and the information displayed in the chart is available, for example, in reference
[NM10].

Proton
drip line

Fission
Predicted

proton number

\ neutron

drip line

»
>

neutron number

Figure 1: A diagram of the Chart of Nuclei with the horizontal and vertical axes showing the number of neutrons and
protons, respectively. All the stable isotopes and those whose half-lifes are higher than the Universe life time are shown
in black. The 7 /electron capture decaying nuclei (red), those decaying by 3~ process (blue), the a particle emitters
(vellow), and those decaying by spontaneous fission (green) are also shown. The theoretically predicted nuclei that are
not experimentally produced so far are displayed in grey. The whole region is bounded by the proton and neutron drip
lines, which indicate for each element (same atomic number Z) the minimum (proton drip line) and maximum (neutron
drip line) number of neutrons that can form bound nuclei.

The nuclear landscape is still an open play ground to understand the properties of all nuclei, how
they form and how they interact. The nucleus contains 99% of the total mass of the ordinary matter,
therefore, information of nuclear properties and interactions is crucial in the understanding the synthesis
of elements in the universe, i.e. the observable matter itself. Studying the atomic nucleus is much more
rich and interesting due to its applicability in fields beyond fundamental science. Example of scientific
fields where understanding of nucleus is directly applicable include medical imaging, hadron-therapy
and nuclear energy.

The expert committee Nuclear Physics European Collaboration Committee (NuPECC) published in
2010 the Long Range Plan: Perspectives of Nuclear Physics in Europe. Among other issues, they review
the recent achievements and current state of the art in Nuclear Physics and identify the open prob-
lems to be solved, which forms a broad part of motivation for our work. The documents is available
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at http://www.nupecc.org/index.php?display=1lrp2010/main.

The work presented in this thesis has direct relevance to the Nuclear Astrophysics. However, direct
implications on Nuclear Structure and Dynamics are also expected. Directly from the NuPECC Long Range
Plan 2010, the key questions to be answered from nuclear astrophysics include:

¢ How and where are the elements made?

¢ Can we understand, and recreate on Earth, the critical reactions that drive the energy generation
and the associated synthesis of new elements in Stars?

* How does the fate of a star depend on the nuclear reactions that control its evolution?

* What are the properties of dense matter in a compact star such as a neutron star o a hypothetical
quark star?

The studies here presented aim to address part of the first question. Specifically, we study the
production of the isotope "Be via the 3He(c,y)"Be nuclear reaction. This reaction is important in two
astrophysical scenarios. Firstly, it is relevant to the Big-Bang Nucleosynthesis, that is responsible for the
abundance of the primordial Li element in the universe. Secondly, it plays an important role in the
helium burning stage in the stars. Specifically, this reaction is important in order to explain the high
energy neutrino flux from the Sun.

This thesis is divided into seven main chapters. In the first chapter, general concepts used in nu-
clear astrophysics will be discussed. Different astrophysical processes responsible of creating the nuclei
will also be briefly explained and those where our reaction plays a determining role will be detailed. In
addition, previous experimental knowledge of this reaction will be explained. In the second chapter, the
theoretical formalisms used to describe the underlying physics are discussed. In the third chapter, the two
experimental techniques used to determine the capture cross sections will be described in detail. In the
fourth chapter, the simulations performed in order to determine the acceptance of DRAGON will be pre-
sented. The fifth chapter gives the analysis techniques used to extract different experimental observables
that lead to the results. In the sixth chapter, discussions about the experimental results comparing with
other experiments and theories as well as future work will be presented. Finally, in the seventh chapter,
the main outcomes of this research are listed.

Writing, I have tried that whoever physicist reading this thesis can understand the physics case,
the procedure, the results and the discussion. For this reason I have added three appendix at the end.
The first appendix, (A), details how a silicon detector works (kind of detector used in our experiments)
works. Also the electronic used is explained as an example of typical nuclear physics modules used
to process electric signals. In appendix B, the centre of mass reference system, commonly used when
describing nuclear reaction and therefore throughout this thesis, is explained. Moreover, the kinematics
of the reaction is detailed for reference. Finally, in appendix C, general concepts related to error estimation
are briefly recalled and how the errors are estimated for one of the experiments is detailed. Appendixes
D and E are Spanish and English summaries, respectively.
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"Learn from yesterday, live for today, hope for
tomorrow. The important thing is to not stop
questioning."

Albert Einstein

CHAPTER

INTRODUCTION

Abstract: In this chapter some of the essential nuclear astrophysics concepts are introduced in order to
motivate the capture reaction studied in this thesis. Concepts such as the astrophysical S-Factor and the Gamow
Peak will be discussed. In continuation, the nuclear astrophysical processes responsible for producing different
nuclear isotopes and the astrophysical sites where they originate will briefly be presented. The two distinct scenarios
where the 3He(a,~y) Be reaction plays an important role, namely "The solar neutrino flux” and "The primordial "Li
production” will be briefly introduced. Finally, previous experimental studies will be discussed.

Since the beginning of time the Human Being has wondered, What are we? Where do we come
from?, or What is the origin of the Universe?. Answering these metaphysical questions have been an on-
going quest not only from a philosophical or religious point of view but also from a scientific scenario. Itis
questions such as What is the origin of the elements? that nuclear physics research specifically addresses.

The current composition of the Universe is the result of the nucleosynthesis proceed from the
initial material, namely H and *He nuclei created a few minutes after the Big Bang, [Hoy46| [Hoy54].
Nuclear reactions, together with other processes such as 5 decay, are the mechanisms responsible of this
synthesis, and they need to be understood in order to explain the evolution, structure and composition of
the past, present, and future Universe.

Specifically, this thesis focuses on studying the synthesis of "Be through the nuclear reaction
3He(c,v)"Be. The cross section of this reaction is required by the Standard Solar Model (SSM) that ex-
plains the evolution, behaviour and composition of the Sun. It is also an important input parameter for
theoretical calculations explaining the cosmological origin of light elements in the early Universe due to
the Big Bang Nucleosynthesis (BBN) .
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1. Introduction

1.1 Nuclear Astrophysics: Some Relevant Basic Concepts

In stars (or in astrophysical scenarios such as the Big Bang) energy is released via the fusion of
two atomic nuclei, i.e. through nuclear reactions. Nuclear reactions are usually denoted as:

a+X =Y +0b

where a is the projectile, X is the target, Y is the recoiling nucleus and b is the ejectile of the reaction.
Normally, a and b are light nuclei but occasionally they can be y-rays, which cases the reactions are called
nuclear photoeffect and radiative capture, respectively. When the nuclear reactions are carried out in labora-
tories, a is usually accelerated as a beam and X is a stationary target. In the case of direct kinematics the
projectile is lighter than the target while reactions in inverse kinematics are carried with beams heavier
than targets. The nuclear reactions are also denoted in a compact way as:

X(a,b)Y

This convention will be used in the following section, specifically to discuss (p,v) or (a,n) astrophysical re-
actions involving the same type of one interacting nucleus and one reaction product. It should be pointed
out that following the nuclear astrophysics convention of («,v) reactions, our reaction of interest will be
denoted as 3He(a,y)"Be independently that the beam is 3He or “He ().

The available energy in the above reactions, by the fact of converting some nuclear masses in
others (E = mc?), is known as the Q-value of the reaction and it is defined as:

Q = (ma +mx —my —my) c? (1.1)

If Q<0, then the reaction is endothermic and only proceed upon providing an extra energy. If Q>0 the
reaction is exothermic and, in principle it could occur even at zero energy. In reality, exothermic reaction
may not proceed at zero energy due to the existence of Coulomb and centrifugal barriers as well as the
competing reaction channels (barriers and competing channels are also present in endothermic reactions).
Therefore, there is a probability for the reaction to occur, the cross section o (E), which is defined by:

Ng/t

7E) = N A (Nar)

(1.2)

where Ny /t is the number of reactions per unit of time, Nx /A is the number of target nuclei per unit area
and Ng /t is the number of incident beam particles per unit of time.

For charged particle induced reactions?, the Coulomb barrier energy between the interacting nu-
clei, Ec, is given by:

 ZaZxe?

E
c R,

(1.3)

here, Z, and Zx are the atomic number of the interacting nuclei, R, is the square well radius, and e is
the electron charge. The potential seen by a projectile when approaches a nucleus assuming no centrifugal
barriers is shown in Figure[L.1} Classically, if we consider no centrifugal barriers (¢=0) and assuming the
target at rest, the beam energy should be higher than E. to overcome the Coulomb barrier and proceed to
the reaction by dropping into the well potential.

@ Also neutron induced reactions are relevant in nuclear astrophysics but they will not be discussed here
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v(r)
E. [
projectile
T ~
r
Re
Vo —

R

Figure 1.1: A schematic diagram of the potential seen by a projectile "a" with incoming energy E, in a nuclear reaction
considering no centrifugal barriers (=0, s-wave). The total potential is given by an attractive potential well for r<R,,
and by the Coulomb potential for r>R,,. R, is the radius at which the incident energy is equal to the Coulomb potential
energy, Eqa = Zo,Zx 52/RC where Zx and Z, are the atomic number of the target and the beam in the nuclear reaction,
respectively.

Nevertheless, despite the fact that the incoming energy is lower than E., quantum mechanics
predicts a probability for penetrating the barrier by funnel effect. The transmission coefficient, giving the
probability for penetrating the Coulomb barrier for an s-wave (which is a likely scenario at astrophysical
energies) can be given by [I1i07]:

2 2m 7 E 1/E\%?
Pr_o & S\ =ZuZxe? | = -2 =+ = 1.4
t=0 exp( VB 2erxe [2 R (E) (1.4)

where FE is the energy in the centre of mass system or relative energy. For the astrophysical energies of
interest, which are well-below the Coulomb barrier, i.e. E«E¢, the Py—g, (in the following Py) can be

approximated to:
2
Py ~ exp (—%1 / %ZEZXt’:‘Q) = ¢~ 2m(E) (1.5)

known as Gamow factor. The Sommerfeld parameter, 7, is given by

21 Za Zxe?
hv
where v is the relative velocity of the interacting nuclei and A is the Plank constant. Numerically, 271 =

1 Mg My
0.989534Z0 Zx \| & 210w
Moreover, the cross section is also proportional to a geometrical factor® 7/k? o 1/E, being k the
wave-number. Therefore, the reaction cross section, o(E), can be written as the product of three factors:

n(E) = (1.6)

o(E) = %S(E)e_%"(E) (1.7)

PIt can be proved that the total cross section for all reaction channels different from the elastic scattering is given by: o, =

20+ ) (1 - |e2i°‘tz |2> {071
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where the factor S(E) is the astrophysical S-factor and E is the centre of mass energy. It is worth point-
ing out that the S-factor contains all the information related to nuclear properties (effects of finite nuclear
size, higher partial waves, anti-symmetrisation etc...). Moreover, the high and well-known energy depen-
dence of the reaction cross section due to the Coulomb interaction is avoided in the astrophysical factor,
and this allows easier extrapolations of this factor to low energies. The situation is demonstrated in Fig-
ureusing the 3He(a,7y)"Be reaction. While the dependence of o with E is doubly exponential, with the
S-factor is nearly linear.

3
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Figure 1.2: Energy dependence of the cross section and the S-factor for the ® He(cv,y)” Be reaction. While the cross section,
in the upper panel, shows a doubly exponential dependence with energy, the S-factor in the lower panel, shows a smooth
energy dependence and allows reliable extrapolations. Figure is taken and adapted from reference [KBB82||.

It should be also pointed out that the Gamow factor is an approximation of the s-wave Coulomb
barrier penetration probability. However, even when there is a contribution from the other partial waves
(p-waves, d-waves...), the expressionresults also in a reduced energy dependence for the S-factor.

The reaction rate between the two interacting nuclei a and X in astrophysical environments can
now be rewritten as (see expression:

rox = N'aN'xvo(v) (1.8)

where rox = Ng/(Vt) is the number of reactions per unit of volume and time, and N'q = N,/V, and
N'x = Nx/V are the number of interacting nuclei per unit of volume. In the astrophysical environ-
ments as stellar plasmas, there is a relative velocity distribution for the interacting nuclei, P(v). This
kinetic energy distribution results from the thermal motion of the nuclei, hence the reactions are referred
as thermonuclear reactions. The probability of finding a nucleus with a velocity v+dv is given by P(v)dv
and the expressionis converted into:

rex = N'aN'x /000 vP(v)o(v)dv = N'qN'x (vo(v)). (1.9)
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Under the conditions of hydrostatic equilibrium of stellar plasmas, the velocities of the motion of
the interacting nuclei are non-relativistic and the nuclei gas is non-degenerate. Thus, the relative velocity
distribution of the interacting nuclei is given in most cases by a Maxwell-Boltzmann distribution:

) P 3/2 .2

P(v) = 47v* | ——— e?kpT (1.10)
2k B T

here kp is the Boltzmann constant, p = mamx /(ma + mx) is the reduced mass, T is the temperature

and v the relative velocity. From expressions[L.7] [1.9]and we now obtain

g \ 1/2 1 \3/2 oo B
(ov) = (—) (—) / S(E)e” FBT ¢72™(E. (1.11)
T kT 0

The highest energy dependence of the rate in the expression [[.T1]is in the two exponential terms
in the integral. The first one, related to the Maxwell-Boltzmann distribution of the nuclei energies (which
have a maximum at %k BT) goes to zero at high energies, and the second one related to the tunnelling
probability through the barrier which goes to zero for low energies. Therefore, the energy at which the
reaction probability is maximum can be obtained by convoluting the two functions. The resulting func-
tion is known as Gamow Peak and the energy at which the reaction rate maximises is known as the
Gamow Energy.

The Gamow Peak for the *He(c,v)"Be reaction in the Sun is shown in Figure The green curve

E
shows the Maxwell Boltzmann distribution factor, e *87, for Tsun ~ 1.55 - 107 K. The energy which
maximise the probability for this reaction is %k BT =~ 0.65 keV and the probability drops for energies
higher than this one. The red line shows the tunnel effect probability e=27" (recall that this has been
taken for s-waves and E«E¢ approximations) indicating that the higher the energy is the more likely to
cross the barrier. The blue line shows the convolution of both curves, whose maximum of ~22 keV is the
Gamow Energy for 3He+*He capture reaction.

Gamow Peak for *He(ay)’Be in The Sun

=
g 107 E Tunnel effect
S E
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Figure 1.3: The Gamow Peak for the 3He(a,y)" Be reaction in the Sun. The red line shows the probability of tunnel
effect given by e~2™". The green line shows the Maxwell Boltzmann energy distribution of nuclei with temperature
Tsun ~ 1.55 - 107 K and the blue shaded region shows the convoluted function resulting with the Gamow Peak. The
maximum in the Gamow Peak is known as Gamow Energy, which in this case is ~22 keV.
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For a constant value of S(E) respect to E in the Gamow Peak region, the Gamow Energy can be
estimated by equalling to zero the first derivative of the integrand in equation respect to E. This
calculation results in:

1/3

EGamow Energy = {(%)2 (ZaZxe?)? (%) (kBT)Z} (1.12)

1.2 Nuclear Astrophysical Processes

Although in general it can be claimed that the Universe is rather static with little global activity, it
is worth noting that there are some very active local scenarios, as stars or supernovae explosions, where
nearly all nuclei are continuously being produced. And these are, indeed, the elements which will create
new different astrophysical sites, as future galaxies or planets. Thinking for example of Earth, a lot of
nuclear processes occurred in different time periods before producing the big quantity of elements present
in it. Not only different periods, but also different scenarios under different conditions are needed to
explain the production of all the elements from the primordial H and He that were created following the
Big Bang explosion.

Figure[T4} adopted from [SROT], shows a part of the chart of nuclei where nuclei, the processes by
which they are usually produced and the corresponding astrophysical sites are colour coded (see caption
for more details).

Red Giant Stars
p-process  s-process _

r-process

rp- 4
X-ray process
Bursts
op-
process g
Novae .
Hot CNO = stable nuclide
Cycle 103 |‘IJ drip line

10 Inhomogeneous
Big Bang

CNO-cycle

Figure 1.4: A diagram adapted from reference [SROI]] where the nuclei produced in a given process are plotted with
the same colour. The astrophysical scenarios in which the nuclei are created are also indicated with the same colour
inside ellipses filled with yellow. The black open ellipse, enclosing the nuclei produced in the Big Bang Nucleosynthesis,
pp-chain and CNO-cycle has been added to the original plot in order to show the names of processes creating the light
nuclei.

The primordial nucleosynthesis was the origin of the synthesis of light nuclei up to mass A=7.
The main remaining nucleus is H, but also 3*He, D, and small quantities of %-7Ii. All other higher masses
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nuclei were created in negligible quantities. Later, stars are formed via gravitational attraction and the
hydrogen burning starts when the temperature inside rises up to 7' ~ (10 — 15) - 10K. In light stars,
with masses smaller than eight solar masses, the pp-chain, triple-a reaction and CNO cycle are the main
mechanisms fusing nuclei with masses no higher than 2°Ne. These processes (excluding the triple-a;)
together with the BBN, where our reaction plays a determining role, will be detailed in the next sections.
The triple a-process, which also produce light nuclei, will be briefly described bellow.

The other processes shown in Figure[T.4)occur in higher-mass stars and stellar explosions. These
processes are required to explain e.g. the abundance of high-mass elements in the Solar System. In the
following a brief description of some of the processes is presented together with the triple-a process. For
more details see for example [Rol88]:
triple-a
In light stars with a high quantity of « particles originated from the Big Bang, there is a small probability
of trapping two « particles in the low-lying resonances in ®Be. This small probability is large enough to
allow for a third « particle to collide with the resonance producing a triple-a: composite. This composite is
an excited state in 2C, which can either decay back to three « particles, or by v emission to lower energy
states in 12C . The key point of this process is that there is a narrow 0T resonance in the 8Be+a=12C* sys-
tem at 287 keV above the 3a breakup threshold. This resonant state, known as the Hoyle state, is essential
in order to explain the relative high abundance of 12C in the Universe.
a-burning
After the pp-chain, CNO-cycle and triple-a. process some residual nuclei, mainly oxygen and carbon, ex-
ist. In high-mass stars, the gravitational pressure is high enough to increase the temperature allowing the
a particles to overcome the Coulomb barrier of the residual nuclei. Thus, a series of a-capture reactions
can occur producing higher mass nuclei up to 5%Fe.
s-process
In Red Giants, some extra neutrons can be produced via the (a,n) reactions during the a-burning. These
neutrons will react, for example, with the iron seed nuclei produced in the a-burning stages via (n,7) reac-
tions. These reactions will be followed through the stable iron isotopes line until some unstable isotope is
reached, then, as the (n,y) is a much slower process (therefore is called s(slow)-process) than the 3 decay,
the nucleus will 8-decay to the (Z+1,N-1) daughter nucleus. This nucleus can undergo the (n,y) process
until another 5~ unstable nucleus is produced and thus the nucleosynthesis proceeds. With this process,
nuclei as heavy as uranium can be produced.
r-process
Although by the previous processes nearly all stable elements are produced, the abundances seen for ex-
ample in the Solar System cannot be explained and additional processes and scenarios are needed. One
of these scenarios are the Supernova explosions. In a Supernova explosion, the higher temperatures and
neutron abundances allow for the (n,v) reactions to reach more unstable isotopes as the reaction times at
these temperature are faster (r(rapid)-process) than the 5 decay times. The (n,) reactions end either when
the neutron drip line is reached (unbound nuclei) after which S-decay will follow until reaching a stable
nuclei with the same mass or, where the closed-shell nuclei at N=82,126 and 184 are found. In the latter
case, the process times are comparable to 5 decay times. These are known as waiting point nuclei.
rp-process
The rp-process mainly occurs in binary systems involving neutron stars. In such binary system, hydrogen
is exchanged between the two starts. As a result X-rays are produced with high flux, and thus these sys-
tems are known as X-Ray bursters. An increase in temperature leads to a series of (p,y) reactions usually
hindered by Coulomb barriers. The (p,y) reactions will follow until either the proton drip line is reached,
or the 3 decay times are fast enough to compete with the proton capture rate. After S-decays, (p,7) reac-
tions continue up to nuclei with A~100 where the higher Coulomb barriers hinder the reaction.
p-process
In order to explain some neutron deficient nucleus abundances, processes other than those described
above are needed. The p-process is thought to happen in the core collapse supernova explosion. A shock
wave passing through the material initiate a sequence of (yn), (,p) and (v,a) reactions on stable seed
nuclei producing proton-rich nuclei.
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1.3 The Sun and the Solar Neutrino Problem

Pauli postulated in 1931 a new particle in order to justify the energy and momentum conservation
in the 8 decay process, that afterwards was named as neutrino-v (small neutral particle) by Fermi. Since
then, due to the particle was postulated by the Standard Model as a massless neutral particle interacting
weakly with matter, a lot of complex experiments have been carried out in order to directly detect this
particle and study its properties.

As the Sun is the nearest star to us, it is the best studied. In the context of neutrino physics it is in-
valuable as the Sun produces neutrinos. The Standard Solar Model (SSM) treats the processes happening in
the Sun and models the astrophysical environment to predict solar neutrino fluxes based on the following
input parameters (see for example [BHL82]):

* Nuclear reactions cross sections (cf. Figure

¢ Solar constant

¢ Abundances for solar elements heavier than helium
* Opacities

¢ Equation of state

* Solar Age

About 99% of the energy produced in the Sun is originated via a series of nuclear reactions, the so
called pp-chain, whose overall effect is to convert four protons into one *He nucleus. The remaining 1% is
created through the CNO cycle (Carbon-Nitrogen-Oxygen). The 12C seed for the CNO cycle is produced
by means of the triple-a: process. Both the pp-chain and the CNO cycle are shown in Figure @ where
the originated neutrinos can be observed in bold. It must be pointed out that among the three different
neutrino flavours, those produced in the Sun are electron neutrinos (ve).

p+p—oH+e*+v, p+e+p—o2H+et+V,
99.76% 0.24%
H+p—>3He+y
| 16.70%

83.30% | | | 22x105%

3He +3He — *He + 2p 3He+p—*He +e* +V,

Be+e —7Li+v, "Be+p—%B+y

li+p—“He +*He 8B —8Be*+e*+V,

8Be* —“He +*He
pp-l pp-ll pe-lll pp-IV

(a) (b)

Figure 1.5: (a) The four reaction sub-chains in the pp-chain with branching ratios given in percentages. (b) The CNO
cycle divided into the four CNO sub-cycles. The sub-cycle marked as I produces most of the energy and significant solar
neutrino flux among the CNO cycle.

From an experimental point of view the historical motivation for the detection of solar neutrinos
was related to determine the possible neutrino mass and the likely oscillations between the three neutrino
flavours. Furthermore, the detection of solar neutrinos is vital in probing the astrophysical conditions
and verifying the hypothesis that the thermonuclear reactions are the solar energy source. Nowadays, the
detection of solar neutrino fluxes is still ongoing with ever increasing accuracy and improved experimen-
tal techniques utilising complex setups. A corroboration between the experimentally measured neutrino
fluxes with the SSM estimations addresses several important questions in physics.
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The solar model calculations in the sixties [BFI63) Sea64) [PR64) Bah64b), |[Bah66, [BCD67, BBS68]
already established that the Sun emits a neutrino flux from the B decay as shown in Figure which
the initial experimental investigations aimed to detect. The 8B is created in the pp-chain via the reaction
7Be(p,'y)sB, and decays afterwards via the 81 decay to ®Be which breaks into two alpha particles.

18.117 MeV
‘\\ 8B
7 N
Be+p “ 47970Mev
5 16.992MeV

16.626MeV | o+

2+

11.35MeV

3.03MeVy vy

o+ 0.092MeV 8Bo

4He+'He

Figure 1.6: ®B decay. This decay is the origin of part of the high energy neutrino flux in the Sun.

This 81 decay emits the second highest energy neutrino among the neutrinos produced in the
Sun. From an experimental point of view, the detection of this high energy neutrinos allows to select a
high energy detection threshold avoiding thus the contamination produced by the cosmic radiation which
plays an important role when detecting weak interacting particles like neutrinos.

In an attempt to detect the solar neutrinos from the 8B decay, and based on the suggestions by
John N. Bahcall that these high energy neutrino can be captured via the 37Cl(v,e )37 Ar reaction [Bahé4al,
Raymond Davis and collaborators devised an experiment. They used a big tank of C2Cly as target, the
37 Ar was extracted from the tank using a circulating “He gas system, which was guided to a proportional
counter for observing their 31 decay and thus estimate the solar neutrino flux. The setup was placed
4400 m underground in order to reduce the cosmic ray background due to muons, which can produce
protons that subsequently could produce 37 Ar via the 37Cl(p,n)3” Ar reaction. This experiment yield a
value of 2.106 cm? s~ or less for the neutrino flux from the 8B decay [DJHH68], which was approximately
seven times lower than the theoretical estimations. The discrepancy between the direct measurements and
theoretical estimations is the so-called Solar Neutrino Problem.

Two different solutions were put forward, namely, either the experimental measurements were
correct and thus the theory should be changed, or the neutrinos changed their characteristic, or decay,
while they travel from the Sun to the Earth. This latter solution was based on the instability of neutrinos
initially studied by Reines and collaborators [RSP80].

It is clear these days that the initial SSM calculations overestimated the neutrino flux due to the
lack of knowledge of for example the 3He(*He,2p)*He reaction rate, that affects the origin of the high
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energy flux indirectly because it competes with the 3He(cx,~) 7 Be reaction (see Figure. In particular,
the rate for this reaction is five times higher than the predictions at this time.

The uncertainties in most of the reactions, He(®*He,2p)*He,>He(c,)"Be and "Be(p,)®B, were
reduced in the sixties. In the following decades a lot of improvements were made in determining the
cross sections for reactions responsible for direct and indirect solar neutrino production (see for example
the review by Bahcall and Pinsonneault, [BP95]). On the other hand, new unexpected progress in the
theoretical calculations based on the SSM made possible a new physics beyond the electro-weak standard
model. However, the results from the experiments continued showing a discrepancy with the theoretical
predictions in spite of the joined efforts to solve the problem.

During the 90’s the big neutrino observatories continued detecting the solar neutrino fluxes from
the 8B decay. A comparison between the results obtained by Raymond Davis [Dav94] using a chlorine
detector and the Kamiokande collaboration [FHI96| using a Cherenkov image water detector in the nd
and T stages (in 2079 days of measurement Kamiokande collaboration observed 597 events against the
1213 expected) showed inconsistencies with each other which pointed to the possibility that the neutrinos
undergone oscillations between their flavours as they travelled from the centre of Sun to the detector.
Indeed, the discrepancy could be solved with the suggestion by Bahcall and Bethe [BB90]. Based on the
calculations by Mikheyev-Smirnow-Wolfenstein showing the mechanism by which a big fraction of the
solar electron neutrinos v. would change to muonic neutrinos v, when they travel from the centre of
the Sun to the earth (MSW effect [Mik86]), Bahcall and Bethe proved that the measured spectra were in
perfect agreement with the non-adiabatic solution of the MSW effect assuming a mass defect between the
neutrinos of Am?=1.10"8-sin=2©, eV against the one predicted previously by Bethe of 6:10~° [Bet86].

Furthermore, in case of not considering neutrino oscillations, in order to interpret the results from
gallium detectors GALLEX (GaLLium EXperiment [Kir98]]) and SAGE (Soviet-American Gallium Experi-
ment [Gav01]), no neutrinos coming from the "Be decay with energies bellow 4.5 MeV would be required.
However, their existence was known (JAAB98] section VIII) and they have been detected for the first time
using the BOREXINO detector at the Laboratori Nazionalli dil Gran Sasso, in Italy [ABBO08].

Additionally, the success of the SNO (Sudbury Neutrinos Laboratory) experiment [AAA01,[AAA02]
revealed the neutrino oscillations from the direct detection of solar neutrinos, providing explanation to the
deficit of neutrinos observed in the other experiments. The SNO experiment consists of a water Cherenkov
detector placed 6100 m underground in Sudbury, Ontario (Canada) that is able to detect not only electron
neutrinos but also mounic and taunic neutrino flavors using the reactions:

ve+2H — pHp+e” (CO)
ve +2H — p4n+uk (NC)
vg+e o vpte (ES)

The first charge current (CC) reaction is only sensitive to electron neutrinos, while the neutral current
(NC) and the elastic scattering (ES) are sensitive to all the three e, u and 7 neutrino flavors. The fact that
even though thermonuclear fusion reactions in the Sun only produce electron neutrinos, non-zero neu-
trino fluxes are measured for all the three flavors (i.e. ¢¢=1.76-10cm 25~ and ¢#,T:3.41-106cm*2s*1)
in the SNO detector demonstrates the neutrino oscillations with approximately two thirds of the elec-
tron neutrino flux produced in the Sun transforming to the neutrinos of the other flavors during their
travel from the Sun to the SNO detector (see reference [AAAQ7] for the experiment specifications and the
detailed results).

On the other hand, in nuclear reactors, neutron rich nuclei are created abundantly and decay af-
terwards by the 8~ process emitting electron-anti-neutrinos. Detections of these particles also proved the
neutrinos oscillations without the need of a massive medium such as the Sun. The KamLAND (kamilka
Liquid scintillator Antri-Neutrino Detector) studied the neutrino oscillations from the anti-neutrinos ob-
servations from reactors with an experimental setup which replaced to the Super-Kamiokande [FFIOI],
and reported the same evidence for the neutrino oscillations|AEE08].

Even more surprising are the new investigations with the liquid organic scintillator target at
BOREXINO detector, that have been able to detect anti-neutrinos coming directly, possibly, from the Sun.
A limit on the transition probability from solar neutrinos to anti-neutrinos of 1.3-10~* has been reported
[BBB11].

10
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The current solar neutrino spectrum predicted by the SSM is shown in the Figure([T.7}
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Figure 1.7: The solar neutrino spectrum calculated using the Standard Solar Model [BSB05]. The present reaction con-
tributes to the errors in ” Be and ® B neutrino fluxes.

Although the main discrepancies between the estimations by SSM and direct observations seems
to be understood by means of neutrino oscillations, the estimated error by the SSM for the solar neutrinos
fluxes are not still low enough and the experimental uncertainties of the nuclear reactions cross sections,
which are used as input parameters, need to be reduced. While the main neutrino flux in the low energy
range is due to neutrinos emitted in the p+p reaction the high energy part of the spectrum is mainly pro-
duce by the 8B 3+-decay, and also influenced by the "Be. Models estimate that the neutrino fluxes from
the B and "Be decays are directly proportional to the S-factor of the *He(a,y)”Be reaction via ¢, ("Be) o
S34(0)°-86 and ¢, (®B) ox S34(0)°-31. Therefore, a precise determination of the cross section of this reaction
is highly required. Indeed, the 3He(c,y)"Be cross section is currently one with the largest experimental
uncertainties among the nuclear input parameters. This is reflected in the uncertainties of the SSM pre-
dictions (cf. Figure[[.7). The nuclear rates also have a determining role in constraining the parameters
governing the solar neutrino oscillations.

On the other hand, the solar Gamow Peak energy for the 3He(a,y)"Be reaction is ~22 keV, as can
be seen in Figure and the measurements at this energy are impossible with the current experimental
devices. Thus, theoretical models are used to extrapolate the cross sections measured at higher energies,
which essentially is the driving motivation for the present thesis work.

11
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1.4 Big Bang Nucleosynthesis and the Primordial "Li Problem

Currently, the Big Bang Model is the most successful cosmological theory as it can explain three
important features: the expansion of the Universe, the cosmic microwave background radiation and the
primordial nuclear abundances.

Approximately, 13.8 billion years have passed since the Big Bang Explosion resulting in the present
expanding and cold (Tp=2.73 K) Universe. An artistic timeline of the expanding Universe is shown in Fig-
ure where different eras as the Dark Ages or the Development of Galaxies and Planets are labelled.

Dark Energy
Accelerated Expansion

Afterglow Light
Pattern  Dark Ages Development of
380,000 yrs. Galaxies, Planets, etc.

Inflation

1st Stars
about 400 million yrs.

Big Bang Expansion
13.7 billion years

Figure 1.8: The figure taken from NASA shows an impression of the Universe expansion timeline, since the initial Big
Bang quantum fluctuations. Some of the eras such as the Dark Ages, prior to the creation of Galaxies are marked.

During the initial hot expansion, the Universe was filled with particles moving at relativistic ve-
locities and interacting via weak interaction. Once the protons and neutrons had been created within
t~ 107% s and following the Big Bang and the early times of the Universe, t<1 s, the thermal energy was
high enough (>1293.3 keV) to convert free protons into free neutrons and vice-versa by weak interaction
as well as the e~ + et <+ v + v reaction. It was only after two seconds when the temperature was low
enough to allow protons and neutrons to retain their identities. After ~200 s of cooling and expansion
and with a temperature of ~0.9 GK the nuclear reactions could compete with the destruction of nuclei by
photons.

In this framework and under the assumptions of an homogeneous and isotropic Universe, the
Standard Big Bang Nucleosynthesis (SBBN) explains the production of the first elements during the time
window between ~200-1000 s following the Big Bang. The Standard Big Bang Nucleosynthesis is a vast
field and it is out of the scope of this thesis to explain all the details. The main aspects of the model related
to our 3He(c,y)"Be reaction will be recalled, based on the details presented in [MM?93}[OSWO00].

Primordial nucleosynthesis started with the production of deuterium (d) via the p(n, v)d reaction,
which is the seed for the rest of the reaction network. The main reaction network showing the production

12
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Figure 1.9: A part of the reaction network involved in the Big Bang Nucleosynthesis that is also relevant to the current
reaction.

and destruction of the main primordial elements is shown in Figure The most relevant remaining
light nuclei are d, tritium (t) >He, “He, and "Li; the gap at A=8 prevents the production of heavier nuclei
in significant amounts. The aim of the SBBN is to determine how the mass flowed through the network
for a temperature range of 1.2 - 10 > T > 3 - 108 K. For the *He(c, )" Be reaction, the relative Gamow
Peak energies corresponding to these temperatures are in the interval of 180 < Ecy < 400 keV which are
accessible in the laboratory.

Historically, the BBN was a three free parameter theory, namely, the baryon density, the neu-
tron lifetime and the number of neutrino flavours. After obtaining knowledge of the number of neutrino
flavors inferred from the LEP experiment at CERN, N, =2.9840+0.0082, and the neutron mean lifetime,
Tn = 885.7 & 0.8s [Gro08], it became a one parameter theory. In this framework with the experimen-
tal cross sections as input model parameter, it was possible to estimate the expected abundances of the
primordial elements as a function of the free parameter 7 (baryon/photon ratio). Figure[L.10]shows the
SBBN estimations of the primordial abundances as a function of the baryon/photon density ratio, . From
a comparison with the primordial abundances obtained from the direct observations of poor metal stars,
one could infer 7.

More recently, the Wilkinson Microwave Anisotropy Probe (WMAP) has measured with high
sensitivity the Cosmic Microwave Background (CMB) spectrum originated from the acoustic oscillations
when the electrons coupled to nuclei to form atoms 4 - 105 years after the Big Bang. The CMB is sensitive
to the initial mass distribution (n ) and thus the baryon to photon ratio can be derived precisely, quoting
Mo = 6.2340.17, where n = ng/ny = 1071999 [KDNQI]. n., is the photon density and is considered to
be constant after that almost all positrons and electrons annihilated ~14 s after the Big Bang. The WMPA
value for n can now be used as input parameter in the SBBN and the calculated primordial abundances
can be compared with the direct astronomical observations.

Figure[1.11} from [CFOQ8], shows a comparison between the primordial elements abundances di-
rectly observed (in yellow) and those estimated in the SBBN model including five years of measurements
by WMAP and the revision of the data for the 3He(c,v)"Be reaction in [CDO08] (in blue). There is a good
agreement of the abundances for d , 3He, and *He. However, a discrepancy by a factor of three can be
observed for the 7Li/H ratio between the estimations by the SBBN (blue) and the direct observations from
poor metal stars (yellow). This is the so-called Primordial "Li Problem.

13
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Figure 1.10: Primordial light element abundances as functions of the baryon/photon ratio (n) (taken from |[Cyb04]). The
4 He abundance is expressed as mass fraction relative to hydrogen (Y), while the abundances for deuterium, ®He, and
7Li are expressed as mole ratios relative also to hydrogen.
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Figure 1.11: Calculated and observed likelihoods representing the probability distribution for *He (Y,), D/H, ®He/H
and “Li/H abundances. The dark blue areas show the likelihood calculated with the SBBN calculations using the 1
parameter from WMAP observations. The yellow shaded regions and the dotted lines show the observational likelihoods
distributions. For the " Li/H, the shaded yellow area shows the value inferred from the observation of halo stars. The
dotted function shows the determination from a globular cluster. A disagreement between the calculations and both

direct observations can be seen for the ” Li/H probability distributions. Figure has been taken from [CFO08]

The origin of this discrepancy is still unknown. Different solutions have been suggested including
physics beyond the Standard Model and the cosmological variation of the fine structure constant. The
latter would suppose a variation in the deuterium binding energy and thus a decrease in the estimations
for the "Li abundance. The reliability of the observed primordial abundances in poor metal stars is also
under discussion as the current Universe conditions are far from those in the primordial conditions. Some
other sources of systematic uncertainties could arise from a possible scenario that "Li would have been
depleted if the outer layers of the stars were transported deep enough and "Li was mixed with the hot
material inside the star.

Currently, information of the reaction rates on accuracy levels are not seen as solutions to the
discrepancy. However, accurate information on the reaction rates is required to estimate the abundances
precisely an thus constrain the discrepancy. The 7Li is mainly produced by the *He(a,)7Be and sub-
sequent "Be(n,p)7Li reactions and destroyed by the large cross section of the "Li(p,a)*He reaction (see
Figure . Particularly, the “Li abundance is directly proportional to the the 2He(a,)7Be reaction rate
as "Li/H o S3;% where S3y4 is the astrophysical S-factor of the reaction. A precise determination of the
3He(cv,v)"Be cross section will help to reduce the uncertainty in the model predictions and will constrain
the underlying physics, eventually helping to solve the Primordial " Li problem. This effect is demonstrated
for example in reference [CFO08] where a new data evaluation for the 2He(c,v)"Be reaction shows an
upward shift of 16% in central value of the 7Li abundance.

Finally, it is also worth noting here that other new nuclear physics solutions are continuously
searched but without success. For example, in reference [KD11] authors studied the 16.8 MeV state in
9B and found that it is unable to enhance the "Be(d,p) reaction rate by the amount needed to resolve the
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cosmological lithium problem. Other examples are studied in [CGX12]] where a complete network of more
than 400 reactions have been included in the BBN calculations, yet finding no solutions. The discrepancy
of the estimated primordial 7Li is still persistent, which also motivates our experiment.

1.5 The >He(w,7)"Be Reaction: Experimental Previous Knowledge

Due to the relevance of the *He(a,)"Be reaction in the SSM and the SBBN, the reaction cross
section has been studied experimentally using different techniques with ever-increasing accuracy. The
decay scheme of the 3He+*He direct capture is shown in Figure This radiative capture reaction
(details are given in Chapter creates a “Be nucleus with a Q-value of 1.587(1) MeV. Prompt ~-rays of
two different energies® are emitted in the process corresponding to the population of the ground state (o)
or the first excited state (1) in the "Be. The latter de-excites via emission of a 429 keV v-ray to the ground
state (y2). The created "Be is an unstable nucleus. It decays via electron capture process to "Li with a
half life of 53.24(4) d. The Q value of this process is 862 keV and with a well known branching ratio of
10.44(4)% the decay populates the first excited state in 7Li at 478 keV from which a y-ray emanates (v3).
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Figure 1.12: Decay scheme of ® He+* He direct capture reaction via the emission of prompt y-rays, indicated as vo and

v1. The "Be electron capture decay to " Li is also shown. The energies and Q-values of the reactions are displayed in
MeV.

The three different techniques used for determining the cross section consist of measuring either,
the prompt o /~1-rays of the reaction ("Prompt ~y-Detection Method"), the “Be recoils ("Direct Recoil Count-

“Note that the energies of the two v depend on the reaction energy
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Figure 1.13: The available data of the astrophysical S-factors for the 3 He(a,y)" Be reaction (Ss4). Data from measurements
performed by the Prompt ~y-Detection Method, Activation Method and Direct Recoil Counting Method ares shown in circles,
squares and triangles, respectively. Marked discrepancies are evident at energies > 1000 keV, which essentially sparked
the interest leading to this thesis work.

ing Method") or the subsequent y3-ray from the de-excitation of the first excited state in “Li to its ground
state ("Activation Method"). The first experiment performed in order to determine the cross section of
the 3He(a,)"Be reaction was done by Holmgren and Johnston in the late fifties [HJ59] using the Prompt
~-Detection Method. Measurements using the same method were carried out by [PK63, NDA69) [KBB82)
'ABLGS84, [HBR8S], while in [RDB)}[VKSW83|INHNEHO04] the Activation Method was the choice. Both meth-
ods were used simultaneously in the works presented in [OBK84,[BBS07] and by the LUNA collaboration
(Laboratory for Underground Nuclear Astrophysics) [CBC07]. The activation measurements performed
at LUNA are also detailed in [BCCO06|] and [GCCO07]. Recently, the Direct Recoil Counting Method was em-
ployed for the first time using the European Recoil separator for Nuclear Astrophysics (ERNA), [DGK09]
where measurements using the Prompt ~y-Detection Method and Activation Method were also performed si-
multaneously. At the same time of the work presented here two other measurements were carried out,
one using the Activation Method [BGH13] and other using the Prompt ~y-Detection Method [KUD13].

The centre of mass energy range covered in the mentioned experiments is between 93 and 3130 keV.
Energies above 1200 keV were covered only by measurements [PK63] and [DGKQ9], and they show a big
discrepancy with each other. A summary of all experimental measurements performed before the work
presented here is shown in Figure except those from [HJ59]. The violet points from reference [KBB82|
are increased by 40% as recommended in [HBRS88] to account for the a wrong estimation of the target
thickness. As can be seen, there is a big dispersion among the different set of measurements, especially,
in the range span between 1000 keV and 2500 keV. Resolving this discrepancy is one of the motivations of
this work.

The different set of measurements have used different theoretical models (which will be detailed
in the next chapter) in order to obtain the extrapolated S34(0) value. Figure @ shows a comparison
between the S34(0) values as extracted from the different experimental measurements . Green circles show
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the S34(0) values obtained by experiments using the Prompt ~y-Detection Method, red squares represent the
S34(0) values obtained using the Activation Method, and open black squares show the values obtained by
combination of different methods (see caption for more details). As can be observed, the discrepancy
between prompt and activation methods is significant.
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Figure 1.14: The S34(0) values obtained from different types of experiments carried out before the measurements pre-
sented here. Results obtained by using the Prompt ~y-Detection Method (green circles), the Activation Method (red
squares) and different methods simultaneously (open black squares) are shown. Seattle |[BBS07] and LUNA [CBC07]
employed both the Activation and Prompt ~y-Detection Methods while ERNA [DGKQ9] used the Activation, Prompt ~y-
Detection and Direct Recoil Counting methods. The Nagatani value is the result from a reanalysis of the data found in
reference [AAB98], and the Krdwinkel values are normalised as specified in [HBR88]. The thick green line is the value
recommended in [AAB98|] based on the Prompt y-Detection experiments at the time of the review, and the thin green
lines are the associated errors. The red lines refer the same for the Activation method. The black line is the recommended
S34(0) value in the [AGR11]] review corresponding to an evaluation of Weizmann [NHNEH04], Seattle, LUNA and ERNA
data. It should be noted that while the open squares for Seattle, LUNA and ERNA are obtained by a combination of the
different methods used in each case, the evaluation [AGR11], takes into account only the activation measurements from
Seattle and LUNA, and direct counting measurements from ERNA.

In the 1998 evaluation by Adelberger et al. [AAB98], the weighted mean value for the S34(0) factor
using the Prompt measurements at the time of the review was quoted to be 0.507+0.016 keV b (green lines
in Figure . For the Activation measurements, it was 0.572£0.026 keV b (red lines in Figure ,
Two possible solutions for this apparent discrepancy between the two methods were discussed, namely, a
possible systematic error in one of these methods, for example 7 Be contamination in the Activation Method,
or the presence of a non radiative channel (small monopole contribution -E0-) to which the Prompt Method
would not be sensitive. The results in [BBS07] and [CBC07] and subsequently in [DGK09] ruled out the
latter possibility by determining the cross sections using these two techniques, simultaneously. Also, the
studies in [SHO3] conclude that the EO pair emission, EQ resonance emission, and E1 pair emission and
internal conversion are negligible for this reaction.

In the new 2011 review of modern physics [AGR11], the evaluation was only based on the most
recent activation measurements [NHNEHO04, [BBS07, [CBC07] and the direct measurements up to 1 MeV
energy in [DGKQ9]. This choice was justified by the fact that while the Activation measurements deter-
mine the total cross sections directly, the Prompt measurements must include a correction due to the ~
anisotropy, but suffer from the fact that no angular distribution at the necessary level of precision are
available. For example, while LUNA [CBCO07] used the Tombrello and Parker angular distribution to cor-
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rect [TP63a], Seattle [BBS07] and ERNA [DGK09] prompt data consider an isotropic angular distribution.
Theoretical models of Kajino et al. [Kaj86|] and Nollet [Nol01] (detailed in the next chapter) were used
to fit the data and the recommended value for S34(0) was given as 0.56+0.02(expt)£0.02(theor) keV b
(black line in Figure . Due to the discrepancies above 1 MeV, new data in this energy region are
recommended by the authors in order to constrain the theoretical models, strongly supporting the work
presented here. Furthermore, prompt vy-ray distribution measurements in this energy range are also rec-
ommended and thus one of the objectives of our measurements is also to obtain this information. In this
context, it is worth pointing out that the prompt ~-ray angular distribution measured by [KBB82] up to
1.29 MeV were in agreement with the almost isotropic angular distribution in [TP63al.

Finally, measurements of the cross section identifying the population of the first excited state
(0429) and the ground state (og.5.) in the 7Be nucleus have been carried out by different authors [PK63)
NDA69, KBB82| [ABLG84, [OBK 82| [BBS07| [DGK0I]. In Figure[L.15] where those cross sections are plotted
by using the o429 /04.s. ratio, one can observe the discrepancies among the experimental data. New infor-
mation of the o429 /04.5. ratio would also help to resolve these discrepancies and constrain the theoretical
models.
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Figure 1.15: The 0429/04.5. ratio of the cross section of the 3He(oz,w)7Be reaction populating the first excited state
(0429) and the ground state (o 4. . ) in the 7 Be nucleus as a function of Ecwm. The Figure is taken from [DGK09]. The data
corresponding to blue dots are the values taken from [DGKQ9], open pink triangles are from [PK63], red open crosses
are from [NDAGY)], open black squares are from [KBB82], small black stars are from [ABLG84, big black stars are from
JOBK82], red squares are from |[CBC07] and red diamonds are from [BBS07].

1.6 Conclusion

The 3He(c,7)"Be reaction plays a determining role in the Big Bang Nucleosynthesis and the Stan-
dard Solar Model calculations. Specifically, the discrepancies seen among the existing S-factor data for the
3He(a,y)"Be reaction have a direct influence on the estimated values of the primordial ”Li abundance and
high energy solar neutrino flux. Both estimations demand low uncertainties of at least 3% in the S34(0)
value. However, due to the experimental limitations it is not possible to determine the cross section of
this reaction at very low energies and thus theoretical models (explained in the next chapter) are used
to obtain the extrapolated S34(0) factor using the measured S34(E) at higher energies. In addition to the
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S34(E) values at low energies, it has become clear that these data at medium energies play important roles
as they help us to constrain the theoretical models in obtaining an accurate extrapolated S34(0) value.
Currently, the available two data sets for centre of mass energies above 1 MeV disagree with each other
and new measurements are required in order to resolve the discrepancy and put further constraints on
the extrapolations. Moreover, no information about the prompt «-ray angular distribution is available in
this medium-high energy region which would also help to constrain the theoretical models. Furthermore,
discrepancies exist in the ratio between the population of the ground state and first excited state in the
"Be fed by the direct capture state and also here new data would help to resolve the discrepancy. These
observations motivated the present work, in which measurements to obtain the aforementioned data were
carried out.

20




“thesis” — 2016/11/20 — 11:26 — page 21 — #41

"A theory with mathematical beauty is more
likely to be correct than an ugly one that fits
some experimental data."

Paul Dirac

CHAPTER

THEORETICAL FORMALISM

Abstract: In this chapter some of the theoretical approaches used for explaining the 3He(c,~y)" Be radiative
capture reaction will be discussed. The framework for this reaction and the general theoretical procedures to deter-
mine the reaction cross sections will be given. Complementary, the phase shift analyses will be detailed, which can
be used to constrain the calculations.

Similar to the usage of light and processes such as reflection or refraction to determine the prop-
erties of light, in Nuclear Physics, the beam of particles are used to study the properties of nuclei and
nuclear interactions. One of the main methods used to determine those properties in order to understand
the underlying physics is to carry out reactions between the nuclei of interest (nuclear reactions).

In the previous chapter, different existing experimental data for the astrophysical S-factor of the
3He(c,v)"Be reaction were presented. Significant discrepancies between different sets of measurements
have been pointed out. Different theoretical models apparently reproduce the experimental results and
provide some knowledge of the reaction mechanism and the structural properties of the partners. The
models that are usually employed can be grouped as Potential Models, Microscopic Models and R-matrix
analysis. Moreover, recent pioneering work using the ab-initio approach has been performed. A general
overview of these models will be presented in this chapter.

Furthermore, the reliability of the models rests on simultaneous explanations of the He+*He

capture and the phase shift analysis of the 3He+*He elastic scattering data. Therefore, these aspects will
also be briefly discussed.

21




“thesis” — 2016/11/20 — 11:26 — page 22 — #42
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2.1 Nuclear Reactions

Nuclear reactions can be defined as interaction processes between the reaction partner nuclei that
are generally governed by the strong nuclear force with a possibility of the electromagnetic force playing
a determining role. They can be classified according to different criteria, for example, the reaction time
scales:

B Direct Reactions: These are the fastest ones and happen within ~10~22 s with cross sections varying
smoothly with the incident kinetic energy. Either a few nucleons on the surface or the nucleus as a
whole participate in this process. Quantum mechanically, these reactions are modelled as one step
transitions between the initial and final states. Examples for direct reactions are:

- Elastic Reactions: Rutherford scattering processes where the products in the outgoing final
state are the same as the nuclei in the incoming initial channel: A(b,b)A

- Inelastic Reactions: Similar to the elastic scattering but one of the nuclei in the outgoing chan-
nel is excited: A(b,b*)A or A(b,b)A*

- Transfer Reactions?: In this reactions nucleons are transferred either from the projectile to the
target, referred as stripping reactions, or from the target to the projectile (pickup reactions)

— Breakup Reactions: One of the two ejectile is broken in two or more fragments, e.g.
A(b,b=c+d)A

— Knockout Reactions: These reactions involve removal of a nucleon or cluster of nucleons from
a nucleus, leaving one of the residual nuclei in its excited state.

- Direct Capture Reactions: The two incident nuclei (A+B) capture each other. To form a com-
posite state that lives long enough and avoid going back to the initial A+B state, some energy
must be released, either by direct emission of particles or by ~-radiation. The latter are called
radiative capture reactions -A(b,y)C- and will be detailed in the next sections.

B Resonance Reactions: These are longer lived configurations of nucleons. The resonances can be
identified using the cross sections, as they have a peak structure when plotted against energy. The
peak widths (I") are typically between 100 keV and 1 MeV. The incoming particles form a quasi-state,
"the resonance state", which can live for a time between 1019 and 1021 s.

B Compound Nucleus Reactions: These involve all possible interactions between the nucleons in the
two interacting nuclei. The two nuclei fuse creating an intermediate nucleus (where the interacting
nuclei loose their identities) generally in an excited state which de-excites via emission of -y radiation
by electromagnetic processes, or decays by particle evaporation or fission. The compound nucleus
will live for a time between 10716 and 10718 s.

2.2 Electromagnetic Transitions: Direct Radiative Capture Reactions

The electromagnetic transitions connect an initial wave function ¥; for a group of charged par-
ticles with energy E; described by the Hamiltonian operator H=Hy, to a final wave function ¥ for the
charged particles plus electromagnetic radiation (photons), with energy E; and described by the Hamil-
tonian H=Ho+H.. Here, H, is the electromagnetic operator and transition probability can in general be
givenby: w; ~ | < U [H,|¥; > |2.

The electromagnetic transitions can be classified using the relative energies involved in the initial
and final states as (cf. Figure 2.T):

ATogether with Radiative Capture Reactions, Transfer Reactions are the most relevant in Nuclear Astrophysics
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Figure 2.1: Electromagnetic transitions. (a) De-excitation between two bound states in a nucleus "C". (b) Decay in a radia-
tive capture reaction from a scattering state (A+B state) to a bound state (C nucleus). (c) Bremsstrahlung electromagnetic
radiation from the transition between two scattering states.

B E;<0 and E;y<0: The transition occurs between two bound states by emitting the corresponding
~-ray (de-excitation). The initial and final states are characterised by spins and parities J;m; and
Jym s, respectively. The transition probability, given by w; ~ | < W7777 |H, |¥7i™i |2, provides the,
~-width I"y = Aiw, which is related to the mean life of the state by 7 = //T',.

B E;>0 and E;<0: The transition occurs from a scattering state to a bound state by emitting the corre-
sponding electromagnetic radiation. In the direct radiative capture reactions, the colliding nuclei
fuse with a photon emission. Therefore, the reaction cross sections to a final bound state in the
fused system is related to the overlap between this state transformed to a different state upon its
interaction with the electromagnetic force, and the scattering wave function of the colliding nuclei
(e.g. see Section 3.3 in reference [Des03]). The initial and final states are characterised by spins
and parities J;7; and Jymy, respectively. The initial scattering wave function, W(E) can be de-
scribed as an expansion in partial waves, ¥(E) = > ;. U/i™i (E) and the transition probability,

wi ~ | < OTrTf|H, | ¥ (E) > |2, provides the capture cross section.

B E;>0 and Ef>0: The transition occurs from a scattering state to a scattering state emitting the so-
called bremsstrahlung radiation. This is a transition in the continuum.

Direct Radiative Capture Reactions

While in the fusion reactions all channels with mass higher than the projectile and the target are
available and statistical approaches are used, in the radiative capture only the electromagnetic channel is
allowed. The cross section have a smooth variation with energy and the v emission is usually isotropic,
characteristic of an electric dipole p to s transition and no spin flip, i.e. the spin is uncoupled from the
orbit, [CD61]. Such processes are said to be external as the capture occurs by electromagnetic force at
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larger distances outside the range of the strong interaction. Therefore, in principle, the cross section is
expected to be insensitive to structural details of the interacting nuclei.

Figureshows a diagram of the 3He(c,y) direct radiative capture reaction in the centre of mass
system (see appendixfor the discussion about centre of mass system). The transitions can populate dif-
ferent bound states by emitting the corresponding electromagnetic radiation, which are known as prompt
y-raysP. If an excited state is populated in the final nucleus a subsequent y-ray connecting the two bound
states is emitted. The corresponding wavelength of the prompt y-rays are ~1500 fm, that are much larger
than the nuclear radii, justifying that the long wavelength approximation can be considered in the calcu-
lations.
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Figure 2.2: (Left) A schematic of 3He(c,y)” Be Direct Radiative Capture Reaction in the centre of mass system. (Right)
The direct radiative capture of the He nuclei can be described as electromagnetic transitions from a scattering state to a
bound state (right). The initial scattering state with energy E; >0 connects to a final state in the " Be nucleus by populating
the 1°" excited and ground states and emitting the corresponding prompt ~-rays.

Due the relatively small strength of the H., operator, perturbation theory can be applied for the
electromagnetic transitions described above. The electromagnetic processes have lower probability com-
pared to, for example, nuclear reactions governed by the strong force. Thus, the electromagnetic radiation
widths I', are smaller compared to the particle emission widths (i.e. 'y /T, < 1).

The electromagnetic operator H- depends on the nuclear coordinates (nuclei or nucleons accord-
ing to the model) and the photon properties (E,, emission angle €2 ...) and can be expressed as:

Hy~ Y RIMOM (1, o ma) Dy (25) 2.1)
Apo

where o\ is equal to EA or M\ depending on the Electric or Magnetic transition character, A is the order of
the multipole, which in principle can take values between 1 to co although in practice A = 1 or 2, p is an
integer number between -A to +, MZA is the multipole operator that depends on the nucleon coordinates
r;, and D;‘q (Q) is the Wigner function depending on the photon emission angle ().

The electric operator is given by:

M =e> (% - t) AV (i) (2.2)

i

bAlthough the electromagnetic radiation from direct radiative capture reaction is called ~y-ray, these cannot be understood as the usual
~y-rays in the sense of radiation emitted in the transition between two states
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where t;, is the isospin, taking values of +1/2(neutrons) and -1/2(protons), r;=(r;,£2;) is the nucleon space
coordinate and Y;‘ (24) are the spherical harmonics [Des03]. On the other hand, the magnetic operator
can be expressed by:

Mx _ BN Ayt 2g1(8) - .
M = B Z [V(r v (97.)] e (A CILi g, (08 2.3)
where S; and L; are the spin and orbital an§ular momenta of the nucleon i, respectively. u is the Bohr
magneton, g, (i) = % — tir and gs(i) = gp(5 — tiz) + gn(% — t;,) where g, and g, are the gyromanetic
factors of the proton and neutron, respectively.

Therefore, integrating over €2, the transition probability is given by:

Wiimimsapng ~ DR | < Wl mod i > 2 4
Ao

Photon Nucleus

while the reduced transition probability can be expressed by:

2Jr +1 g
B(oX, Jimi—Jpmp) = =L 2| < W | MO [T > |2 2.5)
2J; +1
and the width, I, by:
F»Y(J,LT('—)Jfﬂ'f) = hWJiﬂ-%‘]fﬂ-f (26)
Some of the properties of the electromagnetic transitions in the direct radiative capture reactions
are:
B There is a hierarchy between the multipoles: % ~ (kyR)? << 1=F1 >> E2 =~ M1 >>
E3 ~ M2, .... Therefore, only a few multipoles (usually just one) are important for a given transi-
tion.

B The multipole order A must satisfy: |J; — J¢| < X < |J; + Jy|
B The transition parity is given by:
- mymy = (—1)* for electric transitions

- mimy = (—1) ! for magnetic transitions
B There is no transition with A = 0 and the E'1 transitions are forbidden in N=Z nuclei

In astrophysical reactions energies are low, thus, the low total momentum J;=0 has dominant contribution
to the transition probability of the reaction rate.

2.3 Radiative Capture Cross Section in a Potential Model

For the radiative capture reactions, which are the most important in astrophysical sites in case
that transfer reaction channels are closed, the cross sections for a given final state .J; can be written as (see
expression 2.4):

o(Jf, B) ~ > KT < @l || MO [w i > 2, 2.7)
Ao
This is a general definition valid for any of the theoretical calculations used to describe the radiative
capture reactions. The electromagnetic operator M was discussed in the previous sections, and the
wave functions W/i™i and W7/7/ are model specific. Here, some general descriptions of the potential
models will be given as an example.
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In general, potential models (includes optical models, direct captures models...) are based on the
descriptions of nuclear processes by a Schrodinger equation using local potentials in the entrance and
exit channels [BD85|. In the Direct Capture Reactions, the direct capture model (DC) is used€, where the
calculations are simple due to the assumed structureless point-like nuclei and the usage of potentials such
as the Optical Models without any imaginary part and spin dependence.

If Rcym is the position of the centre of mass, and r is the relative coordinate between the two
interacting nuclei, the position of each nuclei can be given by:

r1 = Rom — %r (2.8)
A
ra2 = Roy — fr (2.9)

The initial wave functions with E® scattering energy can be defined as:

() = e, (DY) (2.10)
while the final wave function with final energy E*/ can be given as:

WlFms (r) = %ugf (r)y[;‘f Q) (2.11)

The radial functions u(r) are obtained by solving the Schrédinger equation:

B d2 L+ 1) .

where the potentials V'(r), including electromagnetic and nuclear interactions, can be different in the
initial and final states and the parameters are adjusted to reproduce properties such as phase shifts (details
in next section), bound states energies etc...

Examples of the typical potentials used are:

3 R2 1
5—5p— | 5 — forR < R,
Veou(R) = ZpZe? (2 2Rc2:au1> Rcou = TCoul .13)
% for R > Rcoul

for the Coulomb potential, where Rcoy = rcouA’/? is the radius of the nucleus considered as an sphere
with uniformly distributed total charge of Ze, and rcoy a constant depending on the nucleus. For the
nuclear interaction the most commonly used potential is the "Woods-Saxon" shape:

V(R) = —— (2.14)

R—Ry

1+e or

where V. is the depth, a, is the diffuseness, and R, is the nuclear radius, which is commonly expressed
by R, =1.2- A/3 for A the number of nucleons.
For example, the electric operator for two particles, this can be rearranged as:

ME = ¢ (Zifrs = ReuV{* (@, rey) + Z2lrz — R ™YY (- rey) ) 215)

€ Among potential models, optical models are used for elastic scattering analysis and distorted-wave Born approximation (DWBA) are used for
transfer reactions
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which provides

Mf)‘:e

A\ AN s A
Z1 (—7) + Z2 (—K) T Yf(ﬂr) = eZeffr Yf(QT) (2.16)

Zeff

thus, the matrix elements can be expressed by
o0
S WIIMIMEN BT S = eZy < Y}’;f Yy > / g, (r)ug, (ryridr (2.17)
0
and the reduced matrix elements by:

(2T +1)2A+1

< UMV >=ez <J0)\0Jv0>-<
[|M]] eZefy < Jy [T 420, + 1)

1/2 oo
) / ug, (r)ug, (r)yridr (2.18)
0

Therefore, for given values of J;, Jy and ), the integrated cross section result in:

8 e? o 2
ox(E) = ﬁazgffkg“lF(,\, Jin Jp) ’/0 g, (r, Byug, (r)yridr (2.19)
with:
A+1DEA+1)
F(\ J;,J = < J;X0 0|J;0>(2J;4+1)——F———F— 2.20
AT d) 0 > (20 )T 220)
E—Ej
ky = (2.21)
he
The normalisation procedure leads to obtain the radial wave functions:
uy — Fj(kr)coséy + G j(kr)sind s (2.22)
for the initial continuum state, and
uy — Cexp(—kpr) (2.23)
for the final bound state, and the total (integrated) cross section will given by:
o(BE) =) ox(E). (2.24)
A

Moreover, as there is no interference between the multipolarities, the differential cross sections can be
given by:
2

(2.25)

=S a®RO)
do

A
where Py () are the Legendre polynomial. Thus, the angular distribution measurements are necessary to
separate the multipolarities, although usually one of the multipolarities contributes dominantly.

Apart from potential models, microscopic models, based for example on Resonating group methods
(RGM), are also used to describe the cross section of radiative capture reaction. RGM are fully microscopic
in nature, which solve the seven-body problem (in case of 3He(c,v)"Be) using nucleon-nucleon potentials
with the parameters adjusted to reproduce the bound state and resonance properties. It is out of the scope
of this thesis to describe this method here, details can be found in [Wee37,[Whe37, [Des01].

R-matrix calculations [LT58] have also been used for determining the astrophysical S34(0) factor.
In nuclear astrophysics, this method aims to parametrise experimental known quantities as the phase
shifts of cross sections with a small number of parameters, which are used to extrapolate down to the
astrophysical relevant energies. The "poles" in the R-matrix calculations correspond to the bound states or
resonances and it is assumed that the space is divided into two regions, (i) the internal region where the
nuclear force takes place and, (ii) the external region where only the Coulomb interaction is present.
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2.4 Phase-shifts Analysis: Elastic Scattering of He and *He and its Rele-
vance to S34(E) Data

In the previous section (see expression , it was already discussed that the parameters of the
potentials V(r) used to describe our 3He(c,7)"Be reaction are adjusted to reproduce the phase shifts ob-
tained from the *He-*He elastic scattering data. Moreover, the reliability of different theoretical models
describing the 3He(a,y)"Be reaction will be gauged by evaluating their ability to reproduce the experi-
mental phase shifts for the elastic channel of the 3He+*He reaction. Here, the definition of phase shift and
different phase shift analyses related to our reaction will be discussed:

Quantically, a mono-energetic beam of particles is represented by a plane wave, which suffers
scattering upon passing through a region where the influence of a potential V' (r) created by a nucleus is
present. In nuclear physics experiments performed to study elastic scattering reactions, the detectors are
placed far away from the scattering centre, that is, in a region where particles do not significantly feel the
presence of the potential anymore. Thus, one will be interested only in the asymptotic part of the wave
function, i.e. » — oo. Clearly, a detector placed in the asymptotic region will detect not only the plane
waves, but also its scattered component. For the simple case of spherically symmetric potentials V(r) the
stationary part of the incident plane wave can be described as:

W =T = e = threost =N (9204 1)i%j, (kr) Py (cos0) (2.26)
£=0

where j,(x) and P, (cos0) are the Bessel functions and the Legendre polynomials, respectively. Therefore,
the outgoing wave functions far from the scattering centre can be expressed by:

ezkr

U~ e\’jj + £(0) (2.27)

T
incoming ~——~—"

scattered

where the symbol ~ refers to the asymptotic value, and the 6 dependence in the scattering amplitude
function f(#), accounts for the probabilities as a function of the angle with respect to the incoming beam.
Therefore, the elastic scattering cross section is given by:

o = 1re)P 229)

When the interactions are governed by central potentials V' (r), the solutions of the Schrodinger
equation

2m
V20 4 Tz BV =0 (2.29)
can be expressed as linear combinations of the separable radial and angular parts
v =Y 0 "y 0,0 (2:30)
£,m

where w;(r) is obtained from the radial Schrédinger equation:

d?u  2m

h2 0L +1)
" om 2

u=20 (2.31)
2n

with the boundary condition u,(0) = 0. The dependence of ¢ can be eliminated because of the symmetry
in the scattering process of particles due to a central potential, and the wave function takes the form of:

v = Zang(cos@)uzi(:) (2.32)
2
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2.4. Phase-shifts Analysis: Elastic Scattering of He and *He and its Relevance to S34(E) Data

On the other hand, at large distances from the origin the spherical Bessel functions reduce to a
simple expression:

sin(hr — ) ilr— 1) _ g=ilhr—F)
)~ = ; 233
k) kr 2ikr (2.33)

therefore, by substituting in the expression[2.26|we have

] 1 i(kr—£E) _ —i(kr—4F)
gthkreost % 2(28 + 1)i* Py(cosh) € kr‘e (2.34)
£=0

which represents the asymptotic form of a plane wave. The first term in brackets corresponds to an
outgoing spherical wave and the second to an incoming spherical wave. The asymptotic form of ¥ can
be obtained if we observe that the presence of a potential cause a perturbation in the outgoing part of
the plane wave, and such a perturbation can be represented for the elastic scattering by a unitary module
function:

Sy (k) = 210 (2.35)
We now have,
1> i(kr—4E) _ —i(kr—LE
D2+ 1)if Py(cost) {S"('@)e 2k ° ’ (2.36)
1 —0 T

and from a comparison with expression the asymptotic form of u,(r) can be seen as

ug(r) ~ sin (kr — %r + 6@) . (2.37)

Thus, due to the effect of potential on the outgoing channel, u(r) differs from the radial function of a free
particle by the presence of the phase shift §,. From expressions[2.27] and[2.36|we have

f(o) = (20 + l)ei‘sf sindg Py (cos) (2.38)

x| =
]38

£

Il
<)

and integrating the expressionthe total elastic scattering cross section takes the form of

_Am
T2

s

(20 + 1)sin24, (2.39)

¢
The previous results were obtained by assuming a central potential, V(r)~1/r2, however, in case
that the incoming particles are affected by, for example, Coulomb interaction, as in the 3He+%He sys-

tem, the potential takes the form of V(r)~1/r and the Bessel functions in equation takes the form of
Coulomb functions, and the scattering amplitude becomes:

1
fo() = —%sinT%aexp[—in In(sin?20) + 2i - argl(1 + in)] (2.40)

For a more general case where the nuclear interaction also plays a role, the scattering amplitude
can be expressed as:

f(0) = fc(0) + 1/(2ik) 2(25 + 1) P;(cos®)exp(2iop)(Sne — 1) (2.41)

where o, are the Coulomb phase shifts given by: o,=argl'(¢+1+in) and the nuclear partial wave, Sy, is
related to the nuclear phase shift, é,,¢, by: Sy ¢=exp(2id,,¢), which is 1 when there is no nuclear force.
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This, in turn, is determined by the asymptotic form for larger r of the radial wave function Fy(r)
of the relative motion of the target and projectile:

1
Fy(r) ~ sin(kr — gﬁ'n' + 1 - In2kr + og + One). (2.42)

The elastic scattering cross section will be given now by o* = | f(8)|2. Thus, the usual optical procedure
for obtaining the phase shifts is to solve the radial Schrodinger equation for F(r) numerically

2 2
3 (-3 + ) R0 +VORe) = BRO) 0
m dr? 72
to match the numerical solution on to a Coulomb wave function at some point outside the range of the
nuclear optical potential and then to extract the phase shift by comparison with the asymptotic form in
equation 242

Therefore, for a given potential V(r) between, e.g. two interacting nuclei as >He and *He, the
evaluated phase shifts obtained by solving the equation [2:43] must reproduce the measured elastic scat-
tering cross section. In other words, the potential V(r) to be used in the theoretical capture model for our
3He(c,v)"Be reaction can be validated by using the >He+*He elastic scattering data.

The asymptotic wave functions of “Be bound states are well known. However, differences among
models originate from differing s-wave phase shifts and from short-range contributions of the potentials.
The latter are difficult to compute and can only be tested by capture reaction experiments above 1 MeV
centre of mass energy. Concerning the phase shifts, most of the 3He(c,y)"Be studies are informed only
by the phase shift analysis of Tombrello and Parker [TP63b]. They measured the elastic scattering of 3He
ions from *He target gas at incoming energies above 5.75 MeV. They obtained the excitation curves, i.e.
cross section versus energy at a fixed angle, for eight different angles and the angular distributions at four
different bombarding energies. Figure 2.3| shows an example of the excitation curves at three different
angles (a) and the angular distributions (differential cross sections) at two different bombarding energies
(b). In both cases the solid line represents the fit to the data using derived phase shifts.
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Figure 2.3: The elastic scattering data for ® He+* He system as shown in [TP63b]]. The dots represent data and the solid
lines represent calculations. (a) The excitation curves for 70.1°, 73.7° and 98.4°, where the dip (peak) at excitation energy
of 8.7 MeV and forward (backward) angles corresponds to a new resonance predicted by the authors using the phase shift
analysis. (b) The scattering cross section for the bombarding energies of 8.72 and 6.25 MeV (see text for more details).
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2.4. Phase-shifts Analysis: Elastic Scattering of He and *He and its Relevance to S34(E) Data

As one can see there is a good agreement between experimental data and the calculations from
a phase shift analysis. It is worth pointing that the properties of the four lowest levels in the "Be level
scheme could also be reproduced by these calculations.

A different phase shift analysis has been done by Mohr et al. where the strength
parameters A and A of the potential (obtained by a folding procedure [SL79]):

fm? dvg TS +Ver) (2.44)

(7") = )\VF(T) +Aps——
are adjusted to the measured phase shifts at energies relative higher compared to Spiger and Tombrello
[ST67], Boykin et al. [BBH72] and Hardy et al. [ISB72]. The results are compared with the 3He(c,v)"Be
cross section data from ERNA and with the elastic scattering angular distributions measured at
lower energies in and [BJP64], covering the same energy range. The results are shown in Figure
where (a) shows the 2He+*He elastic scattering angular distributions with the different curves repre-
senting different values of the A and A s parameters and (b) the same for the He(q,y)”Be astrophysical
S-Factor. The elastic scattering cross sections are reproduced with the black (A = 1.45) or dash green
line (A = 1.40). This corresponds to the L = 2 elastic phase shift weak potential strength. However,
the 3He(a,7)"Be reaction cross section at high energy from ERNA can be described only with a
significantly enhanced L = 2 potential (A ~ 1.60).

ST T T 7T T
E =1407 kev E =1597 kev

o
o
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o
kS

o
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o T . . . .
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Figure 2.4: Direct Capture model calculation by P. Mohr where the potential parameters are obtained from a

phase shift analysis of the elastic scattering data. (a) The ® He+* He elastic scattering angular distributions. The points
represent the experimental data from and the different fits correspond to the calculations for different

potential strengths (A). (b) The astrophysical S-factor for the 3 He(a,y)” Be reaction. The colour of the fits are the same as
those in (a). See text for the discussion.

Finally, it should be stressed that even though the phase shift analysis is a good constraining tool
in validating the theoretical models, to date, most of the theoretical models rely on one experiment from
the early 1960’s without any error estimations [TP63b]. Although, the experimental data were extended to
lower energies by Mohr et al.[MAKO93], they do not include error estimations in the phase shifts analysis
[AGR11].
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2.5 Theoretical Descriptions of the 3He(a,7)"Be Reaction

The reaction *He(c,y)"Be occurs via the radiative capture process. The ground state spins for
4He and 3He are 07 and 1/27, respectively. As mentioned in the previous chapter, at low energies,
the £ = 0 relative orbital angular momentum of the pair of nuclei (i.e. s-wave channel) has dominant
contribution to the reaction probability. Thus, for this channel, the total incoming angular momentum
is J; = 1/2F. On the other hand, the "Be ground and first excited states have spins of J;=3/2" and
Jy=1/27, respectively. Therefore, in line with the properties of electromagnetic transitions described in
section the E1 transition from the s-wave channel dominates for this reaction both for the ground and
for the first excited states. Figureshows calculated contributions of £ = 0, 1, 2 and 3 partial waves and
E1, E2 and M1 multipoles from reference [KIN8I]. As can be seen the s-wave partial contribution from
the E1 transitions are the dominant ones at low energies. As the energy is increased other partial wave
contributions become significant (¢ = 2, d-wave).

10! T T T T T T
PARTIAL WAVE MULTIPOLE 1
CONTRIBUTION CONTRIBUTION

100 =0 - =

10!
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T3/ (pb)
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(0] 500 1000

Figure 2.5: Different partial wave (s,p,d,f) and electromagnetic transition (E1,E2,M1) contributions to the cross sections

populating the ground state of " Be by the radiative capture reaction * He(cv,y)" Be. Figure is taken from [KINST].

The initial calculations for this reaction were performed by Christy and Duck [CD61] and by
Tombrello and Phillips [TP61]]. The first experimental results for this reaction by Holmgren and John-
ston [HJ59] were already explained in a quantitative way by assuming an extra-nuclear direct capture by
electric dipole emission (E1) from the s-wave (¢ = 0) of the initial state to the final bound p-wave states
(Ip3/2,1p1,2) that were assumed to be of two body form: 3He+*He cluster.

Several theoretical calculations followed in order to both reproduce the experimental data and
achieve further insight into the physics mechanism of the reaction by, for example, considering different
potential models. Differences arise, for example, from considering non-external contributions (nuclear
effects) and initial-states phase-shifts (previous section). The *He+*He cluster configuration has overlaps
with the two bound states of “Be populated in the reaction. Therefore the Pauli principle requires radial
nodes in these overlaps with a small (but non-zero) short-range contribution [AGR11]. Here, only an
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2.5. Theoretical Descriptions of the >He(c,7y)” Be Reaction

overview of the representative models highlighting the main qualitative features will be presented.

Tombrello and Parker use an external capture potential model and first order perturbation theory.
Only the asymptotic forms of the bound and scattering states wave functions are considered, neglecting
the behaviour of the wave functions at short distances [TP63a]. The 3He and *He nuclei are treated as
point particles and the hard sphere scattering radius considered is determined by the phase shift analysis
in [TP63b]. Also potential models with more realistic treatment of contributions from 2.8 to 7.0 fm dis-
tances are provided by Kim et al. [KIN81]], Buck et al. [BBR85,[BM88] and Mohr et al. [MAK93]. They use
nucleus-nucleus potentials such as Wood-Saxon or folding potentials. The wave functions are calculated
from potentials, which simultaneously describe the bound-state properties and phase shifts. Therefore,
the energy behaviour of the astrophysical S-factor in this models is almost fixed by the spectroscopic
factors considered in the calculations.

Other calculations are based on microscopic cluster model frameworks, where the system is de-
scribed by antisymmetrized wave functions of two clusters using phenomenological nucleon-nucleon po-
tentials. The relative motion of the clusters is solved using resonating group or generator coordinate meth-
ods. The energy dependence in this case, particularly the evaluation of Kajino et al. using microscopic
cluster models and resonating group method (RGM) [KTAS87] is similar to that determined using hard-
sphere model by Tombrello and Parker. This RGM model, details can also be found in [KA84) Kaj86], also
reproduces the phase shifts of Tombrello and Parker [TP63b] without employing any fitting procedure.
The potential models have a justification in the resonating group work in the form of microscopic poten-
tial model of Langanke [Lan86]. This model, and those using RGM [KA84, [KTA87] predicted the energy
dependence of the isospin mirror reaction 3H(c,y)7Li reaction before this was experimentally measured
by Brune et al. [BWR94] (see Figure 2.6(b)). However, some variations appear between different RGM
models in that they employ different types of interaction. These differences depend on the diffuseness of
the "Be ground state [Kaj86}/CL00]. Moreover, large differences are observed in the astrophysical S-factor
and phase shift values if the model space is expanded, for example when cluster states of ®Li+p channel
are added to the RGM wave functions [MH86}(CL00]. Other microscopic approaches were due to Walliser
et al. [WKT84] and Liu et al. [QKT81] while [DDK95] used a potential model approach.

Kenneth Nollet considers an accurate realistic nucleon-nucleon interaction to derive the wave
functions employing a variational Monte Carlo technique [NolO1]. In this approach, the relative motion
of the initial states is based on the potential used by Kim et al. [KIN81],, and it accurately reproduces the s-
wave shift of Tombrello and Parker [TP63b]. Other electromagnetic observables in "Li and “Be nuclei are
in reasonable agreement with those from the microscopic calculations of Kajino [Kaj86|. Also, the energy
dependence is the same as the seen in [Kaj86] while the absolute S34(0) value is 25% smaller.

Some experimental data evaluations have been also carried out. Descouvemont et al. use R-
matrix fit analysis (essentially reduced to a potential model) to determine the S34(0) [DAA04]. Cyburt
and Davids evaluated the experimental modern data from Weizmann [NHNEHO04], Seattle [BBS07|], and
LUNA [BCC06} IGCC07, [CBC07] using a minimal model-dependent approach [CDO08|. They based their
work on the fact that the reaction is dominated by an external capture and the S-factor exhibits subthresh-
old poles in low energy astrophysical range according to Mukhamedzhanov and Nunes [MNO2|. The
Solar Fusion Cross Section 1 evaluation [AGR11], uses rescaled theoretical models of Nollet [Nol01] and
Kajino [Kaj86] (the energy dependence is the same) to fit the same modern data used in the evaluation of
Cyburt and Davids, plus the ERNA data [DGK09]] up to 1 MeV.

Finally, the first ab-initio calculations by Thomas Neff [Nefll] are based on a fully microscopic
fermionic molecular dynamics (FMD) approach with a realistic interaction that reproduces the nucleon-
nucleon scattering data. Specifically, this model uses the Argonne V18 Interaction [WSS95] which repro-
duces the deuteron properties and the nucleon-nucleon phase shifts. The known properties of the bound
states such as the charge radii, quadrupole moments or energy could be well reproduced by the calcu-
lations. The calculated phase shifts in the s-wave and d-wave channels agree also fairly well with the
experimental data in [ST67,[BBHZ72]. To obtain the cross section of the 3He(a,)"Be reaction only dipole
transitions (E1) from the s- and d-waves are considered. There seems to be a significant contribution of
the internal part of the nuclei and therefore the reaction should not be considered purely external. The
agreement with the modern data is remarkable up to 2.5 MeV (note that the Solar Fusion Cross Section
IT considered only up to 1 MeV) as it can be seen in Figure [Nef]. However, for the isospin mir-
ror 3H(a,y)"Li reaction, even though the energy dependence is well described when comparing with the
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Figure 2.6: The black line shows the ab-initio calculations for the astrophysical S-factor of the 3He(a,'y)7Be (a) and
3H(a,v)" Li (b) reactions [Nef]. The red line shows the calculations by Kajino et al. |[Kaj86].

new experimental data of Brune et al. [BWR94], the absolute scale is off by a 15% (see Figure[2:6(b)). This
should be further investigated. Modifications in theory may be required to reproduce both reactions if
new experimental data are obtained for both reactions at medium energies.

Tableshows S34(0) values from for different evaluations and models highlighting the discrep-
ancies among them.

Model/Evaluation S34(0) (keV'b)
R-matrix [DAAO4] 0.5140.04
Cyburt and Davids [CDOS§] 0.580+0.043
Solar Fusion Cross Sections II [AGR1T]  0.564-0.02(expt)+0.02(theor)
Ab-initio calculations [Nefl1] 0.593

Table 2.1: 534(0) values from different theoretical models and evaluations. R-matrix and Cyburt and Davids use experi-
mental data evaluation. Solar Fusion Cross Section II evaluation use the theoretical models of Kajino et al. [KTA87] and
Nollet [Nol01]] and the experimental data up to 1 MeV. Finally, the FMD ab-initio calculation do not utilise any data but
directly gives the S34(0).

In Figure 7] the most used theoretical calculations are plotted together with the modern exper-
imental data. It should be pointed out here that the usage of spectroscopic factors by potential models
can justify the fact of considering rescaling parameters in order to fit the experimental data and extrapo-
late to lower energies. Rescaled Microscopic models should be as accurate as potential models and more
accurate than hard-sphere model [AGR11]. Nevertheless, the theoretical curves are given without any
normalisation in Figure@ Regardless of the effect of normalisation, there is a discrepancy in the energy
dependence at high energies, and none of them completely reproduce the observed resonance correspond-
ing to the 7/2~ state in "Be . New experimental data in the range of 1-3 MeV will constrain the theoretical
models and will help understanding the importance of the non-external nuclear contributions.

Finally, it should be pointed out that the models discussed above, that are generally applied in
nuclear astrophysics, are good for low densities only; for high densities or high energy reactions one
should resort to the Hauser-Feshbach theory [TATS86].
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Figure 2.7: A comparison between the theoretical models from Kajino et al. [KTA87], Nollet [Nol01]], Descouvemont et al.
and Neff [Nefl1]], plotted together with the modern data from the ERNA [DGK09], Weizmamn [NHNEHO04],
LUNA and Seattle collaborations. A big discrepancy among the different models and
calculated Ss34 (0) is observed.

2.6 Conclusion

In this chapter, the He(a,)7Be nuclear reaction has been described in terms of an electromag-
netic transition between an 3He+*He scattering state and a bound state in the "Be. The general formalism
to obtain the cross section of such reactions has been described together with the relevant phase shift
analysis procedure for the elastic channel. The main features of different theoretical models have been
described. Differences between the theoretical models at medium-high energies are observed, not only in
the absolute scale of the S-factor curve, but also in its energy dependence. New experiments in the range
of Ecm= 1-3 MeV will help us to constrain the theoretical models and to investigate the importance of
the non-external nuclear contribution to the cross section. Although it will be discussed in Chapter ] it
is worth mentioning here that new experimental elastic scattering data would be needed as most of the
potential and microscopic models rely on the phase shift analysis of one experiment carried out in the
1960’s and the new experimental developments could improve the situation.
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"A theory is something nobody believes, ex-
cept the person who made it. An experiment
is something everybody believes, except the
person who made it."

Albert Einstein

CHAPTER

EXPERIMENTAL TECHNIQUES

Abstract: In this chapter the two experimental techniques used to determine the cross section of the
3He(cv,y)" Be reaction will be described. Firstly, the experimental approaches used in previous works will be re-
called. Later, the two main sections will detail the two complementary methods together with the setups used in our
measurements to determine o(E) and evaluate the astrophysical S-factor. How to extract the observables as well as
all other necessary details to determine the cross section and the consistency checks for the two types of methodologies
will also be discussed.

In the previous chapters the motivation for obtaining the S-factor for the 3He(c,7)"Be reaction
and the theoretical background have been detailed. Here, the experimental techniques used in order to
determine the cross section, and thus the S-factor are described.

A well designed experimental setup with optimum control of the different settings is the key for
successful measurements and reliable results with minimised uncertainties. Different approaches have
already been used aiming to determine accurately the cross section of this reaction at different energies.
A few pros and cons of some of these methods will be presented in this chapter.

In our case, two experiments using alternative and complementary techniques were performed
in order to determine the cross section for the He(c, )" Be reaction at medium-high energies. The reason
for selecting this energy range was discussed in the first Chapter and will be recalled here. In the first
experiment, the Activation Method was chosen for simplicity allowing us a better control of the setup. For
the second type of experiment, the Direct Recoil Counting Method was chosen employing the DRAGON
spectrometer at TRIUME. In contrast to the activation method this is a complicated setup and requires ex-
tensive characterised tests. Complementary, information related to the prompt -ray angular distributions
as well as the 0429 /04.5. ratio were also aimed for in this experiment.

37




“thesis” — 2016/11/20 — 11:26 — page 38 — #58

3. Experimental Techniques

3.1 The Reaction and the Methods for Cross Section Measurements

In Chapterthe important role of the He(c,)"Be reaction in the Sun and in the Big Bang Nu-
cleosynthesis was discussed. A schematic picture of how the reaction takes place, for example in the Sun,
can be seen in Figure 4He and ®He nuclei approach each other and when the nuclei overcome the
Coulomb and centrifugal barriers the fusion occurs, creating a ”Be nucleus and emitting a prompt -ray.
The "Be ions are unstable and decay to the first excited state at 478 keV in "Li by the electron capture pro-
cess with a half life of 53.24(4) days and a branching ratio of 10.44(4)%. A ~-ray of 478 keV is subsequently
emitted by the de-excitation of the excited 7Li to the ground state.

Li

T,,=53.24days

aHe “He+3He ’Be
#— 3 -
03/ P ey
3He

o
- &)
Vociaged
\

prompt A%

Direct Method Activation Method

Figure 3.1: Diagram showing the ®He capture on * He, emission of the prompt ~-ray and the subsequent decay of the
reaction product, " Be. The " Be ions decay via electron capture producing " Li* in its first excited state and emitting a

neutrino with a branching ratio of 10.44(4)%. The subsequent 478 keV ~-ray from " Li* is also shown. In the lower part,
where the two experimental methods used in the present work takes place are also indicated.

A sketch of the decay scheme of the reaction is shown in Figure and Tablespecifies some
information relevant for this reaction.

Q3 He(a,7)7Be 1580(1) keV

E ("Belay ) 429 keV
Ty /2("Be) 53.24(4) d
Q7Be(ef,l/)7Li 862 keV
BR. ("Lity, ) 1044(4)%
B ("Litg ) 478 keV

Table 3.1: Some details of the ® He(o,y )7 Be reaction, " Be and ” Li nuclei. "Q" represents the Q-value for the reaction and
for the " Be decay. E corresponds to the excitation energies for the different states in " Li and " Be . Ty /2 is the half life of
the " Be nucleus and B.R. is the branching ratio populating the first excited state in " Li.

The relevant parameter for the astrophysical models is the S(E) factor, given through the cross
section o (E) as it was detailed in the expressiong Therefore, the aim of our measurements is to deter-
mine the absolute cross section of the 3He(c,v)?Be reaction and from there estimate the S-factor, which

38




“thesis” — 2016/11/20 — 11:26 — page 39 — #59

3.1. The Reaction and the Methods for Cross Section Measurements

will be denoted as S34(E), being E the centre of mass energy. Accurate determinations of an absolute cross
sections need careful measurements of different observables. For our case, taking a glance at the Figure
if one wants to determine the absolute cross section of the reaction, the number of total “Be produced
(Y7g.) and the total number of interacting nuclei (N°4yy,, N°s13,) must be known. In order to determine
S34(E) by carrying out measurements in the laboratory, one of the interacting helium isotopes must be
accelerated as a beam and the other should be the target (recall that at atmospheric conditions the natural
state of the helium is gaseous). Therefore, the expression@for o(E) takes the following form in this case:

Y7
o34(E) = B @1
N - Ny
From a close look at Figure it can be seen that there are three possible methods in order to
obtain the cross section, namely:

B Direct Recoil Counting Method: The 7Be recoils produced are counted directly.
B Prompt ~y-Detection Method: The number of recoils are determined by detecting the prompt ~y-rays.

B Activation Method: The recoils are collected and their total number is estimated by detecting the
478 keV y-rays from the "Li* de-excitation.

Apart from the three different experimental techniques already discussed, two other approaches
can be found in the literature, namely Accelerator Mass Spectrometry (AMS) and the Coulomb Breakup tech-
niques (see below).

Furthermore, even though the goal of the different techniques is the same, when determining the
cross section differences appear, for example, in how the total number of incoming beam particles are
measured, whether kinematic is direct or inverse, and in the assumptions made e.g. of the prompt y-ray
distributions. An overview of all experiments using the three different techniques was presented in the
section Here, some differences among the different setups will be briefly described, in particular, those
performed at LUNA (Laboratory for Underground Nuclear Astrophysics) and ERNA (European Recoil
separator for Nuclear Astrophysics) facilities.

LUNA SETUP

The Laboratory for Underground Nuclear Astrophysics [GAB94, [Brol11] in Italy’s National Gran
Sasso underground Laboratory (LNGS) was designed for measuring low cross sections of nuclear astro-
physical reactions. The 3He(c,7)"Be cross section measurement was carried out using the 400 kV LUNA2
accelerator where the Prompt ~-Detection and Activation Methods were used covering a centre of mass en-
ergy range from 93 keV to 170 keV . The setup used is shown in Figure A “He beam impinged onto
a windowless differentially pumped 3He gas target. The beam was stopped in a copper disk placed in
front of the calorimeter, used to estimate the incoming number of beam particles. The "Be recoils were
deposited in the same copper plate. A silicon detector monitored the >He gas density by detecting the
double scattered beam particles with the gas and the carbon foil. In the Prompt ~-Detection Method the
prompt y-rays were detected in the shielded High Purity Germanium (HPGe) detector, while for the Ac-
tivation Method the copper plates were removed and the subsequent y-ray from the "Li* de-excitation was
detected with another germanium detector in a low-background environment.

ERNA SETUP

The European Recoil separator for Nuclear Astrophysics (ERNA) is located at the 4 MV Dyna-
mitron Tandem Laboratorium of the Ruhr-Universitit, Bochum, Germany (a general definition of recoil
separators is given in section [8.3.). A layout of the global ERNA setup is shown in Figure and
details can be found in [DDS08] and references therein. The three techniques mentioned above were used
by the ERNA collaboration to determine the cross section of the 3He(c,v)"Be reaction in the centre of
mass energy region of 700-3100 keV. A recirculating gas system was used to maintain a constant He gas
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Figure 3.2: Examples of different experimental setups used for determining the cross section of the ® He(c,y)” Be reaction.
(a)Sketch of LUNA setup [CBC07]. (b) ERNA layout from
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pressure in the target cell that was impinged by a *He beam. The number of incoming beam particles
was measured by using Faraday cups placed along the separator and the 3He target density was scaled
from previous measurements using a *He gas target. For the Direct Recoil Counting Method the "Be recoils
were separated from the leaky beam by using various electric and magnetic elements of the separator.
Eventually, the recoils were directly counted in a Gas Silicon Telescope placed at the end of the separator.
In the Prompt ~y-Detection Method the prompt y-rays were detected using three Nal detectors placed close
to the gas cell. Finally, in the Activation Method, a copper catcher was placed at 31 cm from the target cell,
where the "Be nuclei were deposited. The "Be activity was measured in the LNGS facility using the same
setup than the one used in LUNA work.

The "Be recoils implanted in a catcher could also be counted using the AMS technique. In order
to prove the reliability of the technique, a known quantity of "Be was produced by using the reaction
"Li(p,n)"Be in the 3 MeV Van de Graaff accelerator of the Weizmann Institute. Later, using the deposited
"Be, BeO~ samples were prepared by adding a precisely determined quantity of “Be. While the ratio
"Be/?Be chemically calculated was expected to be 4.4-10713, the measured ratio with the AMS quoted
1.2:10~13. Several potential sources were suggested to explain these discrepancies and further investiga-
tion was planned according to [BBBHO1|]. However, there have been no such further measurements up to
date.

On the other hand, two indirect experiments were also tried in an attempt to reduce the uncer-
tainties of the cross section of the *He(a,y)"Be reaction: “Be break up on a 208Pb target at 100 MeV /u at
the National Superconducting Cyclotron Laboratory and on a 12C target at 25 MeV /u (Coulomb Breakup
technique). The idea was to extract the S34(0) value from the indirect Coulomb breakup. In order to do
so the nuclear and Coulomb effect must be clearly separated. As it was concluded in [SNO04], it is not
clear whether this method will help to improve the S34(0) precision as it is not possible to eliminate the
nuclear contribution by just angular selection criterion. No further improvements on this method have
been reported so far.

To summarise, different energy regions can be addressed using different facilities, techniques, and
detectors. In the following subsections the energy region of our interest, the techniques, and the facilities
employed to carry out our experiments will be reasoned out [Nar13]. The details of the two experimental
setups will follow.

3.1.1 Energy range for the present work

As it was discussed in Chapter there is a large dispersion among the experimental S34(E) data;
this is particularly remarkable between the two data sets [PK63} [DGKQ9] in the region from 1 to 3 MeV
centre of mass energy (see Figure .

The experimental limitations to determine the cross sections at low energies have already been
mentioned. The cross section decreases doubly exponentially with decreasing energy (see for example
the upper panel in figure and thus measuring the cross section of the He(q,y)"Be reaction at the
relevant energies corresponding to the SSM (Gamow Peak ~22 keV) results impossible. As a consequence,
theoretical models are often used (Chapter 2) to get the S34(0) value. As it can be observed in Figure
these theoretical models also show discrepancy between themselves in the same energy region of 1-3 MeV.

Therefore, we have measured the cross section of the 3He(c,v)7Be reaction in the centre of mass
energy region from 0.8 to 3 MeV aiming to address the current discrepancies between the data sets
[PK63] [DGKQ9]. Despite being far from the astrophysical energy region, these measurements are cru-
cial to constrain the theoretical extrapolations, which currently disagree not only in absolute value of the
S34(0) factor but also in the energy dependence of the S34(E) curves (see Figure.

3.1.2 Experimental methods: our choices
Among the different approaches employed to determine the cross section of the 3He(a, ) Be

reaction, the Coulomb breakup and the AMS are not suitable to obtain results with sufficient accuracy. In
the Prompt ~-Detection Method, assumptions must be made about the prompt y-ray angular distributions.
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Figure 3.3: Comparison between the previous experimental values (points) of S34(E) from Parker et al. [PK63|] and
ERNA collaboration [DGK09], and theoretical models (lines) of Kajino et al.[KA84], Nollet |[Nol01]], Descouvemont et al.
IDAA04] and Neff |[Nef11|] in the region of Ecy= 1-3 MeV.

Moreover, HPGe detector are the best option in order to clearly resolve the prompt ~ peaks; but low
efficiency and usage of extended gas targets increase statistical uncertainties.

We thus decided to measure the cross section of the >He(a,y)”Be reaction by using the two differ-
ent and complementary techniques: Activation and Direct Recoil Counting methods [CGRB14].

3.1.3 Facilities and setups for the present work

After establishing the energy range of interest and the experimental methods of our choice, the
facilities utilised for our measurements are introduced. The criteria for the choice of the laboratories
include availability of stable (non radioactive) ion beams of *He or He with well defined and stable
(within a fraction of keVs) beam energies in the region of 2-7 MeV (Ecy ~1-3 MeV).

Nowadays, there are many particle accelerator facilities around the world. Among those de-
voted to nuclear physics and astrophysics many of them are dedicated mainly to produce radioactive ion
beamx (RIB facilities) such as ISOLDE at CERN (Geneva, Switzerland), IGISOL (Jyvaskyld, Finland), GSI
(Darmstadt, Germany) and RIKEN (Tokyo, Japan). There are also others including small scale accelerator
facilities as CNA (Seville, Spain) which fulfil the criteria for our measurements without the need of using
a large scale accelerator.

On the other hand, in order to carry out an experiment using the Direct Recoil Counting Method,
further arrangements are required. Due to the kinematic conditions of the reaction, the recoils are pro-
duced with momentum in forward direction following the beam path. In order to count the recoils, we
need to separate and identify them from the beam particles. In principle one could use a detector such
as a double sided silicon strip detector (DSSSD), an ionisation chamber, or configuration of different de-
tectors as telescopes which would allow an identification of particles based on their energies and masses.
However, with the high beam currents required in our case due to the low cross sections, such detectors
could not be used as they would get damaged if particles with high rates hit them.

Taking into account the previous issues two different types of experiments were performed em-
ploying the Activation and Direct Recoil Counting techniques . The Activation experiment was performed
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using the tandem accelerator at the CMAM facility, in Madrid, Spain. We used the setup that was suc-
cessfully used at the Weizmann Institute to determine the cross section of the same reaction in the centre
of mass energy region of 420-950 keV [NHNEHO04]. For the Direct Recoil Counting experiment we used the
DRAGON recoil separator at the TRIUMF laboratory in Vancouver, Canada. This separator has already
been used for measuring several astrophysical reaction cross sections. The capture reaction studies in the
present work has beam and target particles of similar mass which yields a recoil cone angle that is at the
limits of the DRAGON separator acceptance. However, as we will see, it will allow us to separate beam
ions from recoils and together with simulations reliable cross sections measurements can be performed.

In the activation method a 3Het beam at nine different energies in the range of EP*™=2.1-5.3 MeV
and a “He gas target were used. The 7Be recoils produced were collected on a Cu catcher and the subse-
quent vy-rays from the de-excitation of the Li* were detected offline. Recall here that even the standard
way to denote this reaction in this case would be *He(*He,y)”Be because the beam is *He, I will follow
the convention of the typical astrophysical (o) reactions and I will denote it as 3He(c,7)" Be.

In the direct recoil counting method the target consisted of a windowless 3He gas, and the beam was
4He™*. Four different beam energies between 3.5 and 6.5 MeV were used. In this case, the "Be recoils
were directly counted in a double sided silicon strip detector (DSSSD) at the focal plane of the DRAGON
separator.

3.2 Activation Method @ CMAM

The experiment was performed at CMAM (Centro de MicroAndlisis de Materiales) in Madrid
[CMA]. CMAM houses an electrostatic linear tandetron accelerator and different beam lines displayed in
the layout shown in Figure B4l The Nuclear Physics Line was used to perform our measurements. This
line was developed, designed and built by the Experimental Nuclear Physics Group at the Instituto de
Estructura de la Materia (CSIC) -see [Sab03] for more details- . It is operating since the first experiment
performed in April 2005 by the same group to study the excited states of 12C using complete kinematic
techniques [Alc06].

Accelerator Hall Beam lines
6 3
4
Sources & Injector
vo| 7
C] o SM
L] o p |e o ——
1 ao ° g
SM1
Accelerator tank 1 2 8

Control room

Figure 3.4: Layout of the CMAM accelerator hall (courtesy of [Pas04|). The magnet, SM1, switches the beam between
several beam lines meant for: (1) Multi-purpose, (2) Time-of-Flight, (3) External Micro-beam, (4) Environmental Stud-
ies, (5) Magnetic Spectrograph, (6) Nuclear Physics, (7) Ion-beam Modification of Material, and (8) Ultra-High Vacuum
experiments. Our setup was installed at the end of the nuclear physics beam line, 6.

At the CMAM accelerator, by the use of the Duoplasmatron or the Sputtering ion sources can
nearly all elements be produced and accelerated. The Duoplasmatron ion source is mainly used to gen-
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erate He ions and was used in our experiment to produce *He* ions in two discharge stages. The ions
were then injected into a Lithium charge exchange canal producing the 3He ™ ions to be accelerated in the
tandetron accelerator. A sketch of the ion source and the charge exchange canal are shown in Figure B3]
The sputtering ion source is used for producing any other stable negative beam from solid sputter targets.

_ Positive  Negative
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electrode  heam beam

Intermediate
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electrode =

Filament
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regions

Figure 3.5: Sketches of the (a) Duoplasmatron ion source and (b) Lithium charge exchange canal (courtesy of [AIc10]).
The He™ ions are generated in two discharge stages in the ion source. A strong axial magnetic field causes confinement
into a small volume resulting in high densities for plasmas. The He™ ions flow through the aperture at the centre of
the anode into the extraction region. They are then injected into a Lithium charge-exchange canal where they exchange
electrons with Li vapour and get converted into ® He™ ions.

The accelerator is a 5 MV coaxial high current tandetron using a Cockroft-Walton power supply
system [GMHO2]. The Cockroft-Walton system supplies beams highly stable in energy. This is a crucial
requirement for this experiment because of the dependence of the cross section with energy, which de-
mands not only a beam with precisely known energy but also constant energy throughout the runs. The
maximum terminal voltage is 5 MV. The negative ions from the ion source are injected into the accelerator
and are accelerated through a vacuum pipe towards the positive terminal placed at the centre of the accel-
erator. They cross a N2 gas target, which strips the beam particles of atomic electrons producing positive

ion beams. The ions with a charge state "q" are then repelled down to the end of the accelerator which is
at ground potential.

3.2.1 Experimental setup

The experimental setup consisted mainly of a cylindrical reaction chamber placed at the end of
the Nuclear Physics beam line. A schematic view of the reaction chamber is shown in Figureand two
photographs of the real setup are displayed in Figure@ The reaction was produced by using a >He
beam which impinged onto a “He gas target, and the "Be ions created were collected in a 25 mm radius
Cu catcher fixed on a movable arm placed at the end of the chamber.

The “He gas target at pressures of ~ 60 Torr was kept within the reaction chamber and was sepa-
rated from the upstream beam line vacuum by a Ni foil window. A bypass system (see Figure was
used in order to get pressures below 10~ %mbar in the chamber before filling it with the *He gas, guar-
anteeing no air contamination in the gas target. A constant *He gas flow of ~ 1 litre/hour using a valve
system ([Ten96]]) was set in order not to overheat the target due to the beam intensity and to maintain the
purity of the gas during the measurements. The pressure was monitored using a high precision pressure
gauge, and the fluctuations during the measurements were below 0.2%.
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Figure 3.6: A schematic view of various components that are part of the reaction chamber. The reaction was produced
using a ® He beam impinging onto a * He gas target that is "vacuum isolated" from the beam line by a Ni foil. A silicon
detector was placed at ~ 45° with respect to the beam axis for monitoring the scattered beam from the Ni foil. A Cu
catcher placed on a movable arm at the end of the chamber was used to collect the ” Be recoils. The subsequent ~y-rays
of the " Be were measured off-line using a specialised low-background station based on HPGe detectors. An electron
suppressor kept at -200 V was placed before the Ni foil. The movable arm is used in order to optimise the target length
for each beam energy. See text for more details.
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Figure 3.7: Photographs of the setup installed at the Nuclear Physics Line at CMAM. (a) A general view of the setup
placed at the end of the beam line without the final closing flange. The bypass tube connecting the beam line and the

chamber is marked. Before filling the reaction chamber with the * He gas, a pressure of ~10~% mbar was achieved inside
the chamber using the turbo pumps in the beam line with the bypass open. The bypass was then closed and the chamber
was filled with the *He gas target. (b) A closer view of the reaction chamber where the electron suppressor and the
insulator plate are indicated. See Figure@for more details about the setup.
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A collimated silicon detector placed at § ~45° with respect to the beam direction was used in
order to monitor the scattered beam from the Ni foil at the different energies. Details of how this silicon
detector works can be found in appendix[A]

The chamber was electrically isolated from the beam line. The Cu catcher and detector were elec-
trically connected to the chamber and together they acted as a Faraday cup to also monitor the incoming
beam. An electron suppressor with an applied voltage of -200 V was set before the Ni foil, avoiding an
increased current due the secondary electrons from the beam impact escaping from the Ni foil. The cur-
rent was measured using a calibrated NIM Digital Current Integrator (ORTEC module 439 ([ORT]) whose
output signal was displayed on a NIM scaler (CAEN module N1145 [CAE]), showing the current rate
(incoming beam particles per second), and the accumulated current for each measurement.

The output signals of the silicon detector and the integrated charge signal were processed and
saved using the electronic setup shown in Figure When a 3He ion hits the Si detector, it creates an
electric signal proportional to the deposited energy. The signal usually has a low amplitude and must be
amplified and processed before being digitised and saved. The detector output signal was doubled at the
first stage of the processing (in the preamplifier) and they were processed separately. With the first chain
("energy chain") the information about the deposited energy is kept, while the second chain ("temporal
chain") keeps temporal information of the signal, required to gate the energy signal in order to select
the region of interest and to avoid making the DAQ system busy with noise. The caption in Figure
describes in more details and the specifications of the modules can be found in appendix[A]

Detector Silicon Electronic
Bias Detector Voltage
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Figure 3.8: A block diagram of the electronic used in the activation experiment at CMAM. The dash green line includes
modules used to obtain the energy spectrum in the silicon detector ("energy chain") and the violet one contains those
modules used to filter the signals in order to discard electronic noise and background signals ("temporal chain"). The
red dash lines encloses the electronic modules used to integrate the electric charge collected on the chamber. The output
signal from the detector is firstly pre-amplified. Two equal output signals come out from the preamplifier, one to be
processed in the energy chain and the other in the temporal chain. LGS: Linear Gate Stretcher, MCA: Multichannel
Analyzer, CFD: Constant Fraction Discriminator. Appendix@describes different modules.
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3.2.2 Details of the measurements

The experiment was performed during two periods, in 2009 and 2011. Five measurements for
different 3He beam energies were used during each of these periods. In order to reduce the uncertain-
ties, every variable, i.e. pressure, target length or beam energy are kept under control and continuously
monitored during the experiment. If the chamber is filled with the gas target and the catcher is placed in
its position, as soon as the beam hits the target the "Be implantation starts. Therefore, all the tests were
carried out with no gas in the chamber. If a catcher was present during a test done with the target-gas,
then a new catcher was placed for the following production run, wasting scheduled beam time. The beam
time utilisation is vital in this experiment because the cross section of this reaction is in the order of ub
(based on the ERNA data [DGKO09]) therefore, production time was optimised in order to minimise the
statistical error contributions. In addition, as it will be explained below, the catchers were sent to Israel
where the y-activity from the Cu catchers was measured using a specialised low-background  counting
setup.

In the 2009 experiment, each measurement was performed continuously and the target length
was fixed at the beginning of each measurement. In the 2011 run, it was not possible to run the accelerator
overnight and each measurement was divided in two or three different days in order to optimise the "Be
implantation, fixing the target length in the first day of each measurement. In this case, after measuring
during one day, the setup was remained without any changes except that the target was replaced with
fresh supply the next day.

Some details of the measurements performed with the activation experiment are shown in Table
ﬂ For the measurements taken during the 2011 experiment an effective implantation time was calculated
according the procedure in reference [FM62].

E3He TIMP Year
(keV) (hr)
2106 £2 102 2011

2306 £ 2 9.9 2009

25073 11,6 2011

28073 109 2011

3208 £ 3 8.6 2009

40104 161 2011

4410 + 4 8.1 2009

4811+ 4 5.1 2009

4811 +4 6.7 2011

5312+ 4 6.6 2011

Table 3.2: Details of the measurements performed in 2009 and 2011 using the Activation Method at CMAM (Madrid).

The 3 He incoming beam energies within the error given by the accelerator are shown in the first column, the second
column shows the implantation time for each energy, while the third column shows which experiment each measurement
corresponds to.
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3.2.2.1 Experimental energy determination

The incoming beam energy is precisely estimated from the terminal voltage of the accelerator. In
general, for a tandem accelerator, the energy of the beam, EP*®™, i calculated from:

EP™ — E+(n+1) - Vo (32)

where "Eext" is the extraction energy of the beam from the ion source. For the case of 3He, Eext=18 keV.
Although according to the manufacturer the error associated is +2%, it has been observed even smaller.
In any case, it is negligibly small when comparing with the total beam energy. "n" is the charge state of the
3He ion, which in our case was 11 and "V is the actual terminal voltage. There is a calibration factor that
relates the nominal terminal voltage that we introduce for setting the accelerator during the experiment,

Vrnom, and the actual terminal voltage:
Vr=A+B" Vnom (33)

where "A" and "B" are the relation coefficients, unique for every machine.

After the 2011 measurements, the accelerator was re-calibrated using, among others, the reso-
nance reaction 27Al(p,'y)%Si at 992 keV. The measurements resulted in the coefficient values: A=4.4+
0.4 kV and B=1.01734-0.0007.

The beam energies have been determined from the nominal terminal voltages considered during
the 2009 and 2011 experiments. The errors associated with the beam energies are given by the uncertainties
in the relation coefficients A and B. The energy values together with their errors are shown in the second
column in Table

3.2.2.2 Observables

As it can be seen from expression in order to determine the reaction cross section and subse-
quently the S-factor, the total number of incoming particles, the number of recoils produced in the reaction,
and the target areal density must be known:

¢ Two methods were simultaneously used for determining the number of 3He incoming number
of particles. As already mentioned, the chamber as a whole was acting as a Faraday cup and the accu-
mulated charge in the chamber was measured as a number of Pulses, where each pulse corresponded to
10~19C. The number of incoming particles could thus be estimated by using the following expression:

Pulses - 10~10C
Nage = e (34)

here, q is the charge state of the incoming beam, which in this case was 1t and e~ is the electron charge
in Coulombs. The average current can be obtained dividing the previous expression by the measurement
time. The typical currents during our experiment were around 200 nA.

The second method was used to cross check the results for the number of incoming particles. This
could be estimated using the *He beam particles scattered from the Ni foil and detected in the silicon
detector. The Coulomb interaction between the beam particles and the Ni foil is given by:

q1 - g2

Ve = 1.44(MeV - fm) - (3.5)

n
here, q1=2 and ¢2=28, and considering the approximation Ry zl.ZB(Ai/ 3+A;/ 3), V. results in ~12 MeV
(for a more realistic square-well radius Ry, ~ 8 fm and thus Vo =~ 9 MeV). Thus, as the incoming beam

energies are below this value, only Coulomb interaction plays a role and therefore detected particles at a
given angle 6 depends on the Rutherford cross section given by:

di_(zZe2)2( 1 ) 1 56)
a9~ \4neo ) \4T,) sin1? '
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where z and Z are the atomic number of the beam and target ions, respectively, T, is the incoming beam
energy and 6 is the scattered output angle with respect to the beam direction. Thus, as the elastic scattering
cross section is known, the total number of incoming particles can be determined from the number of
particles detected in the silicon detector and the areal density of the Ni foil.

e Due to the low gas pressures used in the reaction chamber, it can be assumed that the gas
behaves as an ideal gas, thus the gas target areal density (N) is estimated using the expression:

l-P
To +Tc
where [ in cm is the distance between the Ni foil and the Cu catcher (for each measurement this length
was kept constant by fixing the movable arm in which the Cu catcher was placed), P in Torr is the gas
pressure, and Tp and T in kelvin are the room temperature and the correction in temperature due to the
beam heating, respectively.

e The 7Be recoils were deposited in the 50 mm diameter Cu catchers kept 11-12 cm downstream
from the Ni foil. In order not to underestimate the cross section we need to guarantee that all the recoils
are implanted in the copper catcher:

With this aim, the beam straggling was simulated using the TRIM code [SRI] for different beam
energies and effective target lengths according to Table In our simulations it was considered that
the point-like mono energetic *He beam punch through a 1.03 um Ni foil (see section plus half
of the gas length, based on the assumption that the reaction takes place at the centre of the target. The
straggling for the maximum and minimum energies are shown in Figure On the other hand, due to
the kinematics of the reaction, the momentum of the 7Be recoils is along the beam direction and therefore
forward focused. The straggling of the "Be recoils passing through half of the target length before reaching
the Cu catcher have also been simulated with TRIM. The monoenergetic recoil energies considered in
the simulation correspond to the recoil ions created at the centre of the gas target and the prompt -
ray emitted at 90°. Figure shows the simulated straggling of the "Be nuclei for the maximum and
minimum energies.

N; =9.66- 108 (*He/cm?) (3.7)
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Figure 3.9: Mono-energetic point-like ® He beam straggling distribution using 10° particles crossing the 1.03 um Ni foil
plus half of the * He gas length. The simulations were run using the TRIM code [SRI]. (a) Incoming beam energy of
2106 keV corresponding to the lowest energy measured and gas target length of 13.29/2=6.65 cm. The FWHM of the
distribution from a Gaussian fit results: 5.5 mm. (b) The same situation for a 5312 keV incoming beam energy (highest
energy measured) and same gas target length. The FWHM in this case results in 1.9 mm
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Figure 3.10: ” Be recoil straggling distribution for 10° ions crossing the remaining half of the gas length for (a) a 585.5 keV
7 Be energy corresponding to the 2015 keV * He incoming beam energy (FWHM of the distribution from a Gaussian fit
results in 1.9 mm), and (b) a 2112.1 keV " Be recoil energy corresponding to the 5312 keV beam energy.

The beam optimisation was done at the beginning of every experiment. To this purpose, the final
downstream flange of the chamber was replaced by another flange with a quartz viewer and a metal grid.
The beam was monitored on the quartz using a camera. This assured a good overlap of the beam axis and
the chamber axis so that the beam passed throughout the centre of the Ni foil and the 3He gas target. Beam
path also got an additional cross check by the level of agreement between the number of beam particles
estimated using the chamber as a Faraday cup and the scattered beam in the Silicon detector. Two pictures
showing both how the beam is centred in the Ni foil and the beam direction are shown in Figure

Therefore, by assuming a beam spot size of 1-2 mm, a maximum ~5 mm straggling of the beam,
~2 mm straggling of the recoils and a maximum recoil angle of 27 mrad for the lowest beam energy, we
can guarantee that the recoils fall within a circle of 23 mm diameter centred on the 50 mm catcher.

Figure 3.11: Photos taken during the production runs as beam is passing through the centre of the Ni foil (a) and the gas
target (b). The violet colour is due to the light emission following the ionisation of the target ions upon the beam impact.

50




“thesis” — 2016/11/20 — 11:26 — page 51 — #71

3.2. Activation Method @ CMAM

3.2.3 Setup for the y-activity measurements

After the recoil implantation the delayed 478 keV v-activity from the catchers (one catcher was
used for each measurement at a given energy) was measured off-line at the low-background detection
station of Soreq Research Center, Yavne, Israel. A sketch of the station is shown in Figure@

Plastic scintillator Steel
Copper walls
(10 mm)
Lead
N
(100 mm) HRGe
detector Low
[radioactivity
Old Lead cryostat
(50 mm)

Low radioactivity concrete

Figure 3.12: A sketch of the HPGe low-background station at SOREQ. See text for more details.

The ~-rays were measured by a p-type coaxial 70 mm diameter High-Purity-Germanium detector
(HPGe, model 65-83, GEM series, ORTEC), having 70% relative efficiency and peak resolution of 1.7 keV
at 1332 keV. The «-rays were measured by placing the copper catchers at a distance of 20 mm from the
HPGe detector. This well-established arrangement with an optimised solid angle and precisely known
efficiency correction of 1.3% for the "Be spatial distribution over the catchers had an effective shielding
to suppress the ambient background. The passive part of the shielding is 50 mm of mercury, 10 mm of
copper, lead of 150 mm thickness (50 mm are radiologically ultra-clean) and the active part is a plastic
detector of dimensions 1000 x 1000 x 50 mm?3 (BC408 plastic scintillator by Saint Gobain) placed on top of
the lead shield and operated in anti-coincidence (veto detector) with the HPGe detector in order to discard
events from the cosmic rays. Two pictures of the complete station (a) and a catcher in the measurement
position (b) can be seen in Figure

The activity spectra were collected for durations between 3-10 days, to minimise the statistical
uncertainty in the v counting. The absolute detection efficiency for the 478 keV ~-rays was (4.3610.10)%
for all catchers except for those at 4811, 2807, and 2106 keV in 2011 whose efficiency was (3.791-0.11)%.

The signals from the HPGe and the scintillator detectors were amplified and then fed into the
signal and gate inputs (correspondingly) of an ADC module (model 927 by ORTEC), which was connected
toa PC via USB cable and the software MAESTRO-32 was used for the spectra acquisition. Thus, the signal
from the HPGe detector is gated in anti-coincidence with the scintillator detector reducing cosmic and
ambient background. This assembly of the passive and active shielding provides a background radiation
rate of 0.67 events/seconds over the energy range of 40-2800 keV.

The energy for the y-ray to be detected from the 7Be activity is 478 keV. In order to check possi-
ble background interfering in this energy region a spectrum was collected during 168 h without any Cu
catcher, i.e. activity seen in the HPGe with the shield. The spectrum is shown in Figure
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Figure 3.13: (a) Picture of the low-background HPGe detector station placed in a basement in SOREQ centre. (b) Copper
catcher in the position to be measured.
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Figure 3.14: Background ~y-activity measured during 168 h in the HPGe in the low-background station at SOREQ centre
in the week preceding the measurements of the Cu catchers of the 2009 experiment. The 511 keV peak is the -y radiation

coming from the e~ -e* background annihilation. The positrons (e+) are originated by pair production interaction of the
v-rays background with the surrounding materials.

As can be seen the spectrum does not show any interfering peak around 478 keV and, a 0.025
counts/s background rate in the 450-500 keV region with a bin size of 0.35 keV is observed. Exactly the
same spectrum was obtained for a Cu catcher prepared with no target gas but >He beam at an energy
around 4 MeV. This confirms that there is no background contribution from the beam hitting the Cu
catcher.

3.2.4 Additional measurements

In the following some of the complementary measurements performed that allowed a better con-
trol of the experimental setup and a better estimation of the experimental errors.
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3.24.1 Energy calibration of the silicon detector

In order to know the energy of the 3He ions reaching the detector, the energy calibration measure-
ments for the silicon detector were performed. They were carried out at the beginning of each experiment
using two standard alpha sources: 148Gd, and a standard triple alpha source (23° Pu+ 24! Am+ 244C'm).
The energies of the alpha particles emitted by these sources are shown in Table[3.3]

o source Eo (keV) Lo (%)
148Gd 3182.787(24) 100

5156.59(14) 73.3(8)

239Py 5144.3(8) 15.1(8)

5105.5(8) 11.5(8)

5485.56(12)  84.5(10)
241Am  5442.80(13)  13.0(6)
5388.23(13)  1.6(2)

5804.82(5) 76.4(2)
244Cm 5762.70(3) 23.6(2)
5664(3) 0.022(1)

Table 3.3: Energies and intensities for alpha particles from **® Gd and triple alpha (*3° Pu,?*' Am and ?**Cm) sources
used for calibration of the silicon detector [Lun].

For the calibration measurements, the collimator in the chamber was replaced first by the 148Gd
source and then by the triple alpha source. The air pressure inside the chamber for the two measurements
was below ~ 10~%mbar which guarantees no energy losses by the « particles before reaching the detector.
The two calibration spectra are shown in Figure[3.15]
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Figure 3.15: Spectra taken with the triple alpha (top) and **8 Gd (botton) calibration sources in the silicon detector during
a measurement time of 1000 and 300 s, respectively.
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It is worth noting that for this experiment the energy resolution is not a relevant parameter. The
aim of using the detector lies on determining the number of scattered beam particles reaching the detector,
and knowing the energy calibration is just a way of cross check the scattered particles.

The procedure to calibrate the detector was to perform a regression analysis between the values
of the centroid from the 148Gd source peak and the most intense peaks from triple alpha source shown in
Figure[3.15)and their nominal values in Table The values used are shown in the second and the third
columns in Table[3.4]

a source E. (keV) Centroid (ch) FWHM (keV)

M8Gd  3182.787(24) 1994 (1) 36.23
239py 5156.59(14) 3280 (1) 23.06
241Am  5485.56(12) 3491(1) 19.11
244Cm 5804.82(5) 3694(1) 18.94

Table 3.4: Values used in the regression analysis performed for the energy calibration of the silicon detector. The second
column shows the nominal values of the energies considered and the third column shows their corresponding centroids
in channels taken from the fit of peaks shown Figure The fourth column shows the FWHM after calibration.

The regression analysis gives the value of the relation parameters between the histogram channel
number and the alpha particle energies. In this case, this is expressed by:

Energy (keV) = 109.4 (36)+channel - 1.54 (1) (3.8)

3.2.4.2 Radius of the collimator

In order to estimate the number of incoming beam ions from the scattered particles, it is necessary
to know the solid angle covered by the detector, i.e. to know exactly the area of the hole of the collimator.
A small radius collimator was chosen in order not to cover a wide angle and thus better constrain the
solid angle of the scattered particles. Due to the standard elements as caliper could not measure such
small apertures, the radius was determined experimentally.

An alpha spectrum from a 148Gd source placed before the collimator was taken during ~10 h
together with a pulser of 10 Hz count rate in the system. Afterwards, another spectrum was collected
by replacing the collimator with one of well-known 4 4 0.05 mm diameter, during ~3 h. The unknown
radius of the smallest collimator (R;) is obtained from the expression below (eq. B.9). In this expression
the number of alpha particles detected in the collimator in both cases is normalised using the number of
pulser counts in order to account for the differences in the collection times for the two spectra:

WRE _ Peaks/Pulsers
WR% - Peaky,/Pulsery,

(3.9)

Here, the "s" subscript refers to the small unknown radius collimator and big "b" subscript refers to the big
known radius collimator. Peak and Pulser refer to the integration of the 148Gd source peak and the pulser
peak in the spectra, respectively. The collimator radius was determined to be: Rs = 0.270 & 0.003 mm.

3.2.4.3 Aperture angle of the collimator

Continuing with the interest of determining the detector solid angle, the angle of the collimator
respect to the Ni foil needs also to be known. To determine the collimated angle of the silicon detector with
respect to the beam, the Ni foil (see Figure 3.6) was replaced by a C foil, and the same setup (including
the same small collimator) without any mechanical changes was used. In this case, a *He beam at seven
different energies (2, 2.5, 3, 3.5, 4, 4.5 and 5 MeV) impinged onto the chamber with no gas inside and air
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pressures in the order of ~ 10~% mbar. The seven spectra for the scattered particles in the C foil detected
with the silicon detector were saved. Two examples corresponding to the cases with 3 MeV and 5 MeV
incoming “He beam energies are shown in Figure The wide energy spread in the peak is due to the
different energy losses in the C foil thickness and where the reaction takes place: at the entrance, middle
or the end of the foil.
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Figure 3.16: Silicon spectra corresponding to 3 (a) and 5 (b) MeV *He beam particles scattered from a C foil. Peaks
corresponding to noise,* He elastic scattered particles and '?C target recoils are marked. The energy spread is related

to the thickness of the foil. The deeper the scattering takes place in the C foil the larger is their energy deposited in the
detector.
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The idea was to obtain the angle () of the collimated detector by considering the particles scat-
tered at the end of the C foil and taking into account the expression relating the energy of the elastically
scattered particles (E'1) and the incoming beam energy after subtracting the energy loss in the C foil (Ep):

E 1+2 2
Ei _ 1+2pc0s6 +p7 (3.10)
Eo (14 p)2

here p is the mass ratio between the ion beam and the target, and © is the output angle in the centre of
mass system.

Unfortunately, the carbon foil thickness was not known to sufficient accuracy therefore, the en-
ergy at the end of the foil (Ey) cannot be calculated and thus the angle cannot be directly obtained from
expression[8.16] Moreover, the angle is very sensitive to minor changes, and with low statistics the high-
est energy of the peaks cannot be obtained precisely. Instead, a program using the minimisation MINUIT
library has been created. Two variables, angle and thickness are optimised simultaneously using the ex-
perimental values. From the incoming energy, the program estimates the energy loss by interpolating
the SRIM input values assuming a given C foil thickness, and estimates the angle utilising the expression
@ Then, it gives the optimised values of C foil thickness and the silicon detector angle that fit best the
scattered particle spectra. Finally, the angle is transformed to the laboratory reference system using the
expression:

cos®© + p

V14 2pcos®© + p?

cos¥ = (3.11)

here, ¥ is the angle in the laboratory system. The resulting values for the thickness and ¥ are (0.428 +
0.048) m and (44.9 £ 0.4)°, respectively. The corresponding solid angle covered by the collimator placed
before the detector is: (4.7 £ 0.2) - 10~ %sr

3.2.4.4 Ni foil thickness

In order to calculate the energy at which the capture reaction takes place, the energy-loss of the
3He beam particles in the Ni foil must be taken into account and thus the Ni foil thickness must be known.
The Ni foil thickness was determined experimentally using standard energy loss techniques with a setup
which consisted of another silicon barrier detector and the standard triple alpha source inside a vacuum
chamber. Firstly, the alpha source was placed in front of the detector for calibration following the same
procedure used to calibrate the other detector (cf. section . This corresponding spectrum is shown
in Figure[3.17]

The Ni foil, dismounted after the 2009 experiment, was then placed between the alpha source
and the detector. The corresponding spectrum was saved. The same measurement with a 2 mm radius
collimator between the source and the Ni foil was also performed. Finally, in order to check possible foil
damages because of the beam impact, a measurement replacing the used Ni foil by a new unused Ni foil,
with similar characteristics to that used in the experiment, was also carried out. Various histograms corre-
sponding to these measurements are shown in Figure As it an be seen, all measurements performed
agree for the energy of the alpha particles after crossing both the used and the new Ni foil confirming
that no relevant damage has happened on the used Ni foil. The black spectrum shows the total number of
counts after adding all of them. The Ni foil thickness was determined using the SRIM code and the energy
loss by the alpha particles from the triple source crossing the Ni foil, which is ~400 keV. The thickness
resulted to be: (1.03 £ 0.02)wm, which is close to the value given by the manufacturer of 1pm.
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Figure 3.17: Energy spectrum of alpha particles from a measurement using a triple alpha source taken with the silicon
detector used to determine the Ni foil thickness.
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Figure 3.18: Energy spectra of alpha particles from a triple alpha source after crossing a Ni foil. In red the spectrum taken
with the Ni foil used in the experiment with a 2 mm radius collimator between the source and the foil. The blue one
shows the same without collimator and the green spectrum shows the histogram taken with a new Ni foil. The black
spectrum shows the sum of all of them, used for the energy loss calculations and foil thickness determination.

The following sections will describe the complementary experiment using the direct recoil count-
ing method. The data analysis and the results of the activation experiment will be detailed in Chapter
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3.3 Direct Recoil Counting Method @ DRAGON

The experiment using the Direct Recoil Counting Method was performed at TRIUMF (TRI -from
three original founding members: University of British Columbia, University of Victoria, and Simon
Fraser University- University Meson Facility) laboratory in Vancouver, Canada. The laboratory is ded-
icated to Nuclear Physics and Particle Physics research. A general layout of the laboratory is shown in
Figure It houses a main cyclotron of ~17.9 m diameter, which accelerate hydrogen ions, H™, in a
magnetic field of 5600 Gauss producing primary beams with currents up to ~100 pA and energies up to
500 MeV. The proton beam is delivered to different beam lines depending upon the experiment to be per-
formed. For nuclear physics experiments, the proton beam is let to impinge on targets such as tantalum or
UC; in the target stations, producing radioactive secondary beams which after mass selection in a mass
separator are guided to the two main facilities, ISAC-I (Isotope Separator and Accelerator) and ISAC-IL
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Figure 3.19: Layout of the TRIUMF laboratory with the cyclotron and some of the facilities as ISAC-I where our experi-
ment was performed.

Furthermore, in the ISAC-I and ISAC-II facilities, apart from the radioactive beams, stable beams
from the Off-Line Ion Source (OLIS) can be accelerated. As our beam in this case is “He, which can be
obtained directly from a gas bottle, we only needed to use OLIS. The OLIS facility can produce most of
stable ions beams from Z=1 to Z=87. It consists of a high voltage terminal containing a surface ionising
source, a ECR-multi-charge ion source (Supernanogam) and a microwave cusp ion source. For our experiments
in September 2011 and August 2013, the Supernanogam source [JWGI0] and the Microwave Ion source
[TACO8] were used, respectively, to produce the *He™ ion beams.

After the ion extraction from OLIS, the ions were accelerated in the ISAC-I facility. The first stage
of acceleration happens in the radio-frequency quadrupole, where the ions can be accelerated from 2
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keV/u to 150 keV/u. The second stage of acceleration happens in a Drift Tube Linac (DTL), which is
divided into eight modules (five accelerating structures and three bunchers). The beam is firstly bunched
in the DTL entrance by means of the Medium Energy Beam Transport Buncher (MEBT) and can be further
bunched in time from 4 ns to 1 ns by means of the high energy beam transport (HEBT) located downstream
the DTL. After the DTL, the beam was guided to the DRAGON (Detector of Recoils And Gammas Of
Nuclear Reactions) separator, where the experiment was performed. A layout of the ISAC-T hall including
the different accelerator stages and the DRAGON facility is shown in Figure[3.20}
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Figure 3.20: Layout of the ISAC-I hall with the different acceleration elements and the DRAGON facility. The * He beam
ions were produced in the Off-Line Ion Source (OLIS) and accelerated using the RFQ and DTL elements before reaching
the DRAGON experimental area where the experiment was performed. Some other experimental setups in the ISAC-I
hall such as 8w or TUDA are also marked.
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3.3.1 DRAGON setup

In order to count the "Be recoils directly, they must be separated from the unreacted beam par-
ticles before being counted in a detector. Recoil separators are devices which separate nuclear reaction
products (recoils) leaving a target from the unreacted beam particles. In addition, some separators have
the additional property that they can disperse the reaction products at the focal plane according to their
mass/charge.

The recoil separators use electromagnetic elements such as electric dipoles, magnetic dipoles,
Wien filters etc..., to do the separation. In addition, magnetic quadrupoles are used to focus the ions,
and magnetic sextupoles and octupoles are used to correct higher order aberrations. Because heavy ions
are routinely used as beams, high vacuum is necessary in recoil separators in order to avoid losses due to
multiple scattering or charge-changing collisions.

Usually, the yield of recoils is peaked near 0° with respect to the beam direction, and thus the
recoils are mixed with primary beam particles that have not reacted when both leave the target. To obtain
the maximum suppression of beam, the beam particles are blocked at an early stage of the separator. The
magnetic and electric fields in the dipoles are set to pass particles with energy E,, mass M,, and charge
Qo along the central trajectory, and the quadrupole lenses are set to focus the particles at the focal plane.

DRAGON, placed at TRIUMF’s ISAC-I hall, is a recoil separator designed for measuring radiative
capture reaction cross sections of astrophysical interest. DRAGON consist of four main components, a
windowless recirculating gas target, a y-detector array, an electromagnetic separator (EMS) and a heavy-
ion recoil detection system [HBBO03]. A diagram of the DRAGON facility with the main elements is shown
in Figureand the details of the different components will follow.
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Figure 3.21: Diagram of the DRAGON facility taken from Ref. [EHB05]. Radioactive and stable beams enter the win-
dowless gas target which is usually filled with either hydrogen or helium gas at pressures between 0.2 to 10 Torr. The
recoils produced emerge the target with different charge states and almost with the same momentum of the beam. The
recoils are separated from the beam particles using the two magnetic dipoles, MD1 and MD2, and the two electrostatic
dipoles, ED1 and ED2. Magnetic quadrupoles and sextupoles are used to focus the particles. Enclosed in circles are the
three main components: Gas Target, BGO Array and End Detector.

In our experiment, a “He beam impinged onto the 3He gas target kept in the target cell. Eventu-
ally, they fuse producing the 7Be recoils and prompt y-rays. The latter are detected in the BGO detectors
surrounding the target. The recoils are forward focused and exit the target with different charge states
together with the unreacted beam particles. The first quadrupoles (Q1 and Q2) focus both the unreacted
and recoil beams after exiting the target and before they enter to the rest of the separator. Then, the two
magnetic and electric dipoles select the 7Be recoils from the unreacted beam taking into account the dif-
ferent charge states and different kinetic energy between them. The "Be with the given charge state are
then counted in the End Detector.

3.3.1.1 Gas target

The 3He gas target was enclosed inside a windowless cell with an effective length of ~11 cm, that
was positioned inside an aluminium target box. Figure shows a sketch of the cell position. A photo
of the aluminium target box attached to the beam line is displayed in Figure where a section of the
BGO array and the vacuum pumps together with the pumping tubes can also be seen.

Inside the box and exiting the cell there are two "arms" which accommodate two collimated Ion
Implanted silicon detector to monitor the scattered beam and target particles. The entrance and exit aper-
tures of the cell are circle holes of 3 and 4 mm radius, respectively. The box is connected to the beam line
through a series of differentially pumped tubes.

Although a windowless gas target maximise the transmission of the recoils through the target, it
requires a differential pumping system both upstream and downstream of the target to maintain the beam
line vacuum. The eight turbo pumps, three upstream and five downstream, maintain the vacuum out of
the cell, e.g. 10~% mbar was maintained at the entrance of the first quadrupole (Q1 in Figure . The
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17.15cm

Appertures

Si detectors

Figure 3.22: A schematic view of the target cell, from Ref. [LIBO3|]. The target cell is fixed to one of the lids of the target
box (see Figur. To detect the beam and target scattered particles, two collimated silicon detectors were placed at
30° and 57° with respect to the beam direction.

Figure 3.23: Real picture of the box and the pumping tubes connected to the beam line. The face of the box showed is the
one holding the target cell.
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3He gas pressure range during our experiment varied from 4.9 to 6 Torr and a recirculating gas system
using a liquid nitrogen ion trap guaranteed a constant pressure and purity of gas target inside the cell
during the time of each individual measurement.

The complexity of the windowless gas target system is illustrated in Figure where (a) shows
the pumping tubes and the gas Al box in blue, where the target cell can also be seen; the vacuum pumps
(rootsblowers and turbo pumps) are also shown in yellow; (b) shows the recirculating gas system. All
valves and pumps are computer controlled in order to achieve a target gas-profile with a nearly constant
density across its effective length.

Figure 3.24: Screen shots of the DRAGON target gas system which can be computer controlled remotely; (a) shows
the target box and pumping tubes (blue rectangle) with the different pumps (in yellow) used to keep constant the gas
pressure inside the cell. (b) shows the recirculating gas system. The ® He gas tank and Nitrogen ion trap, several meters
and valves are also marked.

It should be pointed out that this DRAGON experiment was the first of its type using >He gas

target, therefore, accurate information of the density profile was needed to obtain and the procedure will
be detailed in the next section.
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3.3.1.2 ~-detector array

In order to detect the prompt ~-rays from the reaction, a y-detector array was surrounding the
target box, consisting of 30 Bismuth Germanate Oxide scintillation (BGO) detectors of 76 mm length in a
close packed configuration (see Figure[3.25). The scintillator detectors have the property of luminescence,
that is, they absorb the incoming radiation and re-emit it in the form of light. Therefore, the scintillators
are coupled to light sensing devices, photomultipliers, which absorb the light from the scintillator and
produce electrons via the photoelectric effect. The resulting signal can then be processed using standard

methods [Leo87].
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Figure 3.25: The BGO +~y-ray detector array surrounding the target box (left). It consists of 30 individual hexagonal
detectors (right) coupled to cylindrical photomultiplier tubes [HBB03]

The DRAGON BGO detectors have a hexagonal shape coupled to cylindrical 51 mm diameter
photomultiplier tubes (PMT). Monte Carlo simulations predict a y-ray efficiency from (45-60)% for the
energy range 1-10 MeV over the 11 cm target cell and a FWHM of 7% at 6.13 MeV [HBBO03].

A typical BGO spectrum of our experiment is shown in red in Figure[3.26] The same Figure shows
in blue the spectrum obtained in coincidence with the "Be recoils detected in the DSSSD at the focal
plane. A comparison between the two spectra reveals high background contribution in the BGO detectors.
Remarkably high is the contribution from the de-excitation of 3°Si produced by the beam induced reaction
with the Al present in the beam line components. The two peaks in the blue spectrum show the v-ray from
the "direct capture state" (DC) de-excitation to the ground sate (yp) and to the 429 keV first excited state
(71) in the "Be nucleus (see caption for more details).

3.3.1.3 Electromagnetic separator

The "Be recoils produced in the gas target enter the ElectroMagnetic Separator (EMS), where the
recoils are separated from the “He beam particles. The latter are efficiently suppressed and only recoils
reach the focal plane of the separator. The downstream pumping tubes and apertures limit the recoils
accepted by the separator. This is influenced by where the reaction is produced along the target length.
The separator was checked separately with dedicated tests to confirm that the recoils created in a angular
cone of around 20 mrad were accepted.

Both beam and recoils particles emerge with almost the same momentum and with different
charge states. The magnetic and electric elements are tuned in order to obtain the optimum beam suppres-

63




“thesis” — 2016/11/20 — 11:26 — page 64 — #84

3. Experimental Techniques

7/2-_4.57|

N
©
T

cm.(MeV) ¢

s E
2

Counts

10*

10°
Coincidence

v vy b e b by by |

100 200 “300 400 500 600 700 800 900
Channel

Figure 3.26: The total y-ray spectrum obtained with the BGO array detector is shown in red for the ® He(c.,y)” Be reaction
with a *He beam energy of 3.521 MeV and > He target pressure of ~6 Torr. The highest energy peak is due to the de-
excitation of 3°Si produced by the beam induced reaction 7 Al(* He,p)*° Si with the aluminium target box, pumping
tubes and apertures. The same spectrum is shown in blue for coincidence events with the ” Be recoils detected in the focal
plane with the DSSSD detector. The two peaks correspond to ~y-rays from the de-excitation between the direct capture
state to the first excite state and to the ground state in the " Be nucleus. The subsequent 429 keV ~y3-ray is not seen because
of the energy threshold set in the BGO due to the high level of background radiation.
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sion, recoil separation and acceptance. The first stage of the separation occurs in the first magnetic and
electric dipoles (MD1 and ED1 in Figure[3.2T). One of the charge states of the recoils is selected by MD1
and the particles are then separated by ED1 based on their kinetic energy. The magnetic dipole separates
the particles based on their rigidity as:

Bp=" (3.12)

here B is the magnetic field, p is the gyroradius with respect to the beam direction, p is the momentum
and ¢ is the charge state of the particle. As the momentum p for both beam and recoil are very similar and
the gyroradius p is constant for the dipole, setting a magnetic field B in the dipole leads to a selection of
one of the charge states. Slits strategically placed after MD1 allow only particles with the selected charge
state going towards the next step of the separator.
The field of the magnetic dipole is measured using a NMR probe located in the vacuum vessel.
A recent calibration of the NMR probe using the 24Mg(p,7)?4Al reaction at centre of mass energy of
0.22 MeV has confirmed the relationship:
2
E_ k (ﬁ) (3.13)

A A

with k=48.15(7) MeV/T? [HRF12]. Here, E, A and q are the kinetic energy, the mass in atomic units (u)
and the charge state of the particle, respectively, while B corresponds to the magnetic field. The next
phase of separation occurs in the first electric dipole (ED1 in Figure[3.21), which separates particles based
on the kinetic energy per charge unit as:
ep=2 (3.14)
q

where ¢ is the electric field and v is the velocity of the particles. As well as with MD], a set of slits is
strategically positioned at the ED1 focus to stop the unwanted particles.

A second magnetic dipole (MD2) and electric dipole (ED2) follow the first separation stage and
allow for further beam suppression. Magnetic quadrupoles and sextupoles are used to focus the particles.
We used the standard procedure to set the separator for the “Be recoils (see section.

3.3.1.4 Double-Sided Silicon Strip Detector (DSSSD) at the focal plane

Once the recoils have been separated from the beam particles, they reach the final focus at the end
of the separator. Different detectors are used in DRAGON, including a DSSSD, a Micro-Channel-Plate
(MCP) and a Ionisation Chamber, to determine the final position, energy and mass of the recoils.

In our experiment, the "Be recoils were implanted and detected in the DSSSD consisting of a
silicon wafer with 16 front strips with respect to the recoils impact, and 16 orthogonal back strips which
collected the charge (see Figure[3.27).

Figure 3.27: Diagram of a Double-Sided Silicon Strip Detector. The p and n sides and the p+ and n+ corresponding strips
as well as the Al contacts are marked.
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Each strip has 3 mm width providing an effective area of 256x9 mm? over the 5 cm? detector

surface. The gap between the strips is 120 pm due to which a 3.854:0.10% of the incident ions on the
detector’s surface will not be detected with the correct energy at the detector (see reference [WHRDO3]).
Front strips are biased with negative voltage while back strips are kept at ground potential. When the
ions hit the DSSSD, electron-hole pairs are created in the silicon (see section[A-T) and guided to opposite
strips inducing electric signals of opposite polarity on front and back sides. This allow us to determine
the energy and identify the position of the particle hitting the detector.

3.3.1.5 Electronic setup

In the same way as in the Madrid experiment, an electronic setup is required in order to pro-
cess the electronic signals from the detectors before being digitised and saved. This setup requires more
electronic devices that the Madrid experiment. Apart from the detectors already mentioned here, a BGO
array, silicon detectors and a DSSSD, other detection systems are likely to be used in DRAGON depend-
ing upon the kind of experiment to be performed (ionization chamber, Germanium detectors...). The
electronic setup is designed to process the signals produced in all the detectors where the signal treatment
for each individual detector follows the same scheme as CMAM experiment (cf. Figure . Between
our experiments in 2011 and 2013 the data acquisition system (DAQ) was changed. In both experiments
the data were saved and displayed on-line using the TRIUMF-MIDAS (Multi Instance Data Acquisition
System) system.

The signals processing are separated in two parts: one for the "head" of the DRAGON, which
includes the -ray detectors, and another for the "tail" of the DRAGON, including the DSSSD (or ionisation
chamber, depending on the experiment), the MCPs, and also the silicon detectors.

In the old system used for the 2011 experiment an event on either the head or the tail side could
activate the DAQ system and there was only one readout. Coincidence conditions between both sides
were set entirely in the hardware. When there was an event trigger from either side, a time gate was
opened up and a search for triggers in the other side was carried out during the time of the gate and thus
acquiring the coincident events.

In the 2013 experiment, the DAQ system had been updated: it consisted of two separate and
independent DAQ (two VME crates), one for the "head" and one for the "tail". Each crate was triggered
and read out separately and was tagged with timestamps from a "master" clock that is part of the head
electronics. In this case, the coincident events could be figured out in the analysis by looking at the
timestamps. Any two events with triggers within 10 us of each other are deemed a coincidence event. A
summary diagram of the trigger electronic system for the 2013 experiment is shown in Figure[3.28]

3.3.1.6 Faraday cups

Other elements playing an important role in our experiment are the Faraday cups. A series of
Faraday cups placed across the DRAGON separator are used for tuning. These are also important for
determining the beam currents and some of the additional observables such as charge state distributions.
In the following, the nomenclature of the DRAGON control program to describe their location across the
DRAGON (see Figure to identify the location):

B FC4: located just before the gas target, it measures the incoming current

B FC1: located after the target and before MD1, it measures the transmission throughout the target.
B FCCH: located after the MD1 charge slits, it measures the current of a selected charge state.

B FCM: located after ED1, it measures the current after the selection of a charge state and energy.

B FCF: located before the focal plane detector, it measures the current at the end of the separator.
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Si detector BGO detectors

TRIGGERDAQ-1 TRIGGER DAQ-2

“Tail” “Head”

Figure 3.28: A sketch of the trigger electronic setup for the 2013 experiment using DRAGON.

3.3.2 Details of the measurements

The experiment was run in two different periods, in 2011 and 2013, carrying out studies at three
and one incoming beam energies, respectively. Some of the corresponding parameters are shown in Table
5.0

Run Eappe Time "Be B (MD1)
(keV) (hr)  Charge state Gauss

6553.88 + 2.78 6.4 3+ 2458.70

2011 5165.97 £ 2.19 141 3+ 2186.61

3521.61 + 1.50 10.1 2+ 2697.14

2013 4716.45 £ 2.00 4.2 2+ 3102.419
2013 (Impl.)  4716.49+2.00 27.8* N/A N/A

Table 3.5: Some relevant details for the measurements performed in 2011 and 2013 at TRIUMF. The * He incoming beam
energies within the error are shown in the second column, the third column shows the measurement time for each energy,
the fourth column shows the " Be recoil charge state selected in the separator and the fifth one shows the averaged values
for MD1 magnetic field B(MDI]) at each energy. Errors in B(MD]) are negligible. The last row shows the measurement
performed at TRIUMF using the activation method (see text for more details).

(*)Effective implantation time.

3.3.2.1 Beam purity

In 2011, the supernanogam ion source was used while in 2013 it was the microwave ion source.
In order to determine the beam purity, in both cases, a gold foil was placed after the DTL (see Figure[3.20)
and a surface barrier silicon detector at 30° with respect to the beam axis detected the scattered beam ions.
The on-line *Het beam purity spectra taken with both sources are shown in Figure from which the
level of contaminants can be noted.
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Figure 3.29: On-line * He™ beam purities. The spectra of the beam scattered from a gold foil and detected in a surface
silicon barrier detector placed at 30° after the DTL, corresponding to (a) the supernanogam ion source in the 2011 mea-
surements and (b) the microwave ion source used in the 2013 run. It should be noted that both spectra are in logarithmic
scale. The influence of the contaminants such as *>C, %O and 2° Ne is negligible.
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3.3.2.2 Tuning procedure for the separator

The separator must be tuned in order to optimise the transmissions for the recoils from the gas
target to the DSSSD. It must recalled here that the "Be recoils exit the target with different charge states and
the separator is tuned to accept only one of the charge states using the standard procedure for DRAGON.

Following this procedure, we tuned the separator to achieve optimum transmission for an atten-
uated “He beam through the ®He gas target . The first stage consists of centring the beam in the target
cell. A Charge-Couple Device (CCD) camera is mounted on MD1 facing the gas cell. It is used for online
monitoring the light from the ionisation of the gas particles due to the beam passing. This allowed us to
centre the beam from ISAC-I in the target cell. A picture taken with the CCD camera during one of our
measurement is shown in Figure The inner and outer yellow circles represent the entrance and exit
apertures of the target cell.

*Focus

Figure 3.30: On-line CCD camera image of the light produced upon the * He beam impact on a ~6 Torr  He gas target
taken during the 2011 measurements.

Next, the beam is tuned step by step through the different elements, along which several devices
such as slits, beam profile monitors, steers and Faraday cups have been installed to optimise the transmis-
sion to the DSSSD. Controlled adjustments of the magnetic fields, electric fields, and all devices along the
separator could be made with the Experimental Physics and Industrial Control System (EPICS). EPICS is a
set of software tools which allows for real time adjustments to the interfaced equipment [EPI]. Figure[.31]
shows the EPICS control software for half of the first separation stage. Different elements can be observed
(see caption for the details). Finally, once the attenuated beam reaches the final Faraday cup, the mass and
charge is changed to select the 7Be recoils using EPICS control system. Here, the separator settings were
automatically scaled, which we refer to change to "recoils mode". The change to recoils using EPICS does
not take into account the differences in energy losses of beam and recoils in the gas target.

In our reaction, the most symmetric studied ever at DRAGON, the energy differences between the
recoils created upstream and downstream are not negligible, in contrast to the typical reactions studied
with DRAGON, e.g. (p,7) reactions with heavier beam compared to “He. This very important aspect
will influence the acceptance of the separator that is tuned to select one energy (above all in the electric
dipoles). In the 2011 run, the standard procedure to change from attenuated beam to recoil mode was
employed. In the 2013 experiment, a different manual procedure was used. It consisted of tuning the
attenuated beam and changing the magnetic field manually to the corresponding recoil energy calculated
utilising the expression[3.13} For the latter the energy of the recoils created at the centre of the gas target
minus the energy loss in half of the gas effective length was considered. This procedure favours the
selection of the recoils created at the centre of the target. This is in contrast to the standard method where
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[aXaNa] % fusrl/isac/edl/dra_optics1.edl

Figure 3.31: EPICS control system for half of the first separation stage of DRAGON. The controlled elements are:
FC4 (HEBT2:FC4), the gas target, quadrupoles (Q1,Q2), FC1 (DRA:FC1), the first magnetic dipole (DRA:MD]), slits
(DRA:XSLITC and DRA:SLITC) and FFCH (DRA:FFCCH).

recoils created at the end of the gas target were favoured. As it will be discussed in the next chapter, these
differences in procedures had a strong influence on the acceptance of the recoils.

3.3.2.3 2011 measurements

Three beam energies were considered during the 2011 measurements (see Table[3.5). In principle,
the separator should be tuned to select the 31 charge state ("Be>*) based on our beam suppression studies
(details given in section[3.3.3.2). However, for the lowest energy measured, MD1 and MD2 were in the
lower limit of their range (they could not be locked) and this did not allow us to select the 7Be3+ recoils.
Therefore, the separator was tuned to select "Be?* recoils. Some measurements were taken for the "Be3+
settings for the lowest energy but they will not be presented here, because the acceptance of the separator
cannot be determined without knowing properly the MD1 and MD2 magnetic fields.

Two examples of the DSSSD spectra showing the "Be3* and "Be?* recoils are presented in Fig-
ure[3:32} It can be noted that for the 3+ charge state there is no peak corresponding to unreacted beam
components close to the recoil peak as expected from the beam suppression studies. In contrast, for the
"Be?* case, the unreacted beam appears close to the recoil peak. Thus, we could not completely separate
the recoils from the unreacted beam.

3.3.2.4 2013 measurements

In the 2013 run, a measurement was performed using E‘;elg;n = 4717(2) keV (see Tablf@. Based
on the experience from the 2011 measurements, two issues were complementary treated in order to better
understand our knowledge of the DRAGON separator for this reaction: the likely unreacted beam contri-
bution in the recoil peak seen for the 2 charge state during the 2011 measurements, and try to reduce the
dependence of the transmission of the recoils throughout DRAGON.

e The MD1 and MD2 could not select the 31 charge state ("Be31) for this measurement, thus
the separator was again tuned to accept the "Be?* recoils. Figurepresents the problem due to the
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Figure 3.32: The histograms show the 7 Be recoils detected in any of the 16 front strips of the DSSSD. Here, (a) and (b)
correspond to the measurements with beam energies of 5166.01 keV and 3521.64 keV and the charge states of 37 and 27,
respectively.

selection of the 21 charge state, namely, the contribution of the unreacted beam to the recoil peak. The
DRAGON MCPs placed before the DSSSD were used during some of the measurements to gauge this
effect from the leaky beam.
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Figure 3.33: DSSSD spectrum for the " Be*™ recoils taken during the 2013 run with Eze:r’: = 4717(2) keV

The DRAGON MCP consists of two microchannel plates in chevron configuration, one behind the
other [Lam01]. Ions crossing the devices deposit a small amount of energy. Secondary electrons escape
from the foil and are accelerated by a first grid and deflected by a second one toward the MCP, where they
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are detected. The time of flight between the two different plates allow us to identify the mass of the ions.
This allowed us to distinguish between ions with mass 4 and mass 7 corresponding to the leaky beam and
recoils, respectively. Figure[B.34)shows where the MCP are located at DRAGON.

FC1
MCPs WA
FC4 & g:arge slit
Catcher location
Electrostatic FCC H

Dipole

Final Focus - o
N
e Electrostatic

IC/PGAC
Stop
Magnetic
Dipole
Recoil Detectors

Figure 3.34: DRAGON layout where the location of some key devices are labelled in red

The MCPs were placed in and out of the beam path using a manual drive. It is important to move
them as the recoil losses in MCPs could not be accurately estimated and thus the measurements taken
with the MCPs in the beam path cannot be used to determine our reaction cross section. Nevertheless,
measurements have been useful to analyse the effects of the leaky beam.

oAs it will be discussed in the next Chapter, one of the key information required is the DRAGON
acceptance of the recoils, that is, the fraction of the recoils which can reach the end detector without
being stopped throughout the separator. Therefore, the separator was tuned manually in this case and
simulation is the key in this respect.

We also performed an additional cross check by carrying out a complementary measurement
at the same beam energy and gas target condition using the activity method at DRAGON ("implanta-
tion mode"). For that, we placed a Cu catcher 85 cm downstream of the gas target, i.e. before the first
quadrupole of the separator (see Figure B34) and therefore the recoils do not cross the entire separator
before being implanted.

As the implantation runs were only carried out during the nights, with breaks during the day-
light an effective implantation time has been determined in the same way as for the Madrid experiment
following the procedure of reference [EM62].

3.3.2.5 Data taking

In the recoils mode, the information from different detectors was saved in files which can be
individually treated or added off-line. Unless there were some problems during the experiment, each file
was automatically closed and saved every 60 minutes, and a new file started. At the beginning of each
file, a set of readings with Faraday cups, FC4,FC1,FC4,FCCH,FC4 were automatically taken and saved to
determine the beam currents. The pressure and the temperature in the target cell were saved automatically
every five minutes together with the values of the electric and magnetic fields in the dipoles. See Table[3.5]
for some details.
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For the implantation mode (in 2013) the recoils were implanted in the Cu catcher and the cell
temperature as well as the pressure were also saved each five minutes. None of the magnetic or electric
fields were recorded as the separator was not used in this mode. A new file with the information related
to the scattered particles detected in the silicon detectors and the vy-rays detected in the BGO array was
opened every hour, after recording the FC4 reading. This FC4 reading allowed us to determine the total
number of beam particles in the implantation mode. The FC1 and FCCH were placed downstream after
the Cu catcher and thus were not relevant during the implantation mode, see Figure

3.3.2.6 Experimental determination of the beam energy

Precise information of the incoming beam energy is required. Typical differences of a few keV
were seen in previous experiments between the beam energy provided by the ISAC team and the one
determined within the DRAGON setup. We used the standard procedure with DRAGON, based on the
magnetic fields measured with the NMR probe placed in the first magnetic dipole.

As MD1 is not capable of bending the “He!* ions, the beam was converted to the “He?* ion in the
target cell filled with 3He gas at different pressures [MN67,[AMHMS®65]. The *He?* ions passed through
MD1 and the magnetic field "B" was set so that the ions were centred in the 2 mm wide charge slits after
MD1 (S1 in Figure @ A regression analysis of the dependence of the magnetic fields with respect to
the 3He gas pressures was used to obtain the magnetic field with no target gas, which corresponds to
the incoming beam energy. The kinetic energy is then obtained from the expression[3.13} An example of
the extrapolation procedure to zero pressure (no gas condition) is shown in Figure in this case the
magnetic field for no gas inside the cell is 2705 Gauss, and the corresponding beam energy is 3.521 MeV.
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\ po 2705 + 0.1636
2701 pl -1.281+ 0.03455
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Figure 3.35: Example of magnetic field values in MD1 for a *He'™ beam after crossing a ®He gas target at different
pressures for the beam energy of ~3.5 MeV given by ISAC. The fields were read out once the beam was centred in the
2 mm width slits placed after MD1. The offset from the fit, 2704.93 Gauss, gives the extrapolated magnetic field value for
the incoming beam without any gas in the target cell. The beam energy can be calculated by using the expression
where A=4.00154 and q=2. For the case of this graph the beam energy at 0 Torr gas pressure is 3.521 MeV.

The associated beam energy dispersion is reported to be 0.1% FWHM at 1.5-A MeV by the ISAC-I
website [GUI]. Therefore, the spread in the kinetic energy can be given by:

0.1%
AE=E——— 3.15
2v2In 2 @15

The four beam energies used in the experiments are listed in Tablewithin their errors.

73




“thesis” — 2016/11/20 — 11:26 — page 74 — #94

3. Experimental Techniques

3.3.2.7 Observables

As in the case of Madrid experiments, the three main observables to determine the 3He(c,7)"Be
reaction cross section are: the total incoming 4He beam particles, the total number of "Be recoils produced
and the 3He gas target areal density:

o For this experiment the number of beam particles has been determined from the combination
of two observables, namely, the scattered ions detected in the two silicon detectors placed at 30° and 57°,
and the currents measured by the Faraday cups. Examples of the spectra taken with the collimated silicon
detectors placed at 30° (a) and 57° (b) are shown in Figure for the case of a “He beam at 5166 keV and
a 3He gas target at the pressure of ~6 Torr. At this energy, two peaks originated from the beam and target
scattered particles can be separated in the 30° detector, but they are merged in the case of the detector at
57°.
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Figure 3.36: Collimated silicon detector spectra at (a) 30° and (b) 57° taken for an incident 4He beam at E*®™=5166 keV
impinging onto a~6 Torr ®He gas target.

The scattering of He by “He has been studied by, for example, R.J. Spieger and T.A Tombrello
[ST67]] showing (i) an energy dependence different from that given in equation for the Rutherford
scattered beam particles from the Ni foil and, (ii) the large energy dependence of the cross section for the
elastic scattering channel. Thus, for each energy, we determine a normalisation factor between incoming
particles measured via the Faraday cup readings and the total scattered particles in the silicon detector
(®He and “He peaks integrated together) and utilised them to determine the total number of incoming
particles. It is worth noting that the correspondence between laboratory and centre of mass angles is
different at each energy and thus the centre of mass angle subtended by the detector is different for the
different energies.

o The total number of 7Be recoils is derived from the total counts in the recoil peak of the DSSSD
spectra i.e. Ypsssp. This yield corresponds to those 7Be recoils with a particular charge state that managed
to go through the separator, hit in the active area of the DSSSD and be accepted by the DAQ system.
Therefore, the total number of recoils produced can be given by:

%
Yrpe = 555D (3.16)
tZ * df - EDRAGON * €DSSSD

here t;, ¢t, eprRaGON and epsssp refer to DAQ livetime, charge state fraction of the recoils for the selected
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charge in the separator, the recoil acceptance of DRAGON for this reaction and the DSSSD detection
efficiency, respectively.

oThe gas target areal density is calculated using the equation 3.7} In this case the pressure, P,
and the total temperature, Ty, will be the average of all the values recorded each 5 minutes during the
experiment. The temperature correction due to the beam heating of the target is negligible in this case.
The effective target length, [, is considered to be 12.3 £ 0.5 cm.

3.3.3 Additional measurements

Some complementary and important measurements are required in order to extract the cross sec-
tion from our measurements [NSD12]. As mentioned in the previous section, MD1 and MD2 separate
particles based on their charge state (see expression[3.12) and only the recoils with the chosen charge state
get through these dipoles. Therefore, we need to estimate the “Be!T-2%:3+:4+ charge state fractions at
the exit of the target in order to know the total number of 7Be recoils produced in the capture reaction.
On the other hand, in the energy range of interest, it can be safely assumed that the probability for the
reaction to occur is the same throughout the effective length of the gas target. Therefore, the acceptance
of the separator is influenced by the origin of the recoils and thus the experimental determination of the
target density profile (TDP) is required. The details of the charge state distribution (CSD) and TDP mea-
surements together with the DSSSD calibration and beam suppression measurements are given in the
following subsections.

3.3.3.1 DSSSD calibration

The objective of our experiment is to determine the cross section of the *He(a,y)”Be reaction.
Therefore, a clean identification of the "Be recoil is the key requirement, but a reasonable knowledge of
their energies should be extracted. In fact, we can calculate the recoil energy rather well from the known
beam energy and the effective target length. Moreover, we can precisely determine the "Be recoil energy
accepted by the separator by using the expression[B.13]and the MD1 magnetic field values.

In this context, it is sufficient, but required to have the peak corresponding to a given ”Be energy
aligned between the spectra for the various DSSSD strips. These spectra can then be added in order to
obtain the correct total number of recoils.

Firstly, the linear behaviour for all 32 strips was studied using a pulser at voltages of 0.5, 1, 1.5, 2
and 2.5 V. An example for one of the strips can be seen in Figure where an regression analysis between
the nominal voltage and the channel in the histogram is shown. The offset -p0- from the fit (25.5 for the
example in Figure[3.37) is the value corresponding to no particle hitting the detector.

3000
po 255+ 2.533 //

2500 pl 1109 + 1.528 /

2000

1500 // /

1000 /
)

500

\

Output signal (channel)

N

2.5
Voltage (V)

Figure 3.37: Linearity check for one of the vertical strips. "X"and "Y" axes show the pulser voltage and the corresponding
channel in the DSSSD histogram. PO and P1 give the offset and slope for the linear fit, respectively. As can be seen, a clear
linear behaviour is present for this strip.
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Complementary, a calibration measurement was performed by placing an standard triple alpha
source in front of the DSSSD. As in the case of Madrid experiment a linear regression between the channel
numbers and the values for the energy deposited in the DSSSD was done for each strip. The deposited
energy for the alpha particles was slightly different from the standard triple alpha energies given in Table
[B3] These differences essentially come from the energy losses in the aluminium dead layer with effec-
tive thickness of 0.5 um. The energy losses in the dead layer were estimated using the SRIM code
and added to the deposited energy event by event. Apart from the triple alpha energies, the offsets as
presented in Figurewere used in the calibration process.

The comparison for the energy matching of the strips before and after the energy calibration is
shown in Figure As it can be seen, there is good energy matching for the alpha particle peaks among
all strips after the calibration.
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Figure 3.38: The DSSSD strip number versus energy, before (upper) and after (lower) the energy calibration. A good
matching for the alpha energy peaks among the different strips can be seen in the calibrated plot.

3.3.3.2 Beam suppression

In contrast to other reactions studied using DRAGON, e.g. (p,7) reactions using higher mass
beams, the relative mass difference between the o beam particles and the "Be recoils is large. This is
advantageous as DRAGON settings for the beam and recoils are very different, allowing a good beam
suppression. In addition, for the case of the 31 charge state of the "Be recoils the beam suppression is
even higher because there is no 31 charge state for the beam. Indeed, we performed separate tests to
quantify the beam suppression for our reaction [SSAT3].

The three overlayed spectra shown in Figure @ were taken in order to study the “He beam
contribution to the “Be?+ recoils at E?®®™ ~6.5 MeV. The red histogram, collected during 31345 s (~8.7 h)
represents an attenuated 6.542 MeV 4He beam detected in the DSSSD, when DRAGON was tuned to
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detect recoils and with no target gas in the cell. The events in channels between 1000 and 1100, represent
events from the beam scattered by a foil in the microchannel plate detector placed before the DSSSD. The
"Be37 recoils spectrum shown in black was taken with a gas pressure of ~7 Torr inside the target cell,
1.95(6)x106 incoming beam particles and the separator tuned to A/q=7/3 and 3.741 MeV energy. The
latter corresponds to the recoil energy. Also a background spectrum with no beam taken during 20967 s
(~6 h) is shown in blue.

1000 T T T T T

7Be recoils

4He beam ——
background ---*---

Counts

400 800 1000 1200 1400
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Figure 3.39: Spectra taken froom reference |[SSA13] highlighting the beam suppression for our reaction. The attenuated
6.542 MeV beam energy spectrum is shown in red. The recoils spectrum and the background spectra are shown in black
and blue, respectively (see text for more details).

The expected number of events in a considered range of channels for the background and recoils
spectra are given by v, = R, Aty and vs = (Rp + Rs)Ats, respectively. Here R, is the background event
rate and R is the scattered “He event rate. Two constrains s > 1.50v, based on the duration of the runs
and, Ry, > 0 are also present. The probability for having i background counts and j beam scattered counts

i J
is given by: P;; = %exp(—ub) . ';.—S!e:(:p(—us) for an expectation-values [v,v5]. The limiting

probability is given by the data, Py = P;j[i = Np,j = Ns] being Ny and N, the number of background
events and the scattered beam events in the region of interest. The 90% confident interval is defined for
all [vp, vs] that satisfy the conditional sum:

> Py <090 (3.17)
ij|P;j>Po

Two ranges of channels were considered: 770-1320 and 300-400. From the study in this two ranges, the
integrated beam suppression from channels 300 to 1320 is >1.2 -10'4 in terms of the total number of
incident ions divided by the number of transmitted ions at 90% confident level (CL).

The beam suppression has been determined for the "Be3 recoils at EP®™ = 6.542 MeV, which is
the highest energy in our experiment. As already mentioned, for the EP®®™ = 3.521 and 4.716 MeV the
separator was tuned to 27 charge state instead of 31 charge state due to the limitations of the separator in
bending the "Be3* recoils at those energies. The contributions of the unreacted beam in the recoil energy
region for the "Be?* recoils at these energies were measured using the MCPs.
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3.3.3.3 Charge state distributions

The 7Be recoils produced along the length of the target interchange electrons with the 3He gas
atoms. Therefore, a distribution of "Be*?!, "Bet2, "Be*3 and "Bet* ions is present at the exit of the target
cell. During the experiments, DRAGON was set to select either the 31 or 2* charge states, therefore the
fraction of the these particular charge states (q ) must be known in order to determine the absolute cross
sections, as it determines the overall efficiency of our setup for 7Be recoil detection.

Once the ions pass through a minimum effective gas thickness needed for the charge state distri-
bution to reach an equilibrium, this charge fraction stays constant upon encountering further gas atoms.
Previous measurements of the charge state distributions for 10 and 24Mg using DRAGON are shown
in Figure@ [LIBO3]. As it can be seen, after some critical gas thickness the charge state equilibrium is
reached.
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Figure 3.40: Fractional charge state distributions measured using DRAGON taken from [LIB03|]. The charge state frac-
tions, denoted here by F,, for the 1 O and 2* Mg ions are plotted as a function of the incoming energy and incident beam
charge state. As can be observed, the charge state fraction do not change after a critical thickness.

Some arguments are given in the paper based on the results for the charge state fractions using
DRAGON, which fit the Gaussian distribution well (cf. Figure@.
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Figure 3.41: Figure taken from [LIB03] which shows the equilibrium charge state distributions for a ¢ O beam at different
energies impinging onto a 2 H target. The charge state fractions are fitted using Gaussian functions.
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The average equilibrium distribution can be given semi-empirically by [Bet72]:

q=12p (3.18)

A E
le:c;w(ZI,Jy E/+B>

where A, B and + are free parameters, Z,, is the atomic number of the projectile with energy E (MeV /u)
and E’ = 0.067635 MeV /u. Although some values for A, B and « parameters are determined in reference
[LIBO3] these cannot be used in our analysis as this semi-empirical expression is not general and depends
on each experiment itself. However, some observations can be made. For a given incident beam element,
the charge state equilibrium is independent of the initial charge state or isotope. The cross section of
capture and loss of electrons for an ion beam depends on the velocity of the projectiles, atomic number of
the ion beam and nuclear charge of the target atoms.

Based on these qualitative observations we performed measurements in order to determine the
charge state distribution of the "Be recoils. We used a ?Be?+ beam at three different incoming energies
onto a 3He gas target at different pressures. The charge state fractions (qy) are determined by obtaining
the ratio between the incoming °Be?t beam current measured using the FC4 Faraday cup placed before
the gas target, and the number of Be? ions (being ¢ = 21,3% or 47) measured in FCCH. This cup is
located downstream MD], the magnetic dipole which selects charge sate of interest. Therefore, we have

_ Nog.q _Ircon -T/(qg-¢7) (3.19)
Nog 2+ Irca/(2-¢e7)

incoming

af

here, I represents the currents measured in the Faraday cups in Ampere, e~ is the electron charge and ¢
is the selected 9Be charge state in MD1. The transmission, 7', throughout the gas target was estimated by
the ratio between the currents measured in FC4 and FC1 (placed just before Q1) without gas in the target
cell.

Using a computer program called "Rosumn", the Faraday cup readings were taken in the follow-
ing order FC4-FC1-FC4-FCCH-FC4. Each of these cup measurements takes 30 seconds. If there is gas
inside the target cell, FC1 readings cannot be used to determine the transmissions due to the mixture of
different charge states at that point. Therefore FC1 were considered with no gas target inside.

The charge state fractions measured using the “Be?* ion beam and He gas target are shown in
Table3.6; The Irc4 value was considered as the average of the three FC4 measurements taken during
every cup reading sequence. In Chapter[f] a typical 30 seconds Faraday cup reading and how the informa-
tion is extracted will be shown. For Eg%""em: 533.78 keV /u and 420.54 keV /u, the charge state distributions
were measured using two different gas pressures in order to prove that the charge state equilibrium is
reached for a gas pressure >1 Torr. Figure shows the example case of EB%@‘“:533.78 keV/u, and as
can be seen the charge state equilibrium is reached. This means that all hte "Be recoils created via the
3He(a,v)"Be reaction which pass through the gas of 1 Torr of effective pressure will exit the target with
the same charge state distribution. Thus, the charge state selection in MD1 will affect in the same way
to all the recoils independently of where they were created and we can infer the total number of recoils
produced from just detecting one charge state and taking into account the charge state fraction (qy) in

Table[3.4
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Eincoming /u (QBe)
(keV)

Transmission P
(%) (Torr)

ar
(%)

533.91

0.95
95

12.08+ 2.17
59.78+ 1.85
27.97+ 091

5.25

10.80+ 2.32
59.05+ 1.87
29.15+1.21

420.64

53
96

22.88+3.78
61.87+ 2.55
12.59+1.73

1.1

23.42+ 4.06
60.07+ 3.05
13.28+ 2.18

284.09

92 5.31

52.30+ 3.33
3791+ 2.37
1.82+ 0.98

Table 3.6: Charge state distribution for a ®Be®T beam onto a ®He gas target. The °Be electric charge after passing
through the gas target is shown in the fourth column. The charge fractions in the fifth column were measured using
three different incoming beam energies shown in the first column and determined as explained in section For the
first two energies, the CSD was measured at two different pressures shown in the third column in order to show that the
charge state equilibrium was reached for pressures >1 Torr. The transmission between FC4 and FC1 is indicated in the
second column and it was measured with no gas inside the target cell.
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Figure 3.42: Charge state distribution for a ®Be®™ beam with incoming energy of 533.78 keV/u onto a ®He gas target
at two different pressures, 0.95 (red) and 5.25 Torr (blue). The values for the charge state fractions (qy) for the different
charges (g) are the same within the errors for the two values of ®He gas pressure. This means that the charge state
equilibrium is reached at and above the target gas pressure of 0.95 Torr.
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3.3.3.4 Target density profile

Kinematic calculations (see appendix for the 3He(a,y)"Be reaction show that the maximum re-
coil cone angle is ~ 20 mrad, which nearly corresponds to the separator geometrical acceptance. Moreover,
a distinctive feature is that in our range of energy this is a non-resonant reaction. Thus, the probability
of the reaction to occur is the same throughout the effective target length. This is in contrast to the most
of reactions studied at DRAGON, which are usually resonant reactions. These two facts , namely, i) mass
symmetry in the incoming reaction channel leading to a large cone angle, and ii) the position for "Be
production anywhere in the target, limit the recoil acceptance of the separator.

If some other effects are considered as the *He beam and "Be recoil straggling in the gas along
their path, variation on the beam direction, or the fact that the beam is not point- like, the recoil cone angle
can be seen increased to 22 mrad [ReeI2]], which is above the 20 mrad of geometrical acceptance. It should
be noted that in this case we assumed that the reaction takes place upstream the target centre. Such effects
will be treated in the next chapter using simulations to estimate the DRAGON 7Be recoil acceptance from
the 3He(a,y) reaction, where the experimental target density profile must be included. Moreover, this was
the first time using a 3He gas target in DRAGON, and this measurements served as cross checks on the
previously measured effective target length using ?H and “He targets.

The target density profile (TDP) was experimentally determined using the 3He(*2C,'*N~)p res-
onant reaction. The experiment was performed using a 12C2* jon beam impinging onto a ~6 Torr *He
gas in the target cell. Half of the BGO detector array surrounding the gas box was removed from the
surroundings and a single lead shielding BGO detector was used to detect the y-rays from the '2C+3He
reaction. The shielded detector was placed on top of a movable platform, which allowed us to move it
along the length of the gas box. Figure[.43|shows two photographs of the shielded BGO detector in front
of the target box as it was used during the experiment.

(@)

Figure 3.43: Setup used for the measurements of the target density profile. (a) An upper view of the setup is shown
together with the target cell and the shielded BGO detector placed in front. The 3.2 mm length is the slit aperture in the
shielding through which the ~y-rays from the reaction in the cell are viewed by the BGO detector. (b) A side view of the
setup is shown.
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Based on the results from reference [KBR64], in which the 3He(*2C,'4N~)p reaction was studied
using direct kinematics, i.e. 3He beam onto a 12C target, there is a known broad resonance centred at
2.99 MeV 3He beam energy for the 12C(3He,'*N~)p reaction (6.44 MeV state in 14N). This was observed
by the detection of the 6.44 MeV ~-rays at this particular 2.99 MeV beam energy and not above (3.46 MeV)
or below (2.62 MeV). This broad resonance was chosen in order to have a low energy dependence across
the target length. The goal of our measurements was to populate the same resonance state using inverse
kinematics (we need to use the ®He as target due to our interest of determining the TDP for *He) and
detect the 6.44 MeV ~-ray. The target density profile could be determined by comparing the number of
~-rays detected by the BGO, collimated using a 3.2 mm slit, placed at different positions across the target
box (see Figure[3.43(a)).

A part of the energy level diagram relevant for the reaction with p+14N in the exit channel is
shown in Figure Some other open reaction channels e.g. 3He(12C,''C)a are not denoted. By selecting
the optimum 12C beam energy, the 14.46 MeV state in 150 is populated. This state decays by proton
emission populating the 6.44 MeV state in 14N, which de-excites by the emission of one of the four possible
~-rays with the relative intensities shown in the figure. The incoming beam energy of 12.088 MeV for our
measurements was determined using the same procedure described in section [3.3.2.6] using the MD1
tuned to select the 5 charge state of 12C.
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Figure 3.44: A relevant part of the energy level diagram for the " C+° He reaction showing the excited states in **N and
50 nuclei that play an important role in our analysis. The levels are marked with their energies in MeV (from [Nud]).
All the ~-rays from the 6.44 MeV state in N, to the ground, 3.95, 5.10 and 5.83 MeV states, are also shown with their
relative intensities written down in italic. Using a 12.09 MeV 12C beam, we populated the 14.46 MeV state in 150, which
decays mainly via proton emission to the 6.44 MeV state in '*N. Some other channels are opened for this energy, such as
the 3He( 12c1ic ) reaction, but they are not shown in the figure as these are irrelevant for the TDP determination.
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In order to check the 12C2+ beam purity, the beam was scattered using a gold foil located just after
the DTL. Figure B.45|shows an on-line calibrated spectrum of the Rutherford scattered particles detected
in a silicon detector kept at 30° with respect to the beam direction taken during a short measurement. The
yield in the peaks implies that the 180 contaminant is present at a level of 0.5% in the *2C beam.

Counts

18
=

/%MWM B | |

15 20

Energy (MeV)

Figure 3.45: An on-line spectrum of ' C beam scattered from a gold foil placed after the DTL (see text for details).

An example of the BGO spectrum showing the y-rays from the *He(12C,14N~)p reaction is shown
in Figurefor the BGO detector placed at the centre of the target cell. Thirty-seven measurements were
performed covering a range between -11 cm upstream and 9 cm downstream with respect to this position
with an average time for each measurement of ~2500 s and a livetime percentage of ~99%. It should also
be noted that the distance between the beam line and the BGO detector was kept constant as we moved
the shielded BGO along the target box.
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Figure 3.46: BGO spectrum for the > He(*? C,** N)p reaction with the BGO detector viewing the centre of the gas cell.
The main peaks are labelled with their energy in MeV. SE refers to the single escape peak of the corresponding energy.
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The TDP is related to the yield of the 6.44 MeV ~y-peak in each of the BGO position. The yield for
each position is given by:

BGOS**Y / Livetime - 8.02 - 108
SBO- P

Yield =

(3.20)

where BGO%447 is the 6.44 MeV integrated peak, livetime is the correction due to the dead time of the
acquisition system, P is the pressure in the target cell included as the correction related to the different
number of >He gas particles for each run, and SBO is the normalisation factor related to the 12C beam
particles for each run.

During each measurement, the scattered beam ions with the gas were detected in the silicon de-
tector mounted on the arm of the gas cell at 30° with respect to the beam direction (see Figure@. Figure
shows a calibrated spectrum of scattered particles detected in the silicon detector for a *“C beam at
12.09 MeV impinging onto the 3He gas target at 5.9 Torr.
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Figure 3.47: A scattered particles spectrum detected with the silicon detector placed at 30°with respect to the beam for a
12.088 MeV 2 C beam impinging onto the ® He target at 6 Torr. Some of the peaks are labelled with their corresponding
energy, see text for the details of the origin of each peak. The peak of interest for the the TDP measurements is the 5.8 MeV
corresponding to the scattered  He from *2C.

Energies corresponding to the peaks and their origin are:

¢ 8.8 MeV: « particles from the 3He(12C,'! C)a reaction

¢ 6.6 MeV: 3He elastically scattered from the 80 beam component
¢ 5.8 MeV: 3He elastic scattered from 12C

e 2.1 MeV: protons for the 3He(*2C,'*N*)p reaction

In order to normalise the yield with the number of incoming *2C beam particles, SBO factor in
expression [3.20]is considered as the 5.8 MeV peak integration. The gas pressure for each run has been
calculated as the average of the pressure readings saved each five minutes during the measurements.
BGO%447 is the area under the 6.44 MeV peak, which is deduced by fitting the 6.44 and 5.83 MeV peaks
in Figure to two Gaussian distributions simultaneously and then taking the area of the 6.44 MeV
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peak. A background spectrum was subtracted for all BGO spectra, however, no influence was seen in the
6.44 MeV peak region.

Figure[3.48|shows the target density profile obtained using the expression[3.20] It is worth noting
that there are two unwanted features in the profile which should be corrected. These are, (i) the asym-
metry of the profile between the downstream and upstream ends of the target cell, and in the region
corresponding to the target cell, between ~ -50 mm and ~ 50 mm (see Figure @, and (ii) the yield is
non- zero in the extremes, i.e. at +100 mm. The latter would mean that there is gas far away from the
centre of the target cell, which would alter the acceptance significantly.
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Figure 3.48: The measured target density profile obtained using the expression The X axis shows the different
positions of the BGO detector parallel to the beam axis. The yield between -50 and 50 mm is not flat as it would be
expected for our recirculating gas system.

In order to correct for the asymmetry and the sloped-profile in the gas cell, we considered the
energy loss by the beam throughout the gas target and the energy dependence of the resonance reaction.
The 2C beam energies at the entrance and exit of the target are 12.09 and 11.96 MeV, respectively. The
latter is extracted directly from the MD1 reading (3452.92 G) tuned for the 12C*? beam, after crossing
the 3He gas target at 5.8 Torr pressure. On the other hand, the resonance reaction populates an unstable
excited state of 1°0, the decay of which has the Breit-Wigner distribution with respect to the energy:

(T/2)* (321)

wE) < G Ry 1 (T2

here, I" is the level width and is inversely proportional to the lifetime. The values of Eg = 14.46 MeV and
I' = 100 keV are taken from [Nud]. Figure .49 shows in blue a representation of the Breit-Wigner expres-
sion for the population of the 14.46 MeV state in °0O using a 12C beam on a >He target. Eo and I have
been converted to consider a 12C beam and the proportional factor has been considered as w(Ep) = 1, for
simplicity for our purposes. The red area shows the beam energy region between 11.96 and 12.09 MeV,
and it can be observed that the probability for the decay varies significantly. Thus, a correction factor in
the expressionhas been included in order to account for this variation.
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2c+3He resonance reaction @ 14.46 MeV
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Figure 3.49: The blue curve shows the probability decay (w(E)) of the *>C+*He resonance corresponding to the
14.46 MeV state in *°O. The "x"-axis shows the energy of a *>C beam. The red shaded region represents the beam
energy loss in the gas cell and thus the variation in the probability for te reaction to occur in this energy range.

Assuming an effective length of ~12.3 cm estimated from the energy loss (12.09-11.96 MeV) by
the beam crossing the 5.8 Torr of 3He gas and the SRIM code [SRI], the beam energy at each position (E;)
has been determined by linear extrapolation. Considering E,,, the expressionhas been multiplied at
each position by the factor w(E,). This account for the difference in probabilities of the reaction to occur
due to the variation of the beam energy across the target cell.

The new TDP, corrected for different reaction probabilities at each position, is shown in Figure
Clearly, this profile does not have a slope in the region corresponding to the target cell and is rather
symmetric outside, in line with our expectation for the configuration of the cell and the differentially
pumping system.
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Figure 3.50: A corrected target density profile obtained after considering the different beam energy at each position and
the variations in the probability of the resonance reaction to occur. For each position in the x-axis, the y-axis shows the
yield calculated using the expressionmu]tiplied by the w(E)) factor, where E,, is the energy at each position.
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As it can be observed in Figure[3.50]the non-zero y-yield is still persistent but now is symmetric at
both extremes. This is against the expectations from the differentially pumped system with our particular
arrangements, which creates a profile with a rapid decrease in pressure at the extremes of the cell, beyond
which, the pressure should go to zero rapidly, and thus no reactions should occur. Therefore, we claim
that the non-zero v-yield effect is due to the non 100% shielding of the BGO and a constant background
should be subtracted from the whole profile.

In order to probe this argument let us compare the situation at two different positions of the BGO
detector, the extreme at z=-11 cm and the centre at z=0 cm. The ratio between the yields at this positions
is 0.17 (cf. Figure[B.50), and Figure shows the two cases considered.
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Figure 3.51: The two different BGO detector positions (z=0 and z=-11 cm) used to analyse the effect of the shielding and
the subtended solid angle by the BGO detector. In green are shown the ~y rays created at the exit of the target cell, and in
red the part of the rays inside the shielding.

In these two positions, the y-rays produced at the left extreme of the gas cell can in principle
go through the shielding along the green lines, where Ry and Rp; indicate the distances to reach the
detector. For these two scenarios, the subtended solid angles and the ~ attenuation through the shield
need to be considered. The ratio between the two solid angles can be given by: d{2,—_11/d2.—¢ =

% = 0.55 based on the measured distances and simple trigonometric relations. Now, the relative
~ intensity at any distance in one material can be expressed as: I/Iy = e~ #*, where p is the linear

attenuation coefficient and Iy and I are the ~ intensities before and after crossing a "z" distance in the
material, respectively. Taking into account that ji(;¢q4) = 0.505/cm and the different distances crossed

by the beam through the lead (red dashed line in Figure , the ratio e, *)° /e, #® | results in 0.57.
Thus, although the solid angle is smaller for further distances it gets compensated by the -y attenuation
effects and a constant yield, at first order approximation, could be expected for all the measurements at
the different positions. It should be noted that we had a reasonable assumption that v-rays are emitted
isotropically based on the symmetry seen in the extremes of our target density profile.

In principle, a Montecarlo simulation could be performed to determine the effect of the shielding,
taking into account effects such as the non equal probability of producing the reaction at the different
positions in the target or corrections for the Doppler effect of the different ~v-rays, etc... However, the
present method already constitutes a very good estimation. Therefore we will consider a constant "yield
background" which is assumed to be the yield value at z=-11 cm. In Figure[3.52} the blue points show the
final experimental target density profile with the first order "background yield" subtraction correction.
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Normalised Target Density Profile

1.2

Normalised Yield

Position (mm)

Figure 3.52: Final normalised target density profile. The blue points show the normalised yield corrected with the energy
dependence given by the expression and after subtraction of a constant background. The red fit shows the "best" fit
to the points with a Fermi function obtained using ROOT package and the green curve shows the same fit constraining
that the effective length is 12.3 cm.

The red and green curves in Figure show two fits to the data points using the Fermi function
given by [Hut02]:

YieldNorm — !

= TR (3:22)

where R and a are the two free parameters. The red curve shows the "best" fit to the data points using the
ROOT package [ROO] and the green curve shows the fit constraining that the effective length is 12.3 cm.
This length is obtained from the energy losses of the 12C passing through the 3He gas target and estimated
from the MD1 magnetic fields. In the next chapter, the influences due to different slopes and effective
lengths in the profile will be discussed.

3.4 Conclusion

Two experimental techniques have been used to determine the cross section of the 3He(c,7)"Be
reaction in the range of Ecy 1-3 MeV. The details of the two experiments and setups have been given in
this chapter.

The Activation Method was performed at CMAM using a tandetron accelerator. The reaction was
produced using a 3He beam at nine different energies on a “He gas target. The total number of "Be
recoils produced are deduced by measuring the ~y activity arising from the de-excitation of the 7Li pro-
duced by the electron capture decay of the "Be. The v measurements were performed at the SOREQ
low-background HPGe detector station. The careful control and good knowledge of various parameters
such as the solid angle subtended by the silicon detector, the Ni foil thickness or the silicon detector energy
calibrations have been discussed in this chapter.

88




“thesis” — 2016/11/20 — 11:26 — page 89 — #109

3.4. Conclusion

The Direct Recoil Counting Method was performed using the DRAGON spectrometer at TRIUME.
The reaction was carried out using inverse kinematics, i.e. *He beam at four different energies on a He
gas target. One measurement using the Activation Method was also performed at one of the energies at
which data was already obtained in direct recoil counting method. The total number of recoils produced
is inferred by detecting one of the charge states in a DSSSD placed at the focal plane at the end of the
separator. The necessary charge state distribution measurements were carried out using a “Be beam. The
density profile of the windowless gas target is a crucial parameter that was experimentally determined
to be used in the simulations to obtain the acceptance of the separator (see next chapter). Other details
concerning the beam energy determination, the DSSSD calibration and the separator tuning have also
been discussed. The analysis of the data from both experiments will be presented in Chapter|p]
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"We cannot solve our problems with the same
thinking we used when we created them".

Albert Einstein

CHAPTER

GEANT SIMULATIONS OF DRAGON

Abstract: In this chapter I will discuss the Monte Carlo simulations performed in order to obtain the
acceptance of the DRAGON separator for the recoils created in our 3He(cv,y)" Be reaction. Firstly, different input
parameters considered in order to define the experimental conditions are detailed. In what follows I will present the
results from the simulations carried out for the different beam energies, as well as the estimated uncertainties in the
acceptance due to the possible changes in the input parameters.

In the previous Chapter the two experimental techniques used in this work to determine the
astrophysical S-factor were detailed. Additional essential measurements were also presented. Some of
these measurements are needed in order to get the astrophysical S-factor precisely, e.g. the experimental
determination of the collimated silicon detector angle in Madrid experiment, and some of them are even
necessary in order to determine the absolute cross section, e.g. the charge state distribution using the
DRAGON separator.

On the other hand, simulating experimental conditions using Monte Carlo codes have become
common in designing experiments as well as in understanding measured quantities. In the case of Madrid
experiment, thanks to the simplicity and good experimental knowledge and control of the parameters of
the setup, no detailed simulations were necessary. By contrast, the DRAGON setup needed extensive
simulations as the separator acceptance is such that there is a scope for losing 7Be recoils between the
production points in the target and the detection in the DSSSD.

The loss of these recoils depends on various parameters, an experimental control of which is very
difficult, if not impossible. Therefore, we resorted to simulations to obtain additional information on the
acceptance of the setup to obtain the final results from TRIUMF work. It is worth pointing out that the
acceptance of the DRAGON separator has high influence on the S34(E) data. The influence of possible
variations in many parameters, such as the beam spot size or the magnetic fields in the dipoles must be
precisely studied as they can change the acceptance significantly. Therefore, an extended discussion about
the transmissions of the "Be recoils generated via the *He(a,) reaction will presented in this chapter.
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4.1 Introduction

As it has been already mentioned throughout this text, one of the main concerns to be taken
into account for studying the 3He(c,y)"Be reaction at DRAGON is the separator acceptance or trans-
mission for the recoils produced in this reaction (epragon). For a given charge state the acceptance is

defined as the ratio of the recoils detected in the DSSSD and the total recoils created in the gas target
7 peDSSSD
(€DRAG0N:7BE;W). In order to estimate the DRAGON acceptance for our reaction, the GEANT 3-

DRAGON simulation code has been adapted to recreate our experimental conditions and obtain the
EDRAGON parameter.

GEANT (GEometry And Tracking) 3 is a FORTRAN software which allows the construction of
different geometrical setups, the interaction between particles, the tracking of particles in different media
and the use of electromagnetic fields using Monte Carlo techniques [GEA]. Any GEANT simulation con-
sists of three main stages: initialisation, event processing and termination. In the three stages the user can
incorporate his own codes. In the first stage the user defines the different geometrical volumes of the setup
and the materials, the sensitive volumes are specified. During the processing phase the events are firstly
created, the kinematics is defined and the particle’s path through the different volumes is tracked, interac-
tions with the different media are simulated and secondary events, such as likely ~-rays, are tracked. The
response of the detectors to the particle hits is also considered at this stage. During the termination phase
the statistical information is computed. The information is saved event by event as ntuples in files (files
with one row an n-columns of information per event) and are also histogrammed into frequency distribu-
tions by the software package HBOOK [HBO]. A detailed information about the GEANT structure can be
found in reference [GEA.

The GEANT 3-DRAGON code was designed using the version 3.2.1 of GEANT and it consists of
two main geometrical parts. The first includes the target box, the cell, BGO detectors and the pumping
tubes placed before the first quadrupole (Q1 in Figure[d.1(b)). The second part concerns the separator and
includes all the components after the first quadrupole. The magnetic and electrostatic elements of the sep-
arator are scaled (i.e. magnetic and electric field are set to let the recoils go through) to the corresponding
recoils created in the reaction by using an input RAYTRACE file read at the initialisation stage. Figure[£.1]
shows the two main geometrical areas discussed in the context of the simulation, (a) the target region and
(b) the separator.

This code has previously been used and tested for other reactions studied with DRAGON for
example the 17O(c,7)?!Ne or *2C(a,7)'80 reactions [MBHO6]. The code has been adapted in this work
in order to determine the overall acceptance of the *He(a,)”Be reaction.

4.2 Input Parameters for the Code

To estimate the acceptance of DRAGON for a given reaction, the experimental conditions must
be recreated as closely as possible in the simulations. In contrast to the previous reactions studied, the
recoil cone angle of our reaction is beyond the geometrical acceptance of the separator, thus all input
parameters can play a determining role in the transmission of the recoils through the separator. The
following subsections describe the realistic input parameters used in the simulations.

421 The gas target

As the gas target is kept in a windowless cell differentially pumped, it is important to include
accurate knowledge of the density profile as this will determine the probability for the “Be production
and their acceptance by the separator. The target density profile was studied using the 3He('2C,'*N~)p
reaction, and the details and results are explained in section As whatever volume defined with
GEANT 3 can only be filled with one material, i.e. gas with a constant pressure and temperature, the target
density profile (TDP) function shown in Figure[3.52 must be adapted to our defined GEANT volumes.

Figure is a detail of the target area as simulated with the GEANT 3-DRAGON package. It
shows the volumes with different colours for the target cell where most of the gas is contained, and for the
pumping tubes where there could be residual gas. The target cell, target box, downstream aperture and
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-

(b)

Figure 4.1: Two geometrical areas from the GEANT 3-DRAGON simulation. (a)Target side with the target box, target cell

pumping tubes and BGO detectors and (b) separator.
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pumping tubes are labelled, followed by the materials which they are filled in (e.g. "CELG: Gas target”,
where the volume "CELG" refers to the target cell which is filled with a material called "Gas Target").
Some volumes, like the cell apertures have been split into two pieces (XAPG and XAP2) in order to let
two different materials to be used.

CMBG: baselin

XAPZL exit
KAPG exit?
FDBI: exit3
CELG. Gos Targe
_ DHOL: exit4
FDAZ: exith
FDBZ. exitb

| o | —1 [

PODZ. centralvacuum

POEZ: centralvacuurm

Figure 4.2: Some of the target volumes defined in GEANT 3-DRAGON. The target box (CMBG), target cell (CELG),
exiting aperture (XAPG,XAP2) and downstream pumping tubes (PDI, DHOL,PDA2,PDB2,PDD2,PDE2) are marked. The
volume names are followed with their defined materials.

A central *He gas target material for the target cell is defined for every energy using the experi-
mental gas target pressures and temperatures shown in Table[5.7] This material is named as "Gas target".
The other materials are defined with a fraction of the density of the "Gas Target". In order to determine
this fraction, the measured TDP has been fitted to a step-function as shown in Figure[d.3} The density of a
given material is obtained by multiplying the "Gas Target" density by the coefficient (Coeff) from the fit.
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Figure 4.3: Same TDP as the one shown in Figure where a step function in red is included. Every step represents a
different volume in GEANT as defined in Figure[4.2} The corresponding coefficient (Coeff) shows the density ratio with
respect to the "Gas Target" material in the cell.

Changes in the step function and its influence on the acceptance will be studied in sectionin
order to determine the uncertainty associated to the transmissions.

4.2.2 The beam energy

The “He mean beam energies (Table are given as input parameters to the programme. The
programme creates a Gaussian distribution with the given mean value and with a FWHM of 0.1% ac-
cording to ISAC-I specifications. For each event, the beam energy is then randomly selected from the
distribution and the corresponding momentum vector is calculated. Figureshows an example of 10°
simulated particles with 3521.6 keV mean beam energy.

1] F Entries 100000
c -
8 -3.52 MeV “He energy distribution Constant 1.85e+04 + 7.17e+01
(@) -
15000— Mean 3.522 + 0.000
B Sigma 0.001509 + 0.000003
10000—

5000(—

! | . I | ! 1
3.515 3.52 3.525 3.53
Beam Energy (MeV)

Figure 4.4: Simulated energy distribution for 10° * He beam particles at the mean energy of 3521.6 keV. The black curve
represents a Gaussian fit whose parameters are given in the box.
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4.2.3 The beam spot size and divergence

It is necessary to take into account the finite spot size and divergence of the beam as these will
have influence on the separator acceptance. The simulated beam spot size is based on the experimental
transmissions of the beam through the gas target. The beam transmissions are calculated for the runs of
each energy as the ratio of the FC1 and FC4 readings and a mean value is calculated by averaging those
values.

Due to the beam spot that enters the cell has a Gaussian profile in both z and y directions, the
experimental beam transmissions represents the volume of the two Gaussians cut off at the 6 mm diameter
entrance aperture compared to the full Gaussians integrated over = and y to infinity. This gives us the
widths o, /y of both X and Y Gaussian distributions, i.e. the beam spot size. Then, the emittance in the
angular direction can be determined from the ISAC equations and so the beam divergence. According to
ISAC-I specifications the normalised emittance for 2 rms is 0.2 um thus:

2
Emittance = 92 4.1)

By

Emitt
mm:w (4.2)
: 20 z/y
where g =¥,y = 1 - and A0, ,, is the divergence Gaussian width in the X/Y axes. Tableshows
1-%

the experimental transmissions, o, /,, and A0, /,, for the four experimental beam energies.

x/y

~Eapy, Transmission Oz/y Aby/y

(MeV) (%) (mm) (mrad)
6.5 89.30+1.68 1.41868(*)  0.562
52 96.97+1.29 1.13444 0.836
4.7 94.09+1.51 1.26132 0.783
35 93.91+£2.95 1.26807 0911

Table 4.1: Beam characteristics for the four beam energies studied. The experimental transmissions for the * He beam
are shown in the second column. From the transmissions, the beam standard deviations in the X and Y directions are
estimated and are shown in the third column. The standard deviations of the divergence beam distributions are shown
in the fourth column.

(*)The real value considered in the simulations is 1.50 mm as it reproduces more fairly the 89.30% experimental transmis-
sion.

In GEANT, the o/, values are introduced in the input files, the programme determines the
A0, , divergence standard deviations from the nominal mean beam energies and ISAC equations. For
each event GEANT selects randomly the offset in the X and Y direction from the Gaussian distributions
of standard deviation o, /,, and the divergence from the Gaussian distributions of Af, ,, standard devia-
tions. Figure[.5]shows an example of the simulated beam spot and X-divergence for the 3.522 MeV beam
energy.
& Changes in the beam spot and divergence due to the errors in the transmissions will also be
studied in section &3]

4.2.4 The reaction probability and reaction location

For a given energy, another parameter that determines the transmission of DRAGON is the reac-
tion point, in other words, where the reaction occurs in the gas target. In our beam energy range, even
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Figure 4.5: Simulated 10° * He beam particles at ~3.52 MeV. (a) shows the beam spot and (b) the X-divergence of the

beam.
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Figure 4.6: Reaction probability for 10° beam particles for the case of Ecyy ~1.5 MeV (beam energy ~3.5). (a) shows
the relative reaction probability = 1 for the Ecy across the target length. For each event, GEANT code selects a random
"goal-energy" from this distribution (same probability for the different energies). In case that the centre of mass energy at
any point equals the random energy the reaction will occur. (b) shows where the 55383 reactions are produced throughout
the gas target being z=0 cm placed at the centre of the cell.

after including the energy loss in the target (<20 keV), no resonances are present and thus the cross section
can be assumed to be constant. For example, a relative distribution shown in Figure[£.6(top) is assumed
for 034(E) for the case of ~3.5 MeV beam energy (corresponding to Ecp ~1.5 MeV). GEANT uses this
input function as a probability distribution between the outcoming and incoming centre of mass energy
region. For each event, a "goal-energy" is randomly selected from the distribution. If during the beam
tracking the centre of mass energy at any point is equal to the random "goal-energy" the reaction will be
triggered and the "Be recoil will be created. Clearly, the probability for the “Be production depends only
on the target density profile, therefore as shown in Figure (bottom) the production profile of "Be recoils
follows the TDP.

4.2.5 The S;/S; branching ratio and the -rays angular distribution

The 7Be recoil angle and the prompt y-ray emission angle depend on each other in the capture
reaction. Moreover two different capture v-rays corresponding to the decay to the ground state (o) or
the first excited state (1) are present. For the latter, a 429 keV ~-ray is subsequently emanated from the
de-excitation of the first excited state to the ground state in “Be. Therefore assumptions related to prompt
~-ray angular distributions as well as to the ratio between the population of the first excited and ground
state (S1/So) must be made.

As initial first order approximation, the values for (S1/Sg) has been determined from a linear
extrapolation of Figure @taken from reference [CDO08], while changes in this ratio will be studied in the
section For each reaction GEANT will create a prompt 1 or o rays and the corresponding ”Be state
with relative ratios (S1/Sp) shown in Table

Concerning the angular v-ray distributions, isotropic angular distributions for both ¢ and ~;
rays are assumed based on the results in reference [DGK09]. In GEANT 3-DRAGON code this is done
by introducing a uniform distribution for the values of cos(©), where © is the centre of mass polar angle
in the spherical coordinate system. The 429 keV ~-ray distribution is always isotropic as it comes from a
J=1/2 state.
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Figure 4.7: The S; /Sy branching ratio. A fit to the data (solid line) of [BBS07,|CBC07)] as calculated by Cyburt and Davids
ICDO8]. For the simulations, a linear extrapolation of the fit up to 2.8 MeV centre of mass energy has been considered in

order to determine the S, /Sy branching ratio.

~Eige Eavm  S1/S0
MeV)  (MeV)

6.5 2.81 0.5077

52 5.16 0.4829

4.7 2.02 0.4755

3.5 1511 0.4545

Table 4.2: The S; /So branching ratios considered in the simulations.
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4.2.6 The separator settings

The most determining parameters for the DRAGON acceptance are the separator settings. There-
fore the electrostatic and magnetic fields used for the simulations play a key role.

As already explained, the experimental procedure consists of tuning the separator for the optimal
transmission of the beam through the gas target and centre the beam throughout the different elements
of the separator. The separator is then rescaled to the charge and mass of the recoils. This procedure
is essential as the low recoil yield does not allow to adjust the separator settings in order to optimise
recoil transmissions. An important issue to be considered here is that the potential energy loss differences
between the beam and the recoils in the gas target are not taken into account by the rescaling programme
automatically. This will have some influence on the mean accepted recoil energy (E) and thus on the
overall acceptance. Indeed, during the 2011 run the separator was automatically tuned to the recoils
following the usual procedure. Clearly this was not optimal. In the 2013 experiment an improvement
was made by tuning the separator manually to obtain optimal transmission for the energy of the recoils
created at the centre of the target taking into account the energy losses before exiting the target.

In GEANT simulations, the settings of the separator are usually adjusted based on parameters of
the reaction. The code determines the scaling values of the magnetic and electric fields from the kinetic
energy and momentum of the recoils created at the centre of the target after crossing half of the target
length , eventually obtaining the optimal settings for the separator. Nevertheless, in order to guarantee
the consistency between the experimental and GEANT settings, the tuning energies in GEANT have been
manually set to those corresponding to the experimental ones. Table [4.3| gives the experimental tuning
energies (column three) used in the simulations, that correspond to the MD1 magnetic fields during the
experiment (Table[B.5). The fourth column shows the calculated mean energies at the exit of the gas target
of the recoils that are created at the centre. The fifth column shows the relative difference between them.

Run  ~Eap, E?]rg“e“ E?’EZ“ Relative Difference
B
(MeV) (keV) (keV) — e (%)
7Be
6.5 373451  3696.02 1.04
2011 5.2 2940.21  2898.33 1.44
3.5 1997.32  1955.01 2.16
2013 4.7 2642.67  2647.71 0.20

Table 4.3: The third column shows the experimental ” Be energies used in the simulations for the tuning conditions.
Whilst the MD1 values during the 2011 campaign were automatically determined by the programme by scaling the
settings for the beam, for the 2013 measurements the MD1 value was set manually for the energy corresponding to the
recoils created at the centre of the target. The fourth column shows the calculated energies for the exiting recoils created
in the centre of the gas target, and the fifth column shows the relative difference between the two energies.

As it can be observed for the 2011 measurements, when the separator was tuned automatically to
"recoils mode", the relative differences between the real tuning energies, E3™", and the optimum energies,

7Be
E75e, which would maximise the transmissions of the recoils created at the centre, are relatively high. For

the 2013 measurement, the separator was tuned manually and therefore, the relative energy difference for
this case is remarkably smaller compared to the measurements in 2011, maximising the transmission of
the recoils created in the centre of the gas target.

Looking at the relative differences among the 2011 energies in Table the trend is consistent
with the stopping power of a "Be nucleus crossing a He gas target. Figure ws the stopping power
of "Be ions crossing a *He gas target calculated using the SRIM code[SRI]. One can observe that in the
range of interest, i.e. ~2000 - ~3700 keV for the "Be recoils, the higher the energy is the lower is the
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amount of energy loss. Therefore, for the highest energy case the relative difference between the mean
energy and the automatically tuned energy must be lower as seen in Table 3]
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Figure 4.8: Stopping power for ” Be recoils crossing a 9.327-10~ " g/cm® density ® He gas target.

4.3 First Simulations and Analysis

Taking into account the conditions and parameters defined above, the recoil transmissions through
the separator for each energy are calculated as the ratio between the recoils reaching the end detector and
the total recoils created in the gas target. From now on, unless otherwise specified, the simulations will be
carried out assuming 10 beam particles.

Figure shows some output spectra from the first series of simulations with the given input
parameters. In the left column the kinematic curves representing the output recoil angle after emitting
the ~-ray versus the kinetic energy are shown. In blue we can see the recoils reaching the DSSSD and
in green those lost throughout the separator, i.e. not reaching the focal plane. The second and third
column show the projections of the previous spectra where, in red, one can see the total recoils created, in
blue the detected ones, and in green those stopped before reaching the DSSSD. As it can be observed the
acceptance-dependence is stronger on the recoil energy compared to the angle (e.g. for the highest energy,
the second column shows the different energy between detected recoils (blue) and not-detected (green),
while this effect in not seen for the angles shown in the third column).

In the second column, it can be seen that, for the first three histograms corresponding to beam
energies of 6.5, 5.2, and 3.5 MeV of 2011 measurements, the recoils created with the higher energies are
more likely to be detected. These correspond mostly with those recoils created at the end of the gas
target according to Figure which represent the positions where the recoils are created. This is in
concordance with the fact that during the 2011 run the separator was tuned automatically from the beam
tuning without taking into account the different energy losses between recoils and beam particles. For
the last case, 4.7 MeV energy, the separator was tuned manually setting the magnetic field to the exiting
energy of the recoils created at the centre of the gas target and as can be observed the detected histogram
is more symmetric on the detected energy.
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Figure 4.9: Outputs for 10° beam particles simulated at the different beam energies. The left column shows the kinematic
curves and the middle and right columns show the projections for the recoil energy and the output recoil angle. In red, all
recoils created for each energy are shown, in blue, those reaching the end detector and in green, those stopped throughout
the separator. As it can be seen from the second and third columns, when the separator is optimised for the recoils created
at the centre of the gas target (last row), the acceptance is optimal and the area under the green curve corresponding to
the recoils stopped within the separator is minimal.

The first results for the acceptance at the different beam energies are shown in Table[£4]

Run Eape "Berecoils "Berecoils Transmission
(keV) created detected (%)
6553.88 26365 17617 66.8+0.6
2011  5165.97 39790 26374 66.3+0.5
3521.61 55535 32282 58.1+0.4
2013 4716.45 38842 31863 82.0£0.6

Table 4.4: DRAGON transmission for the > He(c.,v)" Be reaction. Only statistical errors are shown here.

Specific knowledge of the DRAGON's transmission efficiency for the He(a,)"Be is gained by
examining where in the separator the recoils are stopped. The location of different components where
recoils stop are labelled in the schematic DRAGON layout shown in Figure[£11} and Figure f.12] shows
the fraction of the recoils stopped by the given components. It can be clearly seen that the majority of
the recoils are stopped at the charge slits for all energy cases, being the relative percentage small for the
4.7 MeV (2013 experiment with manually separator tuning), in agreement with the effect discussed above.
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Figure 4.10: Positions of the recoils created in the gas target. The colours have the same meaning than Figure The
top panel shows the ~3.5 MeV beam energy case and the bottom panel the ~4.7 MeV.

Figure 4.11: Layout of DRAGON. The red labels point at different components where the recoils are stopped
103




“thesis” — 2016/11/20 — 11:26 — page 104 — #124

4. GEANT Simulations of DRAGON

(%)

10 6.5 MeV

(%)

(%)

(%)
5
o
c
3
°
S
Q
—
IS
<3
@
(e}
=
o
=
(=)
)
@
=
@
)
=
@
=
<
e}
=
»
-~
<
)
<

Figure 4.12: Percentage of the recoils stopped in the different volumes throughout the separator. PU refers to the pumping
tubes upstream the target box, PD refers to the first pumping tubes downstream the target cell (up to ~15 cm) and EX
indicates the different tubes up to the first quadrupole (from 15 to ~85 cm). The other volumes are labeled in Figure

4.3.1 Tests on the DRAGON recoil energy selection procedure

The transmissions shown in Table [£4] are much lower than the originally predicted, specifically
for the 2011 runs. This should be in line with the discussion about the tuning energies. In order to further
examine the effect of the automatic settings for the 2011 runs, 20000 beam particles have been simulated
using as tuning en the corresponding to the recoils created at the centre of the target cell. The results,

displayed in Table[4.5, show a big improvement in the transmission when the mean ”Be energy is used to
tune the separator.
Run  Eap, E?g‘e“ E%Z“ Transmission  Relative Difference
MeV keV keV % %
~6.5 3696.02 3696.02 78.9£1.6 18.1
2011 ~5.2 289833 2898.33 81.1+1.3 22.3
~35 1955.01 1955.01 75.7£1.6 30.3

Table 4.5: Simulated transmissions for the tuning energies matching the mean exiting recoil energy. The relative differ-
ences respect to the results in Table[#4|are also shown in the last column.

This proves that the differences in the ”Be recoil energy due to the energy loss in the target plays an
important role in the transmissions of the recoils throughout the separator for the 3He(a,7)”Be reaction.
The last column in Table shows the relative transmission differences comparing to those shown in
Table@4] for the automatically separator tuning. As expected, for the highest energy the difference is less
significant because the energy losses are smaller.
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At this stage, I would like to reiterate the fact that DRAGON should be tuned to the recoils created
at the centre of the target, which was also concluded in Figure[£.9] The corresponding kinematics curves,
displayed in Figure do not show the previous asymmetries in the energy acceptance and even
for the highest energy the percentage of recoils stopped in charge slits shown in Figure are not
dominant anymore. Therefore, it is evident again that the limiting factor in determining the transmission
is the kinetic energy of the recoils.
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Figure 4.13: Simulation outputs when the tuned separator energy is set to the mean exiting recoil energy. (a) shows the
kinematic curves and projections. Red colour shows the recoils created and blue colour shows the detected ones; (b)
shows the percentage recoils stopped in the different volumes.
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4.4 Final Simulations using the Measured Tubes Displacements

As it can be observed from the previous plots (e.g. Figure some of the recoils are stopped in
the exiting pumping tubes before the first magnetic quadrupole Q1 (z=85 cm). For this reason a careful
determination of a likely displacement of the tubes was done using a theodolite [Vuj14]. Some displace-
ments were observed in both vertical and horizontal direction at different positions as shown in Figure

L gy

—-—
AG:-5 A5 B:8 E:23 F'33 H:37 L:60 M:85

Displacement
(mm)

® Vertical = Horizontal

Name: Distance (cm)

Figure 4.14: Horizontal and vertical DRAGON tubes displacements measured using a theodolite. Each pumping tube is
labelled with a letter in order to be identified, followed by the end distance of the tube in cm.

The displacements have been introduced in the code in order to extract the correct values for
transmissions. It should be pointed out that the two first displacements corresponding to the entrance
and exit cell apertures (at -5 and 5 cm of the centre of the target, respectively ) were a consequence of the
setup for the 2013 experiment so these two are added only to the 4.7 MeV simulation. A new series of
simulations were performed for each energy with the new geometry including the displacements of the
tubes. The other parameters such as y-ray angular distributions or tuning energies are the same as the
original values. Table[d.6]shows the results of the transmissions in the fifth column while the sixth column
displays the relative differences when comparing with transmissions shown in Table

Run ~Esy, “Berecoils "Berecoils Transmission Relative Difference

(MeV) created detected (%) (%)
6.5 25931 14873 57.44+0.6 14.1+£1.2
2011 5.2 39694 22907 57.7+0.5 12.941.0
35 55383 28392 51.3+0.3 11.84+0.9
2013 47 38554 27627 71.7+0.6 12.6+0.9

Table 4.6: DRAGON transmissions after considering the displacements of the pumping tubes shown in Figure The
last column shows the relative differences respect to the results shown in Tab]e

As it can be seen, the higher the energy, the higher the effect of the displacements; this is in
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line with the fact that output recoil angles are slowly increasing with energy (see Appendix |B| for the
kinematics of this reaction). Figure[£.15 shows in black the maximum recoil angle for our centre of mass
energies whilst the red dots just indicate the trend. Therefore, the effect of the tube displacements will
also increase with energy.
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Figure 4.15: Maximum output recoil angle distribution for different centre of mass energies. In black colour one can see
the centre of mass energies corresponding to our beam energies

The effect of each pumping tube displacement can be observed for example in Figure[#.16] Here,
the number of recoils stopped in the different volumes is displayed for the 3.5 MeV energy. The number
of stopped recoils before Q1 is increased from 5199 for no displacements (a), to 10420 with displacement

(b).
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Figure 4.16: Simulated recoils stopped in the DRAGON pumping tubes at 3.5 MeV beam energy. The volumes are named
according to Figure (a) with no displacements and (b) with the displacements shown in Figure

Clearly, the displacement of the volume labelled as "K", placed just before the first quadrupole Q1,
has a crucial effect on the acceptance. As it can be seen the displacement of volumes "E" and "C" are also
significant. The new kinematic curves after considering the effect of the tubes displacements are shown

in Figure[f.17]
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Figure 4.17: Kinematic curves after introducing the pumping tubes displacements. The red dots show the recoils pro-
duced and the blue ones corresponds to those detected in the DSSSD.

Unless otherwise specified, the transmission values epracon shown in Table which also in-
clude the effect of the displacements in the pumping tubes will be considered as the final transmissions of
DRAGON for our reaction.

44.1 The DSSSD and the BGO spectra: simulations and data

Here, several tests will be discussed to determine the reliability of the simulations. Figure
shows a comparison between the simulated (in red) and real (in blue) DSSSD spectra for the ~3.5 MeV
and ~5.2 MeV beam energy cases. For the 3.5 MeV case, the tiny differences between the two spectra
are due to two effects. Firstly, for the DSSSD calibration a 0.5um dead layer has been considered to
calibrate the detector, however, this is not accurate enough and moreover, the triple alpha energies used
to calibrate the detector are not close to this recoil energy. This implies an offset in the calibrated DSSSD
energy. Secondly, the real DSSSD resolution is not considered in the simulation, which would increase the
width of the simulated recoil peak.

An example comparing the experimental and simulated DSSSD hit-maps is displayed in Figure
where, in the left column, we see the simulated hit-maps for the ~5.2 and ~3.5 MeV beam energy
cases and, on the right side, the corresponding simulated hit-maps. Whereas for the 3.5 MeV case the
recoil spots are more or less centre in the DSSSD in both the simulated and experimental hit-maps, for
the 5.2 MeV different recoil spot displacements can be observed. In order to account for these differences,
the different input parameters are varied and the resulting effects are considered to determine systematic
uncertainties in the transmissions shown in Table 4.6

For the BGO detectors, two examples of the spectra comparing the simulations and experimental
data are shown in Figure Both, experimental and simulated spectra display the energy of the BGO
whose recorded energy for the given event is the maximum among the thirty BGO detectors. Only the
events that are in coincidence with recoils measured in the DSSSD have been considered in both exper-
imental and simulated histograms. As it was discussed in Chapter [3} it is not possible to identify the
prompt ~y-ray peaks in the total single BGO spectra (without coincide with the DSSSD) due to the high
background contamination including some beam induced background (see Figure.
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Figure 4.18: Comparison between the simulated DSSSD spectra (red dash line) with the measurements (in blue) for beam
energy of 5.2 MeV (top) and 3.5 MeV (bottom). The highest peaks show the recoiling ” Be nucleus in the DSSSD.
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Figure 4.19: DSSSD hit-maps for beam energies of ~5.2 MeV and ~3.5 MeV. For simulations (left) X and Y are shown
in cm and from measurements (right) with the X and Y axis indicates the strip number. In order to increase the statistics
for the hit-maps in these plots 2-10° beam particles were simulated. The apparent difference between simulation and
measurements could be due to the lack of an accurate knowledge of all DRAGON parameters or the exact DSSSD position

and eventual angle.
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Figure 4.20: Comparison between the simulated BGO spectra (in red) and the experimental (in blue) in coincide with
the " Be recoils. The two highest energy peaks correspond to the v-rays from the de-excitation of the capture state to
the ground and first excited states. It must be pointed out that for the 5.2 MeV, the real simulated spectrum has been
multiplied by four in order to have comparative number of counts in the v peaks comparing to the experimental one.

The peak width differs between the simulated and experimental spectra as the proper resolutions
of the BGO detectors are not included in the simulations. The relative intensity of the two peaks seems
to be different between experimental data and simulations, this is due to the assumed S1 /Sg ratio in the
simulations and further analysis on that will be performed in the following sections.

The BGO hit-maps patterns have been simulated independently for each « peak that are selected
by placing the corresponding coincidence gates in energy (see Figure[f.21]for the 3.5 MeV case).
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Figure 4.21: Energy gates performed in the experimental data spectrum (top panel) and the simulated one (bottom panel)
for the 3.5 MeV beam energy case.

Figuresandshows the BGO hit-maps for the 7 and ~; rays at the different beam energies
that are obtained by placing the corresponding energy gates.
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Figure 4.22: BGO hit-maps corresponding to . The simulated histograms are normalised to the total number of hits in
the experimental data. Each panel is tagged with E?¢a™,
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Figure 4.23: Same as Figurebut for ;.
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Further investigations of the influence of the  angular distribution assumptions will be made in
the following section. In order to quantify the dispersion between simulated and experimental data, [ will
use X?,71 value defined as:

30 (ngiata _ Nisimu)Q

X12/71 = (Z

)/29 (4.3)
i=1 U?vdata + 012\15“““

where N id‘“a and N fimu are the number of y-counts in a given BGO detector and o Ndata and o Nsimu are the
i i

associated errors, respectively. The results are shown in Table

Eige MeV) | ~65 ~52 ~47 ~35
xZ_1(10) 75 53 1.1 6.7
X2 ,(n) | 82 111 64 56

Table 4.7: x2_, as defined in expressionfor the comparison of the simulated and experimental BGO hit-map.

4.5 Simulations for Estimating Uncertainties in epracon

In the previous section some discrepancies have been observed when comparing the simulated
and the experimental data. Furthermore, differences between the simulated mean recoil energies and
those used for setting up the DRAGON separator have been observed. These are originated because
the DRAGON programme considers only the change in mass of the nuclei without taking into account
the differences in energy loss between beam and recoils. An analysis of the output mean energies shows
agreement with those calculated using SRIM, which suggests that the ”Be recoils lose approximately seven
times more energy than an alpha particle crossing the same distance for a given energy. Indeed, it has
been proved that the transmissions increase notably by considering the mean energies to scale DRAGON.
However, the range of mass and energy for the reaction partners is one in which energy loss is poorly
described by theory [11i07].

Therefore, with a better understanding of the results from the original series of simulations, a
number of additional tests have been carried out to determine the sensitivity of DRAGON to several
parameters. The central values of the transmissions are those shown in Table[4.6|and their sensitivity to
the parameters are considered when determining the uncertainties. In the following, only information
differing from what already presented will be detailed and it will always be considered that the number
of beam particles simulated is 10°.

4.5.1 Gas target density profile

The density profile of the windowless gas target was determined experimentally using the method
explained in section|3.3.3.4] In the simulation, a step function fit of the experimental data was used (Figure
[3). In order to account for both the uncertainties in the experimental data and those related to the fit,
variations in the width and steepness of the profile are considered as possible sources of systematic error
in the results of the transmissions.

Effective length of the gas target

In order to estimate the error in the transmission related to the target length, the actual effective
target length of 12.3 cm is varied ~ -0.5 cm, according to the red fit in Figure The new step function

is shown in purple in Figure[d.24]
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Figure 4.24: Step target density profiles for the effective lengths of, original 12.3 cm (red) 11.75 cm (purple) and 12.8 cm
(brown) compared the experiments (blue dots).

The results are shown in Table .8 where the last column indicates the relative differences com-
paring with the final transmissions shown in Table

Run Eape "Berecoils “Berecoils Transmission Relative Difference

(MeV) created detected (%) (%)
~6.5 25383 14624 57.6+0.6 +0.45+1.47
2011 ~5.2 38825 22710 58.5+0.5 +1.36+1.19
~3.5 54010 28191 52.240.4 +1.82+1.05
2013  ~4.7 36921 26625 72.14+0.6 +0.64+1.13

Table 4.8: DRAGON transmissions when the target effective length is 11.75 cm (see Figurel4.24). The last column displays
the relative differences between the transmissions obtained here and those shown in Table|4.6

As observed, reducing the effective length of the gas target does not have a large effect on the
transmission. As expected, the maximum relative difference is for the the lowest energy because the
energy losses (i.e. the gas quantities) play a more determining role for lower energies.

Even though the effect of considering a change in the effective length does not play a very in-
fluential role, the opposite case in which the width of the profile is increased must be investigated. The
corresponding step function is shown in brown in Figure and the resulting transmissions are dis-

played in Table
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Run  Eiy,  "Berecoils 7Berecoils Transmission Relative Difference

(MeV) created detected (%) (%)
~6.5 14784 26691 55.4+0.6 -3.43+1.15
2011 ~5.2 23532 41397 56.84+0.5 -1.50+0.89
~3.5 28745 56660 50.7+£0.4 -1.04+0.77
2013 ~4.7 27945 39466 70.8+0.6 -1.1940.89

Table 4.9: DRAGON transmissions when the effective length is 12.8 cm (see Figure. TheThe last column displays
the relative differences between the transmissions obtained here and those shown in Table

In this case, for the three lowest energies the relative differences are similar to the ones obtained
in Table@ for the 11.7 cm effective length. However, a significant relative difference is observed for the
highest energy. A possible explanation could be related to highest influence of the tube displacements for
the higher energy (see Table[4.6).

Steepness of the gas profile

Although from the previous analysis it is not expected a high effect from changing slightly the
target density profile, it is necessary to examine the effect of modifying the steepness of the step function
by considering that the pressure decrease more rapidly and thus the pressure is higher in the extremes.
The new step function is displayed in purple in Figure where it can be observed that in the two first
steps out of the centre (cell apertures) the pressure decrease more rapidly than in the original one (red).
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Figure 4.25: New step functions in purple (and green) where the pressure decreases (increases) more rapidly than in the
original one (red).

The transmissions obtained with the modified step function are displayed in Table As ex-
pected, the relative differences are negative because the proportion of the gas further upstream is higher
and as expected from Figure[E10] the recoils created further upstream are more likely to be stopped. The
relative differences are similar to those obtained by changing the effective target length in Table
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Run  Eiy,  "Berecoils 7Berecoils Transmission Relative Difference

(MeV) created detected (%) (%)
~6.5 26575 14758 55.5+0.6 -3.18+1.15
2011 ~5.2 40612 23092 56.94+0.5 -1.47+0.90
~3.5 56766 28561 50.3+0.4 -1.86+0.76
2013 ~4.7 39263 27914 71.14+0.6 -0.79 +0.89

Table 4.10: DRAGON transmissions when the profile step function is changed to this in purple in Figure The last
column displays the relative differences in the transmission values between the results here and those shown in Table

The same study has been made considering that the pressures decreases more smoothly in the
cell apertures. The step function is shown in green in Figure and the corresponding transmissions
are given in the Table The relative differences are also smaller due to the lower proportion of gas
downstream.

Run  Eay, "Berecoils 7Berecoils Transmission Relative Difference

(MeV) created detected (%) (%)
~6.5 14687 26184 56.14+0.6 -2.20+1.17
2011 ~5.2 22995 39870 57.7+0.5 -0.06£0.92
~3.5 28298 55244 51.2+0.4 -0.08+0.78
2013 ~4.7 27409 38322 71.54+0.6 -0.19£0.91

Table 4.11: Transmissions when the profile step function is changed to this shown in green in Figure[4.24] The last column
displays the relative differences in the transmission values between the results here and those shown in Table

The final error contributions associated to the target density profile are given in Table The
introduced uncertainties are smaller than 2% except for the highest energy, where in line with the observed
effect of the tube displacement, the introduced uncertainties are considerable higher.

Run  Eay,  Original Transmission  Uncertainty associated to ~ Uncertainty associated to

(MeV) (%) the effective length the steepness

~6.5 57.4:£0.6 0 213
2011 ~52 577405 o 0.0

~35 513403 iy 1000
2013 ~A7 71.740.6 e o8

Table 4.12: Systematic errors introduced to the final transmission efficiencies due to the assumptions made on the target
density profile. For the given energy, the fourth column gives error for considering a 11.7 cm effective target length (top)
and 12.8 cm (bottom). The fifth column shows the error from a rapid pressure decrease in the apertures (up) and a more
smoothly pressure decrease (bottom).
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4.5.2 Beam offset

The beam from ISAC facility can vary in transverse emittance and in central location. During
the experiment, the central location of the beam is monitored with the CCD camera inside an alignment
port of the first magnetic dipole. However, there is a possibility that the beam can drift in the transverse
directions to the beam direction during a period of time. Thus, the next step will be to analyse the effect
on the transmission from transverse offset beam displacements of +1mm in both « and y directions.

X-axis

The transmissions obtained by considering +1 mm displacement in the « direction are given in

Table

Run Eayge Transmission  Relative Difference  Transmission Relative Difference

(MeV)  +1mm-X(%) (%) -Imm-X(%) (%)

~6.5 57.6+0.6 +0.36£1.48 54.6£0.6 -4.87 £1.18
2011 ~52 58.9+0.5 +2.054+1.20 544405 -5.6540.90

~35 51.9+£0.4 +1.2841.06 493404 -3.8640.78
2013 ~47 73.94+0.6 +3.074+1.18 66.7+0.5 -6.93 +0.86

Table 4.13: DRAGON transmissions with beam displacements of &1 mm in the x direction. Columns titled with "Relative
Difference" show the relative difference comparing to the transmissions shown in Tab]e

A significant difference is observed respect to the simulations shown in Table According to
the results, a displacement in the negative direction produces higher change in the transmission than a
displacement in the positive direction. The relative differences are higher for the 2013 run, and Figure
shows that pumping tubes placed downstream the target cell are the responsible for the significant
increase in the number of stopped recoils for a displacement of -1 mm in the x direction.

18

16—
14—
12

10

4=
2
Ok LIl L1 bl | L

D=V s SV B T 4 ©o = o @
EEoc30088388uWgFg3d

Stopped/Created (%)
T

o 00

CELL
CMBR
Q5
Quf—
BP12[C
E2 E
cas -
BP13 E
Q12[—
Q13
Q14
c28

Figure 4.26: For the 4.7 MeV beam energy case, the blue bars show the volumes where the recoils are stopped without
any beam offset (° Table, and in brown where the recoils stop with a -1 mm displacement in the x axis. The numbers
are given as the ratio of the number of recoils stopped in a given volume to the total number of recoils created.

116




“thesis” — 2016/11/20 — 11:26 — page 117 — #137

4.5. Simulations for Estimating Uncertainties in epracoN

Y-axis

The same type of analysis has been performed to see the influence of a displacement in the y
direction. The results for both +1 mm and -1 mm offsets are displayed in Table[f.14]

Run  Eap,  Transmission Relative Difference  Transmission  Relative Difference

(MeV)  +1mm-Y(%) (%) -1mm-Y(%) (%)
~6.5 55.240.6 -3.8341.19 56.5£0.6 -1.55 £1.20

2011 ~52 55.2:0.5 -4.354+091 56.740.5 -1.8140.92
~35 493404 -3.91+0.78 50.6:0.4 -1.2340.79

2013 ~A7 68.240.6 -4.8540.89 70.640.6 -1.45 £0.92

Table 4.14: DRAGON transmissions with beam displacements of +1 mm in the y direction. Columns titled with "Relative
Difference" show the difference with the transmissions shown in Table

In this case a significant decrease in the transmission is observed for both displacements, being
clearly higher when the displacement is in the positive direction.

The uncertainties introduced to the final transmissions as a consequence of the beam location in
the 2 and y axis are summarised in Table[£.15]

Run  Esy,  Original Transmission  Uncertainty associated to ~ Uncertainty associated to

MeV) (%) x-axis displacement y-axis displacement
~6.5 57.4:£0.6 03 s

2011 ~52 577405 +12 =0
~35 513403 7 o

2013 ~47 71.7+0.6 28 o

Table 4.15: Error introduced to the transmission efficiencies from the uncertainty in the beam location along with the =
and y axes.

4.5.3 Beam emittance

As described in sectionthe beam emittance is introduced in GEANT by defining a Gaussian
beam spot distributions obtained from the experimental beam transmissions and Gaussian divergence
distributions calculated from the normalised beam emittance from ISAC-I. In order to account for the
effect of changes in the beam emittance on the acceptance, the beam transmission and beam divergence
have been varied according to the experimental uncertainties.

Beam transmission

Here o 1 and o | correspond to the changed beam transmission by +3 units with respect to those
given in Table The values of Af,,, are changed accordingly. Tableshows the values considered
for the modified o, together with the DRAGON transmissions and relative differences respect to the
values in Table[£.6] The associated uncertainties to the transmissions are shown in Table[4.17]
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Run  Eay, 04y T Transmission R. Difference o,,, ] Transmission R. Difference

(MeV)  (mm) (%) (%) (mm) (%) (%)
~65 160 56.5+0.6 1474120 140 57.240.6 -0.32+1.16

2011 ~52 126 56.9:£0.5 1.34£092 075 60.3£0.5 -451£1.21
~35 137 50.5+0.4 1414079 114 52.0+0.4 1.34:+1.04

2013 ~47 136 70.4£0.6 -1.80+090 113 71.9:£0.6 0.30£1.11

Table 4.16: DRAGON transmissions when there is an increase (05, 1)/decrease (0, |)in the beam transmission.
Columns titled with "R. Difference" show the relative difference comparing to the transmissions shown in Table

Beam divergence offset

Following the systematic procedure so far, in which an offset has been introduced in the beam
spot, and the beam spot distribution and beam divergence were changed simultaneously to fit the beam
transmissions, the next step is to study the influence of a likely offset in the beam divergence itself. For
that, a £0.5 mrad offset has been introduced in both A6, and Af,. In the programme the particles are
randomly selected with the divergence detailed in the section and after that 0.5 mrad are added to
the divergence in the selected direction for each event (see Fig.

*2 - Integral 1e+05
8 B Constant 1.419e+04
O - Mean 0.0004991
i Sigma 0.0005622
10000
5000+
7I , , , | " | , , | L
-%.004 -0.002 0 0.002 0.004
A8, (rad)

Figure 4.27: An offset of +0.5 mrad in the divergence in the x direction, A0, for the 6.5 MeV beam energy. Red
histogram corresponds to the original x divergence distribution, A, =0.56 mrad. Events are randomly selected from
this distribution. Later, a displacement of 0.5 mrad is added to the events (blue distribution). The black curve shows a fit
to the distribution, and the parameters show the same width (0.56 mrad) but a displacement of 0.499 mrad.

The errors introduced in the transmissions due to the offsets in the beam divergences are dis-

played in Table
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Run  Esy,  Original Trans.  Uncertainty from Uncertainty from  Uncertainty from
(MeV) (%) beam transmission =~ Af, displacement A6, displacement
~6.5 57.440.6 —9-2 e o8
2011 ~52 57.740.5 fae 08 1013
~35 51.340.3 +o7 09 Tod
2013 ~A7 71.740.6 +02 03 Yo

Table 4.17: Error introduced to the final transmission efficiencies from the uncertainty in the beam divergence along the
x and y axes. The top values show the uncertainties when the offsets are in the positive direction (+0.5 mrad) and the
bottom ones show the relative to -0.5 mrad.

4.54 Beam energy

The next parameter to be examined is the *He beam energy from the ISAC-I facility. To account
for the uncertainties in the central beam energy, the simulations were run considering central energies
of +0.17% comparing to the original simulations and considering the same Gaussian widths ([HRE12]).
Table shows the new simulated beam energies (higher and lower) in the second column and the
associated uncertainties in the fourth column.

Run  Eay, Original Transmission = Uncertainty associated to

(keV) (%) mean beam energy
6359 57.440.6 té?

2011 3493 57.7+£0.5 tiﬁg
3204 51.340.3 18

2013 375s 71.74+0.6 +0.4

Table 4.18: Error introduced to the final transmission efficiencies from the uncertainty in the mean beam energies. The
new beam energies are shown in the second column where the top value represents a 0.17% increase from the original
values and the bottom one represents a 0.17% decrease. The associated uncertainties are shown in the fourth column.

As it can be observed a variation in the mean energy results in a relatively big change in the recoil
transmissions. This is not an unexpected result because as it was presented above the energy plays the
more determining role in the DRAGON transmission.

An increase in the beam energy leads to an increase in the energy of the recoil and a mean output
energy closer to the value that the separator was tuned for, thus an increase in the transmission. For the
2013 run, the tuning energy was set manually closer to the real mean output energy, thus an increase in
the tuning energy does not have a big effect in the transmission. A decrease in the beam energy leads to a
decrease in the transmission because of the same reasons.

4.5.5 The branching ratio S,/S,

The next investigation is to check the influence of the S; /Sp ratio for the population of the first
excited and ground states of the "Be recoils. The values adopted so far are those shown in Table
based on the extrapolations in reference [CD08]. However, the simulated BGO spectra (see Figure [4.20)
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show that the ~y; /o ratio (being 1 and g the areas under the corresponding «y peaks) is different when
comparing to the experimental data.

In order to double check the influence in the DRAGON transmission of the assumptions made
about the S1/Sp ratio and try to reproduce the experimental ~1 /7o ratio, a first series of simulations have
been performed. Based on the same area of the vo and 71 experimental peaks (cf. Figure E20), the first
assumption is to employ a S1/Sp ratio equal to 1. The transmissions obtained are shown in the third
column in Table Whereas the relative differences shown in the fourth column are similar to those
obtained by varying other parameters as divergence, the relative S1 /Sg ratios are clearly larger than those
obtained with the experimental data (see Figure[f.28). This effect is due to the contribution from the escape
peak corresponding to the yg rays (v0-511 keV) to the v1 peak.

Run Eapge Transmission (S1/Sp=1) R. Difference S1/Sp  Transmission R. Difference

(MeV) (%) (%) (%) (%)
~6.5 58.4+0.6 1.744+1.47 0.393 56.0+0.6 -2.42+1.17
2011 ~5.2 59.6+0.5 3.35+1.21 0.495 58.04+0.5 +0.55+1.18
~3.5 53.0+0.4 3.32+1.06 0.420 51.3+0.4 +0.04£1.03
2013 ~4.7 73.5+0.6 2.58+1.14 0.423 70.8£0.6 -1.14+0.9

Table 4.19: Transmissions obtained with different Sy /Sy ratios. The third column shows the transmissions associated
with Sy /So=1. The sixth column shows the transmissions with the S; /Sy ratios displayed in the fifth column. The
relative differences are calculated with respect to the transmissions in Table|
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Figure 4.28: BGO spectra comparison between the experimental data and simulation with Sy /Sy =1. Both simulated and
experimental spectra are shown in coincide with a ” Be in the DSSSD.

Further simulations have been carried out to get closer values to the experimental v /o data.
The fifth column in Table shows the final ratios which better reproduce the experimental values.
Columns sixth and seventh show the associated transmissions and relative differences, respectively. In
order to be conservative the maximum errors among the different tested S; /Sg ratios will be considered
and are given in the fourth column in Table[£:20} A good agreement can be seen between the experimental
and simulated 1 /~o ratios shown in fifth and sixth column in the same table, respectively.
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Run  Eapy,  Original Transmission  Uncertainty from v1/70 Y1/70
(MeV) S1/So Experimental  simulation(*)
~6.5 57.440.6 1y 1.09+0.02 1.1340.03
2011 ~5.2 57.740.5 N 1.25+0.01 1.26+0.03
~3.5 51.340.3 o 0.9940.02 1.03+0.02
2013 ~47 71.740.6 18 1.02+0.03 1.0140.02

Table 4.20: Errors introduced in the simulations due to the variation of the Sy /Sy ratios (fourth column). The fifth and
sixth columns show the 1 /o experimental and simulated ratios, respectively. It is worth noting that the peak intensities
are taken from the ~y spectra in coincidence with recoils in the DSSSD.

(*) Corresponding to simulations with the S1 /Sy ratios shown in the fifth column in Tab]e

4.5.6 ~-rays angular distributions

So far in the simulations the prompt y-ray angular distributions emitted in the 3He(c,y)"Be re-
action are considered isotropic. This assumption would be experimentally justified at energies below
Ecv=1.23 MeV [DGK09, BBS07]. However, our measurements have been carried out at energies above
Ecm=1.23 MeV. Therefore error contribution from -y anisotropy should be considered, for which the sim-
ulations have been done. For that, the v angular distribution from reference [TP63a] has been considered.
They calculated the prompt vy-rays of the >He(«,7y)"Be reaction using the He+%He scattering phase shift
and expressed the differential cross section as a function of the angular momentum of the final state of
"Be (ground state or first excited state) as:

3—; = o0(Jp)[1 + a1(Jf)cos® + az(Jy)cos?© + as(Jy)cos®O + a4(Jf)cos4@} (4.4)
where J; is the angular momentum of the "Be final state, © is the polar angle of the gamma ray in the
centre of mass system with respect to the beam axis, and a1, a2, a3 and a4 are energy dependent coeffi-
cients and vary depending on the final state populated in the "Be. For our beam energies, the coefficients
for both ground state and first excited state have been extracted from their energy dependent coefficient
plots, and the differential cross section are given by:

6.5 MeV: do | oo(Jy)[1 — 0.66c0s© — 0.034c0s%O + 0.51cos>O© — 0.043cos*O, for ground state
dQ2 a0(J£)[1 — 0.09c0s© — 0.2c0s?© + 0.03cos3© + 0.0cos? O, for first state

5.0 MeV: do | oo(Jys)[1 — 0.226c0sO — 0.02c052O — 0.02c0s%O + 0.017cos*O, for ground state
s a0(Jf)[1 — 0.034c0s© — 0.08c0s2© — 0.03cos3O© + 0.0cos?O, for first state

47 MeV: do | oo(Jys)[1 —0.173c0sO + 0.025¢052© + 0.00c0s3O + 0.017cos?O, for ground state
dQ o0(J#)[1 — 0.033cos© — 0.02c0s20 — 0.02¢0s%© + 0.0cos*O, for first state

3.5 MeV: do | o0(Jf)[1 —0.036c0sO + 0.109c0s%O — 0.047cos3O + 0.017cos*©, for ground state
ag o0(J#)[L — 0.066c0sO + 0.097cos2© — 0.047cos3© + 0.0cos*O, for first state

Using these expressions, the relative probabilities for the direction of the « rays are introduced
in the simulations as a function of cos©. Thus, the relative probabilities of the direction of the +y rays are
randomly selected from those shown in Figure[4.29]
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Figure 4.29: Relative probabilities for the direction of the prompt y rays populating the ground state (blue) and the first
excited state (red) at E**™™=6.5, 5.2, 4.7 and 3.5 MeV that are introduced in the GEANT 3 code.

Table shows the transmissions obtained with Tombrello and Parker’s distributions, together
with the relative differences comparing to those in Table @and the associated errors introduced to the

acceptance.

Run Esyge  Transmission  R. Difference Uncertainty from
(MeV) (%) (%) Angular Distribution
~6.5 58.91+0.6 2.714+1.49 +1.6
2011 ~52 60.6+0.5 5.07+1.22 +29
~3.5 52.4+0.3 2.20£1.05 +1.1
2013 ~47 72.1+0.6 0.62+1.12 +0.4

Table 4.21: DRAGON transmissions for the ® He(c.,y)” Be reaction when the gamma angular distributions are the calcu-

lated for Trombello and Parker in reference [TP63al].

In order to compare with the isotropic distribution, Table shows the x?H 1 values calculated

using the expression
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~Eige MeV) | 65 52 47 35
57 77 70 55
103 82 55 47

x2_1(v0)
X2 _1(n)

Table 4.22: x2_| as defined in expression|4.3|for the comparison of the BGO hit-maps between the simulations and the
experimental data when the Tombrello and Parker distributions are assumed in the simulations.

Observing the Tables 7] and for the two angular distribution we believe that, with more
extensive simulations, we will be able to reduce the X12,71 by varying from ag to a4. For now, the changes
observed in varying the angular distribution will be considered as an uncertainty introduced in the final
transmissions.

4.6 epracgon Values and Uncertainties

The total systematic error contribution to the acceptance must be calculated from the estimated
uncertainties. Conservative values of the uncertainties in each parameter previously described were used.
The correlation between the parameters could have been accounted for, however, due to the lack of precise
knowledge for the correlation between the variables, the total systematic errors in the acceptance can be
considered as an upper limit. To calculate the total systematic errors introduced in the transmissions, both
positive and negative contributions were treated independently. Therefore the total positive systematic
error is given by:

(4.5)

being the acj' the positive uncertainties associated to the different experimental parameters tested in the
simulations. In the same way, the total negative error is given by:

(4.6)

The final values of the transmissions and associated statistical and systematic errors are shown in
Table whilst a list with all tested parameters and their associated systematic uncertainty contributions
to the transmission is given in Table

Run Eapge Transmission  Statistical =~ Systematic
(keV) (%) Error Error
6553.88 57.4 +0.6 t23
2011 5165.97 57.7 +0.5 +30
3521.61 513 403 39
2013 4716.45 717 +0.6 30

Table 4.23: Final DRAGON transmissions e pracon and associated statistical and systematic errors.
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Parameter Run | Eay, (MeV) | Systematic Error (%)
0.3
~6.5 00
0.8
TDP Effective Length 2011 ~52 Toe
~3.5 +0.9
: —0.5
+0.5
2013 ~47 05
—1.8
~6.5 1.3
~0.8
TDP Steepness 2011 ~52 +?.8
~3.5 40.0
~0.6
2013 ~47 06
0.2
~6.5 B
F1.2
x Beam Offset 201 ~52 _33
~3.5 i‘g'g
+2.2
2013 ~47 22
—2.2
~6.5 —0.9
2.5
y Beam Offset 2011 ~52 _1.0
~35 —2.0
: —0.6
—35
2013 ~47 —33
—0.2
~6.5 —0.8
+2.6
Beam Transmission 2011 ~5.2 —0.8
~3.5 +0.7
—0.7
0.2
2013 ~4.7 102
—1.1
~6.5 Z10
~ $0.0
AB, Beam Offset 2011 5.2 +0.1
~35 —0.6
: —0.1
~0.3
2013 ~47 03
—0.8
~6.5 —0.8
0.0
A6, Beam Offset 2011 ~52 40.3
‘ ~3.5 —0.2
: +0.4
—1.2
2013 ~4.7 1ol
1.3
~6.5 t&l
N +1.8
Beam Energy 2011 5.2 jr fg
~3.5 1.7
0.4
2013 ~47 104
1.0
~6.5 M
+1.9
S1/So 2011 ~5.2 ;?‘?
~35 —0.3
1.8
2013 ~47 18
1.6
~6.5 th
N +2.9
~ Angular Distribution 2011 5.2 —2.9
~35 +1.1
: —1.1
0.4
2013 ~47 104

Table 4.24: Experimental parameter tested in the t}‘aznzlsmissions simulations and their systematic errors.
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"Physicists like to think that all you have to
do is say, these are the conditions, now what
happens next?."

Richard P. Feynman

CHAPTER

ANALYSIS AND RESULTS

Abstract: In this chapter the analysis techniques, calculations and procedures to treat the data from the two
experiments are detailed and the final results are presented in two main parts corresponding to the two experiments.
The chapter begins with the analysis of the Activation Experiment and follows with the one for the Direct Recoil
Counting Experiment, focusing on the different observables and final results for the S-factor of the 3He(c,7y)" Be
reaction at the energies of our investigations.

Experiments are the keys to determine properties such as nuclear radius, spin and parities or
cross sections. Following an experiment the more tricky task of data analysis starts which is crucial in
obtaining meaningful results. Eventually, this allows for progress in understanding various processes,
e.g. the formation of primordial elements in the Universe.

Different nuclear physics experiments are performed in order to obtain the same information, usu-
ally in order to reduce errors in the measurements and to provide consistent results that makes possible
to explain different phenomena and understand the underlying physics. In addition, the development of
new systems, such as detectors and advanced electronics takes place benefiting the society and improving
the results of the experiments.

Experiments devoted to measure the cross section of astrophysical reactions aim at precise mea-
surements. Theoretical models are used to extrapolate the experimental values down to the astrophysical
relevant energies that are unreachable with current experimental systems. Therefore, constraining models
using different measurements and complementary methods are required. This demands fool-proof anal-
ysis procedures that provides a very good understanding of all possible sources of errors in the data that
allows for a reliable evaluation of the observables.

It should be noted here that this is a high precision measurement where each parameter of the
experiment has to be treated with specific care and thus I dedicate this chapter to the data treatment.
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5. Analysis and Results

5.1 Analysis I: Measurements using the Activation Method

Based on the expression the astrophysical S-factor for the He(a,y)7Be reaction, S34(E) is
expressed by:

S34(E) = 034(E) - E - €2™1(F) (1)

where E is the centre of mass energy (Ecy) and o34 the cross section of the reaction.
The reaction centre of mass energy is given in this case by (see appendix [B):
T
Mipe beam
Ecm = Ml tmb Esfe (52)
4He 3He
where the different m are the nuclear masses in atomic units. In the following, T will refer to the Target
and B to the Beam. Eg;‘g is the beam energy at the moment that the reaction happens.
The reaction cross section is given as:

Y7Be

oB
N 3He

o34 = —= (5.3)

o
N 4He

where Y7z, N°fHe and N°§He are the total yield of recoils produced, the gas target areal density and the

total number of incoming beam particles, respectively. In the diagram of the activation setup shown in
Figure[p.T|the different observables required to determine the cross section are indicated.

Silicon detector NOB
3He Monitoring
Scattered beam
Collimator

Pressure gauge N° B

3.
Suppresor He

\ Charge Integration

1
*He Gas
3Hebeam () G | =
y 32 | -
E _—Ni foil Cu mtchér
?‘\/ ! : Y;Be Activation
i ! Insulator : '
P,T g Target length (¢) g
K 16.4cm J

Figure 5.1: Scheme of the experimental setup used for the activation method in Madrid. The positions at which the
different observables for determining the cross section are indicated: the " Be yield from the deposited recoils in the Cu

catcher, the * He gas target areal density (assuming an ideal gas behaviour) and the ® He beam from the charge integration
and the silicon detector monitoring the scattered beam.

In the following, details of the analysis performed in order to obtain the number of beam particles,
the target density parameters, the number of recoils produced and the reaction centre of mass energy are
presented.
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5.1. Analysis I: Measurements using the Activation Method

5.1.1 The number of *He beam particles: N°Bsy,

The number of incoming beam particles are determined by using two methods simultaneously:
(1) by measuring the incoming current using the target chamber as Faraday cup, and (2) by counting the
scattered beam particles into a collimated silicon detector positioned at 44.9°.

During the experiment, every 30 minutes the accumulated number of pulses corresponding to the
integrated electric charge in the chamber and the online scattered peak integration in the silicon detector
were noted down. This allowed us to have control over the beam stability during the measurements.
Aiming to the same offline beam stability checks, the silicon spectrum was periodically saved as a new
file and cleared, and the same was done with the scaler information. As an example, the comparison of
the different files taken for the ~2.5 MeV beam energy is shown in Figure For each file, the charge
integration method consisted of obtaining the number of particles using the expression[3.4} In the case of
the silicon spectra, the scattered beam peak is integrated and the number of incoming particles is estimated
using the expression

15
o 25210
8250
g [ « Charge Integration
8207 .
o Tk e  Scattered Beam 2
L[
15— e
: _.""' °
L . °
10
- g
5,_ o,—"“- ¢
o S R R R R R AR A ‘

o
60 80 100 120 140 160 180 200 220 240
Measurement Time (min)

Figure 5.2: Comparison of the calculated number of beam particles for different files taken for a ® He beam at ~2.5 MeV
impinging onto a * He gas target at ~60 Torr. The estimated number of beam particles (y axis) is shown as a function of
the time for each measurement (x axis). The red and blue dots correspond to estimation using the charge integration and
particles scattered from the Ni foil methods, respectively. The black line is just to guide the eye.

As it can be seen, there is an excellent agreement between both methods for all files. The fluc-
tuations in the number of beam particles, apart from the time of each file, is due to the oscillations in
the beam current during the experiment. Nevertheless, this does not have influence in the estimation of
the total number of beam particles, because even though the current were increased or decreased there is
always agreement between the two methods. The same kind of agreement has been observed for all the
measurements with different energies.

Thus, for each energy, the total number of beam particles estimated with the scattered beam
method has been obtained by adding offline the individual spectra (see for example Figure[5.3), integrat-
ing the elastic scattered peak and applying the expression[3.6|assuming a kinetic energy corresponding to
the beam energy at the centre of the Ni foil. A cross-check using the LISE++ code[LIS|] has also been done.
In this case, the number of particles has been obtained by averaging the number of particles obtained by
assuming that the reaction takes place at the beginning, centre and the end of the foil.
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Figure 5.3: Spectra taken with the silicon detector for the ® He beam impinging onto a *He gas target. For ~4 MeV
beam energy and ~60 Torr target pressure (top), and for 5.3 MeV in and ~50.8 Torr (bottom). The most intense peaks
correspond to the scattered beam with the Ni foil window.

For the charge integration method, the number of pulses associated with each file has been added
and the current estimated using the expressionwhere one pulse corresponds to 10710 C. The total
number of beam particles for all the energies is shown in Figure for both, charge integration and
scattered beam particles methods and the values with the errors are shown in Table[5.6} Perfect agreement
between the two methods can be observed.

x1015
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Figure 5.4: Total number of *He beam particles for different energies measured at CMAM. The number of particles
estimated from the electric charge deposited in the chamber are shown in red, and the estimated using the beam particles
scattered from the Ni foil window are shown in blue.
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5.1.1.1 Error estimations

Taking into account all sources of error as shown in Table a 4.6% relative error has been esti-
mated by using standard error propagation of the number of beam particles estimated with the scattered
particles.

Parameter Error
value Contribution

Collimator radius 2.22%
(0.2740.03) mm

Distance Ni foil-collimator 0.99%
(22.134+0.11) cm

Collimator angle 3.38%

(44.9+0.4)°

Ni foil thickness 1.94%
(1.03£0.02) pm

Error Beam Energy 0.18%
(0.02-0.003) MeV

Error Particles Detected 0.02%

(v/Particles)

Table 5.1: Error contribution from the different parameters to the number of beam particles obtained using the scattered
beam in the silicon detector.

For the case of the charge integration method the errors have been estimated by considering the
relative difference between the number of beam particles calculated with both methods divided by two:

N?.’S’:Iattemng
—He ) 4 100/2
N. ntegration

3He

Relative Error (%)= (1 - (5.4)

The errors associated to the number of particles estimated with the charge integration method
oscillate between 0.42%-2.12%.

5.1.2 The “He gas target areal density: N°T.p,

The number of “He gas particles per square centimetre is given by the expression@ (Nt = 9.66 -
1018 TOT; - ). Here, £, P and T+T) are the target length in cm, the pressure in Torr, and the gas temperature
in kelvin, respectively.

Target length

The distance between the Ni foil and the front face of each Cu catcher (see Figure , i.e. £, was
determined at the beginning and the end of each run by measuring with a caliper the distance between
the front face of the Cu catcher and the inner face of the final chamber flange and subtracting it from the
16.4 cm distance between the Ni foil and the end of the chamber. The errors associated to £ are obtained
by propagating the caliper error (0.005 cm) for all the measurements performed.
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Target pressure

With a continuous gas flow, the pressure inside the chamber was continuously monitored and the
value was noted each 30 minutes, approximately. The difference between the maximum and the minimum
pressure values for all the runs was always lower than 2%, and lower than 0.16% for all the runs taken
in 2011. The associated errors have been determined from the error in the pressure gauge, considered as
0.10 Torr, and the standard deviation of the pressure readings. An example of pressure stability is shown
in Figurewhere the red dots are the *He gas pressure when the 2He beam impinged onto the gas with
an energy of 4010 keV. The blue line shows the average pressure and the marked blue region indicates the
error associated to the average.
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Figure 5.5: An example of the pressure stability in the activation experiment. The red dots give the * He gas pressure
readings performed during the measurement with the ® He beam at an energy of 4010 keV. The blue line indicates the
average pressure and the shaded region represents the associated error.

Temperature

The gas temperature inside the chamber has been considered as the accelerator hall room tem-
perature (To) plus the rising temperature due to the beam heating (Tc). The room temperature at the
accelerator hall was 22.5°C and it was known to be very stable, indeed an automatic alarm goes off when
a difference of & 1.5°C is observed, considered as the error for Ty. As our setup is the same as the one
used in to determine the cross section of the same reaction at lower energies, Tc has been
estimated by extrapolating the values reported there.

They measured the temperature correction (Tc) by using the resonance reaction °B(a,p)'2C with
asolid '°B placed in the Cu catcher position and an a beam, populating the 12.70 MeV state in *N [AL55].
Subsequently, the state decays by different channels emitting particles as shown in Table[5.2} For example,
with a cross section of 42 mb the 12.7 MeV state in !*N* decays by emitting a proton, ps, and populating
the 3.85 MeV state in 13C*. Subsequent ~-rays are emitted due to the de-excitation of the 13C* nucleus.
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Eo Fem.  '#N*  Outgoing  on Ty
Particle
(MeV+keV) (keV) (MeV) (x) (mb)  (keV)

« 1.7

Po 47 062

pP1 1.3 0.17

1518+ 4 14+4 12.7 P2 5.3 0.70
Ps 42 56

d 7.0 0.93

n 32 43

Table 5.2: Resonance in '°B+a at 1.518 MeV taken from [AL55]. Here, po, p1, p2 and p3 correspond to the ground and
the 3.09, 3.68 and 3.85 MeV states of > C. ~-rays are subsequently emitted in the de-excitation of the excited states in the
13

C* nucleus.

Basically, the procedure followed at the Weizmann Institute consisted of using a Nal detector
placed close to the target chamber at 90° with respect to the beam direction. The chamber was filled with
4He gas target at different pressures. The energy of the “He beam was increased for each pressure in order
to maximise the statistic in the y-ray Nal detector spectrum from the de-excitation of the 3.85 MeV state
in the 13C. The temperature correction is calculated from the energy loss in the gas target as the difference
between the incoming energy and the resonance energy. For a beam power of 1 W (500 nA current of
2 MeV beam) they report a temperature correction of Tc=17 K.

The beam power for our measurements is given by:

N, -E(MeV)-10° - e~
Beam Power = —He ( )

(5.5)
Tivp

and the temperature correction is determined using a linear dependence of T¢ with the beam power from
the values given in Ref. [NHNEHO04]. The associated errors to Tc are given by the fluctuations in the
beam current between the different files for each energy (i.e. see Figure[.2). The total error associated
with the temperature is given by 1.5°C plus the error due to Tc. It is worth noting that the temperature
correction Tc has been calculated using the beam currents from the two methods used (charge integration
and elastic scattering), being the differences between the Tc values the same compared to the currents
estimated with both methods (see Figure[5.2).

The values for pressure P, temperature (1o + T¢) and target length £ are shown in Table[5.3] The
results for the gas target areal density are shown in Table[5.6] The errors in the target density are calculated
by standard error propagation from the errors in P, To + T and £ shown in Table[5.3]

5.1.3 The "Be recoils produced in the Activation Method: Y-,

The "Be recoils were implanted in the copper catchers. The delayed 478 keV y-activity from the
catchers was measured off-line by placing them at a distance of 20 mm from a HPGe detector at the
low-background detection station at Soreq Research Center (see Figure [.12). This well-established ar-
rangement with an optimised solid angle had an effective shielding to suppress the ambient background.

Figureshows in the upper panel the total spectrum of the "Be catcher collected using a ~4 MeV
beam energy and in the lower panel a zoom view of the energy region of interest (478 keV) in blue for
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Year Esye To+Tc(*)  Pressure (P) Target Length (¢)
(keV) (K) (Torr) (cm)
2306.28 +£2.37  300.28£2.25  54.68 £ 0.07 13.29 +£0.02

3208.056 £2.99 309.26£2.19 63.77 £0.08 13.29 £ 0.02

2009  4410.42+3.82 316.56+9.83  50.66 + 0.01 10.82 +0.02

4811.20 +£4.09 318494792  50.83 £0.03 10.92 +£0.02

5312.19 £4.44  319.09£2.25 56.68 £ 0.07 13.29 £ 0.02

2105.89 +£2.23  301.64+2.11 60.14 £0.01 12.47 £0.02

2506.67 £2.51  303.22+£2.20  60.16 £ 0.01 11.64 +0.02

2011 2807.26 +£2.71  305.44+2.15 60.08 £0.01 12.00 £ 0.02

4009.63 + 3.54  307.81+2.45 60.18 +0.01 13.11 £ 0.02

4811.20 +4.09 312.714+3.63 51.16 £0.01 11.09 £ 0.02

Table 5.3: Values of the Ty+Tc, P and L parameters considered to determine the areal target density. See text for more
details.
(*) The values shown here include the T calculated using the beam currents from the charge integration.
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Figure 5.6: Spectra for the ~-rays from the catchers having implanted " Be. In the upper panel a total spectrum for the
7 Be catcher at ~4 MeV beam energy is shown. Some relevant peak energies are labelled. In the lower panel a zoom view
of the region of interest is shown for the measurement at 4 MeV beam energy (blue) and ~2.5 MeV (red).
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Figure 5.7: Spectra showing the ~ count rates for the catchers prepared with ~2.5 and ~4 MeV *He beams in red and
blue, respectively. The ~ count rate for the background radiation is shown in black. Note that the levels of the Compton
continuum bases are equal, as well as the heights of the 511.0 keV peaks.

~4 MeV and in red for ~2.5 MeV. These spectra were collected for durations of 241.1 and 168.0 hours
respectively, to minimize the statistical uncertainty in counting.

For comparison, Figure @ shows the count rate spectra for the ~2.5 and ~4 MeV together with
the count rate spectrum for the background measurement shown in Figure[3.14 Apart from not observing
any interference between the 478 keV and the 511 keV peaks, the height of the 511.0 keV peak in the
background is equal to the heights of this peak in the “Be catchers and the baselines of the three spectra
are the same. This is a clear indication that the annihilation v-rays of 511.0 keV are not coming from the
catchers but from the ambient background.

5.1.3.1 478 keV peak integration

In order to determine the net number of counts under the 478 keV peak, we have used the proce-
dure followed in reference [NEHYO07]. In the case of a non symmetric 478 keV peak, the peak is divided
in three regions, a central top region with g counts and two regions with G; and G2 counts in the left and
right sides, respectively. Two extra regions, one in the left side with B; number of counts and one in the
right side with B are considered in order to estimate the background under the peak (see Figure [5.8| for
the case of non symmetric peak where the top channel is taken as just one channel).

The total number of counts under the peak is given by: G=G1+Gz+g, and the baseline to be
subtracted assuming that the top region is just one channel is [NEHY07]:

0.5 0.5
mj+ B] n my+

B= B, (5.6)

ny ny

Thus, the net number of counts under the peak is given by: N=G-B and the associated uncertainty
is

dm:@+¥®r5 G.7)
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Figure 5.8: Peak regions defined in order to determine the net area under the 478 keV peak. The widths are ni, m;, na
and my and the number of counts of the different regions are B1,G1, G2 and By respectively. g indicates the counts under
the single top channel. Figure taken from

with o2(B) the variance of the baseline:

2 2
o2(B) = (ﬂ) By + (M) B, (5.8)
ng n

In case of getting a symmetric peak, i.e. two channels with the highest number of counts, g=0 and
0.5 must be removed in expression Table 5.4 shows the net number of counts N under the 478 keV
peak for the different energies within their statistical errors.

5.1.3.2 Determination of the total number of "Be recoils produced

After obtaining the number of net counts under the 478 keV ~ peak (V) the next step is to deter-
mine the total number of ”Be recoils produced for each beam energy.

Being N the number of counts in the 478 keV ~ peak measured during the decay time Ty, €4
the absolute detection efficiency of the HPGe detector, and B.R. the branching ratio populating the first
excited state in 7Li (see Figure , we can establish the total number of decayed "Be nuclei (Npgc)
during the time T4 by:

N
N, = — 5.9
DEC= B R (59)

A ~ detection efficiency of 0.0436+0.0010 (systematic uncertainty £2.29%) was obtained exper-
imentally using a “Be point source placed at the same distance of 2 cm from the HPGe detector and
different transverse positions.

On the other hand, denoting by Na and N the number of "Be nuclei in the catcher at the end

and at the beginning of the decay measurement at SOREQ), respectively, and Ty to the decay time, we can
write the Universal Law of Radioactive Decay for our case as follows:

Na(Ty) = Ng - e~ *7Ta (5.10)
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Thus:
No — Na(Tq) = Npec (6.11)
NpEc
No T (5.12)

where A is the decay constant expressed by A = %%/22 The half life t;/, of the "Be hosted in a copper
material is 53.353(50) days. More details can be found in reference [NEHYO07] for the measurement of the
decay rate of "Be in Cu.

Being T; the lost time since the implantation at CMAM finishes until the measurement of the
decay starts, it can stated that:

No = Npp-e Mt = (5.13)
Npyp = No-etT (5.14)

where Npvp is the number of “Be nuclei at the time when the implantation finishes.
Moreover, due to the fact that the “Be recoils are unstable nuclei, in order to determine the total
number of “Be produced we need to take into account the production of the recoils as well as their decay.

Generally we can assume that for a given implantation time ¢, the number of "Be nuclei present in the
catcher is denoted by:

ANy (t) = R-dt — X\- Ny - dt (5.15)

being R the reaction rate for the formation of the "Be nuclei, expressed by:

R=Ny-o-1 (5.16)

where Ny, is the areal number of nuclei in the target, o is the cross section, and I is the intensity of the
incident beam nuclei. Integrating the equation the number of "Be nuclei for a given time N (t) is
given by:

Ni(t) = ? S(1—eMY (5.17)
and thus, clearing R up:
Ny (t) - A
R= 1ot (5.18)

Denoting as Tivp the total implantation time shown in Table the reaction rate R during the
experiment is:

Nivp - A
R= 1 —e—2Time

(5.19)

where Npyp is the number of nuclei in the catcher at end of the implantation as shown in equation
Therefore, the total number of “Be nuclei produced will be given by:

Nrg, = R- Timp (5.20)

The values for the implantation times were given in Table [3.2} while the net counts under the
478 keV peak, the decay times T the lost times T; are shown in Table
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Year Espye N Tq T;
(keV) (counts) (d) (d)
2306.28 + 2.37 399477 0411 19.848
3208.05+2.99 1094.8+82.2 0.356 36.843
2009  4410.42 +£3.82 541974526 0.336  48.845
4811.20 £4.09  845.72+80.3 0.213  30.567
5312.19 +4.44  1938.8+84.0 0.274 16.225
2105.89 £2.23  538.0£78.1 0426 29.398
2506.67 + 2.51 934.9+64.4 0485 22.792
2011  2807.26 + 2.71 911.04+£72.5 0.452 23573
4009.63 + 3.54  2488.0+66.1  0.673  16.965
4811.20 £4.09  1487.3+86.6 0279  13.795

Table 5.4: Variables for the determination of the number of ” Be recoils produced during the activation experiment at
CMAM in Madrid. For the different energies shown in the second column, the net number of counts under the 478 keV
v peak are shown in the third column. The fourth column shows the decay times while the fifth ones shows the lost time
since the implantation finishes until the decay time starts.

5.1.3.3 Error contributions

The errors associated to the total number of 7Be recoils have statistical and systematic contribu-
tions. The relative (percentage) statistical errors for the produced 7Be recoils are the same as those given
for the net number of counts under the 478 keV peak as defined by the expression[5.7} A 2.33% systematic
contribution is quoted based on the uncertainties of the different parameters shown in Table[5.5]

Parameter Error
value Contribution
Ti,2 0.18%
(53.353:£0.05) days
B.R. 15! state in "Li 0.38%
(10.4440.04)%
HPGe efficiency 2.29% (*)
(4.362:0.10)%

Table 5.5: Systematic contribution to the uncertainty in the number of ” Be recoils.
(%) For the catchers implanted with beam energies of ~2.10, ~2.8 and ~3.8 MeV, the HPGe detector was replaced with
another one with e = (3.79 4 0.001)% and thus a total error contribution raised to 2.90%.

5.1.4 Estimation of the reaction energy at the centre of mass system

In order to estimate the astrophysical S-factor as defined in the expression[I.7] the energy of the
reaction in the centre of mass system is required. In reference [NHNEHO04] where the same setup was
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used, the authors compare Ecy calculated assuming that the reaction takes place at the centre of the
target and Ecy by the effect of considering a target of finite energy width (AEr). For Ecy=420 keV they
compute only a difference of 0.3 keV (0.1%); in our case, where the energies are even larger, this difference
is even lower. Thus, we can consider that, on average, the reaction occurs at the centre of the gas target
including a negligible error and therefore, the expressionbecomes:

AE
Eoy = — MHe ( beam _ AEy; — %) (5.21)

where myy, and myyy, are the target and beam nuclei masses in mass units respectively. E‘gegm is the
incoming beam energy as shown in Tableand AEN; and AE4y, are the energy losses in the Ni foil and
the whole gas target length respectively.

E4He

The energy lost by the beam when crossing the Ni foil and half of the gas length, AEx; + 2 5, is
obtained by simulating 10° *He beam particles at the corresponding energies using the TRIM code [SRI].
The 2He nuclei impinge onto a target composed of two layers: 1) 1.03 wm of a solid Ni foil and 2) *He gas
target with densities calculated using the pressures and temperatures shown in Table[5.3]and lengths half
of those shown in the same table. An example for the simulated output energy spectrum using a ~4 MeV
beam energy and the corresponding target layers is displayed in Figure[5.9}
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Figure 5.9: Energy spectrum from a TRIM simulation for a ® He beam at 4009.63 keV crossing a 1.03 um Ni foil and
a 6.55 cm long *He gas target at 60.18 Torr and 307.81 K. The red curve shows a Gaussian fit to the spectrum and the
numbers enclosed in the box show the value of the fit parameters.

The output energies are fitted to Gaussian functions and the mean of the fit (3512 keV for the
example in Figure @) represents the beam energies at the centre of the target that is, the value for all

the terms enclosed in the brackets in expression The centre of mass energy is then calculated by
g . Mape

multiplying this mean energy by Tt

The uncertainty associated to the centre of mass energy has been estimated by:

Mapye

AEcy = ——He
Mapye + M3pe

-AE (5.22)

where AF is the error associated to the energy at the centre of the target, calculated by properly adding
to the uncertainty of the beam energy (Table the o value from the Gaussian fit.
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5.2 Astrophysical S-factors I: Measurements using the Activation Method

The results for the Activation experiment performed at CMAM are shown in the last two columns
in Table For the different beam energies displayed in the first column, the second column shows the
corresponding centre of mass energies calculated as detailed above. The third column shows the number
of beam particles estimated using the charge integration method. The fourth and fifth columns show the
total number of target and recoil nuclei for each energy. The cross section is shown in the sixth column and
the astrophysical S-factor for the different energies calculated by using the expressionis shown in the
last column. The uncertainties of the different parameters are shown between brackets. The errors for the
cross section and astrophysical factor have been obtained by standard error propagation. For the values
of Ng;a:“ and Nia;{iet the uncertainties refer the systematic contribution while the statistical contribution is
negligible. For the case of N;%Ceoﬂs, 034(E) and S34(E) the uncertainties are divided into statistical (first) and
systematic (second).

ESfie Ecu NER NG Nl o34(F) S34(E)

(keV) (keV) (-1016)  (-10'%/cm?) (-106) (pb) (keV-b)
2306.28+2.37  915.78+12.21  2.83(5) 2.34(2) 1.31(25)(3)  1.98(38)(6)  0.411(79)(15)
3208.054+2.99  1498.91+12.56  4.99(10) 2.65(2) 4.05(30)(9)  3.06(23)(10)  0.318(24)(11)
4410.4243.82  2267.71+12.47  5.23(6) 1.67(5) 4.74(46)(11)  5.43(53)(22)  0.386(37)(16)
4811.2044.09 2511.12+12.62  3.22(3) 1.68(4) 3.19(30)(7)  5.88(56)(21)  0.391(37)(14)
5312.19+ 4.44  2804.10+12.82  3.89(4) 2.28(2) 6.05(26)(14)  6.82(29)(19)  0.424(18)(12)
2105.89+2.23  777.17412.70  4.17(2) 2.40(2) 1.49(22)(4)  1.49(22)(4)  0.418(61)(18)
2506.67+2.51  1054.15+12.31  4.96(10) 2.23(2) 226(16)(5)  2.05(14)(6)  0.339(23)(12)
2807.2642.71  1249.64+12.41  5.27(4) 2.28(2) 3.61(29)(11)  3.0024)(9)  0.390(31)(13)
4009.63+3.54  2006.95+12.31  6.77(8) 2.78(2) 7.87(21)(18)  4.70(12)(13)  0.367(10)(10)
4811.2044.09  2510.00£12.62  3.23(7) 1.45(2) 3.88(23)(11)  6.85(40)(26)  0.455(27)(17)

Table 5.6: Results for the activation experiment. The first column shows the different beam energies used in the exper-
iment. The second column shows the corresponding centre of mass energies taking into account the energy lost in the
Ni foil and gas target. The third, fourth and fifth columns show the total number of particles of the beam, target and
recoils, respectively. The sixth and seventh column show the cross section and astrophysical factor for the 3He(o,y)" Be
reaction. The uncertainties for each value are shown between brackets. When only one contribution appear it refers to
the systematic error, in case of two contributions the first one refers to the statistical and the second to the systematic
error. Recall that the energies in S34 (E) and o34 (E) refers to Ec.

The S34(E) values are plotted in Figure @ together with the results from [DGK09} PK63]. The
errors displayed in the plot are the statistical uncertainties as it is usually done. Just by eye, it can be
seen that our results follow the trend of the ERNA data [DGK09] better than the Parker’s results [PK63].
Among all the points, the two at ~2 and ~2.5 MeV centre of mass energies are specially relevant. Due
to their low uncertainty, they clearly show a complete agreement with ERNA and are rather discrepant
comparing with Parker values. Also of special interest is the point at around ~1 MeV. The same activation
and counting setups were used in [NHNEHO04] where a measurement at the same energy was performed.
An agreement within the experimental errors bars between these points strongly supports the reliability
of the new set of measurements.
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Figure 5.10: Astrophysical S-factor for the 3 He(c,y)" Be reaction using the activation method in Madrid (black dots). For
comparison with previous results, triangles and squares show the results from |[DGK09] and [PK63] respectively.

In the next chapter a detailed quantitative analysis comparing our results with both Parker and
ERNA is done as well as a comparison with the different theoretical models available.

5.3 Analysis II: Measurements using the Direct Recoil Counting Method

As in the Activation Experiment, the astrophysical factor for the Direct Detection Experiment is given
by the expression In this case, the reaction was done using inverse kinematics, that is a 4He beam
impinging onto a °He target, and thus the cross section and centre of mass energy are given by:

Y7Be
o= B (5.23)
N 4He N 3He
and
T
m
Ecy = PHe . pbeam (5.24)

B T
Mipe + M3 e

respectively. Where, in this case, the Nﬁﬁe is the total number of beam particles, NgLe is the gas target
areal density, and Y7, is the total number of recoils produced. Yzp, is estimated based on the recoils
detected in the final DSSSD placed at the focal plane of the accelerator (Ypsssp).

The locations marked in Figure indicate where the observables required to determine o34 are
measured. In the following sections the detailed data analysis of these quantities is outlined.
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Figure 5.11: Experimental setup diagram for the Direct Recoil counting method at TRIUME. The different observables
required to extract o34 are indicated. Note that this schematic is not shown to the scale.

5.3.1 Estimation of the reaction energy at the centre of mass system

In the same way than as in Activation Method experiment, we can assume that on average the
reaction is produced at the centre of the gas target and thus the averaged centre of mass energy will be
given by:

AE
Eoy = m3pye . (Ebeam _ ;HE) (5.25)

where AE4yy, is the energy loss of the beam in the gas target that has been determined by simulating 10°
particles using the TRIM code following the same procedure as the one explained in section
The associated error is estimated from the standard error propagation of the beam energies (Tabl
and the mean value of the energy loss obtained from TRIM. Tableshows the calculated centre of mass
energy for every beam energy in the second column.

Eayge Ecm Temperature (T)  Pressure (P)
(keV) (keV) (K) (Torr)
6553.88+2.78  2813.57+1.80 297.114+1.97 5.73 £ 0.12

5165.97+2.41  2216.55+1.68 297.64+1.99 5.96 +0.21

4716.45+2.00 2023.73£1.42 301.55+1.61 5.02£0.19

3521.61£1.50 1508.91+£1.29 297.30£2.03 5.96 +0.17

Table 5.7: Beam energies, the corresponding centre of mass energy at the centre of the target cell, the average target
pressure and temperature of the gas in the beam path are shown in columns 1, 2, 3 and 4 respectively.
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5.3.2 The 3He gas target areal density: N°Tsy,

The gas target areal density is determined by the expression N{=9.66 - 10'8 Toﬁ-PTc . In this case, the

beam heating is negligible, i.e. T¢=0.

The pressure and temperature were recorded every five minutes during the measurements. An
averaged pressure and temperature is calculated for every run (e.g. Figure[p.17) and a final pressure and
temperature for every energy is calculated by averaging the values of all considered runs. The errors
associated to the final pressure and temperature are obtained as the standard deviation of the values for
the different runs plus a systematic error of 0.1 Torr for the pressure and 1 K for the temperature [GBB04].
An example is shown in Figurefor the pressure and temperature of the runs taken with ~5.2 MeV
beam energy.
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Figure 5.12: Gas target pressure (top panel) and temperature (bottom panel) for the ~5.2 MeV beam energy case. Each
red dot corresponds to the average value for a given run. The blue line gives the average value of the runs. The shaded
region show the final errors.

The red dots indicate the parameter values for different runs, while the blue lines show the final
pressure and temperature values calculated as the average of the runs. The shaded regions indicate the
uncertainties. Table[5.7|shows the averaged pressures and temperatures for every beam energy.

The effective length of the gas target (¢) has been estimated as 12.34+0.5 cm. This is based on two
methods; firstly using the energy lost by the 12C beam in the 3He gas target. This measurement was
performed to determine the target density profile and the details can be found in section[3.3.34] Secondly,
using the available systematics from previous experiments where reactions with heavier ions impinging
onto “He gas targets were studied. In the latter case effective lengths were estimated by the beam energy
losses.

5.3.3 The number of “He beam particles: N°B.y,

The number of beam particles is calculated by relating the scattered beam particles detected in
the silicon detectors at 30° (Si-30) and 57° (Si-57) with respect to the beam direction, and the Faraday cup
readings made at the beginning of each run, that is, approximately every 60 minutes. Due to the fact that
the DAQ system was changed between our measurements in 2011 and 2013, two different approaches
were used in order to extract the number of beam particles as explained in the following.
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The 2011 measurement

The typical spectrum measured in the silicon detector was already shown in Figure[3.36] Comple-
mentary to the total spectrum, the information of the number of events per second detected in the silicon
detector was also saved, this is the so- called trigger rate (or scaler). Some examples of the trigger rate for
each of the three energies in the Si-30 detector are shown in Figure[5.13] The x-axis represents the time,
where every channel is two seconds wide and the y-axis corresponds to the number of triggers. Blue (up-
per panel) and red (lower panel) spectra correspond to the typical runs with constant and with varying
trigger rates.
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Figure 5.13: 30° silicon detector trigger rates for the different energies measured in the 2011 campaign. For each energy
two histograms are plotted. Blue and red runs correspond to nearly constant and largely varying trigger rate conditions,
respectively.

The procedure followed is to obtain an average final normalisation factor (RF) among those runs
with a constant trigger rate (optimum run), which essentially means that a constant current throughout
the whole run is assumed. Then, this normalisation factor is applied to all the runs to get the number of
beam particles. The normalisation factor for an optimum run is defined by:

run_ FC1 Time - Livetime
T 1.602-1019 - g Si-30

P-T (5.26)

This is the ratio of the number of scattered particles detected in the silicon detector and particles measured
with the FC1 at the beginning of each run. Here, "FC1" is the reading of the Faraday cup 1 in Ampere, q=2
is the beam charge state after crossing the target, "Si-30" is the integration of the silicon detector spectrum
for each run, "Time" is the time for each run and "Livetime" takes into account the effect of the dead time
of the acquisition system. "P" and "T" are the pressure and temperature and are introduced in order to
take into account the different number of target particles between different runs.
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FC1 readings of of beam current

The current readings were taken automatically at the beginning of each run by using FC4, FC1,
FC4, FCCH and FC4 in that sequence. Each measurement took 30 s, approximately. An example for a
complete FC1 reading is shown in red in Figure The increase and drop in current in the extremes
corresponds to the time when the cup is moved in and out, respectively. Therefore, only the central values
are considered (see inset in Figure .

x10°
$o0.14F
0.12|—
0.1
0.08F~
0065 [y
C | ouf
0.045 1 % 1oef.
0.02F| 013
N 60 65 70 75 80 85
o b by b by b by by by
55 60 65 70 75 80 85 90

Time (s)

Figure 5.14: Example for FC1 reading for an optimum run. In red a total measurement for a FC1 reading. The current
increase and decrease in the extremes is related to the voltage turned on and off respectively. The inset shows a closer
view of the central region considered to extract the averaged value of FC1.

The average of all the central values of each measurement (i.e. blue points in Figure[5.14]inset) is
used as FC1 in the expression The error associated to FC1 is the standard deviation of the considered
values.

Integration of the peak in the Si-30 spectra

The choice of considering the 30° detector instead of the 57° is based on the statistics. For each
of the beam energies measured, Figure shows the spectra for the silicon detector at 30° (Si-30) in the
upper panel and for the detector at 57° (Si-57) in the lower one at the pressures and temperatures indicated
in the figure. The statistics in the scattered peak for the Si-30 spectrum is considerably larger than in the
Si-57 one and, due to the kinematics, the higher the energy is the larger the gigg ratio is.

As it can be seen in the silicon spectra at 30°, and it was already discussed in section@ the
double peak is due to the scattered ‘He beam by the *He target and vice-versa. The two peaks are clearly
separated for the higher energy, while for lower energies it is more difficult to separate both contributions.
For this reason, in order to estimate the Si-30 factor in the expression the procedure consists of inte-
grating the contribution of both peaks in the optimum files. Figure shows an example for the Si-30
spectrum of an optimum run corresponding to ~6.5 MeV beam energy with 1.378-10% counts under the
two peaks. The associated uncertainty is the square root of the value.
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Figure 5.15: Typical spectra for S5i-30 (blue) and Si-57 (green) corresponding to the measurements of the three different
energies carried out in 2011.
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Figure 5.16: The spectrum shows the scattered particles in the 30° silicon detector for the * He beam energy of ~6.5 MeV.
The integral gives the number of counts under the two peaks corresponding to the Si-30 parameter in the expression

It must be pointed out that for the highest energy case, where the two peaks can be clearly sep-
arated, the R™" normalisation factors could be calculated by replacing the Si-30 variable by just the inte-
gration of the scattered “He peak. The final results do not depend on whether we use the total spectrum
or just the*He scattered peak.

144




“thesis” — 2016/11/20 — 11:26 — page 145 — #165

5.3. Analysis II: Measurements using the Direct Recoil Counting Method

Time and DAQ livetime

The measurement time of each run was saved during the experiment in the MIDAS system.
The livetime is calculated by dividing the total number of events recorded (acquired triggers) in the
"tail" of DRAGON, by the total number of events received in the tail (total triggers). The latter includes

those events which could not be recorded due to the DAQ system was busy processing other events:
Acq. Trig
Total Trig
"Acq. Trig" and "Total Trig" respectively, an associated error to the Livetime has been estimated by using

the standard error propagation.

(Livetime= )- Considering the square root of the total and acquired triggers as the uncertainties of

Pressure and temperatures of the target

The pressure and temperature for every run is calculated as the average of the values saved every
five minutes. The associated errors are calculated considering the standard deviation of the data plus a
systematic error of 0.1 Torr for pressure and 1 K for temperature. Figure shows an example for an
optimum run taken with 5.2 MeV as beam energy.
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Figure 5.17: Gas target pressure (top panel) and temperature (bottom panel) for an optimum run of ~5.2 MeV beam
energy. Each red dot corresponds to one of the values recorded every five minutes. The blue line gives the average value
for the given optimum run. The shaded regions show the error considered in order to determine R™".

After all variables are determined, the normalisation R™" factors are obtained for the optimum
runs of each energy. The uncertainties associated with the R"™" factors are calculated using standard error
propagation from the errors of every variable (FC1, Si-30, Lifetime, P and T). The final normalisation
factors (RF) are then calculated by the weighed average of all the corresponding R™" factors. Figure
shows the normalisation factors for the three energies. The blue dots are the normalisation factors for the
optimums runs (R™") and the red lines show the final RF factors.

The number of incoming beam particles can then be calculated for any run, including optimum
and no optimum runs, by using;:

RF - 5i-30
NB - = == 5.27
“He™ T jvetime -P- T (527)

where Si-30, P and T are calculated for any given run using the procedure explained above for the opti-
mum runs. The associated errors in the number of beam particles are calculated by using standard error
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Figure 5.18: Normalisation R-factors for the 2011 measurements at energies of ~6.5 MeV (a), ~5.2 MeV(b) and ~3.5 MeV
(c). The blue dots represent the normalisation factor for the individual runs, those with a nearly constant trigger rate.
The red lines gives the weighted average Rr .
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propagation in the expression where the uncertainties for RF are the ones shown in Figure and
the uncertainties in P, T, Livetime and Si-30 are calculated as explained above. The total number of beam
particles for every energy is obtained by adding Njg_le for all the runs.

The 2013 measurements

In the upgraded DAQ system used in 2013, timestamps are recorded for every saved event in-
cluding those in the silicon spectrum. Therefore, the Si-30 events taken during the same duration than the
Faraday cup measurement times could be used to estimate the normalisation factor.

Furthermore, it was already mentioned that during the 2013 measurements, the Activation Method
was also used with the same beam energy as the direct recoil counting measurement (~4.7 MeV) and target
conditions. Therefore, the normalisation factor is the same in both cases and thus all the optimum runs
can be taken into account in order to obtain a final RF factor.

One difference between the Direct Recoil Counting Method (direct runs) and the Activation Method
(implantation runs) at TRIUMF must be considered here: the FC1 is placed after the copper catcher po-
sition, therefore just FC4 readings were performed during the implantation runs (see Figure @ Thus,
the two R™" factors are defined differently for 2013 run as

RUn FC1 60 - Livetime
direct™ 602. 1019 .2 (5i-30)%%

(5.28)

for the direct runs and
run _ FC4-Trans 60 - Livetime
v 602 - 1019 .2 (Si-30)°608

(5.29)

for the implantation runs. "P","T" and "Livetime" are the same as before and are determined as in the 2011
experiment. "Trans" is the beam transmission through the target, which is the ratio between the FC4 and
FC1 readings in the direct measurements, and has been estimated to be 94.09%. Finally, (Si-30)%% is the
total number of scattered events during the first 60 seconds of the run taken in the 30° silicon detector (see
example in Figure[5.19).
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Figure 5.19: The total 30° silicon spectrum for a 60 minutes run is shown in blue. The part of the spectrum taken during

the first 60 s of the run is shown in red. The integral under the red curve is the (Si-30)°" parameter for the expressions
@aﬂd @ as part of the normalisation procedure.

Figure 5.20] shows the normalisation R™" factors (blue) for the optimum runs of the 2013 experi-
ment and the red line shows the final RF factor obtained as the average of all the values.
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Figure 5.20: The blue dots show the normalisation factors for the optimum runs in the 2013 measurements. The red line
corresponding to the weighted average of the blue dots gives 1.888 -10* 4 7.531 - 10"’ for the R” factor.

The total number of beam particles for every run is then estimated by using the expression [5.27]
with RF = 1.888 -10'3 + 7.531 - 10'°.

5.3.4 The "Be recoils produced in the direct recoil counting method: Y-,

The expression (Y7pe = Mz’%) establishes how to determine the total number
of recoils for the Direct Recoil Counting Method at TRIUMF. In the previous chapter it was discussed how to
obtain the acceptance of DRAGON (epracon)- In the following, the analysis performed in order to extract

the other variables required to estimate Y7y, is presented.

5.3.4.1 Total counts in the focal plane DSSSD: Ypsssp

The separator was tuned to select a specific charge state for the "Be recoils, that were transmitted
through the separator and detected in the final DSSSD at the focal plane of the separator (Ypsssp). Table
shows the selected charge state and the “Be recoil energy obtained from the magnetic fields in MD1,
for the different incoming beam energies.

Eipe "Be E7p, Ypsssp
(MeV)  Charge state (keV) (Counts)
~ 6.5 3+ 3734.51 33465
~52 3+ 2940.21 141707
~4.7 2+ 2642.67 52683
~3.5 2+ 1997.32 44135

Table 5.8: Details of the charge state and energy of the  Be recoils for the different * He incoming beam energies. The last
column shows the total number of recoils detected in the DSSSD.
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Figure 5.21: For the two highest energies studied, the left side shows the two dimensional spectra for the " Be recoils in
the DSSSD strips. The right side shows the projected histograms for the strips 1 to 15, in red. The coincide front-back
events in the selected energy region are shown in black

In order to obtain the parameter Ypsssp, the events in the DSSSD are treated event by event.
First of all the calibration equation for the hit strip (see section[3.3.3.T) is applied to the energy channel
corresponding to the hit. The result is the value of the deposited energy in the active area of the detector.
Then, the energy loss in the dead layer is calculated based on the deposited energy and the values from
the SRIM code assuming a "Be crossing a 0.5 um effective aluminum layer. The energy loss is added to
the deposited energy and thus the incident energy of the recoil is obtained.

For the different beam energies studied, Figures @ and @ show, on the left side, the total
energy versus the strip number in two dimensional histograms for the given runs. The recoil peaks are
identified in both the front side strips, 0-15, and the back side strips, 16-31. The right side of Figures
and show the projections in the x-axis from strips 0-15, that is, all events in the front strips for
the given run. Superimposed, the black spectra show those events in the selected energy region of the
recoil peak which have a coincident hit in the back side in the same energy region (front-back coincidence
events). Flgurenshows the two highest energies studied where the "Be charge state was 3. As it can
be seen, there is not any unreacted beam contribution in the recoil peak as it was expected from the beam
suppression studies detailed in the section However, for the two lowest energies, where the recoil
charge state selected was 2, the unreacted beam particles reaching the DSSSD could interfere with the
proper 7Be recoil peak as it can be seen in Figure

In order to study a likely contribution of the unreacted beam to the recoil peak for the cases with
27T charge state, the MCP device (see section[3.3.2) was placed before the DSSSD detector and some runs
were taken during the 2013 measurements. As the beam and recoil ions travel with different velocities,
the time for crossing the two MCPs is different. Thus, the idea is to compare the time of flight of the ions
between the two MCPs with the DSSSD spectra. The histogram in Figure [5.23| (upper panel) shows the
energy in the DSSSD versus the time amplitude converter (TAC) from the two signals of the MCPs, for all
the runs taken with the MCP in. As it can be seen the 7Be recoils are clearly identified and separated from
the beam particles. Therefore, the energy region shown in black in Figure considered for the recoils
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Figure 5.22: Same as in Figure for the two lowest energies studied, with 2T charge state.

selection in the DSSSD, is justified.
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Figure 5.23: The upper panel shows the DSSSD energy deposited in the DSSSD versus MCP-TAC histogram. The red

circle encloses the ” Be recoils which are clearly separated from the unreacted beam particles, enclosed in the green circle.
The lower panel shows the projection in the x-axis of the upper histogram.

It must be pointed out that those runs where the MCP was used are not considered to determine
our final cross section. This is due to the fact that some of the recoils are stopped in the MCP strips,
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resulting in systematic errors. Also, in the lower panel in Figure [5.23]it can be observed that when the
MCPs are inside the separation between beam and recoils peaks is even better due to the different energy
losses through the MCP. However, the energy losses are small and the separation can be extrapolated to
the case with MCPs out.

The number of 7Be recoils has been determined for every run individually by demanding a front-
back coincidence in the energy region where the recoils should be in the DSSSD strips. Next, the final
number of recoils, Ypsssp, can be obtained by adding all individuals runs. The values of Ypgssp for the
different energies are shown in the fourth column in Table [5.8| where only the statistical uncertainty is
considered for this quantity.

5.3.4.2 Experimental efficiencies: t;, epsssp and q

The DAQ livetime (t) is determined for every run by dividing the acquired triggers and the total

triggers in the "tail" of DRAGON (tgz%igx). In order to determine the mean value of t, for every

energy, the acquired and total triggers for all runs have been added. A negligible error is estimated using
statistical error propagation of the acquired and total triggers. The second column in Table .9|shows the
t, parameter for the different energies of interest.

Eayge te €DSSSD qr
MeV) (%) (%) (%)
~6.5 84.12  96.15+0.10  (3+)59.05+1.87

~52 9234 96.15+0.10 (3+)61.871+2.55

~4.7 9418 96.154+0.10  (2+)29.31+3.81

~35 98.64 96.15+0.10 (2+)52.30+3.33

Table 5.9: t;,€psssp, and q, parameters.

An efficiency of epgssp= 96.15+0.10% has been considered for the DSSSD based on the results in
reference [WHRDO3]. The loss of efficiency is coming from the insulating gap between the neighbouring
strips. When a charged particle hit the gap, it creates a reduced pulse height in the strips in comparison to
a particle entering through a proper strip. The authors determined experimentally the effective gap width
by using an 24! Am « source and a 180 um slit and compared it with the strips width. The results showed
that (3.85+0.10)% of « particles incident on the detector have a reduced pulse height.

The values for the charge state fraction, i.e. qy, are based on the CSD measurements detailed in
sectionwhich only depend on the velocity, atomic number of the incident ion and the mass of the
target. Therefore, in order to obtain qy, the velocities (energies per nucleon, -E/u-) of the incoming ?Be
beam in the CSD measurements must be matched with the velocities of the 7Be recoils when they are cre-
ated. However, the "Be recoils energies depends on where they are created through the gas and the y-ray
emission angle, and thus a central value must be considered. Table shows the calculated recoils E/u
values for the recoils created at the entrance, centre, and the end of the gas target for v emission angles of
0° 90° and 180° in laboratory system. In bold are shown the central energies per nucleon corresponding
to the recoils created when the reaction takes place at the centre of the gas target and the  emission angle
is 90°. For the ~6.5, ~5.2 and ~3.5 MeV beam energies, the central recoil energies per nucleon are similar
within the errors to the °Be E/u shown in Tablefor the charge state distribution measurements. There-
fore, for these three energies the q; values shown in Table[5.9)are the same as the charge state distribution
in Table For the case of ~4.7 MeV beam energy, the 2 charge state fractions have been interpolated to
the corresponding 383.30 keV /u recoil energy. Figureshows the values for the distribution of the 2+
charge state for the different energies and a second order polynomial (CSD(21)=p0+(E/u)-p1+(E/u)?p2)
fit.
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Ebeam (1He) | ENTRANCE MIDDLE ~ END | 0,
(keV) (keV/u) (keV/u) (keV/u) | ()
511.55 511.08 51061 | 0

6553.94 533.49 532.99 53250 | 90
553.39 553.47 552.96 | 180

403.67 403.08 40249 | 0

5165.97 42045 419.83 41922 | 90
436.25 435.61 43497 | 180

368.65 368.12 367.60 | 0

4716.45 383.85 383.30 38275 | 90
398.20 397.63 397.06 | 180

275.35 274.56 27377 | 0

3521.61 286.57 285.76 28493 | 90
297.26 296.41 29556 | 180

Table 5.10: For the different incoming beam energies shown in the first column, the third fourth and fifth columns show
the energy per nucleon of the recoils depending on where the reaction takes place (entrance, middle or end of the gas
target). For each scenario three different energies are shown depending on the y output angle (0°, 90°, and 180°).

x GGV X2/ ndf 1.095¢-19 /0
& r po 165.6 + 44.17
& 501 p1 -0.5224+0.228
O

C \ P2 0.0004355 + 0.0002756
40F

30"

.
oE M

300 350 400 450 500 550
Energy (keV/u)

Figure 5.24: 2" Charge state distribution interpolation. The blue dots indicate the values for the beam energies used in

the charge state distribution measurements for the 2 case (see Table. The red line shows a second order polynomial
fit to the values. The parameters from the fit are shown in the plot.

The q; value for the 383.30 keV /u recoil energy estimated from the fit is shown in Table[5.9] A
detailed description of the associated uncertainties to the q values is given in Appendix

5.3.5 The "Be recoils produced in the activation method @ TRIUMF

The procedure followed to determine the number of implanted recoils is the same as in the Madrid
experiment. The activated Cu catcher was measured at the same low-background HPGe station in Israel
(see Figure where the gamma spectrum activity was taken during 12 days and it is shown in Figure
£.23)
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5.3. Analysis II: Measurements using the Direct Recoil Counting Method

Counts
~ e}
o o
o o

{ T

E 511 keV
600

500
E 478 keV

400
300F—
200F

100

L1 L - Ll - Ll
470 480 490 500 510 520
Energy (keV)

Figure 5.25: Gamma radiation activity spectrum from sample obtained in the activation measurement at TRIUMF. The
478 keV peak from the de-excitation of " Li as well as the 511 keV background peaks are marked.

The number of - counts under the 478 keV peak is determined as detailed in section and
the procedure followed to estimate the total number of “Be nuclei produced is the one explained in section
D.1.3.2)

Two extra correction factors must be considered in this activation measurement in comparison
with the Madrid experiment. Firstly, the Cu catcher is placed further away from the target cell compared to
the Madrid experiment, ~85 cm downstream (see Figure[3.34), and therefore, the recoil spot dimension is
larger. Figureshows the recoil spot at 85 cm as obtained from GEANT 3 simulations of DRAGON. The
efficiency of the HPGe detector for this recoil spot has been obtained by performing GEANT 4 simulations
of the recoil distribution and the HPGe detector using a code which has been verified for the activation
experiment in Madrid. The efficiency value obtained for the 478 keV ~-ray is 0.039340.0012 (3% systematic
error).
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Figure 5.26: Recoil spot at 85 cm obtained from the simulations for activation method at TRIUMF

Secondly, not all recoils created reach the Cu catcher, being some of them stopped in the target
cell, target box, and pumping tubes placed before 85 cm. According to the final series of the simulations,
at Epeam ~ 4.7 MeV (fourth row in Table from the 28.3% of the recoils stopped throughout the whole
separator, 18.5% are stopped before 85 cm.
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Table shows the values considered to determine the total number of “Be produced.

Parameter Value

Implantation time 1.16

Tive (d)
Decay time 12.0
Tq (d)
Lost time 24.5
T (s)
HPGe efficiency ~ 3.93%
€A
478 keV ~'s 1113
N
Recoils stopped 18.5%
pumping tubes

Table 5.11: Value of the parameters for the activation measurement at TRIUMF in order to estimate the number of " Be
recoils produced as defined in section The extra factor "Recoils stopped pumping tubes" includes the correction
due to the recoils stopped before reaching the Cu catcher as obtained from the GEANT 3 simulations.

5.4 Astrophysical S-factors II: Measurements using Direct Recoil Count-
ing Method

The results for the all observables together with the obtained cross section and astrophysical S-
factor for the direct detection method experiments are displayed in Table[5.12] The errors for all observ-
ables, o34 and S34(E) are shown between brackets and a detailed description of how they are obtained is
given in Appendix[C}

Run  ~Eay, Ecum Nbeam N[B! Nigecoils 34(E) S34(E)
(MeV) (keV) (1016) (107 (-10°) b (keV- b)

6.5 2813.64+1.8  0.84(1) 2.29(11) 1.22(1)(TS,) 6.32(8)(Tas)  0.393(5)(734

2011 5.2 2216.6+17 325(2) 2.38(13) 447(4)(T5)  578G)(S)  0.419(4)(TEs

35 1508.9+1.3  2.09(1) 238(12) 174(1)(T13) 348(3)(T33)  0.3593)(T30)

2013 47 20237414 3.033) 1.98(11) 2.773)(3)  4.62(4) (T 0.359(3)(733

(Impl) 47 20237414 265(1) 194(10) 28.8(20)(29)  6.22(44)(72)  0.484(34)(56)

Table 5.12: Results obtained from the direct recoil counting experiment. The second column shows the different beam
energies used in the experiment. The third column shows the corresponding centre of mass energies taking into account
the energy losses. The fourth, fifth and sixth columns show the total number of particles in the beam, target and recoils
respectively. The seventh and eighth columns show the cross section and astrophysical factor for the 3He(o,y )7 Be reac-
tion. The uncertainties for each value are shown between brackets. When only one contribution is shown, it refers to the
systematic error, and in case of two contributions the first one refers to the statistical uncertainty and the second one to
the systematic error (positive and negative systematic uncertainties contributions are separated in some cases).
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5.5. Conclusion

The results are displayed in Figure together with our Madrid results and literature data. As
conventional, the errors displayed in the plot are only the statistical errors. As it can be observed, the
associated errors for the direct method at TRIUMF are negligible.

~ 0.6

i>3 - Parker etal. ERNA Direct

() B —¥— ERNA Activation —»— ERNA Prompt

~ -

~ | —@— Madrid-Activation ~ —@— TRIUMF-Direct
(32
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0.4/ ; .

—ee
—

0.3
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Figure 5.27: Astrophysical S-factor for the ® He(«,7y)” Be reaction using the direct recoil counting method (violet dots) and
the activation method (yellow dot) in the experiments performed at TRIUMEF. For comparison with previous results, the
results from [DGKQ9] and [PK63|] are shown with triangles and squares respectively. Our results obtained in the Madrid
experiments are shown with black dots.

At first glance, it can be seen that the astrophysical S-factors obtained agree with the results from
Madrid experiment as well as with ERNA data and disagree with Parker ones. In the next chapter the
comparison between our results and previous ones will be studied in more detail.

5.5 Conclusion

In this chapter, the results and analysis techniques used to deduce the observables required to
determine the astrophysical S-factor for the two experiments have been detailed.

For the activation experiment in Madrid, the two techniques used to determine the number of
3He beam particles have been compared. The pressure stability of the “He gas target has been shown
in order to detail how the number of target particles are estimated. The detailed analysis performed in
order to measure the "Be activity in the Cu catcher as well as the inferred number of recoils produced
are given. The results agree with the measurement performed using the ERNA separator [DGK09] and
disagree with those in reference [PK63].

For the direct counting recoil experiment at TRIUMF, the number of He beam particles was de-
termined using the scattered beam particles with the gas target. Due to the upgrading of the acquisition
system between the 2011 and 2013 measurements, the methods used to estimate the number of beam
particles are shown separately for the two cases. The number of target particles is determined very pre-
cisely due to the continuous monitoring of target pressure and temperature during the measurements.
The effective target length is based on the experimental target density profile measurements detailed in
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5. Analysis and Results

Chapter and previous experiments with DRAGON. For the number of 7Be recoils created, the detailed
description of the procedure to obtain the number of recoils reaching the DSSSD is given. Corrections due
to the charge state selection in the separator, livetime of the DAQ system, and DSSSD detector efficiency
is given. The activation measurement perform at DRAGON in order to cross check the direct counting
measurements is also explained. The results are in agreement with the experiment performed in Madrid.
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"Your theory is crazy, but it's not crazy enough
to be true."

Niels Bohr

CHAPTER

DISCUSSION AND FUTURE WORK

Abstract: In this chapter the results for the astrophysical S-factor obtained from the two complementary
experiments are compared to the literature data and calculations from theoretical models. A discussion about the
results and the planned future projects will also be presented.

As it has been discussed in the previous chapters, several experiments have been performed since
the first measurements of Holmegren and Johnston [HJ59] aiming to determine the astrophysical S-factor
of the *He(a,y)"Be and 3H(e,y)"Li mirror reactions. Prior to the measurements presented in this thesis,
there were only two sets of data in the Ecy range from 1 to 3 MeV. The results presented here are in the
same energy range, allowing for a quantitative comparison with the previous data.

Large discrepancies are also seen among the different calculations. Only the new ab-initio calcu-
lations [Nef11] and those in [Moh09] extended the astrophysical S-factor calculations to medium energies,
which is important not only to constrain the extrapolations down to the astrophysical energies, but also
for understanding the influence of the non-external contribution to the capture reaction cross section. A
comparison between such calculations and the data is done to shed light on the current situation with the
theoretical description of this reaction.

Finally, some work related to this reaction is still needed in order to constrain the theoretical

models and to get a lower uncertainty in the S34(0) value. Future possible experiments and studies to be
performed by our collaboration will also be discussed.
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6. Discussion and Future Work

6.1 Summary of the S-factor Results

The new experimental results of the astrophysical S-factor for the 3He(c,y)"Be reaction have been
obtained using two experimental techniques, the activation method using a setup installed at a beam line of
the tandem accelerator in Madrid, and the direct recoil counting method using the DRAGON spectrometer
setup at TRIUMF in Vancouver. These results are summarised in Table[6.T] where the last column shows
the total error calculated as:

AS(E)t! — \/(As(E)stat)Q + (AS(E)»st)2 (6.1)

For the TRIUMF experiment, the systematic uncertainties (AS(E)*Y®!) are calculated as an average
of the positive (+) and negative (-) values. The average is taken to evaluate the data without implications
in the final results.

Ecm S(E) AS(E)stat AS(E)syst AS(E)total
(keV) (keV'b) (keVb)  (keVb)  (keV-b)

7772 0418 0.061 0.018 0.063
9158 0411 0.079 0.015 0.081
10542 0.339 0.023 0.012 0.026
12496 0.390 0.031 0.013 0.034
14989  0.318 0.024 0.011 0.026
2007.0  0.367 0.010 0.010 0.014
2267.7  0.386 0.037 0.016 0.041
25100 0455 0.027 0.017 0.032
25111 0391 0.037 0.014 0.040
28041 0424 0.018 0.012 0.022
15089  0.359 0.003 To-oae 0.038
20237  0.359 0.003 +o.083 0.057
22165  0.419 0.004 Ho0as 0.048
2813.6  0.393 0.005 +o.027 0.039
20238 0484 0.034 0.056 0.065

Table 6.1: Astrophysical S-factors obtained for our experiments at Madrid (top part of the table), and at TRIUMF (bot-
tom values). In the TRIUMF experiment, the thin line separates the direct counting measurements and the activation
measurement. As the latter was used to crosscheck our direct recoil counting experiment and due to the limited beam
availability, the run was not optimised to obtain good statistics. Therefore, we have large error in this measurement, and
for this reason this point was not considered for the fitting procedure (cf. text). The last column shows the total error
contribution.

Around the time of our measurements, two new measurements were performed by other groups;
the ATOMKI group determined the astrophysical S-factor at five energies with Ecy between 1.5 to 2.5 MeV
using the activation technique [BGH13] and the Notre Dame group determined the S-factor in the energy
range of Ecy=0.303-1.45 MeV and performed a new R-matrix analysis [KRUD13]. The new data in the same
energy region as that of our measurement show the same tendency discarding the flat energy dependence
of Parker and Kavanagh [PK63], as can be seen in Figure[6.1] Data are also shown for the measurements
of the Weizmann [NHNEHO04], the LUNA [BCCO06, IGCCQ7, ICBCO07], the Seattle [BBS07] and the ERNA
[DGK09] groups. The total errors (AS(E)tetal) are used in order to compare different sets of experimental
data.
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6.2. Comparison with Previous Experimental Data and Discussion
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Figure 6.1: A compilation of the experimental results on the astrophysical S-factors. Our data, (in circles) are shown

with the total error AS(E)T‘“‘” (cf. Tab]e, which combines the systematic and statistical uncertainties. Data from the
measurements performed over the last decade by the Weizmann [NHNEHO04|, the Seattle |BBS07], the LUNA [CBCO07],
the ERNA [DGKO0Y|, the ATOMKI [BGH13] and the Notre Dame [KUD13] groups, and the old measurements from
Parker et al. [PK63|], are also shown. See text for more details.

It should be noted that in the case of the Madrid experiment the statistical uncertainties give the
major contribution to the error bars while for the TRIUMF experiment the estimated systematic uncertain-
ties associated with the DRAGON acceptance are the dominant ones (see Table . However, in some of
the cases these uncertainties should be taken as an upper limit. For example, in the acceptance uncertain-
ties, some of the most influencing parameters are the beam offsets in both « and y directions (see Table
[£24), which are considered to be around 1 mm. However, the probability of having such a displacement
in a typical measurement during our experiment is expected to be smaller, as beam position is controlled
continuously with a CCD camera.

The direct counting measurement around Ecyy ~2 MeV has the highest error contribution from
the charge state fraction q . This is because measurements of the charge state distribution corresponding
to the recoils produced at this energy are yet to be performed and the extrapolation procedure using the
measured qy values resulted in an overestimated error.

6.2 Comparison with Previous Experimental Data and Discussion

The agreement between our results and different experimental data sets has been quantified by
evaluating the chi-squared:

2= (3o BaSe® 3, ) 62)
7 (ASy)? + (ASp)
where S4 and Sp are the astrophysical S-factor at a given Ecy from our experiment and from one of the
data sets from the literature, respectively. AS% and AS% are the corresponding total errors and v is the
number of points considered.

The S4 and the Sp values must be compared at the same Ecyg. Where this is not possible, the S
values are calculated by using the average of the available Sp-factors for the closest possible lower (E™)
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Parker and Kavanagh | ERNA direct ATOMKI
Madrid 7.40 (v = 10) 075 =10) | 1.14 (v =4)
TRIUME direct 598 (v = 4) 054 (v = 4) 1.40 (v = 3)

Table 6.2: X2 values calculated using expression Here, Sa are our astrophysical S-factors and Sp are those from
Parker and Kavanagh [PK63], of ERNA [DGKQ9] or ATOMKI [BGH13].The v values give the number of data points
considered in each case.

and higher (ET) energies with respect to Ecy. The (E~+ET)/2 is always within 50 keV of Ecyy. In order to
deduce the astrophysical S-factor at around 2.8 MeV in the case of Parker and Kavanagh, an extrapolation
of the data was necessary.

As can be observed the agreement with the ERNA data is considerably better (0.75 and 0.54 for
Madrid and TRIUMF data, respectively) compared to that with the Parker and Kavanagh data (7.40 and
5.98). A good agreement when comparing with the new ATOMKI data (1.55 and 1.40) can be also seen.
The absolute S-factor values from the ATOMKI data are slightly lower than those from the ERNA group
although they agree fairly well within the error bars.

A x2 value of 0.53 is obtained when comparing activation data from Madrid and recoil counting
data from TRIUMF (v = 4). This good agreement between the data obtained using the two independent
experimental setups and techniques together with the ERNA data justifies the energy dependence seen in
this energy region and justifies discarding the old data from Parker and Kavangah. Parker and Kavangah
used the prompt method by employing cylindrical Nal(Tl) scintillators to detect the prompt vy-rays pro-
duced on a “He beam capture on a *He gas target. The discrepancy seen could be due to a contaminated
target gas. This speculation is based on the fact that the He gas target was replaced by “He between the
measurements in order to perform background measurements, which could have left residual 4He com-
ponent in the 3He target gas. This provides that the improvements in the detection systems and analysis
techniques makes it worthwhile to redo old measurements.

6.3 Comparison with Theoretical Models and Discussion

Different theoretical models available for describing the *He(a,y)”Be reaction were discussed in
Chapter |2} Figure displays some of the representative calculations together with our experimental
data. Two different features can be analysed when comparing with the theoretical calculations, namely
the absolute scale and energy dependence of the S-factor. As it can be observed, the ab-initio calculations
by Neff reproduce both absolute scale and energy dependence of our S34(E) data reasonably well. It is
remarkable that there was no need to use any normalisation factor to obtain this agreement. However, this
model cannot explain the data for the isospin mirror reaction 3H(a,y)"Li and these calculations should
be treated with some caution. The recent R-matrix analysis from Kontos et al. [KUD13] is also shown in
Figure This analysis fits all the new published data (123 experimental data points) including those
three points with the lowest error bars from our Madrid experiment, and the 3He(a,a)3He elastic scatter-
ing data from [BJP64,IMAK93]. It can be seen that the R-matrix fit reproduces also the absolute scale and
the energy dependence seen in our data.

It is clear from Figure[6.2| that the other theoretical models do not reproduce the absolute scale.
However, based on the discussion in Chapter [2} and in that presented in Solar Fusion Cross Sections II
evaluation [AGR11], the theoretical calculations can be normalised to the experimental data. Therefore,
in order to compare both, the energy dependence and the absolute scale, normalisation factors -\~ have
been obtained by minimising the x? defined as:

14 (st _ S'L )2
2 model expe
XN=D  —nai /1) (6.3)
; (Asexpe)2

A program using the MINUIT minimisation library was written for this purpose. In order to
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6.3. Comparison with Theoretical Models and Discussion
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Figure 6.2: A comparison between theoretical calculations from Kajino et al.’87 |[KTA87], Nollet'01 [Nol01]], Descouve-
mont et al.’04 [DAA04], Neff’11 |[Nefl1], and Kontos et al.”13 [KUD13], with the activation data from Madrid and the
direct recoil counting data from TRIUMF experiments. The error bars correspond to AS™®! (cf. Table.

Kajino et al. Nollet Descouvemont et al. Neff Kontos et al.

N 1.164+0.002 | 1.5044-0.003 1.374+0.003 0.998+0.002 | 1.04540.002
S34(0) 0.652 0.601 0.702 0.592 0.577
Xar 0.81 0.73 1.01 0.69 0.71

Table 6.3: The N -scaling factors defined in expression|6.3 for the representative models and S-factors extrapolated to
zero energy Sz4(0).

consider all our 14 data points, calculations have been extrapolated up to energies of ~2.8 MeV. It should
be clear that these extrapolations are made by considering the energy trends observed in Figure and
are used only to compare the energy dependence of our data and the calculations. Tableshows the V-
factors for the different models obtained using the library. The extrapolated values down to zero energy
S34(0), obtained from the normalised model calculations plotted in Figure are also given.

The Xf\/ values in the last row indicate the goodness of the fit for the different models to our ex-
perimental data, i.e. how well the representative theoretical models reproduce the energy dependence
seen in our results. All values are around one unit and therefore, we can say that, after normalisation,
all models reproduce the energy dependence in our energy region. However, they lead to very different
S34(0) values (a difference of 18% can be seen between the maximum and minimum values). This high-
lights the different energy dependence in lower Ecy range for these models. It is also worth stressing that
the large error bars in some of the data points does no allow for the discrimination of the theories based
on the shape of the S34(E) curves.

It is worth noting that Kontos et al. already include in their R-matrix analysis our three points
published in [CGNB12]. Indeed, they used a 0.976 normalisation factor to our three points in order to
get an optimal fit to all the given experimental data. According to all the results presented in this thesis
work, this normalisation factor should be increased, although they used also the ERNA data, which also
constrain the normalisation factor. On the other hand, the ab-initio calculations by Neff reproduce our
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Figure 6.3: Theoretical models normalised with the N -factors in Table

results rather well without any normalisation factor (0.998-£0.002~1).

The normalised theoretical models are plotted together with all the modern data in Figure[6.4] As
it can be seen, neither the Kajino nor the Descouvemont model can reproduce the energy dependence of
our data and the Weizmann and the low energy data from LUNA (violet and red stars points, respectively)
at the same time. The same fact can be observed from Nollet calculations, although the energy dependence
is better reproduced. Therefore, we argue that the Neff ab-initio and the Kontos et al. R-matrix fit are the
best among the model calculations reproducing the energy dependence a large energy range. For Neff
calculations, the difference between the S34(0)=0.593 keV b before, and the S34(0)=0.592 keV b after the
normalisation are negligible. However, the value of Kontos et al. of 534(0)=0.554 keV b is increased a 7%
after the normalisation (S34(0)=0.577£0.001 keV b). It is worth pointing out that among the new literature
data only those from the LUNA work are measured in the lowest energy region, which constrain the low
energy dependence. New astrophysical S-factor in the range of Ecy=100-300 keV by using, for example,
the direct recoil counting technique are recommended in order to improve the present situation.

The agreement between the Weizmann [NHNEHO04] and the current Madrid work experiments at
around 1 MeV, which were performed using the same setup, supports the reliability of the Madrid data
obtained using the activation method. However, none of the representative models can explain both sets
of data in a fully consistent manner. For example, an analysis of the Weizmann data and our three points
at ~ 1, ~ 2 and ~ 2.8 MeV from the Madrid experiment using the Neff model gives x? ~18 (of which
~14 comes from the most accurate data point at 950 keV from Weizmann). This is evident in Figure[6.4]
where the blue triangle is away from the red curve by more than 2¢.

6.4 S;/Sp Ratio and v-rays Angular Distributions

For the TRIUMF experiment, the S1 /Sy ratio, i.e. the ratio between the probability of the first
excited and ground states in "Be getting populated by the direct capture state, is obtained by fitting the
simulated intensities of the two gamma peaks (v429/74.5.) with those from the experimental spectra. It
is worth noting that in both cases the v spectra are taken in coincidence with recoils detected in the focal
plane DSSSD detector (see section @ The resulting S;/Sq ratio for the different Ecy is shown in
Table and in Figure|6.5| together with some of the existing modern data. As it can be seen, we have
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6.4. S1/So Ratio and ~-rays Angular Distributions
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Figure 6.4: The modern experimental data for the 3He(o,y)" Be reaction together with the theoretical calculations nor-
malised using the N -factors from Table[6.3] The normalised theoretical models from Neff and Kontos et al. are the best
ones reproducing our data together with the LUNA data. The difference between the normalised Ss4(0) values from both
models results in ~2.6%.

determined the branching ratio at the highest Ecy so far, which points out to the energy independent
nature of S1 /Sg in the entire range between 1 and 3 MeV.

These results should be treated with caution as the branching ratios in the simulations are ob-
tained assuming an isotropic y-ray emission. The recoil angle, thus the recoil acceptance of the separator,
depends on the angular distribution of the emitted ~-ray. Therefore, different y-ray distributions for
the two y-rays would imply different corresponding acceptances and S; /Sg ratios obtained using the ~-
events in coincidence with the recoils accepted by the separator. However, the changes in the acceptance
due to the variations in the y-rays angular distributions (see section [£.5.6) are within the systematic er-
rors when varying other parameters. Therefore, we can consider the branching ratios obtained assuming
isotropic angular distributions and assume the systematic uncertainties in the acceptance. Thus, our error
bars in Figure[6.5]display both statistical and systematic contributions. In contrast to our data, the existing
modern data do not suffer from the recoil acceptance dependence. Therefore, the evaluated S; /Sg values
from [CDO8|] were considered in the simulations, and the variations in S; /Sp have been taken as potential
uncertainties in the astrophysical factors.

In order to get further insight in the y-rays angular distributions, a comparison of the experimen-
tal and simulated BGO hit-maps was performed assuming both, the isotropic angular distributions and
those from Parker and Tombrello [PK63] (see Tables @ and @) Only small differences were found
that have been considered as systematic error contributions in the separator acceptance. From systematic
variation of the angular distribution coefficients it is possible to get better agreement between the exper-
imental and the simulated BGO-hit maps. The resulting -rays angular distribution coefficients would
constrain the theoretical models. But, on the other hand, we could not use all the y-events due to the high
number of background events seen in the BGO detectors, i.e. we can consider only those in coincidence
with "Be recoils. This fact would introduce an error from the acceptance in the obtained coefficients. A
new experiment aiming to precisely determine the prompt ~-ray angular distributions, thereby constrain-
ing the coefficients in expression is planned by our collaboration.
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6. Discussion and Future Work

o 0.6
~ E u Seaftle A LUNA
wo_55} ERNA e TRIUMF
F Notre Dame
0.5

Tl

0.35?‘

0.3

L1 L
0 0.5 1 15 2 25 3
Ecu(MeV)

Figure 6.5: The S, /Sy ratios obtained using the prompt-y events detected by the BGO array surrounding the gas target
in our TRIUMF experiment (black dots). For a comparison, existing modern data are also shown.

6.5 Impact on Astrophysics

The S34(0) value, obtained using the FMD model calculations, [Nef11] and Kontos et al. R-matrix
fit [KUD13] has a direct influence on the predictions of the Big-Bang Nucleosynthesis and of the Standard
Solar Model.

B In order to evaluate and compare the impact on the Standard Solar Model, we consider the value
for S34(0)=0.56 keV b recommended in the revision Solar Fusion Cross Section II [AGR11]. The R-
matrix fit from Kontos et al. including three of our points from the Madrid experiment estimates
534(0)=0.554 keV b and therefore, practically no deviations in the neutrino fluxes are estimated.
However, our value considering all, the Madrid and the TRIUMF data, and the renormalisation
of Kontos et al. is 534(0)=0.577 keV b, which is ~3% larger than the one in [AGR11], and this
translates to a ~2.61% and ~2.45% increase in the "Be (¢, ("Be)) and ®B (¢, (8B)) solar neutrino
fluxes, respectively, calculated using the expressions in [CDO08].

The changes are higher if we consider the normalised value from the Neff model,

534(0)=0.592 keV b. This value is very close to the one obtained without any normalisation (S34(0)=0.593
keV b) and therefore we can consider this model as the one that reproduces our results with the best
agreement. On the other hand it should be recalled that this model is based on ab-initio calcula-
tions thus, without considering any of the experimental data it can reproduce both phase shifts and
capture reaction cross sections. The increase of 5.89% in the S34(0) value compared to that from
[AGRTI] translates into an 5.05% and 4.75% in ¢,,("Be) and ¢, (®B), respectively.

B Concerning the BBN it was already discussed that the "Li problem will not be solved by means
of obtaining precise rate for the He(a,y)"Be reaction. However, any change in the recommended
S34(0) value has a direct impact on the estimations of the primordial "Li abundance. A calculation
of a new primordial 7Li abundance is out the scope of this work, however a qualitative analysis
can be done. According to [DGKQ9], a primordial “Li abundance of "Li/H=(5.4+0.3) 10710 is
obtained using S34(0)=0.57 keV b. This abundance is a factor 3 or more larger than the observational
values. In our case the S34(0) is a 3.86% larger than that considered in [DGK09] and therefore, the
corresponding calculated primordial 7Li abundance becomes even larger than the current value,
thus worsening the disagreement between the calculations and the observations (see for example
[CFOO08]).
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6.6 Future work

The present situation for the 2He(a,y)"Be reaction is far from being settled both from the theo-
retical and experimental points of view. It is worth pointing out the situation at around Ecy ~ 1 MeV,
where the theoretical models start to deviate. A lot of experimental points around this energy agree be-
tween themselves when the uncertainties are taken into account. However, the Neff calculation, which
reproduces the experimental S-factor at higher energies with the best agreement compared to the other
considered models, deviates from the precise data of Weizmann at 950 keV by ~ 4¢. Moreover, this model
cannot reproduce the absolute scale of the S-factor curve for the 3H(c,y)"Li reaction. On the other hand,
the experimental data of this reaction were obtained more than 20 years ago. Therefore, new experimental
information is required in order to constrain the theoretical models and thus the S34(E) extrapolation to
zero energy. Our collaboration plans to perform new experiments in order to constrain the experimental
information of the He(a,y)" Be reaction.

One of our aims is to determine the experimental cross section of the ®H(cx,v)” Li mirror reaction
using >H implanted targets [WRHOO], as none of the calculations can simultaneously reproduce the en-
ergy dependence and absolute value of both this reaction and the 3He(q,7y)”Be reaction. Moreover, the
previous experiments studying this reaction were done using 3H targets of only 1 1g/cm?. This mea-
surements would give more accurate results due to the higher number of target atoms with no target
deterioration.

One of our other objectives is to determine the prompt ~-rays angular distributions for both
3He(cv,v)"Be and 3H(a,7y)"Li reactions, for which we plan to use Germanium detectors from arrays such
as the TIGRESS array at TRIUMF [SAAOQ5]. These measurements will also aim at determining the ab-
solute cross section of both reactions by using the prompt «-detection technique, not used so far by our
collaboration. These measurements will help us determining the different partial wave (s,d, etc...) contri-
butions to this cross section experimentally and compare with the expectations from calculations in order
to constrain theoretical extrapolations and give more accurate extrapolated S34(0) values.

Finally, we plan to measure the 3He(a,a)?He elastic scattering channel. In Chapter [2] it was
discussed how potential models cannot simultaneously reproduce the phase shifts and capture cross sec-
tion considering only the dominating extranuclear/direct capture [Moh09]. On the other hand, the FMD
model reproduces the phase shifts as well as the reaction rates for the *He+a system, but fails to explain
the results for the same channel in the 3H+a system. Also, accurate elastic scattering data are needed for
energies above Ecy1 ~2 MeV that should be compared with the calculations including the 6Li+p break
up channel. We aim to achieve ~ 5% accurate elastic data by using a chamber placed at DRAGON target
chamber, which has ports for particle detection at angles of 30, 50, 60, 70, 90, 100, 120, 130, 135 and 140
degrees with respect to the beam direction

All of this, apart from a likely elastic scattering measurement of 3H(a,«)>H with implanted targets
using for example TUDA setup will lead us to a consistent comparison with the calculations for both these
reactions and constrain the errors in the extrapolated S34(0) factor.

6.7 Conclusion

In this chapter the main results and conclusions of the work in this thesis have been discussed.
The experimental results obtained in both the Madrid and TRIUMF experiments have been compared
with previous experimental works in the same energy region, solving the discrepancies among them and
discarding those old results from Parker and Kavanagh [PK63]. Later, our results have been compared
with different theoretical models, determining the normalisation factors required to obtain good fits to
our astrophysical S-factor data. The ab-initio FMD model calculations by Neff [Nefll|] reproduce our
measurements rather well. Therefore, the adopted value of 0.593+0.02 keV b is recommended for S34(0).
The impact on the SBBN and the SSM of this adopted value has been discussed and finally the future
work to be done by our collaboration has been briefly mentioned.
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"Science does not know its debt to imagina-
tion"

Ralph Waldo Emerson

CHAPTER

CONCLUSIONS

The 3He(a,)"Be reaction rate is an input parameter and therefore has a determining role in the
estimations of the solar neutrino flux by the SSM and the prediction of primordial “Li abundance predic-
tions by the SBBN. Large discrepancies are seen in the rate or S-factor for this reaction among the different
data sets and theoretical calculations, specially in the range of Ecyi=1-3 MeV. In this region, contributions
from the non-external capture is expected, but a clear picture is missing due to the limited experimental
and theoretical works.

Driven by these primary, nevertheless, very broad interest, this reaction has been studied in this
thesis work, by employing two complementary experimental techniques: the activation method using a
5 MV tandem accelerator at CMAM laboratory in Madrid, and the direct recoil counting method using the
DRAGON separator at TRIMF, Vancouver.

Some important outcomes are:

B Two experimental set-ups have been completely characterised in order to study the He(c,7)"Be
reaction

B Ten new S34(E) values with low systematic uncertainty have been obtained in the range of Ecm=1-
3 MeV using the activation technique and by employing a very well controlled "Be production and

a y-counting setup

B Three of the measurements using the activation technique has special relevance due to the low sta-
tistical uncertainty and good accuracy

B The density profile of the 3He gas target in the DRAGON cell has been measured for the first time
and can be used for future experiments at the DRAGON separator
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7. Conclusions

B The charge state distribution of Be nuclei after crossing the 3He target gas has been determined for
the first time, using target pressures between 1 to 6 Torr, that indicates charge state equilibrium at
1 Torr

B A very high suppression of the incident beam has been measured when the "Be recoils from the
3He(c,y)"Be reaction are selected by the DRAGON separator

B The GEANT-3 DRAGON code has been modified and adapted to perform extensive simulations,
including a new specific prompt y-rays angular distributions which will be used for the design of
future experiments

B Several tests have been performed in order to constrain the angular distribution of the prompt ~-
rays. The variation of the angular distributions has been introduced as potential uncertainties in the
acceptance and intense simulations with the adapted GEANT-3 code could lead to a better constrain
in the coefficients of the y-ray angular distribution

B Four new data points for the S; /Sp branching ratios have been determined. This includes the point
corresponding to 2.8 MeV that is the highest energy at which such data has been obtained so far

B Four new S34(E) values have been determined with the lowest statistical uncertainty measured so
far using the direct recoil counting technique

B A good agreement is seen between the two data sets obtained using two independent techniques

B The results obtained in this thesis clearly agree with those from the ERNA collaboration [DGK09]
and fully disagree with those from Parker et al.’s work [PK63], in the same energy region

B Our data show very good agreement with the ab-initio FMD calculations [Nef11]
B Based on our experimental results and the ab-initio calculations we recommend a value of S34(0)=0.593 keV b
B From the description of our results and other experimental sets further data are yet required in a

wide energy range using different techniques for a comparison of the results and to perform consis-

tent data evaluations

B None of the current theoretical calculations can describe simultaneously the two mirror reactions
3He(,y)"Be and 3H(a,y)"Li. New measurements of the mirror reaction are strongly suggested
as well as elastic scattering data of the 3He(c,))>He reaction in order to constrain the theoretical
models

B Due to the discrepancies between the theoretical models of the s- and p-wave contributions to the
S34(E) factor, precise angular distributions of the prompt ~y-rays are also recommended.
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"It has become appallingly obvious that our
technology has exceeded our humanity"

Albert Einstein

APPENDIX

SILICON DETECTOR AND ELECTRONIC MODULES

Abstract: In this appendix, the general details of semiconductor detectors and in particular of this used in
the Activation experiment will be briefly described. As an example of the typical electronic modules used in Nuclear
Physics experiments, those used in the activation experiment in Madrid will be also detailed.

A.1 The Silicon Detector used in Activation Experiment

In the activation experiment performed at CMAM laboratory in Madrid, a semiconductor detector
was used to detect the scattered ionised *He beam ions.

For semiconductor materials, the energy gap between the valence and conduction bands is ~1eV.
This is small compared to insulators (~5eV) and allows the creation of electron-hole pairs (electrons from
the valence band are excited to the conduction band) when a charged particle crosses the material [Kno00].
At non zero temperature, a small number of electrons gain enough thermal energy and get elevated to the
conduction band, creating the corresponding hole in the valence band. Both the hole and the electron take
part in the random thermal motion. To control this movement of charge, some small quantities of doped
elements, with 3 (p-type semiconductor) or 5 (n-type semiconductor) valence electrons are added to the
semiconductor material. When a p-type and a n-type are joined, the electrons from n-type material spread
through the p-type material and neutralise the holes there, creating a depletion region (active area). An
electric field is created in the depletion zone due to the remaining effective positive charge in the n-type
material and negative charge in the p-type. When a charged particle go through the depletion zone the
created electron-hole pairs move in opposite directions following the electric field, creating an electric
signal whose amplitude is proportional to the incoming energy. In practice, a reverse bias is applied to the
detector in order to enlarge the active area and increase the electric field strength for the efficient charge
collection. The drawback in the process is that some amount of leakage current is created.

For the activation experiment a surface silicon barrier detector reverse biased with +120V was
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A. Appendix A: Silicon Detector and Electronic Modules

Figure A.1: (a) A photo of the silicon surface barrier detector placed in the holder used in the activation experiment
performed at CMAM laboratory in Madrid. (b) A schematic of the p-material, gold layer, and the depletion zone that is
extended due to the reverse bias applied.

used (see Figure[Ad). These types of detectors consist of a p-type thin layer material on top of a n-type
doped silicon and an evaporated gold layer on the front surface acting as electric contact. For more details
about semiconductor detectors see Chapter 11 in reference [Kno00].

A.1.1 Electronic modules

Section [3.2.1] describes both electronic chains used to process the electronic signal of the silicon
detector and the integrated electric charge in the chamber. A diagram showing the processing of the
different chains using electronic modules is displayed in Figure[3.8] In the following details of the modules
will be given:

Preamplifier:

The main purpose of the preamplifier is to amplify the low amplitude signals from the detector
introducing minimal amount of noise and avoiding capacitance effects. The preamplifier is therefore
placed as close to the detector as possible. The preamplifier used in this experiment is charge sensitive type
and integrates the whole charge from the detector pulse in a capacitor removing the detector capacitance
dependence. Thus, the output voltage signal depends only on the charge and the capacitance of the
capacitor. The module used in the experiment was MPR-I manufactured by MESYTEC [MES].

Amplifier:

Before being digitised, the signal must be further amplified and shaped in the amplifier. Shap-
ing the pulse, e.g. as a Gaussian function, is important for different reasons: the output pulse from the
preamplifier has a long tail, from 40 us to hundreds of ps then, a new signal from the detector may come
during this time. In order to avoid the overlapping between different signals this tail must be eliminated
by integrating the pulse in the amplifier for an appropriate time, which corresponds to the shaping time
of 1 us for this experiment. The model used in this experiment was: Dual Amplifier-855 manufactured by
ORTEC [ORT].

Time Filter Amplifier (TFA):

This is a type of amplifier in which the pulse is shaped optimising the pulse/noise ratio and
preserving the temporal information of the signal. In this case, the TFA was used to amplify the signal to
be used in the coincidence setup.

Constant Fraction Discriminator (CFD):

The CFD is designed to provide a timing signal corresponding to the original signal with an
amplitude above a threshold relevant to the experiment. A CFD eliminates those pulses coming from the
electronic noise and keeps the pulses from the detector. The signals above the threshold are transformed
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A.1. The Silicon Detector used in Activation Experiment

to one volt digital signals to be used in the rest of the coincidence setup. In this experiment the threshold
was set in order to avoid the electronic noise and the background radiation.

Gate and Delay Generator:

A gate and delay generator module generates a logic output signal during a period in the order of
ps. The temporal gate is generated when the module receives a logic signal, in this case from the CFD. The
output width of the gate is set by looking at the signal in the oscilloscope and fitting to the same width
as that from the amplifier signal. The output gate is sent to the Linear Gate and Stretcher together with
the signal from the amplifier in order to select just the “good” events to be digitised (those selected by the
threshold in the CFD).

Linear Gate and Stretcher (LGS):

The module 542 manufactured by ORTEC is useful to select or discard pulses according to coinci-
dences and temporal conditions, that is, the hardware coincide is carried out. The module has two inputs,
the output signal from the amplifier and the temporal gate from the Gate and Delay Generator. During the
experiment it was used to select the coincidence pulses coming from the energy chain and those from the
temporal chain, where just the events above the threshold in the CFD were considered.

Multichannel Analyzer (MCA):

An MCA consist of a device which classifies and counts events in real time. The classification can
be made based on different parameters of the incoming pulse (one pulse per event). Once the pulses are
classified, they will be accumulated together in some channels, where each channel stores events with
the same characteristics. Most common MCAs classification is based on the height of the incoming pulse,
pulse height, which in our case is proportional to the deposited energy in the detector. Once the pulses are
classified in the MCA, they are saved as histograms. For this experiment the software MAESTRO®-32
version 6 developed by ORTEC ([ORT]) was used together with a multichannel buffer plate (MCB) in a
computer. After the direct digitisation of the output signal from LGS, the software showed the spectra
online and the data were saved in ASCII format.

Charge Integrator and Scaler

A charge integrator (ORTEC-439 [ORT]) and a scaler (QUAD CALER AND PRESENT COUNTER
TIME [CAE]) were used to monitor and determine the beam intensity. Using the accelerator electrical
ground as zero voltage, a BNC cable was connecting directly the reaction chamber to the charge integrator
(all the appropriate elements in the chamber were electrically connected and together they acted as a
Faraday Cup). The output of the integrator, as a number of pulses, (10710 C/pulse), was sent to the
Scaler module, where the number of pulses per second and the accumulated number of pulses for each
run were displayed. The accumulated number and the count rate pulses were manually recorded each
half an hour to monitor the beam stability. At the end of each measurement the number of pulses was
saved.
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"Never memorize something that you can look
up”
Albert Einstein

APPENDIX

KINEMATICS

Abstract: In this appendix, some general expressions useful to understand the kinematics related to the
capture reactions A+B——C+~ will be given. Firstly, the transformation between laboratory and centre of mass
coordinate systems will be presented ,and after that, the reaction kinematics will be detailed.

B.1 From Laboratory to Centre of Mass System

The nuclear reactions are observed in a reference frame which is at rest in the Laboratory (Labora-
tory System). However, from a physics point of view the movement of the centre of mass does not play a
role in the reaction itself. Therefore, it is more convenient to use a frame in which the centre of mass of the
nuclei is at rest (Centre of Mass Systen).

Figure shows the velocities involved in a radiative capture reaction in both Laboratory and
Centre of Mass systems. The target is considered to be at rest in the laboratory system. In the following,
variables without the prime symbol,’, will correspond to the laboratory system and those with """ to the
centre of mass system.

Utilising the definition of the centre of mass system, before the collision, we have:

71l = |P%] (B.1)
Vi = Vi-Vem (B.2)
Vi = —Vewm (B.3)

here Vi p is the velocity of the centre of mass in the laboratory system and 1 and 2 represent the projec-
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B. Appendix B: Kinematics
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Figure B.1: Velocities involved in a capture reaction 1(2,y)3 given in the laboratory system (left) and centre of mass
system (right). Top and bottom shows the situation before and after the reaction takes place, respectively. The target, 2,
is at rest in the laboratory system, 1 is the incoming beam, and the green dots indicate the centre of mass position.

tile/beam and target, respectively. After working out some algebra, we have

Vem = (71711 ) Vi (B.4)
mi1 + mg
2E
_ ( my ) 1 (B.5)
mi1 + mg mi

where the m and m» are the masses of the interacting nuclei, the velocities of which in the centre of mass
system are given by:

Vi = (&) % (B.6)
my + mz
and
V) = (L) Vi (B.7)
my + mz
The kinetic energy in the centre of mass system, T’ is then given by
/ / / 1 g, 1 '2
T=T+T5 = §m1V1 + §m2V2 (B.8)

which, utilising|B.6|and becomes

T=_"2 1. (B.9)
m2 +m1

here, T; is the kinetic energy of the incoming beam (particle 1 in Figure in the laboratory system.
The T’ energy, that is a — =2 — fraction of the beam energy, is the real available energy for the nuclear
ma+my

reaction. Therefore, what is the rest of beam energy used for?

174




“thesis” — 2016/11/20 — 11:26 — page 175 — #195

B.2. Kinematics for Capture Reactions in the Laboratory System

In order to understand where the remaining energy is utilised, let’s take a look to the kinetic
energy in the laboratory system and perform some algebra:

1 1 1 2
Ly2m, = Ly, (m) _ Ly (M)
2 2 mo + m1 2 m2 +my

lV12 ( T i ) = lV12’rn1 (77712 ) + 1Vl2 ( mi )
2 me +mi1  m2+my 2 ma +my 2 mg + my

and taking into account the expressions[B.4and [B.9} it becomes

T

T=T + Tey. (B.10)

where Ty is the kinetic energy of the centre of mass point in the laboratory system (Tcy = %(ml +
ma2)VZ,)- Therefore, from the total initial kinetic energy (T), only part is available in the nuclear reaction
(T") while the rest is spent on the movement of the centre of mass. This will be transferred to the movement
of the nucleus and ~ radiation in the exit channel but do not participate in the reaction itself.

Conventionally, the kinetic energy in the centre of mass system before the collision is named Ecy
as it is the available total energy for the reaction, and in this form it has been called through this thesis.
Also the E is used in literature indicating that this is the relative energy of the interacting nuclei in the
laboratory system.

Now, let us consider the situation after the collision. In the same way as before the collision,
V’cm=0 after the collision, and then,

IP5] = P4l (B.11)

The kinetic energy in the centre of mass system after the collision (EéM) is given by

Ely; = Ecom + Q (B.12)

being Q the Q-value of the reaction (see expression.
Finally, the relation between the laboratory and centre mass angle of the emitted photon can be
given by

cost’ + 3

cos) = ———
1 + cosb’

(B.13)

where the relativistic parameter 3 is defined as

5— YNl +2mc) (B.14)

mac2 +mic2 +T1

B.2 Kinematics for Capture Reactions in the Laboratory System

In order to obtain the kinematic expression for the radiative capture reactions, let us assume the
target nucleus 2 to be stationary in the laboratory system (Figure [B.1|left). Conservation of energy and
linear momentum yield the equations:

mic? + Ty +mac?: = mgc2 + T3 +E4 (B.15)
E

V2miE1 = /2maTacos(¢) + —Lcos() (B.16)
C

0 = +/2maTasin(¢) + Eisin(e). (B.17)
C

(B.18)
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Here, E,, ¢ and 0 are the photon energy, the recoil and v-ray emission angles, respectively. After per-
forming some algebra and eliminating T2 and ¢ and solving for the energy of the emitted photon, we
have

2

m \% E m
E’Y =Q+ 2 T + E’Y —2c059 — al 5 = Q+ =2 T+ AEDopp — AErec. (B.19)
ms c 2mac ms

Therefore, the photon energy is given by the sum of four terms: (i) the Q-value, Q = (m1 +mz —mg)c? =
T3 + Ey — E4, (ii) the bombarding energy in the centre of mass system, (iii) the Doppler shift due to the
photon is emitted by a nucleus at a speed of V3=V1(m1/ms3), and (iv) the recoil shift which is caused by
the energy shift on the recoiling nucleus [I1i07]. The numerical expressions for the two last terms are given
by:

VML TY

AEpepp = 4.63367-10—2 Ml3 LE, cosd (B.20)
E'Y

ABre = 5367721041 (B.21)
3

where, all energies are in units of MeV and the rest masses are in units of u. These two terms represent
relatively small corrections.

The expression shows E, both on left and right hand sides. When a precision of ~keV is
sufficient, we have the approximated relationship E, ~ Q + Ty (m2)/m3, where the masses are given by
integer v unit masses. To achieve better accuracy, the masses inshould be replaced by: m; + E; /(2¢?)
and the exact relativistic expression for the photon energy is then given by:

E, - Q(m1c? +mac? +m3c?)/2 + msc?Thy (B.22)

mic? + mac? +T1 — cosO+/T1(2m1c? + Ty

where E, denotes the photon energy for the ground state transition. Thus, the kinetic energy of the
recoiling nucleus in the laboratory system is given by

Ts=Q—E,+T, (B.23)

On the other hand, the relation between the emission angles for the photon (¢) and recoil (¢) is
given by

sind
¢ = arctan (B.24)
E;l v/ 2m1c2T1 — cosf

The maximum recoil angle, ¢max, is obtained when the photon is emitted perpendicular to the incident
beam direction, # = 90°, which is given by

E.
¢max = arctan | ———X—— (B.25)
\/2mqc2Ty

Therefore, the recoils are emitted in forward direction into a cone of half-angle ¢max-
If an excited state in nucleus 3 is populated, then the Q-value in the above expressions must be
replaced by Q=Qq-Eex where Qq corresponds to the ground state.
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B.3 From Kinetic Energy to Momentum

In the previous section it has been derived how to obtain the kinetic energy of the recoiling nu-
cleus in the laboratory system (expression . Here, the relation between the kinetic energy and the
momentum will be given. The equations relating the total relativistic energy Es, the kinetic energy T3 and

the momentum p3 of a particle with mass m3 are given by:

Ts = E3 fmgcQ
2 4

E2 = p% 2+ m3c
and with some rearrangement,
Es = Tg + m§c4 + 2T3msc?
and substituting for E3, we have
pac? = T2 + 2mac?.
As we often use the energy expressed as MeV /u, we can define
Ts(MeV) =T - A
where A is the mass number and T is the energy per nucleon in [MeV /u]. Noting that
m=A-An

with Ay, = 931.494 MeV/c? and inserting the two previous equations in equation we have

3 ZA\/Tg(Tg +2Am) MeV/c.

177

(B.26)
(B.27)

(B.28)

(B.29)

(B.30)

(B.31)

(B.32)




“thesis” — 2016/11/20 — 11:26 — page 178 — #198




“thesis” — 2016/11/20 — 11:26 — page 179 — #199

"An expert is a person who has made all the
mistakes that can be made in a very narrow
field"

Niels Bohr

APPENDIX

ERRORS

Abstract: In this appendix some procedures followed to obtain systematic and statistical error in parameters
such as number of beam particles, target particles, cross section or astrophysical S-factor will be discussed. Some
general concepts will be used to demonstrate how errors are extracted for the observables in this thesis and their
propagation is discussed.

In the following sections some expressions will be given without any proof, and the reader is
referred to [Tay82|] and [RBKRO3| for more details and extended discussion.

C.1 Systematic and Statistical Uncertainties

Systematic uncertainties are those which cannot be revealed by repeating the measurements as
they are related to the inaccuracies in the knowledge of various parameters. On the other hand, the
statistical uncertainties will arise from overall statistical fluctuations in the measured observables over a
finite amount of time and not from the lack of precision in the measuring instruments.

Statistical uncertainties are usually related to count events in a detector. Let us assume that we
repeat an experiment where we count in a detector the alpha particles emitted by a standard source under
the same conditions and times. The distribution of the results for the number of counts will follow a
Poisson Distribution whose standard deviation (o), is determine by:

c=Vi (C.1)

here, p is the value of the mean counting rate. Therefore, in our case, where we usually do one measure-
ment, we consider o as the statistical uncertainty associated with the measurement.
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On the other hand, systematic uncertainties will be related to the measurement equipment or
technique, how well calibrated the system is or how stable the experimental conditions are. These uncer-
tainties are highly important as the accuracy (how close the result of our experiment is to the true value) of
our experiment is related to how well we can control and understand the systematic uncertainties. Errors
of this type have to be carefully estimated with a good understanding of the setup. Therefore, a careful
characterisation of the setup to understand and minimise all possible systematic uncertainties plays an
crucial role in an experiment.

C.2 Statistical Treatment of Data

The random errors, i.e. errors than can be revealed by repeating the measurements, can be treated
statistically as they are considered as fluctuations in observations that yield different results each time we
do the experiment. Therefore, for N measurements of a quantity x;, the best value is given by the mean
value Z, defined by:

==L (C2)

while the average uncertainty associated to each measurement is given by the standard deviation, defined
by:

Y — ) (&)

Ox

which we can adopt as the uncertainty associated to a single measurement. It could be demonstrated
by performing a single measurement that we would find a probability of 68.27% , that our result will be
within o, of the correct valued. On the other hand, it can be proved the uncertainty = value is given by
the standard deviation of the mean (oz):

(C4

C.2.1 The Normal Distribution

In order to perform statistical analysis of an experiment, several measurements are required. The
distribution from the measurements is usually plotted as histograms (x-y plots), where z-axis shows the
values and y-axis shows the number of times the measurement results in that value. The X-axis is usually
divided in bins, the corresponding y-value gives the number of times the result takes a value within the
range of the bin.

Typically, Normal Distribution or Gaussian Distributions are seen when fluctuations in measure-
ments are affected only by randoms errors. After sufficient number of measurements the number of times
the data takes a value above and below the "true" value will be the same. Thus, it will result in a distribu-
tion centred on the "true" X-value® and, the larger the deviation from the "true" X-value is, the smaller the
frequency it is obtained with. These normal distributions can be expressed as:

N 2 2
G — —(z—=X)%)/20 C5
() Wi (C5)

where X is the central or "true" value, x is the value corresponding to a given measurement, o is the width
of the distribution and N is the normalization constant. An example of a Gaussian distribution with N=1,
o=1, and X=0 is shown in Figure

AThere is no measurement which can exactly determine the correct value of any continuous variable. Thus, the true value in a Gaussian
distribution is the one which occurs with the highest frequency.
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Figure C.1: Gaussian distribution with N=1, o = 1, and X=0.

It can be proved that the Gaussian function width o, is the standard deviation of the distribution
(o2):
o=0z (C.6)
with the same meaning and effect as o, defined in[C.3]. Therefore, o can be considered as the error of a
single measurement.

It is worth mentioning that when systematic errors are added to the random errors all values get
shifted in one direction and the distribution will have a new "true" X-value shifted in the same direction.

C.3 The x? Testing Method

The x? testing procedure is the standard analysis technique to compare the results between dif-
ferent measurements, or between a given set of measurements and a given theory. If we make n measure-
ments, x?2 is usually defined as:

(C7)

Error o2

2 <= [ observed value-expected value \ > <~ (O, — Ey)?
=3 ( =y LB
k=1 k=1

where Oy, is the measured value with a standard deviation of o and Ey, is the expected value. Often, the
reduced x? value, denoted by %2 and defined as:

x> =x?/d (C.8)

is also used, where d is the number of degrees of freedom. If the value of %2 is around one, then the
agreement between the compared values should considered as good and if ¥? is much larger than one
then the two sets of compared values should be seen as in disagreement.

C4 Least-squares Fits and Errors

Measurements and data analysis usually take advantage of the mathematical relationship be-
tween different variables. For example, the study in Figure where a linear relationship is seen be-
tween the magnetic field required to bend the “He beam and the pressure in the gas target. The analytical
method of finding the best fit line is called linear regression or least-squares fit.

Let us consider a measurement where two observables assume a linear relationship, y; = Ax;+B.
The best functional fit to the data can then be given by the A and B values which minimise the value of

X2, ie.

N
2 = Z (yi — A— Bw)* C9)
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Minimising x? with respect to the parameters A and B, we have:

N N N N
2

E w;iT; E WiYi — E W; T E Wi T3 Y;

i=1 =1 =1 i=1

A = (C.10)
A
N N N N
Z Wy Z WiZiYi — Z W;Tq Z WiYq
=1 =1 =1 =1
B = A (C.11)
N
A = Zwi Zwlrf — <Z wizi> 2 (C.12)
i=1 i=1 i=1

where w; = 1/02 introduce the weight factors for each of measurement. The errors associated to A and
B are given by:

(C.13)

(C.19)

The same method can be generalised for y which is expected to be a higher order polynomial in
x:y = A+ Bx + ... + Ha", although the algebra becomes complex.

C.5 Error Propagation

The values of a variable usually depends on one or more other measured variables. The relevant
example from our experiment is that the cross section depends on the number of recoils, beam and target
particles. Therefore, we should estimate the propagation of uncertainties from several measured variables
(u,v...) to determine the uncertainty in whatever variable z, which depends on u, v, ... The general ex-
pression relating the variance o2 (square of the standard deviation) of the dependent variable x to the

variances of u, v, .. is given by:
19} 1o}
o2~ o2 (8—2) + 02 (a—z) T (C.15)

C.6 Error in TRIUMF Experiment

In this section, how the errors are obtained for different variables in our experiment performed
at TRIUMF are detailed. The systematic and statistical uncertainties are treated separately. The final
systematic (statistical) errors in the cross section and S-factor are obtained by standard error propagation
with expression of the systematic (statistical) uncertainties in the observable that the cross section
depends on, namely, numbers of 3He target particles, *He beam particles and "Be recoils.

C.6.1 Errors contributions to the number of *He target particles

No statistical errors are considered in the number of target particles.Taking into account the ex-
pression N;=9.66-10'8 Z'?P, the systematic uncertainty of N; is obtained from standard error propagation
of the uncertainties:
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B A/=0.5 cm, from previous experiments and TDP measurements.

B AP = (0.1 + op) Torr and AT = (1 + o) k: The final values for pressure and temperature are
taken as the average value of the corresponding values recorded each five minutes. However, it is
worth noting here that as the pressure and temperature change during the run the average value
of the "true" readings do not have the same meaning as in expression [C.2] where it is assumed that
the "true" value is the same and the deviations are coming from randoms errors. Therefore, the
standard deviations of a single measurement (o and o p) are considered as errors, instead of the
standard deviation of the mean. The 0.1 Torr and 1 K systematics contributions are taken from ref-
erence [GBB04].

C.6.2 Error contributions to the number of “He Beam Particles
The number of beam particles in our measurements is given by (cf. section|5.3.3):

RF - 5i-30

oB

_ C.16
*He™ T jvetime - P - T (C.16)

The statistical error is obtained by standard error propagation of the statistical uncertainty associated with
the Si-30 variable (area of the peak in the silicon detector) which is given by the expression
osi30 = VSi-30 (C17)

The final statistical errors in N"fHe are smaller than 0.5 %.
The systematic error arises from the systematic uncertainty in P and T calculated as detailed in

section and from the systematic uncertainty in Rr from the fits shown, for example, in Figurem

C.6.3 Error contributions to the number of “Be recoils

The total number of "Be nuclei produced is given by (cf. section[3.3.2.7):

Y1
Yoge = DSSSD (C.18)
te - gt - EDRAGON - €DSSSD

The statistical error in the Y, can be obtained by propagating i) the error in Ypsssp, i.e. the "Be
nuclei detected in the DSSSD, which is given by:

T¥psssp = V YDsssD (C.19)

and ii) the statistical uncertainty associated with epragon shown in Table[£23]
The systematic errors propagated are:

B 0.10% error associated with epgsssp.-
B The systematic uncertainty associated with epracon shown in table@
B The error in t; calculated from the total and acquired triggers.

B The errors in q; are obtained from the CSD distribution measurements.

The two facts, namely the CSD is energy dependent, and the recoils are created with a distribution
in energy (see Table have been also taken into account. Figure shows the charge state
fractions together within their errors at different energies for both the 2T (top) and 3T (bottom
charge states of 9Be. Enclosed in circles are the values considered in the data analysis (see Table
and the green dots are values for the "highest" and "lowest" recoil energies for different sets of Sz4
capture data at different Ecy. It should be pointed out that for the 383.30 MeV /u "Be mean energy
corresponding to the 2013 run, both the q¢(27) and the associated error have been calculated by
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extrapolating the values and errors measured for other energies and the same charge state (blue
solid line and dashed red line in Figure[C.2(a)). As can be seen, for the four cases the charge state
fractions associated to the "highest" and "lowest" recoil energies, (i.e. the limits indicated by the
green points) are always within the error bars of the mean values. This, added to the fact that most
of the recoils are created along with a 90° vy-emission (assuming isotropic prompt ~-ray angular
distributions), which should have the mean CSD values, makes us argue that the uncertainty in q¢
to be the same as that for the mean values. An additional error contribution should in principle
be considered, which is associated with the fact that the charge state equilibrium was proved only
to ~1 Torr, but not for lower pressures. However, this was not done based on the experience of
previous experiments where the charge state equilibria were found even at lower pressures within
our considered errors. New measurements proving this fact are planned.
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Figure C.2: Charge state fractions for 2 and 3" for the different recoils energies. Enclosed in circles are the mean values
of the different q¢ used corresponding to the energy of the recoils created at the centre of the gas target with the prompt
~-ray emitted at 90°. The green dots indicate for the maximum and minimum recoils energies the charge state fraction
obtained by extrapolation of the measured values.
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C.6.4 Error contributions to the Ss4(E) factor

Different error contributions to the astrophysical S-factor obtained from the direct counting ex-
periment at TRIUMF are shown in Table [C.T](systematics) and [C.2] (statistical).

E4Hc AS?I AE A4He A3He AL (O/O)AP,AT (%)Be Aqf AfDRAGON At(, AeDSSSD
MeV | (%) | (%) | (%) (%) (%) (%) (%) (%) (%) (%)
~65 | 1928 1 003 | 123 | 4620 407 2.19 o, 317 9 0.26
~52 | 71998 | 006 | 060 | 540: 4.07 3.56 o8, 412 +8.68 0.12
~35 | 1900 | 0.09 | 045 | 4970 407 2.87 8 637 roas 0.22
~47 | 1480 | 006 | 098 | 564 407 3.92 T8 13.0(% toss 0.12

Table C.1: Systematic error contributions to the astrophysical S-factor for the Direct Recoil Counting experiment at TRI-
UMEF. The second column shows the total systematic uncertainties, while the columns titled as AE, A*He, A®He, and
A" Be show individual contributions from the energy, number of beam particles, number of target particles, and number
of recoils to AS‘;'Z, respectively. The columns titled as A¢, AP, AT give error contributions from the target length, pres-
sure and temperature, respectively, to the systematic uncertainty in the number of A®He target particles. The columns
titled as Aqy and Aepracon give contributions from the measured charge state fractions and DRAGON efficiencies ,
respectively, to the systematic uncertainty in the number of ” Be recoils.

(*) This relative large error is due to the fact that the qy at this energy is obtained by extrapolating the errors measured
with other energies (see section Measurements of charge state distributions at this energy are planned.)

Run | Eay, | AS§2t | A%He | A7TBe  Aepracon  AYpsssp
MeV | (b)) | %) | (%) (%) (%)
~6.5 1.24 0.37 1.18 1.05 0.55

2011 ~5.2 0.92 0.17 0.91 0.87 0.27
~3.5 0.77 0.17 0.75 0.59 0.48

2013 | ~4.7 0.95 0.07 0.94 0.84 0.44

Table C.2: Statistical error contributions to the astrophysical S-factor for Direct Recoil Counting experiment at TRIUMF.
The third column shows the total statistical uncertainties. The columns titled as A* He and A7 Be show the contributions
from the number of beam particles and number of recoils to AS;’;"J, respectively. The columns titled as Aepracon and

AYDpsssp, give individuals contributions from DRAGON efficiency and the “Be counts in the DSSSD to the statistical
uncertainty in the number of 7 Be recoils,
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"Yo soy yo y mis circunstancias"
José Ortega y Gasset

APPENDIX

SPANISH SUMMARY/RESUMEN EN CASTELLANO

Abstract: El trabajo presentado en esta tesis versa sobre el estudio de la seccidn eficaz de la reaccién nuclear
de interés astrofisico 3He(cv,y)"Be. En este apéndice se presentard, en castellano, un amplio resumen del trabajo
presentado. En primer lugar se motivard el trabajo desarrollado. Seguidamente se detallardn las técnicas experimen-
tales utilizadas para determinar la seccién eficaz de la reaccion asi como el andlisis y los resultados. Por iiltimo, se
discutirdn los resultados obtenidos y su impacto.

D.1 Estudios sobre la Reaccién *He(o,7)"Be: Motivacién

La secci6n eficaz de la reaccién nuclear 3He(c,y)"Be juega un papel relevante en dos escenarios
astrofisicos importantes: las predicciones de la abundancia del Li primordial en el universo a través
de la Nucleosintesis Estdndar del Big Bang (SBBN por sus siglas en inglés), y las estimaciones del flujo de
neutrinos solares procedentes de las desintegraciones del 8B y "Be a través del Modelo Solar Estdndar (SSM
por sus siglas in inglés).

Desde los primeros estudios llevados a cabo por Holmgrem y Johnston [HJ59], intensos esfuerzos
se han llevado a cabo tanto experimental como tedéricamente con el objetivo de determinar la seccién
eficaz de dicha reaccién de forma precisa. Actualmente, el estudio de esta reaccion sigue siendo objeto de
investigaciones con el objetivo de extraer el factor astrofisico S34(E) con una incertidumbre reducida.

D.1.1 Lanucleosintesis del Big Bang y el problema del "Li primordial

Actualmente la teorfa del Big Bang es el modelo cosmolégico mds aceptado debido a que explica
tres aspectos importantes: la expansién del Universo, la radiacién de fondo microondas y la nucleosintesis
primordial.
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En el marco de la teoria del Big Bang y del modelo estdndar de particulas, la SBBN explica la
produccién de los primeros elementos en el universo entre los 200 y 1000 s después de la explosién del
Big Bang. La Figura[D.T|muestra la cadena principal de reacciones involucradas en la produccién de los
elementos primordiales. Esta comenz6 con la reaccién p(n,v)d, la cual generd el deuterio d, semilla para la
produccién del resto de elementos. Los principales elementos remanentes de esa nucleosintesis primordial
fueron, d, tritio (t), 3He, *He y 7Li; la inexistencia de ntcleos estables con A=8 evit6 la presencia de
isétopos primordiales mds pesados en abundancias relevantes. Para las condiciones de temperaturas
durante la SBBN, el intervalo de energias del pico de Gamow para la reaccién 3He(c,v)"Be es 400 >Ecy >
180 keV, el cual es accesible en los laboratorios.

1) np 7) Yoyl
2) p(ny)d 8) 3He(np)t

3) d(p,y)®He 9) 3He(d,p)*He
4) d(dnPHe 10) 3He (0,y)Be
5) dd,pt 1) “Li(p, y'He
6) t(dn)’He 12) "Be(n,p)’Li

Figure D.1: Cadena de las principales reacciones involucradas de la Nucleosintesis del Big Bang.

La Figuramuestra una comparativa de las estimaciones de las abundancias calculadas con la
SBBN y los valores inferidos de la obseracién directa.
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Figure D.2: Probabilidades calculadas y observadas para la abundancia de los elementos primordiales * He (Y,,), D/H,
3He/H y "Li/H. Las regiones en azul muestran las probabilidades estimadas con el SSBN. Las regiones en amarillo y
las punteadas muestran las probabilidades obtenidas a partir de la observacion directa de diferentes emplazamientos as-

trofisicos. Para la abundancia del " Li, ("Li/H), la region amarilla muestra los valores inferidos a partir de la observacion
de estrellas con halo y la funcién punteada muestra la determinacién mediante la observacion de clusters globulares de
estrellas. La Figura ha sido obtenida de [CFOO08]
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D.1. Estudios sobre la Reaccion ®He(c,v)" Be: Motivacién

Como puede observarse las abundancias estimadas de los elementos primordiales de d, 3He y ‘He
estdn en acuerdo con aquellos valores inferidos de las observaciones astrofisicas directas. Sin embargo,
las estimaciones sobre la abundancia del “Li primordial son aproximadamente tres veces superiores a las
observadas. Este es el conocido como Problema del 7 Li primordial.

El origen de esta discrepancia es atin desconocido. Diferentes soluciones han sido sugeridas in-
cluyendo fisica més alla del modelo estandar. También se ha discutido ampliamente si la discrepancia
puede ser debida a una mala estimacién en las tasas de reacciones nucleares implicadas. El "Li es pro-
ducido principalmente a través de la reaccién 3He(a,y)"Be y posterior "Be(n,p)7Li y destruido mediante
7Li(p,oe)‘lHe. En concreto, "Li/H ngﬁ donde S34 es el factor astrofisico de nuestra reacciéon de in-
terés. A pesar de que actualmente no se cree que una determinacién precisa de la tasa de reaccién de
3He(cv,v)"Be vaya a resolver el problema, reduciré la incertidumbre en los modelos. Por ejemplo, la eval-
uacién de nuevos datos de la seccién eficaz de dicha reaccién, [CFO08], mostré un desplazamiento de un
16% en el valor central de la abundancia del “Li primordial.

D.1.2 Elsoly el problema de los neutrinos solares

Como la estrella mas cercana, el Sol, es la estrella més estudiada. Las condiciones presentes alli
hacen del Sol un emplazamiento perfecto para la produccién de numerosos procesos nucleares. El origen
de estos procesos, desde un punto de vista de nucleosintesis estelar, es explicado por el Modelo Solar
Estdndar.

La Figura muestra las principales reacciones nucleares en el Sol agrupadas en la cadena
protén-protén, en la cual se genera el 99% de la energia solar, y el ciclo CNO que supone el 1% restante.

p+p—2H+e*+v, pre+p—oH+et+V,
99.76% 0.24%
H+p—->3He+y
| 16.70%

83530% | | =2a0°%

*He +4He — "Be +7v

3He +3He —“He +2p 3He +p —4He +e* +V,

99.88% 0.12%

Be+e —7Li+v, "Be+p—%B+y

i+p—“He +*He 8B —8Be*+e*+V,

8Be* —“He +“He
pp-1 pe-ll pp-ll pp-IV

(a) (b)

Figure D.3: Principales reacciones nucleares en el Sol agrupadas en (a) cadena protén-protén, y (b) ciclo CNO.

Entre otros observables, el SSM predice el flujo de neutrinos solares. Histéricamente, las estima-
ciones de SSM predecian una producciéon de neutrinos solares de alta energia de aproximadamente el
triple comparadas con las detecciones directas en la Tierra. Estas grandes discrepancias fueron parcial-
mente resueltas mediante la postulacién y posterior comprobacién de las oscilaciones de neutrinos. Actual-
mente, las estimaciones del flujo de neutrinos solares por el SSM, mostradas en la Figura@ no son lo
suficientemente precisas. Concretamente, el flujo de neutrinos de alta energia procedente de la desinte-
gracion del "Be y 8B es directamente proporcional al factor astrofisico de nuestra reaccién en la forma:
v ("Be) ox S34(0)°-86 y ¢, (®B) oc S34(0)°-31, respectivamente [CD08]. Por tanto una determinacién pre-
cisa de la tasa de reaccién es determinante para reducir la incertidumbre asociada al flujo de neutrinos.
Concretamente, de la incertidumbre asociada a los pardmetros nucleares de entrada del SSM, la seccién
eficaz de la reaccién *He(a,)Be es la de segunda mayor influencia.
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Figure D.4: Espectro de neutrinos solares estimado por el SSS [BP95].

D.1.3 Estudios experimentales previos

Dada la importancia de la reaccién 3He(a,y)"Be en el SSM y BBN, la seccién eficaz de esta reaccién
se ha determinando experimentalmente utilizando cada vez métodos con mayor precision. La Figure[D.5]
muestra un esquema de como se produce la reaccién reaccién y la posterior desintegracién del "Be.
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Figure D.5: Esquema de la reaccién ® He(c.,y)” Be con la emisién de la radiacién gamma directa y la posterior desinte-
gracién del " Be. Las energias estdn expresadas en MeV.
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D.1. Estudios sobre la Reaccion ®He(c,v)" Be: Motivacién

La captura radiativa del >He y “He forma un nticleo de "Be siendo el valor-Q de la reaccién
1.587(1) MeV. En el proceso de fusién se emite un rayo v con dos energias disponibles dependiendo de
que se pueble el estado fundamental (7o) o el primer estado excitado (1) en el "Be. El el dltimo caso, la
desexcitacién del estado se produce mediante la emisién de un rayo v de 429 keV quedando el "Be en
el estado fundamental. El "Be formado es un nucleo inestable que decae mediante el proceso de captura
electrénica con una vida media de 53.24(4) dias. El valor-Q de la reaccién es 862 keV y con una tasa de
10.44% la desintegracion puebla el primer estado excitado del "Li a 478 keV, el cual se desexcita emitiendo
un rayo v (v3) de esa energfa.

En funcién del producto de reaccién detectado, tres técnicas experimentales diferentes son usadas
para determinar la seccién eficaz de la reaccién. En el Método de Activacion se detecta la radiacién gamma
procedente de la desexcitacién del 7Li tras la coleccion los nicleos de “Be producidos. En el Método de
Deteccién Directa los nticleos de “Be son contados directamente. En el Método de Radiacién- Directa se
detecta la radiacién « directa producida en la reaccién. La Figura muestra los datos existentes del
factor astrofisico previos a la investigacién presentada aqui agrupados en funcién de la técnica utilizada.
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Figure D.6: Valores del factor-S astrofisico para la reaccién 3He(a,y)" Be (Ss4). Los datos obtenidos utilizando el Método

de Radiacion-~y Directa, Método de Activacién y el Método de Deteccién Directa se muestran en circulos, cuadrados y tridngulos,
respectivamente.

El rango de energias cubierto en los experimentos previos estd entre 93 y 3130 keV. Solo las me-
didas de Parker y Tombrello [PK63] y la colaboracién ERNA [DGKOQ9| realizaron medidas a energias
superiores a 1200 keV, las cuales muestran una gran discrepancia entre ellas. Resolver esta discrepancia
es uno de los objetivos del trabajo presentado en esta tesis.

Los datos experimentales utilizan diferentes modelos teéricos para obtener el valor del factor
S34(0). Una comparativa entre los diferentes valores del factor S34(0) obtenidos mediante las diferentes

técnicas experimentales se muestra en la Figuram Como puede observarse, existe una gran discrepancia
entre los diferentes valores.
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D. Apéndice D: Spanish Summary/ Resumen en Castellano
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Figure D.7: Valores del factor S34(0) obtenidos a partir de las diferentes medidas experimentales previas al trabajo
presentado en esta tesis. Los resultados fueron obtenidos mediante el método de radiacién ~y directa (circulos verdes),
método de activacion (cuadros rojos) y métodos complementarios simultaneamente (cuadros abiertos): Seattle [BBSO07] y
LUNA [CBC07] utilizaron el método de activacion y deteccion directa de la radiacion v simultdineamente, mientras que
la colaboracion ERNA [DGKO09] conviné los tres métodos. La linea gruesa de color verde es el valor recomendado en
[AABYS] basdndose en los experimentos de deteccion de radiacion gamma directa al tiempo que se publicé la revision,
y la lineas verdes delgadas muestran el error considerado. Las lineas rojas tienen el mismo significado para el método
de activacién. La linea negra es el valor recomendado de S34(0) en la revision en [AGR1I|] basados en la evaluacién
de los datos de Weizmann, Seattle, LUNA y ERNA. Deberia notarse que mientras que los cuadros abiertos para Seattle,
LUNA y ERNA son obtenidos por combinacién de diferentes métodos, la evaluacion solo tiene en cuenta las medidas de
activacion de Seattle y LUNA y las de deteccion directa de ERNA.

D.1.4 Modelos tedricos

La reaccién >He(c,y)"Be es un tipo de reaccién nuclear directa de las conocidas como captura ra-
diativa. Estas son transiciones electromagnéticas entre un estado de "dispersion” inicial y un estado ligado
final mediante la correspondiente emision de radiacion electromagnética. Diferentes cdlculos tedricos han
sido llevados a cabo intentado reproducir los datos experimentales y entender el mecanismo de reaccién.
Los célculos pueden ser agrupados en modelos potenciales, [KIN81},[BBR85|[MAKO93] y en modelos microscdpi-
cos [QKT8I}[KA84] ademés de aquellos que utilizan analisis de matriz-R [DAA04], o las evaluaciones en
[CEOO08] y [AGR11], que utiliza los modelos de [Nol01] y [Kaj86]. Recientemente, los primeros célculos
ab-initio utilizando la aproximacién de dindmica molecular fermiénica, realizados sin tener en cuenta
medidas experimentales [Nefll], son los primeros en reproducir los datos de la colaboracién ERNA a
energifas intermedias.

Modelo/Evaluacién S34(0) (keV-b)
Matriz-R [DAA04] 0.51+0.04
Cyburt y Davids [CDO08] 0.58040.043
Solar Fusion Cross Sections II [AGR11]  0.564-0.02(expt)+0.02(theor)
Calculos Ab-initio [Nef11] 0.593

Table D.1: Valores de S34(0) obtenidos con diferentes calculos teéricos. Matriz-R y Cyburt y Davids utilizan la evalucién
de datos experimentales. La evaluacion Solar Fusion Cross Section II utiliza los modelos de Kajino et al. [KTA87] y Nollet
INol01] y los datos experimentales mds recientes hasta 1 MeV. Por tiltimo, lo calculos ab-initio no utilizan ninguno de los
datos experimentales y obtienen directamente el valor de S34(0).
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D.2. Técnicas Experimentales

La Tabla muestra los valores del factor S34(0) segtn los diferentes calculos, evidenciando la
discrepancia entre los diferentes modelos teéricos. La Figura muestra diferentes calculos conjunta-
mente con los datos obtenidos a partir de los datos de Weizmann en el afio 2004 [NHNEHO04]. Como
puede observarse, no solo el valor del factor S34(0) es diferente entre los modelos teéricos, ademds, ob-
viando el factor normalizacién, la dependencia del factor astrofisico con la energia es diferente, sobre todo
a partir de 1 MeV. Nuevos datos a energias intermedias son necesarios puesto que limitardn la dependen-
cia del factor astrofisico con la energia y por tanto las extrapolaciones a energfas de interés astrofisico.
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Figure D.8: Comparacién de los diferentes modelos teéricos de Kajino et al. |[KTA87], Nollet [Nol01], Descouvemont
et al. [DAAO4| y Neff [Nefll]], junto con los datos experimentales de ERNA |[DGK09], Weizman [NHNEHO04|], LUNA
IBCC06,ICBCOZIGCCO7] y Seattle [BBS07]

Es importante notar que los calculos ab-initio [Nef11], que reproducen los resultados de ERNA
[DGKQ9], a pesar de reproducir la dependencia con la energia de la reaccién espejo H(a,7)"Li discrepan
en un 15% en el valor absoluto al comparar con los resultados experimentales de Brune et al. [BWR94].

D.2 Técnicas Experimentales

De entre las tres técnicas experimentales enumeradas en la seccién anterior hemos utilizado el
método de activacion y el método de deteccion directa para determinar la seccion eficaz de la reaccién He(a,y)"Be
en el rago Ecy=1-3 MeV. Debido a las limitaciones experimentales la seccién eficaz no se puede determi-
nar a las bajas energfas astrofisicas, por ejemplo a los 22 keV correspondientes al pico de Gamow en el Sol,
por tanto, los modelos tedricos son utilizados para extraer el factor S34(0) a partir de valores determinados
a energias superiores. Medidas experimentales en el rango Ecy=1-3 MeV son especialmente relevantes
puesto que ayudardn a resolver la discrepancia entre los datos existentes en este rango [PK63], [DGK09]
y facilitaran la extrapolacién a energias de interés astrofisico.

Actualmente existen muchas instalaciones con aceleradores de particulas en todo el mundo. De
las dedicadas a fisica nuclear y astrofisica, algunas estdn especialmente enfocadas a la produccion de haces
de iones radiactivos como ISOLDE en el CERN, GSI o RIKEN. Existen también algunas otras que incluyen
aceleradores de menor escala como por ejemplo el CNA en Sevilla, las cuales satisfacen las necesidades
de energia y estabilidad necesarias en nuestros experimentos.
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Por otra parte, para realizar el experimento usando el método de deteccién directa, algunos requerim-
ientos adicionales son necesarios. Debido a la cinematica de la reaccion, los ntcleos de "Be son producidos
hacia delante siguiendo practicamente la misma direccién del haz. Por tanto, los iones de "Be tienen que
ser separados e identificados de las particulas del haz antes de ser "contados". En principio se podria
utilizar un detector que permita la identificacién de particulas como un DSSSD o cdmaras de ionizacién,
pero debido a las altas intensidades necesarias en estos experimentos el detector dejaria de ser eficiente al
incidir tantas particulas sobre él puesto que se deterioraria.

Basdndose en la discusién anterior el experimento de activacién se ha realizado utilizando el acel-
erador tandem en el Centro de Microandlisis de Materiales de Madrid, Espafia. Para el experimento de
deteccion directa se ha utilizado el separador DRAGON en la instalacién TRIUME, en Vancouver, Canada

D.2.1 Método de activacion

En el experimento llevado a cabo en el CMAM se utiliz6 un haz de *He que incidia sobre un
blanco gaseoso de *He el cual estaba almacenado en una cdmara de reaccién. La Figuramuestra un
esquema del montaje experimental. El “Be formado se depositaba en una placa de cobre situada al final de
la cdmara y su desintegracién era medida posteriormente en una estacién de bajo fondo constituida por
un detector de germanio de alta pureza. Se utilizaron diez energfas incidentes diferentes, cinco medidas
en el 2009 y cinco en el 2011. Para cada energia, la seccion eficaz de la reaccién nuclear (034) viene dada
en este caso por:

N7,

034 (E) . NElanco
He

- (D.1)
haz
N3 He
donde N7g,, Né‘j‘,;e y N}fbne“’ son el ntiimero de nicleos de “Be producidos, el nimero de particulas inci-
dentes y la densidad superficial del blanco, respectivamente.

Detector
de Silicio
Haz
dispersado
i
7
./ -
200V supresor g Colimador
\ i = Medidor de Presién
== 4 =
| M 9 O =
o
3He haz , 0 “Hegas I ; | :
] = \\r r«l H =

Lamina de Ni Placa de Cu

Brazo

Entradadegas  Salida de Gas mavibole

Figure D.9: Diagrama del montaje experimental. Un haz de ®He incidia sobre el haz de *He encerrado en la cdmara
y separado de la linea de vacio mediante una ldmina de niquel. Un detector de silicio situado a 45° se utilizé para
monitorizar el haz dispersado con la ldmina de Ni. En la placa de cobre, situada sobre un brazo movible al final de la
cdmara, se depositaban los nticleos de ” Be generados. Un supresor de electrones a -200V colocado delante de la Iimina
de Niquel evitaba que los electrones de la limina de Ni saliesen repelidos por el impacto del haz.
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D.2. Técnicas Experimentales

Para determinar el nimero de particulas incidentes IV, g‘ge se utilizaron dos métodos simultdnea-
mente. Por una parte la cdmara actuaba en si misma como una taza de Faraday. Todos los elementos
de la cdmara estaban conectados eléctricamente y separados del la linea experimental mediante material
aislante y por tanto la carga depositada en la cdmara era medida. Por otra parte el haz dispersado elastica-
mente con la lJdmina de Ni era monitorizado en el detector de silicio, y el ntimero de particulas incidentes
es determinado teniendo en cuenta la expresién de dispersion Rutherford.

Debido a las bajas presiones utilizadas durante el experimento (=60 Torr) se puede considerar
que el gas se comporta como un gas ideal y por tanto se puede estimar la densidad superficial del mismo
mediante la expresién:

(P

Nplanco = 9-66 - 1018@

(at/cm?) (D.2)

donde ¢ en cm es la longitud del blanco, P en Torr es la presién del gas, Ty en Kelvin es la temperatura
ambiente igual a 22.5+1.5°C y T es el aumento de temperatura en el gas debido al impacto del haz.
El valor de ¢ se corresponde con la distancia entre la lamina de Ni y la placa de Cu. La placa de cobre
era fijada al principio de cada medida y la distancia era determinada tanto al principio como al final de
la medida. La presiéon fue monitorizada durante todo el experimento y el valor efectivo fue determinado
como la media entre los valores obtenidos para cada medida. La correccién T¢ ha sido obtenida mediante
extrapolacion lineal de los valores experimentales obtenidos con el mismo montaje utilizado en el Instituto
Weizmann para determinar la seccion eficaz de la misma reaccion a energias més bajas [NHNEHO04].

El "Be creado se depositaba en una placa de cobre por la propia cinemética de la reaccion. Se
utilizé una placa de cobre para cada energia, las cuales fueron enviadas al Centro de Investigaciones
Nucleares SOREQ donde disponen de una instalaciéon de bajo fondo especializada en la deteccién de
radiaci6én . Alli se media la radiacién y procedente de las desexcitacién del primer estado excitado del "Li
generado tras la desintegracion del “Be. Un esquema del dispositivo experimental se muestra en la Figura
el cual se compone principalmente de un detector de germanio de alta pureza (HpGe) apantallado
por diferentes capas de plomo, hormigén etc...y un plastico centellador usado en anti-coincidencia para
reducir la radiacién césmica de fondo.

1000 mm X 1000 mm X 50 mm

(\t&BC-408 Plastico centellador
Cobre

(10 mm)
Plomo
(100 mm) Detector o~
~200 Ba/kg HPGe Criostatod
de baja
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(50 mm)
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Hormigon baja radiactividad

Figure D.10: Diagrama del la instalacién de bajo fondo en SOREQ.
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D.2.2 Método de detecciéon directa

Para el experimento realizado mediante la técnica de deteccién directa del “Be utilizamos el sep-
arador DRAGON en TRIUMF [HBBO3|. Se determiné la secci6n eficaz de la reaccién a cuatro energias
diferentes utilizando un haz de “He que incidia sobre un blanco gaseoso de He. Un diagrama del sepa-
rador se muestra en la Figura[D.TT} DRAGON consta de cuatro elementos principales: un blanco gaseoso
sin ventana el cual se mantiene en la cAmara de reaccién mediante un complejo sistema de bombas de
vacio; una matriz de detectores centelladores BGO que rodean al blanco; el separador, compuesto por
dipolos cuadrupolos y sextupolos eléctricos y magnéticos; y un sistema de deteccién situado en el plano
focal del separador, que en nuestro caso fue un detector de silicio de bandas (DSSSD).
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SX = sextupole

FC = Faraday cup
BCM = beam monitor

S = horizontal & vertical steerer

m
lw)
I

Focal Plane F

Final Siit
NS a10a9 54

FCF .
= e

End Detector ED2

m

Figure D.11: Diagrama del separador DRAGON. Los haces de particulas estables o radiactivas inciden en el blanco
gaseoso sin ventana, habitualmente hidrégeno o helio a presiones que oscilan de 0.2 a 10 Torr. Los iones procedentes de
la reacciénes (p,y) o (a,y) salen del blanco con diferentes estados de carga y casi el mismo momento que el haz incidente.
Dichos iones son separados de las particulas del haz mediante dos dipolos magnéticos (MD1 y MD2) y dos dipolos
eléctricos (ED1 y ED2). Cuadrupolos y Sextupolos magnéticos son utilizados para focalizar las particulas. Un DSSSD se
localiza al final del separador donde se detectan los niicleos procedentes de la reaccion.

En este experimento los iones de "Be generados se separaban de las particulas del haz utilizando
los diferentes elementos del separador y eran detectados en el DSSSD situado en el plano focal. La ra-
diacién v procedente de la reacciéon también era medida en los detectores BGO.
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D.3. Simulaciones del Separador DRAGON

En este caso la seccion eficaz de la reaccion viene dada por:

N7Be

= blanco , prhaz
N3 He N4 He

034(F) (D.3)

donde, el ntimero total de iones de "Be producidos, N7, se obtiene a partir de los detectados en el DSSSD.
El nimero de particulas en el haz,N. }Q?;e, se obtiene a partir de las particulas dispersadas y detectadas en
dos detectores de silicio situados en la cimara de reaccién a 30° y 57° con respecto a la direcciéon del haz.
Por dltimo, debido a las bajas presiones, ~6 Torr, la densidad superficial del blanco gaseoso se obtiene
considerando la expresion|D.2|donde T¢=0 en este caso.

Este sistema experimental es mas complejo que el de activacién y requiere de medidas adicionales
para obtener la seccién eficaz total de nuestra reaccién.

Por una parte los iones de “Be emergen del blanco con diferentes estados de carga ("Be#*:3+:2+:1+)
mientras que solo uno es seleccionado en el separador. Por tanto es necesario conocer la proporcién de
iones generados con el estado de carga seleccionado en el separador. Para eso utilizamos un haz de °Be
sobre un blanco gaseoso de 3He y determinamos la fraccién de iones que salian con cada estado de carga
utilizando las tazas de Faraday situadas a lo largo del separador. Por otra parte se determiné el perfil
de densidad del haz puesto que se trata de un blanco sin ventana con bombeo diferencial. Para ello uti-
lizamos la reaccién de resonancia 2He(*2C,14N)p con un detector BGO. La radiacion -y procedente de la
reaccién era medida con el detector a diferentes distancias respecto al centro de la cdmara y desplazan-
dolo en paralelo a la linea de haz. Mediante la comparativa de la radiacién v detectada en las diferentes
posiciones se determina el perfil de densidad del blanco. La Figura[D.T2lmuestra el resultado.
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Figure D.12: Perfil de densidad del haz normalizado. Los puntos azules muestran la produccién normalizada determi-
nada experimentalmente, y las curvas rojas y verdes muestran dos de los ajustes realizados a los puntos experimentales
utilizando la funcién de Fermi.

D.3 Simulaciones del Separador DRAGON

Otro de los parametros determinantes para el estudio de esta reaccion es la aceptancia de DRAGON,
es decir, la fraccién de los iones creados que alcanzan el final del separador y no chocan con los elementos
del mismo. Los calculos cinemaéticos de esta reacciéon muestran que el maximo angulo de salida de los
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ntcleos de "Be puede llegar hasta ~20 mrad el cual, teniendo en cuenta la dispersién del haz y de los
propios iones generados, puede verse incrementado hasta por ~2 mrad. Estos dngulos estdn al limite de
la aceptancia geométrica del separador y por tanto este efecto debe de ser estudiado en detalle para cono-
cer la fraccién de iones que se paran a lo largo del mismo. Para ello el c6digo DRAGON-GEANTS3 se ha
modificado adaptandolo a nuestro experimento. En este c6digo los diferentes elementos estan disefiados
acorde al separador real y los pardmetros de entrada han sido modificados reproduciendo a las condi-
ciones experimentales durante nuestra medidas. Algunos de los factores considerados son los siguientes:

El blanco gaseoso utilizado sigue el mismo perfil que el determinado experimentalmente y mostrado
en la Figura[D.12] Para ello, puesto que GEANT no permite que el material de un volumen definido
cambie, se han ajustado los datos experimentales a una funcién escalén donde cada escalén coincide
con cada uno de los voliimenes de GEANT.

La energia central del haz, Eeentral e ha fijado segtin la determinada experimentalmente. Para cada
evento simulado el programa determina aleatoriamente la energfa de una distribucién Gausiana
centrada en Ecentral y con anchura FWHM=0.1%E, siguiendo las especificaciones del acelerador.

El tamario del haz y la divergencia simuladas se han calculado basdndose en los pardmetros de
transmisién del haz a través del blanco medidos durante el experimento.

La probabilidad de que la reaccién tenga lugar es la misma a lo largo de todo el blanco puesto que

la energia perdida en el mismo es muy pequefa. Por tanto, la distribucién de reacciones producidas
sigue el perfil de densidad del gas.

La distribucién angular de la radiacién gamma emitida se considera isotrépica [DGK09]

La probabilidad de que la reaccién se produzca poblando el primer estado excitado o el estado
fundamental se introdujo basandose en los calculos en [CDO8]

Los pardmetros del separador fueron introducidos basdndose en los ajustes reales durante el exper-
imento.

El posible mal alineamiento de los elementos del separador situados antes del primer cuadrupolo
fue medido utilizando un teodolito y los valores fueron introducidos en las simulaciones.

Los valores de transmisi6én (o aceptancia) obtenidos de las simulaciones de 10° particulas inci-

dentes paras las diferentes energia del haz estan mostrados en la Tabla[4.6]

Afio  ~Eay, "Be "Be Transmisién
(MeV) creados detectados
6.5 25931 14873 57.440.6
2011 52 39694 22907 57.74+0.5
3.5 55383 28392 51.31+0.3
2013 47 38554 27627 71.74+0.6

Table D.2: Trasmisiones de DRAGON. Para cada una de las energias del haz mostradas en la segunda columna, se han
simulado 10° iones de * He incidentes. La tercera columna muestra el ntimero de reacciones producidas o iones " Be
generados mientras que en la cuarta columna se indica el numero de esos que consiguié atravesar todo el separador y
depositarse en el DSSSD. La tiltima columna muestra la transmisién con el error estadistico asociado.
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D.4. Andlisis y Resultados

D.3.1 Error sistemético de la transmisién

Las potenciales variaciones de las condiciones experimentales durante las medidas experimen-
tales se han tenido en cuenta como errores sistematicos asociados a la transmisién. Para cuantificarlos
se han realizado simulaciones en las que se han variado los diferentes parametros de entrada acorde a
los posibles cambios que se hubiesen podido ocasionar durante las medidas. La Tabla [D.4 muestra en la
primera columna los diferentes parametros testeados y en la tiltima columna el error sistemético asociado
la transmisién. Por dltimo la Tabla[D.3] muestra los valores finales de la trasmisién asi como los errores
estadisticos y sistemdticos asociados. El valor final del error sistemdtico se ha obtenido mediante la suma
cuadratica de cada una de las contribuciones mostradas en la Tabla[D.4]

Afo EBape Transmision Error Error
(keV) (%) Estadistico  Sistematico

6553.88 57.4 +0.6 +23

2011 5165.97 57.7 +0.5 s

3521.61 51.3 +0.3 39

2013 471645 71.7 +0.6 30

Table D.3: Transmisiones de DRAGON y errores estadisticos y sistematicos asociados.

D.4 Analisis y Resultados

El objetivo de nuestros experimentos es determinar el factor astrofisico de la reacciéon 3He(c,)"Be
expresado por:
S34(E) = 034(E) - E - £2™"E (D.4)

donde E es la energia en el sisgema centro de masas. Por lo tanto, para cada uno de los dos experimentos
se debe determinar, la energfa en el sistema centro de masas y la seccién eficaz de la reaccién. Para la
seccién eficaz, el nimero de iones incidentes, la densidad superficial del blanco y el ntimero de iones
"Be producidos deben ser estimados. A continuacién se detalla como son extraidos cada uno de los
pardmetros en los dos experimentos.

D.4.1 Método de activacion

La energia de la reaccién en el sistema centro de masas viene dada por

AE
Ecm = _ Mipe (Ehaz — AEn; — ﬁ) (D.5)
M4y, + M3y 2

donde las "m" son las masas de los correspondientes iones, E'?? es la energfa del haz calculada a partir
de la tensién del terminal del acelerador tandem y AEy; y AE4yy, son las energias perdidas por el haz al
atravesar la lJdmina de niquel y el gas, respectivamente. Estas se han determinado utilizando el c6digo
SRIM [SRI].

El nimero de particulas incidentes se ha calculado a partir de las particulas dispersadas con la
lamina de niquel y detectadas en el detector de silicio, y mediante la integracién de carga. La Figura
[D.13|muestra el niimero de particulas calculadas utilizando los dos métodos para las diferentes energias
incidentes. Como puede observarse hay un perfecto acuerdo entre las particulas determinadas utilizando
los dos métodos.
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Pardmetro Afio | Eap, (MeV) | Error Sistematico (%)
0.3
~6.5 + 2
+0.8
Longitud Efectiva del Blanco 2011 ~5.2 —0.9
~3.5 +0.9
—0.5
+0.5
2013 ~4.7 o6
—1.8
~6.5 215
—0.8
Perfil del Blanco 2011 ~5.2 10.0
~3.5 —-1.0
: +0.0
—0.6
2013 ~4.7 o
0.2
~6.5 0%
~ +1.2
Desplazamiento del Haz (eje-x) 2011 5.2 —3.3
~3.5 +0.7
—2.0
+2.2
2013 ~4.7 e
—2.2
~6.5 oo
—25
Desplazamiento del Haz eje-y 2011 ~5.2 ~1.0
~3.5 —2.0
: —0.6
—35
2013 ~4.7 0
—0.2
~6.5 —0.8
+2.6
Transmisién del Haz 2011 ~5.2 —0.8
~3.5 +0.7
—0.7
0.2
2013 ~4.7 th
—1.1
~6.5 10
~ +0.0
Divergencia del Haz (eje-x) 2011 52 +0.1
~3.5 —0.6
: —0.1
—0.3
2013 ~4.7 03
—0.8
~6.5 —0.8
~ 0.0
Divergencia del Haz (eje-y) 2011 52 +8»g
~3.5 +0.4
—1.2
2013 ~4.7 101
1.3
~6.5 tsAl
N +1.8
Energfa del Haz 2011 5.2 _1.6
~3.5 118
—1.7
0.4
2013 ~4.7 + 0o
1.0
~6.5 M
~ +1.9
S /S0 2011 5.2 :1)‘?
~3.5 -0.3
1.8
2013 ~47 +138
1.6
~6.5 e
N +2.9
Distribucién angular 2011 5.2 —2.9
~3.5 +1.1
—1.1
0.4
2013 ~4.7 + 04

Table D.4: Pardmetros analizados para evaluar la trazzgsomisi(’m de DRAGON y el error sistematico asociado.
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Figure D.13: Nimero total de particulas del haz incidente para las diferentes energias del haz medidas en el CMAM.
En rojo se muestra el niimero de particulas estimadas mediante la integracion de carga y en azul mediante la dispersién

eldstica del haz con la ldimina de Ni.

Para determinar la densidad superficial del blanco la presién se controlé durante todo el experi-
mento y los valores se anotaron frecuentemente. Para cada energia, la presion se calcula considerando la
media entre los valores tomados y el error asociado se determiné como la desviacién tipica de los valores
mas 0.1 Torr de error instrumental. Un ejemplo de la estabilidad de la presién y por tanto de la densidad

superficial del blanco gaseoso para la energia del haz de 4010 keV se muestra en la Figura
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Figure D.14: Estabilidad de la presién para el método de activacion siendo la energia del haz 4010 keV. Los puntos rojos
muestran las medidas experimentales de la presion del * He gaseoso, la linea azul muestra el valor medio considerado y

la zona rayada muestra el error asociado al valor medio.
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Elntimero de iones de 7Be producidos se recolectd en las placas de cobre. La radiacién y retardada
procedente de la desexcitacién del primer estado excitado del Li fue medida utilizando la estacién de bajo
fondo. La Figura[D.T5 muestra un ejemplo de uno de los espectros adquiridos. En el panel superior se
muestra un espectro completo para la energia de haz de 4010 keV y en el panel inferior se muestra la
region en torno a 478 keV donde se pueden identificar los picos de interés claramente separados del pico
a 511 keV. El procedimiento seguido para la obtencién del niimero de cuentas en el pico de interés es el
detallado en [NEHYO07]. A partir del ntimero de cuentas en el pico, el numero total de iones producido se
calcula teniendo en cuenta la ley de desintegracion radiactiva asi como los tiempos transcurridos durante
la implantacién, entre la implantacién y el comienzo de medida del espectro y el tiempo de obtencién del
espectro.

12}
3
0:33 1000 Espectro de implantacion del ‘Be
O
800 /
600
400
200 ﬂ I [
F "
0 “ e . M) -
600 800 1000 1200 1400 1600 1800
Energia (keV)
@ 1400 =
=] - Pico de radiacion de fondo (511 keV)
g 12001 Haz de “He a 4 MeV
© 1000
800 E_ Haz de “He a2.5 MeV
600 —
400
200
1 1
470 480 490 500 510 520

Energia(keV)

Figure D.15: Espectros de radiacién ~ de los niicleos " Be implantados en las placas de cobre. En el panel superior se
muestra el espectro total de " Be cuando la energia del haz era 4 MeV. In la parte inferior la regién de interés para las
energias del haz de 4 MeV (azul) y 2.5 MeV (rojo).

La Tabla muestra los valores de los diferentes pardmetros obtenidos con el método de acti-
vacion. Para las diferentes energfas de haz mostradas en la primera columna, la segunda columna muestra
la energia en el sistema centro de masas correspondiente. La tercera, cuarta y quinta columna muestran
el ntimero de iones en el haz, la densidad superficial de blanco gaseoso y el nimero de nticleos de "Be
generados en cada caso, respectivamente. Las columnas sexta y séptima muestran el valor de la seccién
eficaz y el factor astrofisico para las diferentes energias. Las incertidumbres asociadas a cada valor estdn
mostradas entre paréntesis. Los errores obtenidos para la seccién eficaz han sido determinados mediante
propagacién de errores estandar. Para, NE2Z y NBlanco Jos errores se refieren a la contribucion sistematica,
mienta que para N7Be, 034(E) y S34(E) las contribuciones estan separadas en estadisticas (primeras) y sis-
temdticas (segundas).

Los factores S34(E) se representan en la Figura @junto con los resultados obtenidos en el ex-
perimento de deteccién directa y otros valores en la literatura.
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Espre Ecm Nga N N7p, 34(E) S34(E)

(keV) (keV) (-10'6)  (-10'%/cm?) (-106) (ub) (keV- b)
2306.2842.37  915.78+12.21  2.83(5) 2.34(2) 1.3125)(3)  1.98(38)(6)  0.411(79)(15)
3208.054+2.99  1498.914+12.56  4.99(10) 2.65(2) 4.05(30)(9)  3.06(23)(10)  0.318(24)(11)
4410.4243.82  2267.714+12.47  5.23(6) 1.67(5) 4.74(46)(11)  5.43(53)(22)  0.386(37)(16)
4811.20+4.09 2511.124+12.62  3.22(3) 1.68(4) 3.1930)(7)  5.88(56)(21)  0.391(37)(14)
531219+ 4.44 2804.10+12.82  3.89(4) 2.28(2) 6.0526)(14)  6.82(29)(19)  0.424(18)(12)
2105.8942.23  777.17412.70  4.17(2) 2.40(2) 1.49(22)(4)  1.49(22)(4)  0.418(61)(18)
2506.674£2.51  1054.154+12.31  4.96(10) 2.23(2) 226(16)(5)  2.05(14)(6)  0.339(23)(12)
2807.264+2.71  1249.64+12.41  5.27(4) 2.28(2) 3.61(29)(11)  3.00(24)(9)  0.390(31)(13)
4009.634+3.54  2006.95+12.31  6.77(8) 2.78(2) 7.87(21)(18)  4.70(12)(13)  0.367(10)(10)
4811.20+4.09 2510.004+12.62  3.23(7) 1.45(2) 3.88(23)(11)  6.85(40)(26)  0.455(27)(17)

Table D.5: Resultados para el experimento de activacién. La primera columna muestra las energias del haz. La segunda
columna muestra la energia correspondiente en el sistema centro de masas teniendo en cuenta las energias perdidas en
la ldmina de Ni y el blanco gaseoso. La columnas tercera cuarta y quinta muestran el niimero de particulas en el haz, en
el blanco gaseoso y de nticleos de 7 Be producidos respectivamente. Las columnas sexta y séptima muestran la seccién
eficaz y el factor astrofisico de la reaccién 3He(c,y)" Be respectivamente. Las incertidumbres asociadas a cada valor se
muestran entre paréntesis. En caso de que solo exista una incertidumbre se refiere a la contribucion sistematica y en caso
de que haya dos la primera es la estadistica y la segunda es la sistematica.

D.4.2 Método de deteccion directa

En el caso del método de deteccién directa la energia de la reaccién en el sistema centro de masas
viene dada por :

msayye

(D.6)

AE
Ecm = - &)

. (Ehaz
M3y + Mayye 2

El ntimero de particulas en el haz se determina a partir de las particulas dispersadas y detectadas
en los detectores de silicio situados as a 30° y 57° en la cdmara de reaccién y las tazas de Faraday situadas
a lo largo del separador. Se han elegido para cada energia las medidas en las que la corriente es estable, y
se define para ellas el factor de normalizacién como:

Time - Livetime
Si-30

run_ FC1

= ‘P-T
1.602 - 10719 . ¢

(D7)

dond FC1 es la lectura de la taza de Faraday situada tras el blanco gaseoso, q=2 es la carga del haz tras
atravesar el blanco, Time es el tiempo de cada medida, Livetime es la correccién debida al tiempo muerto
del sistema de adquisicion y Si-30 es el nimero de particulas dispersadas en el detector de silicio a 30°. P
y T son la presién y temperatura del gas respectivamente. A continuacién se promedian los factores R™"
y se obtiene el factor promedio R para cada energfa. El nimero de particulas totales para cada energia
viene dado por la suma para medida dada por:

NpoBeam RF - 6i-30

_ D.8
*He " Livetime-P-T D8)
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La densidad superficial de particulas en el blanco gaseoso se determina mediante la expresién|D.2|
para lo que se monitorizé la presiéon y temperatura durante todo el experimento. La Figura|D.16|muestra
un ejemplo de la estabilidad de presién y temperatura para el caso de la energia del haz ~5.2 MeV.
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Figure D.16: Presion (panel superior) y temperatura (panel inferior) del blanco gaseoso para una medida con energia del
haz de ~5.2 MeV Los puntos rojos muestras las diferentes lecturas cada cinco minutos. La linea azul muestra la media
de todas las medida y la zona sombreada el error asociado.

El nimero total de nticleos de "Be producidos (Yzp,) viene dado por la expresién:

Ypsssp (D.9)
t¢ - g - EDRAGON * €DSSSD

Y7Be =

donde Ypsssp es el ndamero de iones detectados en el DSSSD, t; es el tiempo real en que el sistema de
adquisicién estd procesando datos, q¢ es la fraccién de nticleos que abandonan el blanco con el estado
de carga seleccionada y determinado mediante las medidas de distribucién de estado de carga, epracoN
es la transmisién o aceptancia determinada con las simulaciones (ver Tabla@ y €psssp es la eficiencia
de deteccién del DSSSD. La Figuramuestra un ejemplo de los histogramas obtenidos con el DSSSD
para las energias del haz de 6.5 MeV (panel superior) y 5.2 MeV (panel inferior) y la Tabla [D.6] muestra
los valores obtenidos para los diferentes pardmetros necesarios para obtener el valor de Y7p,.

Esppe te €DSSSD qr Ybsssp
MeV) (%) (%) (%)
~6.5 84.12  96.15+£0.10  (3+)59.05+1.87 33465

~52 9234 96.15+0.10 (3+)61.87+2.55 141707

~4.7 9418 96.15+0.10 (2+)29.31+3.81 52683

~3.5 98.64 96.15+0.10 (2+)52.304+3.33 44135

Table D.6: t;,epsssp, q; Y Ypsssp para las diferentes energias

Los valores de la energia en el sistema centro de masas, NQ?{ZE, NEI;‘I‘;“’ y Y7B asi como la secciones
eficaces y factores astrofisicos de la reaccién *He(a,y)7Be se detallan en la Tabla[D.7} Los factores astrofisi-
cos S34(E) para las diferentes energias se muestran en la Figura @junto con aquellos obtenidos en el

experimento de activacion y algunos de los valores en la literatura.
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Figure D.17: Para las dos mdximas energias, ~6.5 y ~5.2 MeV, a la izquierda se muestran los espectros 2D de los nticleos
de "Be en las diferentes bandas del DSSSD. En la parte de la derecha estan mostradas en rojo las proyecciones de las
bandas 1-15. En negro se muestras los sucesos en coincidencia entre la parte delantera y trasera en el rango de energia
seleccionado.

Ao ~Eape Ecm Nz Njaneo Ype o34(E) S34(E)
(MeV) (keV) (-:10'6) (1018 (-10°) b (keV- b)

CIm

6.5 2813.6+1.8  0.84(1) 2.29(11) 1.22(1)(TS,) 6.328)(T5,)  0.393(5)(735)

2011 5.2 2216.6+17 325(2) 2.38(13) 447(4)(T53)  578G)(TEY)  04194)(T35)

35 1508.9+1.3  2.09(1) 2.38(12) 1.74(1)(T13)  3.48@3)(T33)  0.359(3)(T35

2013 47 20237414 3.033) 1.98(11) 2773)(3)  4.62(4)(T%5)  0.359(3)(733

(Impl) 47 20237414 265(1) 194(10) 28.8(20)(29)  6.22(44)(72)  0.484(34)(56)

Table D.7: Resultados para el experimento de deteccién directa. La segunda columna muestra las diferentes energias
del haz utilizada. En la tercera columna se muestras las energias en el sistema centro de masas correspondientes. La
cuarta, quinta y sexta columnas muestran el niimero de particulas en el haz, el blanco y niicleos de " Be generados. Las
columnas séptima y octava muestran los valores de la seccion eficaz y el factor astrofisico de la reaccion ® He(a,y)" Be.
Las incertidumbres asociadas a cada valor se muestran entre paréntesis. En caso de que solo exista una incertidumbre se
refiere a la contribucién sistematica y en caso de que haya dos la primera es la estadistica y la segunda es la sistemdtica. La
tltima linea muestra los resultados obtenidos para una medida de activacion realizada en TRIUMF utilizando la misma
técnica que en el experimento de Madrid.
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Figure D.18: Valores astrofisicos de la reaccién 3 He(c,y)” Be obtenidos utilizando el método de deteccién directa(puntos
negros) y método de activacion (puntos rojos). Como comparativa se muestran los datos de ERNA [DGKO09], Parker
[PK63], LUNA [GCCOZBCCO8), Weizmann [NHANEH04], Seattle [BBS07] y ATOMKI [BGHI3].

D.5 Discusion

Los valores obtenidos para el factor S34(E) se han comparado con diferentes valores experimen-
tales mediante el método de x?. La Tablamuestra los valores obtenidos. Como puede comprobarse
nuestros resultados resuelven completamente la discrepancia entre los valores de Parker y Kavanagh y
ERNA, pudiendo descartar los primeros. Los datos de ATOMKI, obtenidos al mismo tiempo que los
presentados en este trabajo concuerdan también con nuestro resultados.

Parker and Kavanagh ERNA ATOMKI
Madrid 740 (v = 10) 075 (v =10) | 1.14 (v = 4)
TRIUMEF direct 5.98 (v = 4) 054(vr=4) | 140(r =3)

Table D.8: Valores de x?2 calculados utilizando la expresién|6.2 Nuestros datos de Madrid y TRIUMF conjuntamente se
comparan con los datos de Parker and Kavanagh |PK63|], of ERNA |[DGK09] y ATOMKI [BGH13|. Los valores v values
dan el niimero de datos comparados en cada caso.

Los resultados obtenidos también se han comparado con los diferentes modelos tedricos. La
Figura[D.19 muestran los dos calculos tedricos que mejor reproducen todos los valores obtenidos a partir
de las medidas en Weizmann en 2004 conjuntamente con nuestros resultados. Estos modelos son los cal-
culos ab-initio realizados por Neff [Nef11] y los cdlculos de matriz-R realizados por Kontos et al. [KUD13].
Los célculos tedricos se encuentran normalizados con un factor 1.045 para Kontos y 0.998 para Neff debido
a que con esa normalizacién los modelos reproducen mejor nuestros valores.
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Figure D.19: Los valores experimentales del factor S34(E) se muestran conjuntamente con los cdlculos teéricos de Neff
|Nef11)] y Kontos et al. [RUD13] normalizados para reproducir nuestros resultados.

D.5.1 Impacto en astrofisica

Los valores de S34(0) estimados a través de los modelos de Neff y Kontos tienen influencia directa
en las predicciones del SBBN y el SSM.

Con el objetivo de comparar el impacto en el SSM, utilizamos como referencia el valor de S34(0)=0.56 keV b
sugerido en la revisién Solar Fusion Cross Section II [AGR11]. Nuestro valor de 0.577 keV b considerando la
renormalizacién del ajuste de matriz-R por Kontos et al. es ~3% mayor, lo cual se traslada en un aumento
de 2.61% y 2.45% en el flujo de neutrinos procedente de la desintegracién del "Be (¢..("Be)) y B (¢ (®B))
respectivamente. El andlisis de matriz-R de Kontos et al. sin incluir normalizacién que considera tres de
nuestros valores obtenidos en el experimento de activacién en Madrid, estima S34(0)=0.554 keV b y por
tanto sin desviaciones del flujo de neutrinos respecto al valor en [AGR11].

Los cambios son superiores si consideramos el valor normalizado de los célculos de Neff [Nefl11]
de S34(E)=0.592 keV b. Este valor es muy cercano al obtenido sin considerar factor de normalizacién de
0.593 keV b, y por tanto podemos considerar este tiltimo como el mejor reproduciendo nuestros resultados.
Ademds, se debe mencionar que estos son célculos ab-initio y por tanto no consideran ninguno de los
valores experimentales. El incremento de 5.89% en S34(0) se traduce en aumento de 5.05% y 4.75% en
¢v("Be) y ¢, (®B) respectivamente.

La estimacién cuantitativa de la abundancia del “Li primordial basado en nuestros resultados est4
fuera del alcance de este trabajo, sin embargo un analisis cualitativo puede ser realizado. De acuerdo a los
célculos en [DGK09], la abundancia del "Li primordial es 7Li/H=(5.44-0.3) 10~ '° cuando S34(0)=0.57 keV b.
En nuestro caso S34(0) es un 3.86% superior, por tanto la abundancia del 7Li primordial se ve incremen-
tada, empeorando por tanto el problema.

D.5.2 Conclusiones

Algunas de las principales conclusiones obtenidas en esta tesis son:

B Dos montajes experimentales han sido completamente caracterizados para estudiar la reaccién He(a, )" Be.
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D. Apéndice D: Spanish Summary/ Resumen en Castellano

Diez nuevos valores del factor S34(E) con bajo error estadistico han sido obtenidos en el rango
Ecm=1-3 MeV utilizando el método de activacion

El perfil de densidad del gas del separador de DRAGON, asi como la distribucién de estado de
carga de los iones y la supresiéon del haz para esta reaccién han sido medidas experimentalmente

El c6digo de simulaciones GEANT3-DRAGON se ha modificado y adaptado para reproducir los
pardmetros experimentales del durante nuestras medidas.

Cuatro nuevos valores del factor S34(E) con bajo error estadistico se han obtenido mediante el método
de deteccion directa

La comparacién entre nuestros datos, obtenidos diferentes técnicas, muestra buen acuerdo entre
ellos.

Los resultados obtenidos en esta tesis estdn en acuerdo con los de la colaboraciéon ERNA [DGKQ9]
y discrepan de los de Parker y Kavanagh [PK63]

Nuestros datos muestran acuerdo con los célculos ab-inito de Neff [Nef11]

Un valor de S34(0)=0.593 keV b es recomendado in este trabajo basado en nuestros resultados y los
célculos ab-initio
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"We build too many walls and not enough
bridges”

Isacc Newton

APPENDIX

ENGLISH SUMMARY

Abstract: This thesis focuses on the study of the cross section of the astrophysical relevant 3He(c,y)" Be
reaction. In this appendix, a summary of the work covering the motivation behind these measurments, the experi-
mental techniques employed, analysis procedures used and the outcomes are presented.

E.1 Motivation

The cross section of the nuclear reaction *He(c,y)"Be plays a determining role in i) the estima-
tions of the primordial "Li abundance by the Standard Big Bang Nucleosynthesis (SBBN) and ii) the pre-
dictions of the solar neutrino fluxes from the "Be and 8B decay by the Standard Solar Model (SSM). Figure
shows the calculated abundances of the primordial light elements. As it can be observed, there is a
high discrepancy between primordial “Li abundance inferred from direct observations and those calcu-
lated using the SBBN. The primordial "Li is produced by the 3He(e, 7)"Be and subsequent "Be(p,7)"Li
reactions within the SBBN modelling, therefore a precise determination of the reaction rate is required to
provide accurate input.

The solar neutrino calculations using the SSM are shown in Figure A comparison with the
direct neutrino detections reveals that higher accuracies in the calculations, e.g. of neutrinos fluxes from
the "Be and 8B decay, are required. These neutrinos are originated from the pp-chain II and pp-chain III,
which are opened by the 3He(«,7)"Be reaction. Therefore, a high precision data of this reaction rate is
required in these estimations.

Due to the experimental limitations, determination of the rate of this reaction at the astrophysica
relevantl energies (Gamow peak in the Sun ~22 keV) is impossible. Instead, theoretical models are used to
extrapolate the astrophysical factor, S34(E)=E-034(E)-e>™"(E) where E is the energy in the centre of mass
system, down to zero energy.
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Figure E.1: Calculated and observed likelihoods for 4He (Yp), D/H, 3He/H and " Li/H. The dark blue areas show the
likelihood calculated with the SBBN results using the n parameter from the Wilkinson Microwave Anisotropy Probe
(WMPA) observations. The observational likelihoods are shown in the yellow shaded region and dotted likelihood

functions. For the ” Li/H, the shaded yellow area shows the value inferred from the observation of halo stars. The dotted
function shows the determination from a globular cluster. Figure has been taken from [CFO08]
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Figure E.2: The solar neutrino spectra calculated using the Standard Solar Model [BP95].
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E.1. Motivation

Figure shows a compilation of data (a) and representative calculations (b) of the S-factors.
As can be observed there is high discrepancy among the data sets and calculations. This discrepancy is
extremely large in the range of Ecy=1-3 MeV, between the experimental data from the ERNA collaboration
and the Parker and Tombrello [PK63], and among the theoretical models.
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Figure E.3: (a) The available data of the astrophysical S-factors for the 3He(o,v)" Be reaction (S34). Data from mea-
surements performed using the Prompt ~y-Detection, Activation and Direct Recoil Counting methods are shown in circles,
squares and triangles, respectively. (b) A comparison between the theoretical models from Kajino et al. [KTA87]], Nollet
, Descouvemont et al. and Neff plotted together with the modern data from ERNA [DGKO09],
Weizmann [NANEH04], LUNA and Seattle [BBS07]. The energy regions of the interest for SSM
and SBBN models are marked by blue and red shaded areas.

Aiming to fix the energy dependence of the S-factor and constrain the theoretical models required
to extrapolate to astrophysical energies, we have measured the cross section of the reaction in the window
Ecv=1-3MeV using two complementary techniques.
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E.2 Experimental Techniques and Results

The decay scheme of the 3He+*He direct capture state is shown in Figure This radiative
capture reaction creates a “Be nucleus and has a Q-value of 1.587(1) MeV. Prompt y-rays with two different
energies are emitted in the process corresponding to the population of the ground state (o) or the first
excited state (1) in the “Be. The latter de-excites via emission of a 429 keV ~-ray to the ground state (y2).
The created "Be is an unstable nucleus. It decays via electron capture process to ”Li with a half life of
53.24(4) d. The Q value of this process is 862 keV, and with a well known branching ratio of 10.44(4)% the
decay populates the first excited state in 7Li at 478 keV from which a y-ray emanates (v3).

3R 712- 457
s
Q
3
=
O
1]
15
712- 465
Q=1.587 %
3He+4He \“"Y
"‘\.\0 1
\ N1240.429
a2 12 o .
"Be Nwto.m
Q=-0.862 \ (32273 g

Li

Figure E.4: Decay scheme of > He+* He direct capture state with the emission of prompt ~-rays. The " Be decay to " Li is
also shown. The energies are displayed in MeV.

Three different experimental techniques are therefore available to determine the cross section,
namely, via the detection of the (i) prompt v /71 -rays of the reaction ("Prompt Method"), (ii) the "Be recoils
("Direct Recoil Counting Method") and (iii) the subsequent ~y3-rays from the de-excitations of the first excited
state in "Li to its ground state ("Activation Method").

We have performed measurements using the Activation Method at the Centro de Microanilisis de
Materiales de Madrid (CMAM) and the Direct Recoil Counting Method utilising the DRAGON separator at
TRIUMEF laboratory in Vancouver.

E2.1 Measurements using the activation method

The activation method setup is shown in Figure A 3He beam impinged onto a “He gas target
kept inside a reaction chamber using a Ni foil window. The 7Be recoils were deposited in a Cu catcher
placed at the end of the chamber. The subsequent delayed ~-activity was measured using a specialised
low-background HPGe detector station at the SOREQ centre in Israel (see Figure[E.6). The number of in-
coming beam particles was determined by integrating the electric charge collected by the chamber, which
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Figure E.5: A Schematic view of various components that are part of the reaction chamber. A ® He beam impinged onto

a *He gas target that is "vacuum isolated" from the beam line using a Ni foil. A silicon detector was placed at ~ 45° for
monitoring the scattered beam from a Ni foil. A Cu catcher placed on a movable arm at the end of the chamber was used
to collect the " Be recoils. An electron suppressor with -200 V was placed before the Ni foil. See text for more details.

was acting as a Faraday cup. This was cross-checked by detecting the beam, which was elastically scat-
tered from a Ni foil and entering into a silicon detector placed at ~45°. Due to the low pressures in the
chamber (~60 Torr), the target areal density was obtained by considering an ideal gas expression with a
correction in the temperature due to the beam heating

1000 Be implantation spectrum

800
600

Counts

TT]TTT TH“HITH

400

200 l 1460

) ) ] - s N

200 400 600 800 1000 1200 1400
Energy (keV)

1400F=
1200 4MeV “He beam

Counts

511keV background peaks
1000

800E- 2.5MeV “He beam

600—

400

470 480 490 500 510

520
Energy (keV)

Figure E.6: Spectra for the y-rays from the catchers having implanted " Be. In the upper panel a total spectrum for the
7 Be catcher at ~4 MeV beam energy is shown. Some of the peak energies are labelled. In the lower panel a zoom view
for the region of interest is shown for beam energies of 4 MeV (blue) and ~2.5 MeV (red).
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The values of various parameters corresponding to our measurements using activation method as
well as the results for the cross section and astrophysical S34(E) factors are shown in Table

Estre Ecum Njeam N Ncols o34(E) Ssa(E)

(keV) (keV) (-1016)  (-1019/cm?) (-10%) ub (keV-b)
2306.28+2.37  915.78+12.21  2.83(5) 2.34(2) 131(25)(3)  1.98(38)(6)  0.411(79)(15)
3208.0542.99  1498.91+12.56  4.99(10) 2.65(2) 4.05(30)(9)  3.06(23)(10)  0.318(24)(11)
44104243.82  2267.71+12.47  5.23(6) 1.67(5) 4.74(46)(11)  5.43(53)(22)  0.386(37)(16)
4811.20+4.09 25111241262  3.22(3) 1.68(4) 3.1930)(7)  5.88(56)(21)  0.391(37)(14)
5312194+ 4.44  2804.10+12.82  3.89(4) 2.28(2) 6.05(26)(14)  6.82(29)(19)  0.424(18)(12)
2105.89+2.23  777.17+12.70  4.17(2) 2.40(2) 149(22)(4)  1.49(22)4)  0.418(61)(18)
2506.67+2.51  1054.15+£12.31  4.96(10) 2.23(2) 226(16)(5)  2.05(14)6)  0.339(23)(12)
2807.26+2.71  1249.64+12.41  5.27(4) 2.28(2) 3.6129)(11)  3.00(24)(9)  0.390(31)(13)
4009.63+3.54  2006.95+12.31  6.77(8) 2.78(2) 7.87(21)(18)  4.70(12)(13)  0.367(10)(10)
4811.2044.09  2510.00+£12.62  3.23(7) 1.45(2) 3.88(23)(11)  6.85(40)(26)  0.455(27)(17)

Table E.1: Results for the activation experiment. Column 1: beam energies used in the experiment. Column 2: the
corresponding centre of mass energies taking into account the energy losses in the Ni foil and gas target. Columns 3,
4 and 5 show the total number of particles in the beam, target, and recoils, respectively. Column 6 and 7 show the
cross section and astrophysical factor for the 3 He(cv,y)" Be reaction, respectively. The uncertainties are shown between
brackets. When there is only one contribution it refers to the systematic error, and in case of two contributions the first
one refers to the statistical uncertainty and the second one to the systematic error.

E.2.2 Measurements using the direct recoil counting method

For the direct recoil counting method, we used the setup at the DRAGON separator (Figure [E7),
designed to determine the reaction rate of astrophysical nuclear reactions. It consists of four main compo-
nents: a recirculating windowless gas target, a BGO array surrounding the target, the separator composed
by electric and magnetic dipoles, quadrupoles and sextupoles; and a final detection system placed at the
focal plane of the separator, which in our case consisted of a DSSSD detector. We used a “He beam im-
pinging onto a 3He gas target and the 7Be recoils were detected in the DSSSD.

As in the case of the activation experiment, the areal target density was obtained by considering
an ideal gas behaviour (the pressures in this experiment were ~6 Torr). In order to estimate the effective
length of the differentially pumped windowless gas target, we used the *He(*2C,14N~)p resonance re-
action. The ~y-rays were detected in a BGO detector placed close to the target cell at different positions
parallel to the beam line. The normalised experimental target density profile (TDP) is shown in Figure
The number of beam particles was estimated using the Faraday cups along the separator and two
silicon detectors placed inside the target chamber at 30° and 57° with respect to the beam axis.

The total number of 7Be recoils were obtained using the expression

YDbsssp

Yop = (E.1)

te - gf - EDRAGON - €DSSSD

where Ypsssp are the number of recoils detected in the DSSSD (see Figure @, ty and epgssp are the
livetime and detector efficiency, respectively, and q; and epracon are the fraction of the recoils exiting
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Figure E.7: Diagram of the DRAGON facility taken from Ref. [EHBO05]. The * He stable beam enters the ® He windowless
gas target, with pressures ~5 Torr. The " Be recoils produced after the reaction emerge from the target with different
charge states and almost with the same momentum of the beam. The recoils are separated from the beam particles using
the two magnetic dipoles, MD1 and MD2, and the two electrostatic dipoles, ED1 and ED2. Magnetic quadrupoles and
sextupoles are used to focus the particles. Enclosed in circles are the three main components, Gas Target, BGO Array and
End Detector.
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Figure E.8: Final normalised target density profile. The blue points show the normalised yield corrected with the energy
dependence given by the expression@and after subtraction of a constant background. The red fit shows the "best" fit
to the points with a Fermi function obtained using ROOT program and the green curve shows the same fit constraining
the effective length to 12.3 cm.
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Figure E.9: (Left) Two dimensional spectra for the " Be recoils detected in the DSSSD strips for beam energies of 6.5 (up)
and 5.2 MeV (down). (Right) Projections histograms for the strips 1 to 15 (red). Events in the selected energy region and
detected simultaneously in the back and front strips are also shown (black).

the gas target with the selected charge state in the separator, and the acceptance of the separator for the
corresponding energy.
The determined values for the different parameters in expression [E-T]are shown in Table[E2]

Eae te €DSSSD qs YDbsssp €DRAGON
MeV) (%) (%) (%)

~65 8412 96.15+0.10 (3+)59.05+1.87 33465  57.4(+£0.6)(T23)
~52 9234 96154010 (3+)61.8742.55 141707  57.7(£0.5)(T39)
~A7 9418 96154010  (2+)29.3143.81 52683  71.7(+£0.6)(T39)
~35 9864 96.15+0.10 (2+)52.3043.33 44135  51.3(40.3)(T39)

Table E.2: Parameter values for determining Y7 ,.

The q5 shows the selected charge state between brackets and the
corresponding charge state fraction. Ypsssp indicates the number of recoils detected simultaneously in the front and back
strips of the DSSSD. The uncertainties in epracon are given from statistical (first) and systematic (second) contributions.

As the charge state fraction of ions passing through gas target do not depend on the ion mass, the
charge state distributions of the "Be recoils were experimentally determined by using a Be and a *He
target. The 9Be velocities were chosen according to the velocities of the 7Be recoils created in the reaction,
and different gas target pressures were used. Our results showed that charge state equilibrium have been
reached even at 1 Torr.
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The acceptance of DRAGON was obtained by performing GEANT 3 simulations for the reactions
taking place in the gas target and the 7Be recoils separation process. The real experimental conditions,
such as beam transmission, beam energy, beam spot size, target density profile and separator tuning set-
tings were used as input parameters in the simulations. Further simulations were run where the possible
changes of these parameters during the experiment were taken into account and the results were used to
estimate systematic uncertainties.

The values of various parameters corresponding to our measurements obtained using the direct
recoil counting method as well as the results for the cross section and astrophysical Sz34(F) factors are shown
in Table[E:3]. The values are plotted in Figure[E.10} where only the statistical uncertainties are shown.

Run  ~Eapy, Ecm Nbeam  NEet Niecoils 034(E) S34(E)
(MeV) (keV) (1016) (10 (-10) b (keV- b)

cm

hline 6.5 2813.64+1.8  0.84(1) 2.29(11) 1.22(1)(TS,) 6.32(8)(Tas)  0.393(5) (734

2011 5.2 22166417 325(2) 2.38(13) 4474 () 578G)(S)  0.419(4)(TES

35 1508.9+1.3 2.09(1) 238(12) 1.74(1)(T13) 348(3)(T33)  0.3593)(T30)

2013 47 20237414  3.033) 1.98(11) 2.773)(3)  4.62(4)(T)  0.359(3)(733

(Impl) 47 20237414 265(1) 194(10) 28.8(20)(29)  6.22(44)(72)  0.484(34)(56)

Table E.3: Results for the direct experiment. Column 2: Beam energies used in the experiment. Column 3: corresponding
centre of mass energies taking into account the energy losses. Column 4, 5 and 6 show the total number of particles
in the beam, target and recoils, respectively. Column 7 and 8 show the cross section and astrophysical factor for the
3He(a,y)" Be reaction. The uncertainties are shown between brackets. When only there is one contribution it refers to
the systematic error, and in case of two contributions the first one refers to the statistical uncertainty and the second one
to the systematic contribution (positive and negative systematic uncertainties are separated in some cases).
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Figure E.10: Astrophysical S-factor for the 3He(o,y)" Be reaction using the direct counting method (violet dots) and the
activation method (yellow dot) at TRIUMF. For comparison our Madrid data (black dots) and the results from [DGK09]
(triangles) and [PK63] (squares) are also shown.
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Figure E.11: The modern experimental data for the 3 He(o,y)" Be reaction together with the theoretical calculations nor-
malised to our experimental results.

E.3 Discussion and Conclusions

The S34(E) results have been compared with the experimental values available in literature by
using the chi-squared method. As can be seen from Tableour results agree with the work from ERNA
collaboration. The ATOMKI data, obtained around the time of this thesis, also agree with our results. We
therefore conclude that the energy dependence seen in the new data should be considered and the one
observed by Parker and Kavanagh should be discarded.

Parker and Kavanagh | ERNA direct ATOMKI
Madrid 740 (v = 10) 075 =10) | 1.14 (v = 4)
TRIUMF direct 5.98 (v = 4) 054(v=4) | 140(r =3)

Table E4: x? values calculated using expression Here, S5 are our astrophysical S-factors and Sp are those from
Parker and Kavanagh |[PK63], of ERNA |[DGKQ9] or ATOMKI [BGH13].The v values give the number of data points
considered in each case.

The results were also compared with some of the available calculations. Figure [E11]shows that
among the theoretical calculations those by Neff [Nefl1] and the R-matrix analysis by Kontos et al. [KUD13]
show good agreement with our results and all the new experimental data taken after the measurements
at Weizmann in 2004. In order to reproduce our results, the calculated S34 curves from the works of Neff
and Kontos et al. have been normalised with 0.998 and 1.045 factors, respectively.

E.3.1 Impact on astrophysics

In the present work, S34(0) values have been obtained by extrapolating our data using the FMD
model calculations, [Nefl1] and Kontos et al. R-matrix fit [KUD13]. Influence of our results on the predic-
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tions of the Big-Bang Nucleosynthesis and of the Standard Solar Model can thus be investigated.

In order to compare the impact on the standard solar model, we consider the value for
S34(0)=0.56 keV b recommended in the revision Solar Fusion Cross Section II [AGR11]. Our value of
0.577 keV b considering the renormalisation of Kontos et al. R-matrix fit is ~3% larger and translates
to a ~2.61% and ~2.45% increase in the solar neutrino fluxes from “Be (¢, ("Be)) and ®B (¢, (3B)) calcu-
lated from the expressions in [CDO08|]. The R-matrix fit from Kontos et al. including three of our points
from Madrid experiment, without considering our normalisation correction, estimates S34(0)=0.554 keV b
and therefore, practically no such deviations in the neutrino fluxes are estimated.

The changes are even larger if we consider the normalised value from Neff model [Nef11] of 0.592.
This value is very close to the obtained without any normalisation consideration of 0.593 and therefore
we can consider this model as the one best reproducing our results. On the other hand it should be
recalled that this model is based on ab-initio calculation thus, without considering any of the experimental
data it can reproduce both phase shifts and capture reaction cross sections. The increase of 5.89% in the
S34(0) value compared to that from [AGRTI] translates into an 5.05% and 4.75% in ¢, ("Be) and ¢..(¢B),
respectively.

As it was already discussed, it is unlikely that the solution to the observed discrepancy between
SBBN calculations and the observations of “Li abundances will be found by improving the knowledge of
the 3He(a,,y)" Be reaction alone. Nevertheless, the recommended S34(0) values have a direct impact on the
estimations of the primordial “Li abundance. A calculation of the new primordial 7Li abundance is out
the scope of this work, however a qualitative analysis can be done. According to [DGKQ9], a primordial
7Li abundance of 7Li/H=(5.44-0.3) 10~ 10 is obtained using S34(0)=0.57 keV b. This abundance is factor
3 larger than the observational values. In our case the S34(0) is a 3.86% larger than that considered in
[DGKQ9]. Therefore, the corresponding primordial “Li abundance results to become even larger, thus
worsening the problem (see for example [CFOO08]).

E.3.2 Conclusions
The main outcomes from this work are:

B Two experimental set-ups have been completely characterised in order to study the 3He(c,y)"Be
reaction

B Ten new S34(E) values with low systematic uncertainty have been obtained in the range of Ecp=1-
3 MeV using the activation technique and by employing a very well controlled "Be production and
a y-counting setup

B Three of the measurements using the activation technique has special relevance due to the low sta-
tistical uncertainty and good accuracy

B The density profile of the 3He gas target in the DRAGON cell has been measured for the first time
and can be used for future experiments at the DRAGON separator

B The charge state distribution of Be nuclei after crossing the 3He target gas has been determined for
the first time, using target pressures between 1 to 6 Torr, that indicates charge state equilibrium at
1 Torr

B A very high suppression of the incident beam has been measured when the "Be recoils from the
3He(cv,y)"Be reaction are selected by the DRAGON separator

B The GEANT-3 DRAGON code has been modified and adapted to perform extensive simulations,
including a new specific prompt v-rays angular distributions which will be used for the design of
future experiments

B Several tests have been performed in order to constrain the angular distribution of the prompt ~-
rays. The variation of the angular distributions has been introduced as potential uncertainties in the
acceptance and intense simulations with the adapted GEANT-3 code could lead to a better constrain
in the coefficients of the y-ray angular distribution
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Four new data points for the S; /Sy branching ratios have been determined. This includes the point
corresponding to 2.8 MeV that is the highest energy at which such data has been obtained so far

Four new S34(E) values have been determined with the lowest statistical uncertainty measured so
far using the direct recoil counting technique

A good agreement is seen between the two data sets obtained using two independent techniques

The results obtained in this thesis clearly agree with those from the ERNA collaboration [DGK09]
and fully disagree with those from Parker et al.’s work [PK63], in the same energy region

Our data show very good agreement with the ab-initio FMD calculations [Nef11]

Based on our experimental results and the ab-initio calculations we recommend a value of S34(0)=0.593 keV b
From the description of our results and other experimental sets further data are yet required in a

wide energy range using different techniques for a comparison of the results and to perform consis-

tent data evaluations

None of the current theoretical calculations can describe simultaneously the two mirror reactions
3He(,y)"Be and 3H(a,y)"Li. New measurements of the mirror reaction are strongly suggested
as well as elastic scattering data of the 3He(c,)>He reaction in order to constrain the theoretical
models

Due to the discrepancies between the theoretical models of the s- and p-wave contributions to the
S34(E) factor, precise angular distributions of the prompt ~y-rays are also recommended.
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