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Abstract

In the present work elastic scattering measurements for the p+°He and
d+%He systems, as well as the ®He(d,t)°He transfer reaction were performed at
26 MeV /n in inverse kinematics at the ACCULINNA-2 fragment separator. The
obtained angular distributions of the elastic scattering were analyzed within the
Optical Model (OM), and the transfer reaction angular distribution was analyzed

using the Distorted-Wave Born Approximation (DWBA) method.

The obtained angular distribution of the differential cross section for the
p+%He elastic scattering is in good agreement with the data obtained by Wolski
[1] at a slightly lower energy (25 MeV /u) measured at the ACCULINNA fragment
separator. The data set is in agreement with the differential cross section calculated
with the global OM potential of Varner [2| as well as the cross sections calculated
using optical potentials by Wolski 1] and the optical potential obtained from mi-
croscopic Continuum-Discretised Coupled Channels (CDCC) calculations by Rusek

[3]-

The differential cross section of the d-+%He elastic scattering was measured
for the first time with a good angular resolution thanks to the use of a CD, target.
The experimental data set is reproduced well by OM calculations with the optical
potentials derived from the p+%He OM potentials using the folding method. This
suggests that the influence of deuteron breakup on the elastic scattering is small.
It also appears that the quadrupole deformation of the ?H ground state has little
influence on the d+%He elastic scattering. From the set of global optical potentials
for deuteron scattering considered, the potential of Zhang [1] fits the experimental

data best.



The angular distribution of the differential cross section for the SHe(d,t) He
neutron transfer reaction was measured for the first time. The obtained cross section
was analyzed using the DWBA method. The optical potentials used to generate the
entrance channel distorted waves were the empirical potentials obtained from the
analysis of the d+%He elastic scattering. It was found that the choice of entrance
channel potential has a minor influence on the final cross section. The exit channel
wave functions were generated with the global Optical Model Potential (OMP) of
Pang |5] and with the OMP obtained from folding the “He-+t and n+t OM potentials

with the wave function of the *He .

Wave functions of the cluster-to-core relative motion for 5Heg,sﬁn and 2H-+n
systems were obtained from the single particle binding potentials. It was observed
that the remnant part strongly influences the differential cross section of the transfer
reaction in the DWBA calculations. Post and prior approaches give different results

with no remnant and almost the same result with the full remnant term.

The spectroscopic amplitude Sspe,, for the “He, s ="Hey s +1 configuration
was adjusted so that the calculated differential cross section for the transfer reac-
tion reproduced the data points. It was averaged over the determination of different
entrance and exit channel potentials and equals Sspein = 1.167 T3 after taking
into account experimental and theoretical uncertainties. The spectroscopic factor
(SFspein) calculated from the spectroscopic amplitude equals SFspe.n = 1.36 1555
and is smaller than theoretical predictions, but agrees with them within the uncer-

tainties.



Streszczenie

W ponizszej pracy przedstawiono opis badan elastycznego rozpraszania sys-
temow p+9He i d+5He, a takze reakcji transferu neutronu He(d,t)*He przy energii
26 MeV /n w odwrotnej kinematyce przeprowadzonych na separatorze ACCULINNA-
2. Otrzymane rozktady katowe elastycznego rozpraszania przeanalizowano w ramach
Modelu Optycznego (OM), a rozklad katowy reakcji transferu przeanalizowano za

pomoca metody Distorted Wave Born Approximation (DWBA).

Otrzymany rozktad katowy roézniczkowego przekroju czynnego elastycznego
rozpraszania p-+%He jest zgodny z danymi uzyskanymi przez Wolskiego na separa-
torze fragmentéw ACCULINNA dla nieco nizszej energii (25 MeV /n). Dane ekspery-
mentalne sa dobrze opisane przekrojami czynnymi obliczonymi w ramach modelu
optycznego na podstawie globalnego potencjatu optycznego (OMP) autorstwa Varn-
era [2|, a takze przekrojami czynnymi obliczonymi przy uzyciu potencjalow opty-
cznych autorstwa Wolskiego [!] oraz potencjatu optycznego uzyskanego przy pomocy

metody Continuum-Discretized Coupled Channels (CDCC) przez Ruska |[3].

Rozklad katowy elastycznego rozpraszania d-+5He zostal zmierzony po raz
pierwszy z dobra rozdzielczoscia katowa dzieki uzyciu tarczy z deuteryzowanego
polietylenu CD,. Dane eksperymentalne sa dobrze opisane przekrojami czynnymi
obliczonymi w ramach modelu optycznego na podstawie potencjatéw optycznych
uzyskanych metoda foldingu ze zlozenia potencjatu p+%He z funkcja falows 2H.
Sugeruje to maty wplyw dysocjacji deuteronu na proces elastycznego rozpraszania.
Poréwnanie przekrojow czynnych d-+°He obliczonych ze zmierzonymi sugeruje takze
niewielki wplyw deformacji kawdrupolowej deuteronu na elastyczne rozpraszanie

d+C%He. Sposréd rozwazanych globalnych potencjalow optycznych dla rozpraszania



deuteronu, globalny potencjal Zhanga [!] najlepiej opisuje uzyskane dane ekspery-

mentalne.

Rozktad katowy rézniczkowego przekroju czynnego dla reakeji transferu neu-
tronu z jadra °He do deuteru, ®He(d,t)5He, zostal zmierzony po raz pierwszy. Otrzy-
mane przekroje czynne zostaly przeanalizowane za pomoca metody DWBA. Potenc-
jaly optyczne uzyte do wygenerowania funkcji falowych w kanale wej$ciowym byty
empirycznymi potencjatami uzyskanymi z analizy elastycznego rozpraszania d-+%He.
Stwierdzono, ze wybor potencjalu w kanale wejSciowym ma niewielki wplyw na
uzyskany przekroj czynny. Funkcje falowe w kanale wyj$ciowym wygenerowano za
pomoca globalnego potencjatu optycznego parametryzowanego przez Panga [5] oraz
za pomocg potencjalu optycznego uzyskanego poprzez ztozenie potencjatow opty-

cznych *He+t i n+t z funkcja falowa *Heg .

Funkcje falowe neutronu w systemach *He,; +n i 2H+n uzyskano z potenc-
jalow wiazania pojedynczej czastki. Zauwazono, ze czes¢ remnant potencjatu prze-
jécia ma duzy wplyw na przekroj czynny uzyskany metoda DWBA. Podejscia post i
prior daja rozne wyniki bez czesci remnant oraz prawie takie same wyniki z czescia

remnant, niezaleznie od uzytego potencjatu interakcji rdzen-rdzen.

Amplituda spektroskopowa Ssien konfiguracji *He, s ="He, s +n zostala do-
brana tak, aby rézniczkowy przekrdj czynny dla reakcji transferu pasowat do uzys-
kanych punktéw pomiarowych i zostata usredniona dla réznych potencjatéw kanatu
wejsciowego i wyjsciowego otrzymujac Ssien — 1.167 10118 po uwzglednieniu btedow
eksperymentalnych i analizy. Czynnik spektroskopowy SFsye., obliczony z ampli-
tudy spektroskopowej wynosi SFsie n = 1.36 1035 i jest mniejszy od przewidywari

teoretycznych, ale zgadza sie z nimi po uwzglednieniu niepewnosci pomiarowe;.



Acknowledgements

At this point, I want to thank the following individuals and institutions for
their invaluable support and contributions throughout the long journey of complet-

ing this PhD thesis.

First, I would like to express my deep gratitude to my supervisor, Professor
Krzysztof Rusek, for his guidance, patience, and unwavering support. He assisted
with the experiment proposal, being the foundation of my PhD thesis, and helped
me during data analysis while being hundreds of kilometers away. After returning to
Poland, the professor introduced me to theoretical models, explained the intricacies

of data interpretation, and always pointed me in the right direction.

Also, I sincerely thank Professor Mikhail Sergeevich Golovkov for his men-
torship during my stay in Dubna. Professor Golovkov spent his valuable time ex-
plaining the principles of the experiment, the data analysis process, and underlying

physics. I will never forget his "Introduction to Nuclear Electronics".

I appreciate all ACCULINNA-2 group members, without whom this work
would not have been possible - special thanks to Andrey Bezbakh and Grzegorz

Kaminski for invaluable talks and countless nights spent on experiment preparations.

I am profoundly grateful to Professor Nicolas Keeley for the language cor-

rections in this work.

I acknowledge the support of my family and friends, whose encouragement,
patience, and understanding have sustained me through the challenges of doctoral

research.



I would also like to express my gratitude to Narodowe Centrum Nauki for
their financial support in Preludium 41 2021/41/N/ST2/03446 and to the Commis-
sion of Plenipotentiary Representative for their financial support in grants "Cryo-
genic target system for ACCULINNA-2 fragment separator" and "ACCULINNA-2

experimental setup upgrade and its elements unification".



Introduction

Increases in the intensity and availability of radioactive beams and tech-
nological advances in their separation allow intensive studies of radioactive nuclei
situated further and further from the stability line. Such experiments further our

understanding of the structure of atomic nuclei and their interactions.

A particular case of radioactive nuclei are the neutron halo nuclei, the most
prominent examples of such nuclei. They consist of a compact core with one or
two neutrons orbiting it. The lightest halo nucleus is helium-6, which, due to the
small number of nucleons, is among the most straightforward systems to treat from
a theoretical point of view. “He is usually depicted as an alpha core with two loosely
bound neutrons orbiting it. More careful examinations revealed that it is a mixture
of configurations such as He+n, *He+2n and triton + triton. The probability of
finding the system in a particular configuration is expressed in terms of a spectro-

scopic factor.

A recently published review [6] of the current status of spectroscopic fac-
tors describes, among other things, the so-called quenching of spectroscopic factors.
This issue has been known for decades and involves significant discrepancies between
experimentally obtained single-particle spectroscopic factors and their theoretical
predictions within the framework of the independent particle model. Additionally,
an influence of asymmetry in the binding energy of individual nucleons on the spec-
troscopic factor is observed in knockout reactions. In contrast, no such influence is
noted in transfer reactions. Due to the substantial difference in the binding energy
of neutrons and protons (AS = —20.88 MeV), SHe proves a promising candidate for

such investigations.



An experimental investigation of p+%He reactions by Wolski et al. [I] at
ACCULINNA provided considerable insight into the structure of helium-6 and con-
tributed a significant amount of material for later analysis with more advanced
methods |7, §| like microscopic CDCC calculations. A measurement of the d+°He
elastic scattering differential cross section would provide the entrance channel inter-
action potential required for an analysis of the °He(d,t)°He neutron transfer with
the DWBA method. Moreover, this reaction has not been measured before. It might
deliver exciting results, especially since both helium-6 and the deuteron are loosely
bound systems with 2H having the lowest binding energy per nucleon of all stable

nuclei.

The CDCC method has been recently extended to systems involving two
weakly bound nuclei by Descouvemont [0, 10]. He successfully analyzed the d+!'Be,
d+"Li, and d+"Li systems. The data obtained from the measurement of elastic
scattering of d+°He and the ®He(d,t)°He transfer reaction will constitute a solid

foundation for further development of the four-body CDCC model.

In summary, measurements of elastic scattering of 12H+5%He and the
%He(d,t)°He transfer reaction were proposed at an energy of 26 MeV /n. The mea-
surements were conducted at the Flerov Laboratory of Nuclear Reactions at the Joint
Institute for Nuclear Research in Dubna, Russia, at the ACCULINNA-2 separator.
This experiment was performed in 2018 and marked the first physics experiment on

this separator.



Chapter 1

Theoretical introduction

In this chapter, a concise overview of the theory of nuclear reactions will be
introduced. The mathematical language used to analyze the obtained experimental
results will be described, with Section 1.1 introducing the theory of scattering, as
well as the Optical Model and selected issues related to it. Section 1.2 will describe

the theoretical model used to analyze nucleon transfer reactions.

1.1 Scattering theory

The beginning of nuclear physics is considered to be the discovery of radioac-
tivity by Henri Becquerel in 1896. While studying phosphorescence in uranium salts,
Becquerel discovered the phenomenon of radioactivity, which was later identified as
an alpha decay. Just over 20 years later, Ernest Rutherford first observed a nuclear
reaction induced by alpha particles emitted from radioactive radium. Over time,
alpha particles began to be used to induce nuclear reactions. In 1932, Cockroft
and Walton built the first accelerator to initiate nuclear reactions using accelerated
protons. Studying artificially induced nuclear reactions with increasingly higher en-
ergies, various targets, and different projectiles has led to a better understanding

and description of many phenomena occurring in nuclei.

A typical nuclear reaction may be written as

e+ A= B+b+Q (1.1)



where A is the target nucleus, a the incident nucleus, B and b the reaction products,
and @) the energy released or absorbed during the reaction. This reaction may

equally be written as

A(a,b)B (1.2)

1.1.1 Elastic scattering

Elastic scattering is the simplest nuclear reaction from the point of view of
theoretical considerations. The internal structure of the participating nuclei does
not change; they remain in their ground states. In the case of elastic scattering,
Equation 1.2 will take the form

Ala,a)A (1.3)

One of the main quantities characterizing a nuclear reaction is the reaction cross
section. The cross section is denoted by the Greek letter ¢ and determines the
probability of a given reaction occurring. Taking the example of a typical scattering
experiment, where a beam of nuclei a hits a target formed of nuclei A, it can be

expressed by the following relation

Nscattered (1 4)

0O = —7——
Ntar Nbeam

where Neattereq 1S the number of a nuclei scattered, Ny, is the number of A nuclei in
the target per unit area, and Npeq,, is the number of beam particles a incident on the
target. The unit of o is m?, but due to the low values of cross sections, barns (1 barn
— 1072 m? = 100 fm?) or millibarns are used instead. By measuring the number of
particles emitted per time unit within an element of solid angle df2 in the direction
with polar angles (6, ¢), we obtain a differential cross section. The differential cross
section is usually given in the center-of-mass (CM) system of coordinates and is

defined as
do (0, p)

L = 1f6.0) (15)

where df) is the solid angle element and f(6, ¢) is a scattering amplitude depending
on the angles 6 and ¢ in a spherical coordinate system. When there is no spin

polarisation of the beam or the target, the scattering amplitude does not depend on

10



the angle ¢, and the cross section is a function of # alone.

In the above example, we may consider the beam of particles a from an
accelerator moving along the 7 axis as a plane wave described by a wave function

XA
Xa = AO ETP Z<kaz) (16)

where Ay is the beam flux before any collision, k, is the wave number k, = p,/h
with p, the particle momentum. Similarly, the target particles A can be described

by the following wave function

x4 = No exp i(kaz) (1.7)

with Ny the number of particles per unit volume and k4 being the wave number. In
the case of stationary target k4 = 0, since the momentum resulting from thermal
movements can be neglected. In order to describe the system of particles a impinging

on target A in the center-of-mass system, we can use the relation

Xo = XAXa = Ao expli(Kara)] (1.8)

where r, = r, — r, is the distance between the particles and r, and r4 are the
position vectors of the incident particle and the target; Ny is assumed to be equal

to 1 particle per unit volume for simplicity and

ko= 4k, (1.9)

ma+mA

is the relative momentum between the particles, where m4 and m, are the masses of
the target and incident particles, respectively. Equation 1.8 describes the incoming
beam plus the stationary target system without considering any internal structure
of these particles. We will refer to this as the entrance channel. In order to include
information about the structure of these nuclei, we introduce the wave functions
w4 and @, which describe the internal structure of the target and the beam nuclei.

We thus obtain

Xa = AO exp(ikara)gpfl@a (1].0)

11



The above equation describes the so-called incident wave without any particle inter-
action. For a complete description of the actual process, we would have to include

scattered waves for each possible exit channel 5 in a form

U = Ag exp(ikaTa)aipa + Y X5 (1.11)

B
We will now focus on the wave function of a example exit channel. We assume that
the distance from the target is sufficient by large so that there is no interaction

potential between the nuclei and that the wave has a radial form
exp(ikgr
Vg = AOfB(Qv ¢)%¢BS% (1.12)

with Ay the particle flux in the entrance channel, g and ¢, the wave functions
of the internal states in the exit channel, and kg and rg the wave number and the
distance between the nuclei in the exit channel. For the elastic scattering reaction,
we have ¢, = ¢, and w4 = @pp. For a given radius r3 = r and with no spin
polarization, we obtain the density of the scattered particles, defined as the square

modulus of the wave function, in the form
1 2
= [Aofs(O)] (1.13)

This gives | Ay felastic(é)\2 dS) for an element of solid angle, and finally, through di-

viding by the original particle flux, we obtain equation 1.5

do_elastic . 2
Sl | £5(6)] (1.14)

With the wave function in the form presented in equation 1.11 and a known inter-
action potential V' (r), we could try to find the reaction cross section by solving the

Schrédinger equation
h2
{—%VQ - V(r)] U(r) = E¥(r) (1.15)

where m is the particle mass and E its energy. The term in square brackets is the

sum of the kinetic and potential energies, called the Hamiltonian. It is often denoted

12



by H. Unfortunately, including all of the open reaction channels is impossible, and
there is insufficient computing power to solve the Schrédinger equation for nuclear
reaction. Instead, we will use physical models, which allow us to obtain reaction

cross sections and information about nuclear structure.

1.1.2 Optical model

One of the models used to describe nuclear reactions is the optical model
proposed by Fernbach, Serber, and Taylor [I1]. The optical model simplifies the
complex many-body problem of the interactions between the nucleons in the tar-
get nucleus and the incident particle by approximating it as a two-body problem.
Instead of considering the various interactions individually, they are replaced by a
spherical potential U(r) independent of the orientation of the vector r, which rep-
resents the interaction between the incident particle and the nucleus. This effective

potential as used in the model is complex
U(r) = Vee(r) + iWin(r) (1.16)

where the real part V,.(r) represents the scattering potential between the nuclei and
the imaginary part iW;,,(r) is associated with absorption of the particle flux from
the elastic channel. If the incoming particle becomes excited through interaction
with the target nucleus, we call it a non-elastic event. As a result, this particle
is removed from the elastic channel. It is important to note that the absorption
does not describe non-elastic reactions but merely accounts for their effect on the
elastic scattering. This approximation is called the "optical model" because it shares
similarities with the description of the scattering of light by an almost transparent
but refractive sphere. There, a complex refractive index is used in order to include

attenuation of the light as it travels through the medium.

The most commonly used form of the optical potential is the Woods-Saxon,
given by the following formula

—1

fws(r) = T et /e (1.17)

13



Woods-Saxon volume potential
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[«)
= 30 Y e Woods-Saxon surface potential
s
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distance from nucleus [fm]

Figure 1.1: A comparison between the shapes of the volume and surface Woods-
Saxon potentials with Vo =V, =70 MeV, R, = R, =5 fm and a, = a; = 0.6 fm

where 7 [fm] is the distance between the nuclei, R = 79AY? [fm] is the nuclear
radius, and a [fm] is the potential diffuseness. Combining equations 1.16 and 1.17

we obtain
) —iWo

U(r) = 1 + e(r—Ruv)/av + 1+ e(r—Rw)/aw

(1.18)

where V5 [MeV| and W, [MeV] are the real and imaginary potential amplitudes,
respectively. Eq. 1.18 is the simplest form of the optical model potential based
on Woods-Saxon terms for both the real and the imaginary parts. It is commonly

referred to as a volume potential.

A complete optical potential U(r) may contain several terms. One of the
other widely used terms has the form of the radial derivative of the volume potential
and is described by the following formula

d —Vs

Ws(T) — —4018%1 + G(T_Rs)/as

(1.19)

This form of the potential is also referred to as a surface potential. Figure 1.1

presents an example of volume and surface potentials of Woods-Saxon forms.

Another type of a potential used in the optical model is the spin-orbit poten-
tial. This potential is a nuclear analog of the spin-orbit coupling of the electron spin

s and its orbital angular momentum 1 in the electrostatic potential of the nucleus.

14



It has the so-called Thomas radial form

—1d 1
r dr 1+ e(r—Hso)/aso

Vio(1) = =2V, (1-s) (1.20)

Finally, there is the Coulomb potential for the scattering of charged particles

calculated with the following formula:

RZ

Vo(r) = ¢ tmo 2 (1.21)

2
—41 Z1Zye” forr > R,
TEQ r

1 Z1Zsé? (3 — ﬁ) forr <R,

where Z; and Z; are the charge numbers of the projectile and target nuclei, e is the

elementary charge, and R, is the Coulomb radius.

A typical [12] optical model potential used to describe a scattering reaction

thus has the form:

. , d
U(T) = _‘/E)fWS<T7 Rlﬂ av) - ZWOfWS(T7 R’w7 aw) - ZWS(4CLS)%fWS(T7 RSJ CLS) + VC(T)
(1.22)
where Vg, Wy, and W, are the depths of the real volume potential and the imaginary

volume and surface potentials, respectively.

The above form of the optical potential is often found in so-called Global
Optical Potentials (GOM). The potential amplitudes, radii, and diffusivities in these
models are described as functions of, for example, energy, atomic numbers A and Z,
and certain constants. These constants are chosen so that the calculated differential

cross sections based on the potential best describe a large set of experimental data.

1.1.3 Folding model

The folding model is a microscopic approach which aims to obtain the inter-
action potential between two nuclei based on the sum of the two-body interactions
between one of the nuclei and the constituents of the other nucleus. Let us consider
a particle P moving towards a target nucleus 7. A diagram of the description of
the adopted coordinates is shown in Figure 1.2. Their interaction potential can be

described by the sum of effective interactions between each nucleon of the target

15



(T1 and T2) and the incoming particle using the formula
1
U(r) = /p(R)l/(|r + ER\)dR (1.23)

with p(R) being the target nucleus density distribution and v(|r + {R|) being the
effective interaction between the particle and each of the target nucleons. It is
worth noting that the density distribution of the atomic nucleus is the square of its
wave function, and the effective interaction between a nucleus and a nucleon can be
described using the optical potential. The above method can also be successfully
extended to an atomic nucleus with a known wave function and its interaction
with another atomic nucleus, assuming the absence of any internal structure. This
approach is called single-folding, while when we assume that the second particle

also has internal structure, we need to integrate over it as well, giving the name

double-folding.

Figure 1.2: T system of coordinates used for the folding potential description.

1.2 Transfer reactions

A transfer reaction is a complex many-body reaction where a nucleon or

a part of a nucleus, called a cluster, is transferred to another nucleus. Using the

16



notation introduced earlier, an example transfer reaction can be written as

a+A—B+b+Q (1.24)

We will denote the transferred particle as # and define the entrance channel nucleus

A=B+z (1.25)

and the exit channel particle

b=a+z (1.26)

Figures 1.3 and 1.4 accordingly present a schematic of the entrance and exit channel

configurations. A complete mathematical description of the process is impossible

A=B+X

Figure 1.3: Schematic view of the entrance channel with coordinates marked.

since all possible channels would have to be considered, just as for the elastic scat-
tering. Instead, we will use the distorted wave Born approximation formalism which
allows for a description of inelastic scattering, transfer, and knockout reactions. A
detailed derivation of the DWBA formalism and its approximations are given in

detail in many works [12, 13] and will not be given here.

We will start with a formula describing the differential cross section for an

example reaction A(a,b)B within the DWBA method:

17



b=a+Xx

Figure 1.4: Schematic view of the exit channel with coordinates marked.

dO'(Q)_ Hallp k5| |
ds (27rh2)

(1.27)

where pi, and pp are the reduced masses of the entrance and exit channels respec-

tively, and can be calculated using the following relations

mema mymp

bo = mvma M mtms

ko and kg are the relative momenta of the nuclei in the entrance and exit channels,

respectively, and can be calculated using the following relations

Lo— mAka—makA Lo — mBkb—mka
“ Mg +ma B my +mp

The T in equation 1.27 is a transition amplitude defined as

/ / 35 (s 1) (0108] Ulapa) X (e, Eo) s (1.28)

where XE@ )(kﬂ, rg)* and x5 (ko ra) are wave functions describing the elastic scat-

tering in the entrance and exit channels respectively. These wave functions are the
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time inverse of each other and are related by

X5 (ks )" = x§7 (Ko, Ta) (1.29)

The above wave functions can be found by solving the Schrédinger equation with
known optical potentials. In the (ppop|U|p.pa) term, U is a transition potential
and ¢ are the internal wave functions of the corresponding nuclei. Knowing that

A =b+ x, we can factorize the wave function ¢4 as

0a(C) = SF 05O Wa(re,) (1.30)

where ( are the internal coordinates of the nucleus, Vg, is the wave function de-
scribing the relative motion of B and z, and SFp4,) is the spectroscopic factor
giving the probability of finding nucleus A in the configuration B+z. With the same

approach, we can factor the wave function ¢, as

on(C) = SE20a(Q)0e(Q) Vs (a) (1.31)

where ( are the internal coordinates of the nucleus, W¥,, is a wave function describing
the relative motion of @ and z, and SF(,1,) is a spectroscopic factor giving the

probability of finding a nucleus b in the configuration a-+z.

The reaction can be considered from the point of view of the entrance chan-
nel, which is called the prior representation, or from the point of view of the exit
channel, which is called the post representation. Formally, both approaches yield
identical results [13], but the availability of the optical potential in one of the chan-
nels can make one approach more viable. Depending on the representation, the
transition potential U will be defined differently. In the prior representation, we
have

Uprior(RAaa RB:E) = VBI<RBI) + UBa(RBa) - UAa(RAa) (132)

where Up,(Rp,) is the binding potential of cluster z to nucleus B, Up,(Rp,) the
optical potential between nuclei B and a, and Ua,(Ra,) is the optical potential

between nuclei A and a. The term consisting of the optical potentials Ug,(Rpg,)
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and Ug,(Ra,) is called the remnant.

By analogy, for the post representation, we obtain

Upost(RBba Raa:) - ‘/aw(Raa:) + UBa<RBa) - UBb(RBb) (133)

where V. (Ry,;) is the binding potential of cluster z to nucleus a, Up,(Rp,) the
optical potential between nuclei B and a, and Up,(Rp;,) is the optical potential
between nuclei B and b. The term consisting of the optical potentials Ug,(Rpg,)
and Uz, (R4,) is called the remnant. The choice of optical potentials in the entrance
and exit channels strongly influences the result of the DWBA. In some cases, for
example, when the interaction potential in the exit channel is unknown, one can
approximate the remnant term as zero. In these cases, the transition amplitude will

be determined mainly by the binding potential.
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Chapter 2

Experimental details

The experimental part of this work was performed at the ACCULINNA-2
fragment separator in the Joint Institute for Nuclear Research in Dubna, Russia.
The separator and the U400M cyclotron, which produced the primary beam, will
be briefly described in section 2.1. The experiment will be detailed in section 2.2.
Section 2.3 will outline the principle of operation of the beam monitoring detectors,
and information regarding telescopes will be presented in section 2.4. Finally, a

description of the Data Acquisition System (DAQ) will be provided in Section 2.5.

2.1 ACCULINNA-2 fragment separator

A fragment separator is a system of magnets placed around a beam line
designed to filter out unwanted ions produced in the fragmentation reaction of the
primary beam on the primary target. The primary beam usually consists of stable
nuclei that are accelerated, for example, in a cyclotron and are then focused onto
the primary target. As a result of the fragmentation reaction, a cocktail of ions is
produced, among which the short-lived isotope of interest is present. The thickness
of the target is chosen so that the newly created isotopes have the desired energy and
to ensure sufficient intensity of the secondary beam. The resulting secondary beam
is focused using magnetic lenses and guided through dipole magnets, which deflect
the ion trajectory. By adjusting the magnetic field induction, we can allow ions

with the desired A/Z ratio at a given velocity v to pass through. After cleaning,
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the secondary beam is focused onto several focal planes where the beam can be
monitored. Finally, the ions arrive at the reaction chamber, where they are focused

onto the secondary target.

Figure 2.1: A view over the U400M cyclotron hall. The cyclotron is painted in red
and blue on the left side of the photograph. The magnets of the ACCULINNA-2
fragment separator are painted green. The beamline passes through the cyclotron
hall wall, visible in the upper right corner.

ACCULINNA-2 is a separator built in 2018 that operates with the U400M
cyclotron at the Flerov Laboratory of Nuclear Reactions |14, 15]. A photograph of
the cyclotron and ACCULINNA-2 is presented in Fig. 2.1, and the main charac-
teristics of the separator are listed in Table 2.1. The measurements described in
this work were carried out in March and April 2018 as the first physics experiment.
During the experiment, the nitrogen isotope °N was ionized and pre-accelerated in
the Electron Cyclotron Resonance (ECR) ion source. Subsequently, the ions were
injected into the cyclotron. There they were further accelerated to an energy of
49.7 MeV /n with an average intensity of 1.4 pA. The ions were later directed into
the ACCULINNA-2 and focused at a water-cooled rotating primary target made
of natural beryllium with a thickness of 2 mm. Afterwards, the secondary beam,
which included %He ions, was guided through two dipole magnets, between which
a beryllium degrader was placed. The purified beam was then guided outside the
cyclotron hall (presented in Figure 2.2), where it passed through the focal planes

F3, F4, and F5 inside the reaction chamber, where it was focused onto the physical
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target. After cleaning, the average beam intensity in the focal planes F3 and F5 was

2 * 10* and 10* particles per second, respectively.

~

D1 N
F1 = i

¢ primary targét

Zero-angle
spectrometer

physical target .
[including tritium)

Figure 2.2: A drawing of the ACCULINNA-2 fragment separator. The focal planes
are marked with the letters "F" and the dipole magnets with "D". The focal plane
F3 is located outside the cyclotron hall, where the radiation levels are lower. The
RF kicker and the zero-angle spectrometer were not used during the measurements.

Parameter  value
AQ [msr] 4.2
dp |%] 6.0
P/AP 2000
Bbmaz [Tm] 3.9
L [m] 37
Ein |[AMeV| 5
Eraz [AMeV] 50

Table 2.1: Basic characteristics of the ACCULINNA-2 separator, where A() is the
solid angle, §p - momentum acceptance, and P/AP — momentum resolution, respec-
tively.

2.2 Experimental setup and procedure

The energy of the secondary beam was measured with a Time-of-Flight
(ToF) detector, which consisted of two subdetectors: the first subdetector was lo-
cated in the focal plane F3 and the second 12.32 meters downstream of the beamline
before the focal plane F5. Multiwire Proportional Chambers (MWPCs) 1 and 2 were
located upstream of the focal plane F5 at 81.6 cm and 27.0 cm, respectively. Mea-
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suring the beam position in the MWPCs allowed for reconstruction of the beam
trajectory and calculation of its position on the target plane. Figure 2.3 presents a

schematic of the experimental setup. The deuterium target consisted of a deuterated

1 mm DSSD
- 58x58mm
W,
\/ ~~2’He
- W,
2
ToF V target

subdetectors MWPCs

Figure 2.3: Schematic of the experiment. The X, Y, and Z axes in the laboratory
coordinate system are defined as indicated in the Figure, with the center of the coor-
dinate system at the center of the target. The #%He (right) telescope was stationary
throughout the experiment, while the »*3H (left) telescope position was changed.

polyethylene foil in an aluminum frame, as seen in the photograph of the experi-
mental setup in Fig. 2.4. After the beam impinged on the target, multiple reactions
occurred, predominantly elastic scattering on protons, deuterons, and carbon. The
reaction product energies and positions were measured with two identical telescopes,
each consisting of a 1 mm thick Double-Sided Silicon Detector (DSSD) and a CsI(T1)
scintillator detector. The DSSD allowed for the precise measurement of the particle
energy loss in the detector and the position where it hit the detector. The scintil-
lator detectors were thick enough to stop the reaction products and measure their
remaining energy. Knowledge of the beam position and its vector at the target plane
and the reaction product position in the telescopes allowed for the complete recon-
struction of the reaction geometry. The time-of-flight and the energy loss of the
beam in the ToF F5 subdetector allowed for the identification of beam ions, while
AFE — E spectra from the telescopes enabled a further data cleaning process. The
experiment was designed assuming that the reaction products of elastic scattering

and transfer reactions would be detected in coincidence. The telescopes were placed
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Figure 2.4: A photograph of the experimental setup inside the reaction chamber.
The C'D, target is at the front, and the left and right telescopes are in the back-
ground.

on the left and right sides of the optical axis to achieve this. The laboratory system
of coordinates used during the experiment is defined in Figure 2.3 with the optical

axis parallel to the Z axis.

The right telescope was positioned 25.0 cm from the target at an angle of
15° to the optical axis and was stationary throughout the measurement. It covered
the angular range from 5° to 25° in the laboratory system of coordinates, which
allowed for the detection of the elastically scattered °He and 4He originating from

the transfer reaction.

The left telescope was positioned at 17.0 cm at three different angles, which
were changed throughout the measurement to cover a wider angular range. Both

telescopes were rotated so that they faced the target.

Along with the left telescope position, the target thickness and the angle
at which it was placed were changed. In the first geometry, the target was 100 pm
thick and was rotated around the Y axis at 45° so that it faced the left telescope.
This increased its effective thickness and decreased the energy loss of the scattered
protons and deuterons. A summary of the angles at which the left telescope was
positioned, the angle of the target rotation, and the target thickness is presented

in Table 2.2. In the second and third geometries, reaction products had sufficiently
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high energy, so the target faced the optical axis and another 100 pm thick foil was

added.
Left telescope | Left telescope Target Target
Geometry '
angle [deg] | angular range | thickness [pm| | angle [deg]
65.3 75 - 55 100 45
50 40 - 60 200 6
3 35 25 - 45 200 0

Table 2.2: Experimental setup parameters for different geometries. The right tele-
scope was stationary throughout the experiment.

2.3 Beam detectors

2.3.1 Multi-wire proportional chamber

The MWPC is a gaseous detector working in the proportional region, which

means that the electrical signal produced in the detector has an amplitude propor-

tional to the energy deposited in its volume. When an ionizing particle penetrates

the gas, it collides with an inert gas atom, leading to ionization and the formation

of an electron and a positively charged ion, referred to as an "ion pair".

Creation of discrete avalanches in a proportional counter

Original ionisation events
Path of \
ionising particle

Boundary of
avalanche region

Anode wire (+ ve)

S

Discrete avalanches

S

Figure 2.5: A visualization of how electron avalanches are formed in MWPC detec-

tor.
By Dougsim, CC BY-SA 3.0,
hitps://en.wikipedia.org/wiki/File: Proportional counter avalanches.jpg
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The ionizing particle creates a path of these ion pairs as it moves through
the chamber. The number of ion pairs generated is directly related to the energy
deposited by the particle in the gas volume. The detector’s specific geometry and
applied voltage maintain a low electric field in most areas, functioning like an ion
chamber. However, the field strength is sufficient to prevent ion pair recombination,
causing positive ions to drift toward the cathode and electrons toward the anode
in the "ion drift" region. Close to the anode wire, a high electric field accelerates
the electron, which knocks out other electrons, triggering Townsend avalanches |10]
within a fraction of a millimeter. Figure 2.5 presents a diagram illustrating the
operation of a gas proportional detector. This localized avalanche region, near the
tiny anode wire, utilizes the multiplication effect of each ion pair avalanche. A
crucial design objective is to ensure that each initial ionizing event results in just one
avalanche. This guarantees proportionality between the original events and the total
ion current. Controlling parameters like the applied voltage, chamber geometry, and
anode the wire diameter is vital to maintain this proportional operation. The counter
enters a "limited proportionality" state if avalanches start self-multiplying due to

ultraviolet photons.

Further increase in the applied voltage leads to Geiger discharge, causing
complete ionization of the gas around the anode wire and loss of particle energy
information. The electronic signals are collected independently from each wire,
which allows identification of the place in the detector where the charged particles
passed through. When two detectors are placed on a beamline, it is possible to

reconstruct the particle vector and its position at the target plane.

There are two identical MWPCs at ACCULINNA-2, numbered 1 and 2,
with MWPC 1 the first on the beam path. A detector features two sets of stainless
steel anodes 6 pm thick, each coupled with a grid of parallel wires placed every
1.25 mm. The wires are made of tungsten and are 20 pm in diameter. There are
32 wires in one grid, and one grid is rotated 90° around the beam axis to provide
information about beam position in two dimensions. The entrance and exit windows
in the detector body are covered with a 25.4 pm thick Kapton foil, which keeps the
chamber hermetic. The chamber is filled with the carbon tetrafluoride (CF,) gas
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Figure 2.6: A photograph of the MWPC wires mounted on a PCB with the stainless
steel cathode located below the wires. During the experiment, the wires were placed
in a stainless steel cover.

at atmospheric pressure. A photograph of the MWPC wires and the stainless steel

cathode without the detector cover is presented in Figure 2.6

2.3.2 Time-of-flight detector

The time-of-flight detector allows the measurement of the velocity of a par-
ticle by measuring its flight time over a known distance. Simultaneous measurement
of the energy loss of a particle in one of the subdetectors allows for the creation of a
two-dimensional plot (AE-ToF plot) which enables ion identification. An example
of a plot created with the data from this measurement is shown in Figure 2.7. Given
the velocity of the particle and its mass, its kinetic energy can be calculated, which
is essential when measuring the energy of excited states, while in the case of this
measurement, the main task is to identify ®He in the incoming secondary beam. The
time-of-flight detector installed at the ACCULINNA-2 consists of two fast scintilla-

tor subdetectors!. The distance between the subdetectors is 12.32 m, which allows

IThe principle of the operation of a scintillator detector will be described in section 2.4.2
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Figure 2.7: ID plot with individual ions collected in this experiment marked.

a high time resolution. Photographs of the interior of one of the subdetectors and a

subdetector mounted on the beamline are shown in Figure 2.8.

A single detector consists of four photomultipliers (PMTs) arranged on a
cross plan, as shown in Figure 2.8a. Hamamatsu R7600U-200 PMTs coupled with
Hamamatsu E5996 voltage dividers were used in the experiment. Each photomul-
tiplier was powered by a separately controlled voltage adjusted so that the signal
amplitude from a given ion was at the same level for a given detector. The distance
between the fronts of the PMTs was 50 mm, which was also the diameter of the
entrance window. Aluminum blocks were placed between the photomultipliers to
keep the structure rigid and ensure light tightness. A plastic scintillator was placed

on the mounting ring and bolted to the subdetector body. A fast, plastic scintillator

Properties EJ-212
Light Output (% Anthracene) 65
Wavelength of Maximum Emission [nm] 423
Rise Time |ns] 0.9
Decay Time |ns] 24
Pulse Width, FWHM |ns] 2.7

Density [g/cm?| 1.023

Polymer Base Polyvinyltoluene

Refractive Index 1.58

Table 2.3: Basic characteristics of the EJ-212 plastic scintillator taken from the
manufacturer’s website.
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(a) ToF F3 subdetector used in the ex-
periment during the assembly process.
The PMTs will be wrapped in copper
tape for better heat transfer to the de-
tector body and are numbered for easier
identification. At the bottom of the de-

tector, a mylar foil prevents light from 4
escaping the body. The matted EJ-212 (b) A side view of the ToF subdetector
plastic scintillator taped to the holder mounted in the diagnostic box in the fo-
ring is placed on top of the detector. cal plane F3.

Figure 2.8: ToF subdetector F3 during assembly and mounted on the beamline.

by Eljen Technology, model EJ-212, was used in both subdetectors as scintillating
material. The main parameters of EJ-212 are given in Table 2.3. Both plastic scin-
tillators were matted on both sides for even light distribution in the detector volume.
After matting, the thicknesses of the plastics were measured: 111 micrometers in

the focal plane F3, and 235 micrometers in the focal plane F5.

Properties Value
Effective area 18 mm x 18 mm
Spectral range [nm)| 300 to 650
Peak wavelength [nm)| 400
Maximum voltage V] 900
Gain 2.0 x 10°
Rise time [ns| 1.6
Transit time [ns| 9.6
Transit time spread |ns] 0.35

Table 2.4: Basic characteristics of the R7600-200 photomultiplier taken from the
manufacturer’s website.
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The ion identification and calibration procedure of the ToF detector will be

described in section 3.2.3 in chapter 3.

2.4 Telescopes

2.4.1 Silicon detectors

A silicon semiconductor detector is based on a reverse-biased p-n junction.
The applied voltage is high enough to ensure that the depletion zone is stretched
over the whole body of the silicon material. A charged particle passing through

the depletion zone creates electron-hole pairs moving toward the electrodes. A fast

Figure 2.9: DSSD mounted on the left telescope during positioning with a laser
level. The horizontal electrodes are facing the target.

electronic signal is amplified and read by an analog-digital converter. The signal is
proportional to the energy loss of the particle in the detector and, due to the fast
charge collection, has a higher time and energy resolution than scintillator detectors.
With the progress in semiconductor production techniques, it is possible to produce
detectors with thicknesses ranging from tens of microns to a couple of millimeters.
It is also possible to utilize multiple electrodes on the detector surface, allowing the

collection of information not only on the energy and time but also on the position
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where the signal originated.

Two square, 1 mm thick Double-Sided Silicon Detectors were utilized in the
experimental setup used for this measurement. The detectors were mounted on the
left and right telescope and had an active area of 58x58 mm? and 32 electrodes on
each side. The electrodes had the form of strips 1.8125 mm wide, with the strips
on one side being oriented perpendicularly to the strips on the opposite side. A

photograph of the DSSD used in the left telescope is presented in Figure 2.9.

The calibration procedure of the DSSD detectors will be described in section
3.2.1 in chapter 3.

2.4.2 Csl array

A scintillator detector consists of a scintillating material plus an attached
photomultiplier tube. The scintillating process in inorganic crystal scintillators oc-
curs when an ionizing particle excites electrons, which emit light quanta when they
deexcite. In order to minimize reabsorption of the emitted light, impurities called ac-
tivators are introduced into the crystal lattice. As a result, new energy levels within

the forbidden gap are created locally. Excited electrons drift to the sites with the

Photocathode
Focusing electrode  Photomultiplier Tube (PMT)
lonization track

| / |
““wamzélsf __iix YAAARR

High energy ﬁﬁ Li:%;ﬁvm

phOton Low energy photons
7 _) Connector

pins

IR

| /
Scintillator Primary  Secondary Dynode  Anode
electron electrons

Figure 2.10: Principle of operation of a scintillator detector coupled to a photomul-
tiplier tube. The ionizing radiation in the schematic has the form of a high energy

photon, whereas it was a charged particle in the experiment.
By Quwerty123uiop, CC BY-SA 3.0,
https://commons.wikimedia.org/w/index.php 2curid=062426194

impurities and recombine there, emitting light shifted towards longer wavelengths,

which are not absorbed by the bulk of the crystal. The photons transfer their energy
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to electrons in the photocathode, causing the electrons to be emitted and acceler-
ated in the electric field inside the PMT. The electrons hit the first dynode, causing
more electrons to be emitted. The process is repeated several times, after which the
electronic signal is amplified by several orders of magnitude. A schematic of how a

scintillator with a photomultiplier tube works is presented in Figure 2.10.

In the experimental setup there were two identically designed thallium-
activated cesium iodide crystal (CsI(Tl)) detectors, each mounted in one of the
Telescopes. One detector consisted of a 4x4 array of CsI(T1) crystals wrapped in 3.5
nm thick mylar foil to prevent light crosstalk between crystals. One crystal was 16.5
mm X 16.5 mm x 64 mm and was coupled with a R9880U-20 PMT by Hamamatsu,
which allowed for individual readout channels for every crystal. The crystals and

the PMTs were enclosed in a water-cooled metal case shown in Figure 2.11.

Figure 2.11: The CsI(T1) crystals in the metal casing. Each crystal is wrapped in
mylar foil to reduce light crosstalk between the crystals. The white mask on the
right side of the photograph will be placed on the crystals and the PMTs will be
mounted on top of it.

The thickness of the crystals was enough to stop the particles that passed
through the DSSD, allowing us to make a 2D AFE — E plot. The plot was used
to identify ®He ions. The calibration procedure of the CsI(TI) detectors will be

described in section 3.2.2. and the ®He identification process will be described in
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Properties Value

Effective area [mm| ¢ 8.0
Spectral range [nm)| 230 to 920

Peak wavelength [nm]| 630
Maximum supply voltage [V] 1100

Gain 2x10°

Rise time [ns| 0.57
Transit time |ns| 2.7
Transit time spread [ns] 0.2

Table 2.5: Basic characteristics of the R7600-200 photomultiplier taken from the
manufacturer’s website.

section 3.3.1.

2.5 Data Acquisition System

The beam monitoring detectors and reaction products at ACCULINNA-2
are integrated within one distributed multi-processor data acquisition system based
on the Multi Branch System (MBS) [17]. The electronics used the VME [15] stan-
dard with one CAMAC [19] crate. The scheme of the DAQ is presented in Figure
2.12.

Three different sources of trigger signals were defined in the data acquisi-
tion system applied to ACCULINNA-2 during the measurements described in this
work. Upon reaching the controller when idle, the trigger signal caused a temporary
cessation of acceptance of subsequent trigger signals. The trigger signal originat-
ing from the beam was designated "beam trigger," the signal from the telescopes
"experimental trigger," and the signal exiting the controller "accepted trigger." The
"accepted trigger" was then delivered to analog-to-digital converters, leading to the
recording of amplitudes registered by amplitude sensing analog-to-digital converters
(ADC) and charge integrating analog-to-digital converters (QDC), as well as the
time signals recorded by the time-to-digital converter (TDC). Details of the readout

of individual detectors will be described below.
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Figure 2.12: A schematic of the data acquisition system at ACCULINNA-2.

2.5.1 ToF

Analog signals from both ToF subdetectors PMTs directly reached a con-
stant fraction discriminator (CFD) that had time and amplitude outputs. The

output time signal was delayed and used as:

e The signal responsible for generating individual time gates for the signal from

each photomultiplier in the ToF subdetectors, fed to the QDC
e the STOP signal for the TDC

The CFD shaped and amplified amplitude signals and then fed into the QDC. At the
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same time the CFD generated a "common gate" for the QDC, and in the case when
the signal from the first PMT subdetector ToF F5 exceeded a threshold (marked as
F5[0]), it generated the "beam trigger" signal. This signal was then sent to a scaler,
which allowed 1 in 256 signals to pass through to the acquisition system, generating

the "beam trigger" signal.

The QDC integrated incoming amplitude signals from the ToF subdetectors
in the time frame according to the individual gates, and upon receiving the "accepted

trigger" signal, the common gate saved the integration results to the buffer.

The TDC measured the time between the "accepted trigger" and the delayed
time signal from the CFD, which originated from the ToF subdetectors.

2.5.2 DSSD

Signals from the DSSDs were preamplified and then fed to a shaping am-
plifier and integrated with the CFD. The CFD generated an "experimental trigger"
signal when the signal amplitude in any of the channels was over the threshold. De-
pending on whether the signal originated from the left telescope DSSD or the right
telescope DSSD, it was saved in the data file with a different ID, but both signals
functioned in the DAQ in the same way. The CFD output amplitude signals to the
ADC with the gates generated based on the "accepted trigger signal" and saved the
data to the buffer. The CFD output time signals were fed to the TDC and served
as the STOP signal, with the "accepted trigger" as the START signal.

2.5.3 Csl

The signals from the PMTs of the CsI(T1) detectors were fed into the CFD,
which generated the "common gate" for the QDC, "individual gates" for the QDC,
a STOP signal for the TDC, and the amplitude signal for the QDC. The principle
of operation of the TDC and the QDC was the same as for the ToF subdetectors.
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2.5.4 MWPC

The signals coming from the MWPC were fed into the discriminator, which,
upon receiving a signal from any wire that was above the threshold, generated a
"common gate" for the register. At the same time, the discriminator generated a
logical signal for each wire with the signal above the threshold and passed it to
the register. Upon receiving the "accepted" trigger within a specified time window,
the registers were saved to the buffer and self-cleaned. After 1 ps, the register was

self-cleaning if no trigger signal was received.

The detector responses from the ADC, QDC, and TDC were collected and
formed an event. A group of events which filled the control unit buffer was sent to
the computer and saved on the hard drive in .Imd file format. In addition to the
detector responses, the trigger signal ID was also recorded. The data stream to the
computer was monitored online using go4 [20] software to ensure beam focusing and
monitoring of the quality of the collected data. After the measurement, the data

files in the .lmd format were converted to the .root [21] format using go4 software.
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Chapter 3

Data analysis

This chapter will describe the procedure for analyzing the experimental data
collected during the experiment. Section 3.1 will describe the structure of the data
and the tools used for the analysis. The procedure for calibrating the detectors
(section 3.2) and the methods of data cleaning and reduction (section 3.3) will
then be presented. The Monte Carlo simulation used to calculate the registration
efficiency of the system will be described in section 3.4. The last step is described
in section 3.5, where the method for calculating the elastic scattering and transfer
cross sections is presented. The data were analyzed using the ROOT [21] framework,
version 6.26/00, in the C++ standard C++14 programming language. The code
written for data analysis is not attached to this work due to its length but is available
on GitHub under the links:
https://github.com/guar1337/analysis

https:/ /slcj.uw.edu.pl/codes/analysis

3.1 Data handling

The first step in the analysis process was initial data cleaning. Events that
were not suitable for later interpretation were dismissed based on the criteria de-

scribed below:

e Invalid signals in MWPCs An insignificant number of events contained
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wrong values in the array containing the ID of the fired wire. The data analysis

script could not process these events, so they had to be removed.

e Time difference between signals from individual PMTs of the ToF
subdetector Depending on where the beam particle hit the scintillator, the
timestamps in different PMTs in one of the ToF subdetectors differ. This
difference is well-defined and is limited by an extreme condition in which an
ion hits the very edge of the scintillator. Events where this time difference
between signals was exceeded had to be removed since the actual energy of

the particle could not be determined.

e Multiple clusters in the MWPC The MWPCs used in the experiment
were designed to accept and adequately detect hits from multiple wires. If an
event with multiple hits was recorded, it usually means that a beam particle
ionized the gas somewhere between two wires. Both wires collected the charge,
and two signals emerged. The estimated beam position was shifted toward the
area between the wires and not around the wire, as in the case of a single hit
event. Nevertheless, multiple MWPC hits were separated by an inactive wire
in some events. This kind of event could not be processed and was removed
since estimating an actual beam position passing through the MWPC was

impossible.

e ’He in the beam Despite the two-step beam separation process, there was
still a cocktail of incoming ions in addition to °He. A ToF range corresponding
to the region with ®He was chosen in order to remove events that, in the later
analysis, could be falsely identified with reactions of interest. The applied cut

is presented in Figure 3.1

e Signal in the left and right silicon detectors One of the main criteria used
for reaction identification was the coincidence of the reaction products. There-
fore, removing events from the analysis with no signal above the threshold in

both telescopes is safe.

After pre-cleaning, 0.2%, 0.05%, and 0.15% of the data were left in the first, second,

and third geometry, respectively. The experimental data that passed the above

40



10°

X

2000
1800
1600
1400
1200

1000

counts /0.5 ns

800
600
400

200

?

ol L ey b L [ETETI I | S SR
110 120 130 140 150 160 170 180 190 200
ToF [ns]

o
o

Figure 3.1: Time of Flight between focal planes F3 and F5. The peak corresponding
to the ToF of ®He is between the red lines and was selected for further analysis.

tests, apart from the Signal in the left and right silicon detectors, were saved
to a separate .root file. This file was used to calculate the total beam flux in each

geometry and as input for the Monte Carlo simulation.

3.2 Detector calibration

The amplitudes of the signals from the detectors have values expressed in
channel units. In order to obtain spectra with physical meaning, these amplitudes
need to be converted into energies. For the silicon detectors, a linear approximation
was used with a correction for the dead layer of the detector. In the case of the Csl-
based detectors, a linear approximation was also used, but no correction was made
for the Mylar foil at the entrance of the detector. This correction is negligibly small
compared to the resolution of the detectors. For the ToF detector, a TDC channel
width correction was applied, and the ToF constant was obtained. The multi-
wire proportional chamber positioning was performed for increased beam tracking

accuracy.
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3.2.1 Silicon detectors

The energy calibration of the silicon detectors is based on the assumption
that the relationship between the signal amplitude and the energy loss in the detector
is linear [10]:

energy [MeV] = A x channel + B

where A and B are parameters obtained from the fit. A 2?26Ra alpha source was
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Figure 3.2: 2?Ra alpha particle energy spectrum.

used for the calibration. The source emits alpha particles with five different energies
[22], presented in Fig. 3.2. Due to the low intensity and proximity to a more intense
peak, the peak at 5.407 MeV was not used for calibration. The alpha particle energy
emitted from the source had to be corrected for the source thickness and the detector

dead layer. A summary of the energies is presented in Table 3.1.

Alpha energy after Alpha energy after | Alpha energy after
Alpha decay energy the source Left DSSD dead Right DSSD dead
thickness correction layer correction layer correction
4.871 MeV 4.751 MeV 4.210 MeV 4.218 MeV
5.407 MeV not used not used not used
5.590 MeV 5.459 MeV 4.965 MeV 4.972 MeV
6.115 MeV 5.972 MeV 5.512 MeV 5.519 MeV
7.833 MeV 7.661 MeV 7.271 MeV 7.276 MeV

Table 3.1: Alpha particle energies from??°Ra used for silicon detector calibration.

The dead layer is the surface part of a silicon detector from which no elec-
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tronic signal is collected when a charged particle passes through it. It is essential
to assess the thickness of the dead layer properly to calibrate the detector and later
evaluate the actual energy of a charged particle passing through it. The detector
dead layer was adjusted so that the ADC noise level read corresponded to the zero
energy deposited in the detector. This procedure was performed for both silicon
detectors by averaging signals from all the strips for each of them. For the left
DSSD, the dead layer value was 3.5 micrometers, and for the right DSSD, it was

3.45 micrometers.

It is worth mentioning that the dead layer of the detector is not uniform for
the entire surface and may differ for individual strips. However, these differences do
not that significantly affect the results. On the other hand, the electrical signal from
each strip goes through its independent channel, and the differences in the obtained
amplitude can be larger. The a-particle spectrum observed in the left DSSD after

calibration is presented in Figure 3.3
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Figure 3.3: ?2Ra alpha particle energy spectrum observed in the left DSSD. The
values are alpha decay energies, and the values in brackets are the observed energies
obtained through peak fitting.

The position of the particle in the left DSSD was calculated by adding the

position of the strip in the detector reference frame to the position of the zero strip
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in the laboratory reference frame according to the formula

X [mm] = dp * sin(ar) +wx * 15.5 % cos(ay) — wx * stripXp * cos(ayr)
Yy [mm] = —wy * 7.5 + wy * stripYrp

Zy, [mm] = dp x cos(ar) —wx * 15.5 % sin(ar) + wx * stripX;p * sin(ay)

where d, is the distance of the center of the left DSSD from the target, o, is the angle
at which the left telescope is positioned, wx and wy are the widths of the vertical
and horizontal strips in the left DSSD and stripX;p and stripY;p are the numbers
of the vertical and horizontal strips where the particle was detected. The widths of
the X and Y strips are different, because one electronic channel was connected to

two Y strips.

By analogy, the position of the particle in the tight DSSD was calculated

according to the formula

Xr [mm] = dg * sin(ag) + wx * 15.5 % cos(ar) — wx * stripXp * cos(agr)
Yr [mm] = —wy * 7.5 + wy * stripYip

Zgr [mm] = dg * cos(ar) — wx * 15.5 % sin(ag) + wx * stripX;p * sin(agr)

where dg is the distance of the center of the right DSSD from the target, ag is
the angle at which the right telescope is positioned, wx and wy are the widths of
the vertical and horizontal strips in the right DSSD and stripX;p and stripY;p are

numbers of the vertical and horizontal strips where the particle was detected.

3.2.2 Scintillator detectors

The light response of CsI(Tl) scintillating crystal to an ionizing charged
particle with atomic number Z and mass number A is non-linear with respect to the
incident energy Fy, depending on the atomic numbers Z and A [16]. This results
in a formula 23] with multiple parameters that must be fit to a set of data points
from a wide range of energies and, ideally, different ions. For the measurements
described in this thesis, precise knowledge of the particle energy measured by the

detector is unnecessary. However, identifying the detected ion with a AF — E plot
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is essential. To achieve this, it is sufficient to group loci created for each crystal and
a calibrated silicon detector. For this purpose, a linear function based on two data
points was considered sufficient for the calibration procedure. One of the two points
chosen was the °He beam energy after passage through the DSSD with the telescope
positioned directly on the beamline with no target present. The second point used
was the QDC readout of a signal with no energy deposited in the detector. The
beam energy used to calibrate the detector was calculated from the time-of-flight of
the He nuclei. After obtaining the ion energy, it was corrected for the energy losses
in the plastic scintillator at the exit from the ToF F5 subdetector and two MWPCs.
As aresult, the AE — FE energy spectra from different crystals created an overlapping
locus, which allowed for more precise isotope identification. The resulting AE — FE

spectrum from different crystals gathered together is presented in Figure 3.4
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Figure 3.4: AFE — F spectra in the right telescope before calibration (a) and after
calibration (b).

3.2.3 Time of flight detector

The ToF detector provides the time-of-flight of the particle between the
subdetectors at focal planes F3 and F5 of the separator - timestamps tF3 and tF5,
respectively. This time, unique for each beam ion is then used to calculate the

particle energy at the target. The time-of-flight can be calculated with the formula
ToF [ns] = (tF5 — tF3) * channel width [ns] + ToF constant [ns] (3.1)

where:

e tF3 and tF5 are the average time stamp from each subdetector. Obtained by
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averaging time stamps over photomultipliers.

e channel width is a scaling factor used by the TDC module. In this experi-

ment, the channel width was equal to 0.125 nanoseconds per channel.

e ToF constant is the difference between the times measured in the ToF sub-
detectors that is not caused by the particle flight time. This constant does not
change during the experiment and is caused by the difference in the length of

signal cables and delays in the measurement electronics.

| 0

Figure 3.5: ToF subdetectors positioned at focal plane F5 for the ToF detector
calibration measurement.

The channel width of the TDC electronics block was a programmable value
and did not require determination. Therefore, the time-of-flight detector calibration
was based on calculating the ToF constant. The experimental setup allowed for the
physical movement of the subdetector located at the F3 focal plane to the diagnostic
box at the F5 focal plane so that the two subdetectors were located side by side.
A photograph showing the two ToF subdetectors positioned for the ToF detector
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calibration measurement is presented in Figure 3.5.
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Figure 3.6: Kinetic energy spectrum of the ®He beam

Two time-of-flight measurements were then taken, with the F3 subdetec-
tor positioned first in the beam path in one measurement and the F5 subdetector
positioned first in the beam path in the other measurement. The obtained flight
times corresponded to the sum of the ToF constant and the time-of-flight between
the detectors. The ToF constan,t independent of the beam flight time between the
detectors was obtained by calculating the average value of the two measurements.
With the ToF of the particle and its energy loss in the plastic scintillator, it is pos-
sible to produce a Particle Identification Plot (PID) and identify the ion. The PID
with data from the first geometry after precleaning is presented in Figure 3.10 in

section 3.3.

The kinetic energy of the beam particles impinging on the target was calcu-

lated based on the time-of-flight using the formula

T = (v — 1)mec? (3.2)
where 7' is the kinetic energy in MeV, v = ﬁ is the Lorentz factor with 8 the

ratio of the particle velocity to the speed of light, my is the particle rest mass in
MeV /c? and c is the speed of light. After the calculation, the energy was corrected
for loss in the plastic scintillator in the ToF subdetector in F5 and the two MWPCs.
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The beam energy obtained for ®He is presented in Figure 3.6.

3.2.4 MWPC alignment

The multi-wire proportional chambers can detect the location (vertex) of
beam ion interactions within their volume. If the beam position is measured in two
detectors, this information can be used to reconstruct the direction of the incom-
ing beam vector, which is necessary for a complete reconstruction of the reaction

geometry.

Figure 3.7: MWPC with a diaphragm mounted for the geometrical correction mea-
surement.

The Cartesian coordinates of a particle vertex within each MWPC are easily

obtainable from the formulae

X [mm] = IDX * Dwi're — XO -+ AXLQ (33)
Y [mm] = —IDy % Dyjre + Yo + AY 5 (3.4)
—816.0 for MWPC 1

Z lmm] = (3.5)
—270.0 for MWPC 2

where I Dx y is the number of the wire within the grid which registered the signal,
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Dyire = 1.25 [mm)] the distance between the wires, and Xy, Yy the position of the
wire with /Dxy = 0. AX;5 and AY), are corrections to the grid position in the

laboratory system of coordinates.

Ideally, the MWPCs should be placed so that their geometrical center lies

on the Z axis in the laboratory system, but two corrections need to be made:
e correction for the MWPC entrance/exit window position relative to the Z-axis

The distance between the center of the exit window of the MWPC and the Z-axis in
the laboratory coordinate system was estimated with the use of a theodolite. First,
a thick aluminum diaphragm with a hole in the center was placed in the MWPC exit
window, and the distance from the center of the diaphragm to the beam axis was
measured. This measurement was performed for both MWPCs, and a photograph

of the view from the theodolite is presented in Figure 3.7.

e correction for the MWPC grid position relative to the MWPC entrance/exit

window
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Figure 3.8: Beam distribution along the X axis in MWPC 1 after passing through
the diaphragm.

In order to measure the second correction to the MWPC position, a di-
aphragm was placed in the entrance window of MWPC 1, and a short measurement
of the beam which passed through the diaphragm was made. A Gaussian function

was fitted to the measurement data to determine the center of the distribution. The
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values obtained for the X and Y axes indicate the displacement of the grid relative
to the diaphragm and, therefore, to the center of the entrance/exit window. The
measurement was performed for both MWPCs. Figure 3.8 presents the distribution

of the beam passing through the diaphragm.
A summary of the obtained corrections is presented in Table 3.2.

Once the vertices are calculated and the corrections applied, the beam vector

can be calculated with the formula

Vbeam<X7 Y7 Z) = VMWPC’Z(X7 Yv Z) - VMWPCl (X7 Y7 Z) (36)

where Viywpei,2(X, Y, Z) are the vertices of the particle interaction in each MWPC

in the laboratory system of coordinates.
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Figure 3.9: Beam profile on the target plane obtained in the first geometry.
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The beam vertex at the target plane is the intersection point of a line (in
this case the beam vector) and a plane (in this case the target plane). By drawing a
2D histogram with the calculated beam positions on the target plane, we can obtain
the beam profile. The profile obtained for the first geometry is shown in Figure 3.9.
For this geometry, FWHM of 22.8 mm was obtained on the X axis and FWHM of

19.7 mm on the Y axis.

ID window-axis [mm]| | window-grid [mm] | sum [mm]
MWPC 1 X -1.0 0.0 -1.0
MWPC 2 X -1.2 1.0 0.2
MWPC1Y -3.9 1.362 -2.137
MWPC 2Y -1.7 0.575 -1.125

Table 3.2: Summary of MWPC positioning corrections. The column window-axis
presents the corrections for the distance between the center of the detector exit
window and the Z-axis, the column window-grid presents the corrections for the
distance between entrance window and the wire grid, and the column sum presents
the sum of these corrections.

3.3 Data reduction

In order to calculate differential cross section correctly, it is necessary to iden-
tify the reaction of interest and extract it from the many reactions recorded during
the experiment. This section describes the process of identifying the *He(p,p)°He
and SHe(d,d)%He elastic scattering, as well as the He(d,t)°He transfer reaction. At
this point in the data analysis, the detectors were calibrated and the reaction vertex
at the target was reconstructed. Reaction products registered in the telescopes had
their vertices, direction vectors, and laboratory angles reconstructed with respect
to the beam vector. Since both elastic scattering and transfer reaction assume He
ion interaction within the target volume, some data cuts can be introduced for both

reactions:
e SHe in the beam

The He nucleus is a relatively long-lived nucleus with a lifetime of about 0.8 seconds,
while the time frame of the experiment is in the hundreds of nanoseconds. This
allows the assumption that the particle identified using data from the ToF detector

as %He is stable throughout the experiment concerning spontaneous decay. As the
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particle travels from the F5 focal plane to the target, it maintains its original state
without decay. The above assumption also applies to the SHe elastically scattered
off the target traveling toward the right telescope. Helium-6 in the beam can be
identified based on the ID plot presented in Figure 3.10. This is a plot of the
relationship between the particle time of flight in the ToF detector and the light
response of the ToF subdetector in the F5 focal plane. For light exotic nuclei, the
identification of ions is simplified due to the significant differences in mass between

hydrogen isotopes and the absence of °He and "He.
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Figure 3.10: Time-of-flight of the particle plotted against its energy loss in the
scintillator of the ToF subdetector. The loci corresponding to ?Li, °He and *H are
denoted.

e Beam impinging on the target

The target was mounted using 2 mm thick aluminum holding frames, which is a
source of unwanted reactions. In order to get rid of the noise generated by the frames,
a graphical cut was made on the beam vertex in the target plane. The background
for both elastic and neutron transfer channels is negligible and is included in the

statistical uncertainty estimation due to the multidimensional filtering process.

3.3.1 Elastic scattering

The elastic scattering is identified with simultaneous registration of a ‘He

in the right telescope and a proton or deuteron in the left telescope with a SHe
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impinging on the target. The following filters are applied in order to fulfill these

requirements:
e Registration of a °He in the right telescope

It is known that the first excited state of ’He, Fy, = 1.8 MeV is located
above the neutron separation energy S, = 1.71 MeV. The excited °He nucleus
immediately decays into an alpha particle and two neutrons, so a He nucleus reg-
istered in the right telescope must come from elastic scattering. Theoretically, it is
possible to create ®He in a beam reaction with the target, but the chance of this is
negligibly small. A ®He in the right telescope can be identified based on the AE — E
plot presented in Figure 3.11. Such a plot is created by plotting the energy loss
of the particle in the silicon detector against the energy registered in the CsI(T1)

detector.

A E (Energy in DSSD) [MeV]

100 250

E (Energy in Csl(Tl)) [MeV]

Figure 3.11: Energy loss of a particle in right CsI(T1) plotted against energy loss in
the right DSSD. Loci corresponding to “He and ®He are labeled.

e Registration of a proton or deuteron in the left telescope

Low-energy protons and deuterons are impossible to identify with the use of
a AFE — I spectrum in the left telescope because the ions are stopped in the silicon
detector. As an alternative, the angle-angle relation of observed nuclei was used to
identify and extract reactions of interest. In this method, the laboratory angles of

the particles are plotted against each other.
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Figure 3.12: Laboratory angle of ®*He ions plotted against laboratory angle of 12H
ions. The kinematic predictions corresponding to the elastic scattering of *He on
L2H are plotted.
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Figure 3.13: Laboratory angle of 1?H plotted against particle energy loss in the left
telescope. The loci corresponding to the elastic scattering of ®He on 2H are marked.

The plot is made with pre-cleaned data gated on He in the right telescope
and in the beam. Figure 3.12 presents an example of such a plot. Loci corresponding
to the scattering of protons and deuterons are pronounced and easily identified.
Events coming from deuteron breakup might overlap with the angle-angle relation
at higher deuteron energies, but these events are filtered out with the angle-energy

cut described below.
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Another method of extracting elastic scattering from the data is to plot the
particle energy as a function of its angle in the left telescope. Figure 3.13 presents
an example of such a spectrum. Two loci are visible in the figure, corresponding to
the elastic scattering process. The upper locus corresponds to scattered deuterons

and the lower one scattered protons.

e Simultaneous registration of a proton or deuteron in coincidence with a 5He
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Figure 3.14: Time-of-flight between the ToF F5 subdetector and the left DSSD
detector plotted against time stamp in the left DSSD detector. The area where the
correct events are located is marked in red.

In order to ensure that the incoming He beam ion and elastically scattered
nuclei are registered in the same time frame with accuracy down to nanoseconds, a
time gate was added. The time of particle registration in the left and separately the
right telescopes is plotted against the time of flight between the ToF F5 subdetector
and the DSSD detector. An example of a data cut in the left DSSD is presented in
Figure 3.14.

3.3.2 Transfer reaction

Identifying and isolating the (d,t) reaction presents a more significant chal-
lenge than the elastic scattering. This is due to the lower cross section for this
reaction and the immediate decay of the He into a *He and a neutron. The alpha

particles produced from *He also appear in large quantities in the decay of excited
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%He, as well as in reactions of the beam with carbon (>C) in the target. This means
that the simultaneous registration of *He+t is no longer an unambiguous way to
identify the reaction. Additionally, the decay changes the vector of the alpha parti-
cle’s flight direction relative to the initial He vector. For this reason it was necessary
to increase the number of filters applied to the experimental data. A summary of

the gates applied to the experimental data:
e Registration of *He in the right telescope

Immediate decay of He—“He+n requires gating on an alpha particle in
the right telescope, which was identified using the AE — E spectrum in the right

telescope method described above.
e Registration of *H in the left telescope

Direct identification of *H through the AE — E method is impossible for
tritium energies below 23 MeV because the particle is entirely stopped in the DSSD.
The energy-angle relation of the registered particle does not allow a confident choice
of a two-dimensional filter for both the right and left telescopes. Nevertheless, the
AFE — FE spectrum in the left telescope allows the rejection of unwanted data. Loci
originating from protons and deuterons were removed, significantly reducing the

background.
e Registration of 3H and *He in coincidence

In order to prevent the registration of particles coming from different beam
bunches or decaying nuclei, a time frame gate was applied to the registration time in

the left telescope, right telescope, and the time difference between both telescopes.
e Missing mass spectrum of *H, *He and neutron

The energy-angle relations of the particles measured with the telescopes did
not allow a reliable method of extracting the (d,t) reaction from the data. The beam
energy spread, detector resolution, and background impede the removal of unwanted
events while retaining events of interest. Missing mass spectra were therefore used
to combine energy-angle relations from different detectors and cope with the beam

energy spread. In the first step, momentum four-vectors were created for the nucleus
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Figure 3.15: Missing mass of the triton plotted against the missing mass of the

neutron. The region corresponding to the He(d,t)°He reaction is marked with a
black line.

of the incoming beam, the nucleus of the target, and the ions registered in both
telescopes. These vectors were created using the TLorentzVector class of the ROOT
framework, which utilized the total energy and momentum vector of the registered
particle. Two separate sets of vectors were created, assuming that a triton was
registered in the left telescope and an alpha particle was registered in the right
telescope. Next, momentum four-vectors of neutrons, *H and *He were reconstructed

according to the formulae:

p;eut = (pbeam + ptar) - <p4He + p3H)

ng - (pbeam + ptar) — PaHe

pilHe = (pbeam + ptar) — P3H

where Pream, Ptars PaHe and pzy are the experimental momentum four-vectors of
the beam, target, triton, and *He accordingly. For each reconstructed vector the
missing mass was calculated by subtracting the particle rest mass from its total
energy. The missing mass spectrum of the neutron was plotted against the missing
mass spectrum of the 3H and *He. The resulting graphs are presented in Figure 3.15

and 3.16
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Figure 3.16: Missing mass of the alpha particle plotted against the missing mass of
the neutron. The region corresponding to the °He(d,t)°He reaction is marked with
a black line.

The centers of the loci for the neutron, *H and “He are expected to be at
0, 0, and 939.565 MeV, respectively. The shifts between the observed and expected
centers of the loci are caused by the linear calibration of the CsI detectors. However,
the difference does not prevent the identification of the reaction. The cuts used were
made with a surplus to avoid losing events, with the additional false-positive events

chosen in one filter being removed by the other filter.

3.4 Detection efficiency

The detection efficiency of the experimental setup is defined as the prob-
ability of detecting and identifying a given reaction angle # in the center-of-mass
system. It is a function of many independently contributing factors, such as the
beam distribution on the target, the scattering angle in the center-of-mass system,
and the geometry of the experimental setup. The registration efficiency varies by
several orders of magnitude in the region of angles corresponding to the edges of
the telescopes. It significantly impacts the shape of the differential cross section in

these regions.

The registration efficiency was calculated using of a Monte Carlo simulation

for each geometry and reaction. The simulation was written in the Geant4 frame-
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work |24, 25, 26| version 10.7.4, in the C++ programming language. The Geant4
framework allows for a simulation of particle interactions with matter and its track-
ing. The simulation can provide data such as the reaction vertex and the energy
deposited by the particle in a given geometry element. The source code of the simula-
tion has been posted on the GitHub website at https://github.com /guarl337/geant4
and on the Heavy Ion Laboratory website at the University of Warsaw. In the fol-
lowing section, the most critical parts of the simulation will be described without

going into detail about how they were programmed. In the simulation, the experi-

Figure 3.17: Screenshot from the Monte Carlo Simulation with the target and the
detectors labeled.

mental setup consisting of two telescopes was reconstructed, maintaining the angles
at which the detectors were positioned and their sizes. The experimental setup was
constructed in three versions, one for each geometry. The versions differed in the
angles at which the left telescope and the target were positioned, as well as the
spatial distribution of the beam. A screenshot showing the graphical representation

of the detectors in the simulation is presented in Figure 3.17.

The MWPC detector was indirectly simulated using experimental data from
the MWPC subdetectors. The events recorded with the "beam trigger" allowed the
reconstruction of the beam profile on the target and its directional vector in a given
geometry. Then, the data were uploaded into the simulation and for each event a

unique beam vector passing through the target was constructed. In the next step,
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reaction vertices were randomly generated along the beam vector inside the target
volume. At the obtained vertices, momenta four-vectors of particles (p and ®He), (d
and He), or (t and 5He) in the center-of-mass frame of reference were generated with
opposite direction vectors and then converted to the laboratory frame of reference.

Theta and phi angles were randomly chosen independently for each event. At this
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Figure 3.18: Detection efficiency for the °He(d,d)%He elastic scattering in the sec-
ond geometry calculated using Monte Carlo simulation in the Geant4 |24, 25, 2(]
framework. The detection efficiency was calculated by considering the beam spread
on the target plane and its direction vector.

stage of the simulation, Geant4 began tracking the particles. The program saved the
information on the particle vertices, IDs of the strips hit and the energy deposited
in the detectors. Collected information was structured similarly to the experimental
data and saved to the .root file. The obtained files were analysed taking into account
the cuts applied to the beam position on the target plane. The registration efficiency

in the center-of-mass system was calculated for each angle € bin using the formula

obs(Ae)

n(AQ) - stm<A9)

(3.7)

where Nys(Af) and Ny, (Af) are the number of events registered and the number
of events simulated over a given CM angle range. The detection efficiency obtained

for the (d,d) reaction in the second geometry is presented in Figure 3.18.
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3.5 Cross section calculation

The differential cross section for both elastic and neutron transfer reactions

was calculated using the formula

do B Neap(AD)
A0 = AQ(AO) % Nyay * Noearn * 17(A0) (3:8)

where AQ(A®) is the solid angle for a given bin of CM angle, N,,(A#) is the number

of identified reaction events for a given bin of CM angle, Ny, is the target thickness

atoms
om2 )

in Npeam is the beam flux and n(A#) is the detection efficiency for a given bin of
CM angle. Calculation of the target thickness is described thoroughly in Appendix
A. We used experimental data acquired with the beam trigger after implementing
a pre-cleaning procedure to estimate the beam flux to ensure beam quality. To
estimate the detection efficiency, Monte Carlo simulations were performed for each

process in every geometry.

3.5.1 Determination of the elastic scattering cross section

After the elastic channel was identified, the laboratory angle of'"2H registra-

tion was transformed to the CM according to equation (49) taken from [27]

(3.9)

0 1-— ’}/2 tan2 elab
= acos
oM 1+ '72 tan2 Hlab

where 7 is the Lorentz factor of the center-of-mass system velocity in the laboratory
frame and 6y, is the angle of 12H registration. Once the angles were converted, the
data were divided into bins with an angular step of 2°, and counts were integrated
over each bin. The differential cross section was calculated separately for each

geometry and overlapping data points were removed.

The angular distributions of the data are presented in Figures 3.19 and 3.20.
The error bars represent statistical uncertainties only. For the majority of the data
points, the error bars are included within the data point. Tabulated data points
are given in Appendix B. The elastic scattering of He on protons was compared
with the data obtained for the same reaction by Wolski et al. [I] measured at a

similar energy for the validation of the target thickness calculations. Considering
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Figure 3.19: Differential cross section data for the®He(p,p)®He elastic scattering
obtained in this experiment and by Wolski [1]. The error bars denote statistical
errors only.
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Figure 3.20: Differential cross section for the ®He(d,d)%He elastic scattering (this
work) and for 5Li(d,d)%Li scattering (Ref. [28]). The error bars denote the statistical

errors only.

the systematic uncertainty of 30% reported in [1], the obtained data validate the

target thickness estimation method.

The elastic scattering of °He on deuterons is plotted together with the an-
gular distribution for the d+5Li scattering at 25 MeV /n from Rudchik et al. [25].

The significant difference between the angular distributions can be attributed to the
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difference in the structure of *He and®Li.

3.5.2 Determination of the neutron transfer cross section

The transfer reaction was not observed in the first geometry due to the po-
sitioning of the left telescope, and only small statistics were collected in the third
geometry due to the detector positioning and the angle-angle relation of scattered

particles. Therefore, the neutron transfer reaction differential cross section was

10° =
102§
7 10
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Figure 3.21: Differential cross-section data for the ’He(d,t)>He reaction. The error
bars depict the statistical error.

calculated using the experimental data collected in the second geometry. The lab-
oratory angle of the registered *He was transformed to the CM according to the

equation (47) taken from [27]

— (3.10
1 + ’72 tan2 Qlab ( )

—a? tan® Oy + /1 + 7 tan® fqp (1 — 22) with z = p
Bewm

Ocyr = arccos (

where (3 is the ratio of the center-of-mass velocity to the speed of light speed, Bos
is the ratio of the velocity of the *He in the center-of-mass to the seed of light, v is
the Lorentz factor of the center-of-mass system velocity in the laboratory system,
and 6 is the angle of the registered “He in the laboratory system. Tabulated data

points are given in Appendix B.
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3.5.3 Experimental error estimation

The statistical error Sy, (A6) related to the differential cross section mea-

surement was estimated for each Af¢cy, bin using the following formula

L do Noap(A)

Sstat(Ae) = dQ <A9> Nezp(A6)2

(3.11)

where N.,,(A#) is the number of registered events for a given CM angle bin. The
errors obtained for the differential cross sections measured in each bin in every

reaction are presented in Appendix B.

The average statistical errors for elastic scattering are 12.0% and 16.8%
for scattering off protons and deuterons, respectively. The average statistical error

obtained for the neutron transfer reaction is 14.1 %.

The systematic error was calculated according to the formula

J— SAQ 2 SNtar ? SNbeam ? ST] ?
Seys = \/(E) + (m) + m + ? (3.12)

where SAA—S is the relative uncertainty of the solid angle A, % is the relative

. . s . . .
uncertainty of the target thickness Ny, ]\Zbeam is the relative uncertainty of the

beam flux Npeq,, and % is the relative uncertainty of the detection efficiency 7.

The relative uncertainty of the solid angle SAAS‘Z’ was estimated at 4.8% for the
elastic scattering of ®He from protons and at 2.5% for scattering from deuterons.
For the transfer reaction, it was estimated at 10%. The detecton efficiency S
uncertainty was estimated at 5% for both scattering reaction and at 10% for the
neutron transfer reactions. The target thickness uncertamty “Mar wag averaged over
the uncertainties obtained for each geometry, giving 7.2% for Scattermg from protons
and 6.2% for scattering from deuterons. The deuteron target thickness uncertainty

obtained for the second geometry was used for the transfer reaction - 5.1%. The

beam flux uncertainty b”“”" was estimated at 10% for each reaction.

eam

The resulting systematic uncertainties are 14.1% for the p+°He scattering,

13.0% for the d+C°He scattering and 18.1% for the transfer reaction.
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Chapter 4

Theoretical analysis

The theoretical analysis of the obtained angular distributions for the elastic
scattering and neutron transfer reaction will be described in this chapter. Elastic
scattering of 5He was analyzed within the framework of the optical model. This will
be described accordingly in section 4.1 for the scattering of He from protons and
section 4.2 for the scattering of °He from deuterons. The neutron transfer reaction
was analyzed using the distorted-wave Born approximation. All calculations were
performed using the FRESCO [29] program version 3.4 ; and the fitting procedures
were performed with the SFRESCO [29] program version 3.4.

4.1 Elastic scattering, He(p,p)®He

The experimental differential cross section for the scattering of SHe from
protons was compared with cross sections calculated using selected published optical

potentials.

The first potential was a global optical potential for the nucleon-nucleus
interaction proposed by Varner et al. [2]. The second was obtained by Wolski et
al. [1] for the same reaction at a similar energy (25 MeV /n). Wolski adjusted the
volume real and surface imaginary terms of the global optical potential by Varner [2]
to fit the experimental data. The third optical potential was obtained by Rusek et

al. |3] from a microscopic analysis of p+%He elastic scattering data [I] with CDCC
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Figure 4.1: Experimental and calculated differential cross sections for the p-+%He
elastic scattering. The cross sections were calculated within the OM and are based

on OPs from Rusek [3], Wolski [1] and Varner [2].

calculations. This potential was read in by FRESCO in numerical form, both real

and imaginary terms of the central potential and a spin-orbit term.

The calculated cross sections describe the experimental data after consider-
ing systematic errors, as seen in Figure 4.1. The OM potential of Wolski agrees well
with the present data up to 100 degrees in the CM, where it starts to overestimate
the cross section. The OMP obtained by Rusek underestimates the data in the
range from 60 to 80 degrees in the CM, and the OMP by Varner overestimates the
data in the range from 80 to 110 degrees in the CM.

Better to describe the experimental data, the parameters of the above-
mentioned optical potentials were adjusted to minimize y?/N. The procedure was
performed using the SFRESCO program separately for each potential. The spin-
orbit terms were excluded from the search to reduce the number of free parameters.

In the case of the Varner and the Wolski potentials, this resulted in a potential form:

U(T) = Vvol(T’) + Wvol(T) + Wsurf<7") (4.1)

The potential depth, radius, and diffuseness parameters were fit for each term. In

the case of the CDCC potential, both real and imaginary potentials were scaled by
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Figure 4.2: A comparison of the real and imaginary parts of the optical potentials
for the p+%He scattering used in the OM calculations plotted in Fig. 4.3

a normalization factor. The obtained potentials are presented in Figure 4.2. The
real and imaginary depths of the CDCC potential were scaled by factors of 0.977
and 0.758, respectively. Figure 4.3 presents the cross sections calculated using the

fitted potentials.

After the fitting procedure, all three potentials describe the experimental
data over the whole angular range, with a small discrepancy at around 75° in the
CM in the case of the fitted CDCC potential. It is worth noting that above 120° in
the CM, the calculated cross sections diverge, and additional measurements in the

region above the 120° in the CM are required to determine whether the fits based
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Figure 4.3: Experimental data and OM calculations of differential cross sections
for the p+®He elastic scattering. The OM calculations are based on the optical
potentials by Rusek [3], Wolski [1]|, and Varner |2] fit to the experimental data.

potential Term Vo [MeV] | ro [fm] | ao [fm] Wos [MeV] | rus [fm] aws [fm]
volume 45.4 1.80 0.61 2.58 2.00 0.69
Wolski surface - - - 3.47 3.2 0.77
spin-orbit 5.9 1.235 0.63 - - -
Wolski fit volume 49.14 1.883 0.627 13.20 2.478 0.394
surface - - - 1.376 4.313 0.397
volume 49.93 2.02 0.69 2.58 2.0 0.69
Varner surface - - - 9.32 2.0 0.69
spin-orbit 5.9 1.235 0.63 - - -
volume 43.28 1.920 0.757 5.727 0.202 0.712
Varner fit
surface - - - 10.99 1.258 0.782

Table 4.1: Original and fit optical potential parameters for the elastic scattering of
SHe off protons. In the fitting procedure, all of the optical potential parameters were
varied. Spin-orbit terms were omitted in the fitting procedure.

on the Wolski OP or those on the Varner or Rusek potentials describe the data
better. A summary of the original and fitted parameters for the Varner and Wolski
potentials is presented in Table 4.1. The GOP of Varner fitted to the experimental
data will be referred to as "fGOP" and the OMP obtained by Rusek from CDCC
calculations fitted to the experimental data will be referred to as "fCDCC".

A good agreement between the model and the experimental data was ob-
tained for the fits based on the Varner and Wolski potentials, and only slightly worse
but still good agreement was achieved based on the Rusek potential. A comparison

of the weighted chi-squares of the fit potentials is presented in Table 4.2.
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The obtained x?/N values for the original OM potentials are comparable,
with the fGOP fitting the experimental data better than the fCDCC potential
and the OM potential of Wolski [1]|. Potentials obtained from fitting OM potentials
based on these of Varner and Wolski with 9 parameters describe the experimental
data significantly better than the fCDCC potential, where only two parameters
were fit.

X*/N | Original | Fit
Rusek [3] 9.297 | 4.102

Wolski [1] | 1127 | 1.010
Varner [2| | 6.925 1.075

Table 4.2: Comparison of x?/N obtained for different optical potentials and their
fits to the experimental data for p+°He elastic scattering.

4.2 Elastic scattering, He(d,d)*He

The measured differential cross section for the scattering of °He from deuterons
was compared with cross sections obtained from OM calculations with global deuteron
potentials and from single-folded p+%He potentials derived in the previous section.
For this method, the fitted CDCC potential of Rusek et al. [3] (fCDCC) and the
fitted global optical potential of Varner et al. [2] (fGOP) were chosen.

4.2.1 Optical potential parametrization

There are multiple [30, 31, 32, 33, 1] global optical potentials available for
the elastic scattering of deuterons. Most of these parametrizations were obtained
for heavier nuclei: Perey and Perey [30] used data starting at Z>12, Daehnick [31]
starting at A>27, Bojowald [32] starting at 2"Al and An [33] starting at >C. The
parametrization proposed by Zhang [1] in 2016 included targets as light as A>9
and lower deuteron energies. In his work, Zhang obtained [1] results significantly
better than Dachnick and An. A comparison of cross sections for d-+°He scatter-
ing obtained from the Daehnick, An, and Zhang parametrizations is presented in
Figure 4.4. The differential cross section obtained from Zhang’s optical potential

parametrization provides the most accurate description of the experimental data. It
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Figure 4.4: Experimental data and OM calculations of differential cross sections for
the d+C°He elastic scattering. The cross section calculations are based on the optical
model parameterizations by Dachnick [31], An [33] and Zhang [1].

is worth noting that the potential does not contain a spin-orbit term, and the surface
term is negligibly small. This potential was chosen for a fit procedure. The lack of
a spin-orbit term allows for easier parameter fitting. The global optical potential
proposed by Zhang [1| consists of volume real and imaginary terms and a surface
imaginary term. The OP parameters were varied to generate the optical potential
that best matched the experimental data. This fitted potential will be referred to
as "fitted d+%He GOP". A comparison of the original and fitted parameters
of Zhang’s optical potential is presented in Table 4.3 and the comparison with the

experimental data is shown in Figure 4.4 and Figure 4.7, respectively.

term Vo [MeV] | ro [fm] | ag [fm] | Wos [MeV] | rys [fm] | ay s [fm]

volume 84.8 1.9 0.776 11.45 3.887 0.744

surface - - - 0.002 3.887 0.744
volume, fitted 61.63 2.006 0.812 21.85 2.033 1.024
surface, fitted - - - 0.708 2.989 0.362

Table 4.3: Global optical potential parameters for the d-+%He elastic scattering from
the Zhang parametrization [1] together with parameters obtained from fitting the

experimental data.
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4.2.2 Calculation of the optical potential by means of the
single-folding method

The optical potential for d+%He elastic scattering can be obtained through
folding U, y¢m. and U, 1¢me scattering potentials with the square of the wave function
of the 2H, ;. Under the assumption that the nuclear parts of the U, ¢z and Uy, ¢me

are identical, the single-folding equation 1.23 becomes [31]

1
Ussarne(r) =2 [ lean(R)P Upear(x + ;RI)aR (1.2

where Uy ygpn.(r) is the d4+°He potential, |¢(R)|? is the square of the wave function
of the Hy s , R is the distance between the neutron and the proton, and U, gp.(|r +
%R]) is the single nucleon interaction potential, in our case a p+%He potential (see
Figure 1.2). The fGOP and fCDCC OMPs obtained in the previous section were
used as p+°He potential.

The deuteron has the lowest binding energy per nucleon of any naturally
occurring isotope with a binding energy E; = 2.224 MeV. It is reasonable to
assume that the wave function of the ground state of 2H has L = 0 orbital angular
momentum. Therefore, its quadrupole moment should also be zero. However, the
value of the deuteron quadrupole moment measured in 1947 by Arnold and Roberts
[35] was Qp = 2.766 x 10727 ¢m?, which means that there is a non-zero orbital
momentum component. In order to incorporate it, the wave function of the deuteron
ground state has to be a mixture of s-wave and d-wave components according to

the formula

where Sy and Sq are spectroscopic amplitudes and ¢s and ¢, are wave functions
of the s- and d-wave components, respectively. The amplitudes are varied in order
to reproduce the deuteron quadrupole moment. In the present work, the wave
function of the deuteron ground state was calculated using three different binding
potentials to assess the influence of the deuteron wave function on the resulting

optical potentials.

In the first calculation of the single-folding potential, the deuteron was as-
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Figure 4.5: Components of the ?H, s wave function calculated with different binding
potential forms and spectroscopic configurations. The upper panel shows pure s-
waves calculated with the Gauss [36] and Morse [37] forms of the binding potential.
The lower panel shows the s-wave and d-wave components calculated with the Gauss
[36] form of the binding potential and the spectroscopic amplitudes from ref. [38].

sumed to have a pure s-wave configuration with the binding potential taken from

(&)

with Ry = 1.484 fm and V) varied to reproduce the binding energy of the deuteron

Austern et al. [30] in the form

V(R) = —Vo exp (4.4)

E; = 2.224 MeV. The obtained value of V was 72.15 MeV.
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In another approach, the deuteron was also considered to have a pure s-wave
configuration, but the binding potential was in the Morse form [39], as used recently
by Khachi et al. [37]

—2(R—r1p, —(R—rm
V(R) = -V, (exp [#} — 2 exp {MD (4.5)

4 Qa

with Vp = 114.15 MeV, r,, = 0.841 fm and a,, = 0.350 fm. Since FRESCO does
not include the Morse form directly, the binding potential was calculated separately

and read in to the program.

In the third procedure, both s-wave and d-wave components of the deuteron
wave function were considered. The s-wave binding potential was taken from Austern,
the same as in equation 4.4 and the d-wave potential was calculated in the same ge-
ometry with V{ varied to reproduce the deuteron binding energy. The obtained value
of Vo was 515.26 MeV. The spectroscopic amplitude for the s-wave was S, = 0.9706
and for the d-wave S; = 0.241, as proposed by Amar et al. [38], which allowed

for the reproduction of the quadrupole moment of the deuteron. As seen in the

10° =
E — - — pure s-wave, Gauss potential
1 ™ pure s-wave, Morse potential
10° =
= s+d waves, Gauss potential
: B,0,0 Py
10 =
& -
3 —
E L
e} E
T =
) -
© —
107 =
1072 =
10—3 B L L | L L | |
0 20 40 100 120 140

60 80
0, [deg]

Figure 4.6: Experimental data and OM calculations of differential cross sections for
the d +%He elastic scattering. The cross section calculations are based on the optical
potential obtained from folding a p+%He potential with the ?H,; wave function in
s-wave and s+d wave configurations. The p+%He potential was the fitted global
OMP of Varner (fGOP).

upper panel of Fig. 4.5, the choice of binding potential of ?H influences the s-wave
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component in the region close to the origin, up to 2.5 fm.

Each of the above deuteron wave functions was folded with the p+®He
fGOP. The resulting d+5He scattering potentials were used to calculate the elastic
scattering differential cross section. As seen in Fig. 4.6, all of the cross sections
overlap entirely up to 60° in the CM, with the s+d waves representation resulting
in a slightly higher cross section for larger CM angles. Nevertheless, the difference
is negligible, so the pure s-wave representation in the Gauss form of the binding
potential will be used for the calculations of the d+%He potential with the potential
folding method using the a fCDCC p+%He potential. The small difference between
the cross sections presented in Figure 4.6 suggests that the effect of the quadrupole

deformation of deuteron ground state on the d+%He elastic scattering is very small.

The d+°He scattering potential obtained from folding the fCDCC p+%He
potential with the pure s-wave representation of the *Hg, wave function will be
referred to as the "folded p+%He fCDCC". The corresponding d-+°He potential
obtained by folding the fGOP will be referred to as the "folded p+¢He fGOP".
The potentials described in this paragraph, along with the "fitted d+%He GOP"

were used to calculate the d+%He differential cross section. Both folded potentials

3
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Figure 4.7: Experimental data and OM calculations of differential cross sections for
the d+%He elastic scattering. The calculations were performed with the following
d+%He OPs: fitted d+°He GOP, folded p+°He fGOP and folded p-+®He
fCDCC.
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result in slightly overestimated cross sections in the angular range from 30° to 40° in
the CM, as seen in Fig. 4.7. The otherwise good agreement between cross section
calculated from folded OMPs hints at the minor influence of the deuteron continuum

states on the resulting cross section.

In the next step, the two d+°%He OMPs obtained with the folding method
were fitted to the angular distribution of the d-+%He elastic scattering. The result-
ing cross sections were compared with the experimental data and the cross section
obtained from the OM calculations with fitted d+%He GOP. Differential cross
sections for the d+%He scattering obtained from multiparameter fitting of Zhang’s
global optical potential describe the experimental data to a great extent over the
whole CM range. The cross section from folded p-+°%He fGOP follows the exper-
imental data points closer in the region from 100° to 120° in the CM, but at more
forward angles, the folded p+6He fCDCC and folded p+6He fGOP cross sec-

tions overlap. A comparison of the obtained x?/N values is presented in Table 4.4.

Potential x2/N
GOP Zhang 8.542
fitted d+°He GOP 0.717

folded p-+%He fCDCC 3.127
fitted folded p+%He CDCC | 1.866
folded p+%He fGOP 5.332
fitted folded p+®He GOP | 3.856

Table 4.4: Comparison of x2/N obtained for different OM potentials for the d-+%He
scattering (see text) and their fits to the experimental data.

The difference between fitted and non-fitted folded potentials is small. Nev-
ertheless, the fitted global potential describes the experimental data better. This
seems logical since nine parameters were varied in the case of the global potential,
while in the case of the folded potentials only the amplitudes of the real and imagi-
nary parts were varied. At the same time it is worth noting that the folded potentials
fit to the p+%He experimental data performed significantly better in describing the
d+%He scattering than the global OP of Zhang |].
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4.3 The ®He(d,t)’He single neutron transfer reac-

tion

The angular distribution of the differential cross section for the neutron
transfer reaction was analyzed using the DWBA. Defining the scattering wave func-
tions in the entrance and exit channels was necessary to perform the analysis. These
functions were generated using the optical potentials corresponding to the elastic

scattering in the given channel.

4.3.1 Entrance channel optical potentials

The following d+°He optical potentials obtained in the previous section (see

Table 4.4) will be used to describe the entrance channel:

o fitted d--°He GOP obtained from fitting the optical potential parametriza-

tion of Zhang || to the d+°%He experimental data,

e folded p+®He fGOP obtained from the global proton optical potential by
Varner [2] using the folding method, fitted to the p+%He experimental data

o folded p+%He fCDCC obtained from the p+%He optical potential (micro-
scopic CDCC calculations performed by Rusek et al. [3]) using the folding
method, fitted to the p+®He experimental data

4.3.2 Exit channel optical potentials

Due to the lack of experimental data for the t+5He elastic scattering, two
different optical potentials were used to describe this system. The first potential
was obtained from the parameterization proposed by Pang et al. [5]. The obtained
parameters are presented in Table 4.5 and the potential is plotted in Figure 4.8 as

the solid curves.
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term ‘ Vo [MeV] ‘ ro [fm] ‘ ag [fml] ‘ Wo,s [MeV] ‘ I'w,s [fm] ‘ aw,s [fm]
109.3 1.743 0.82 6.15 2.11 0.84
11.57 2.11 0.84

volume

surface

Table 4.5: Optical potential parameters for the t-+°He elastic scattering at 23 MeV /n
using the Pang [5| parametrization.

The second potential for the t+°He scattering was obtained from folding
t+*He and n+t scattering potentials with the wave function of the *He, system.
The t+*He potential was obtained from the parameterization proposed by Becchetti
and Greenlees [10]:

U(r) = Vy(r) + Wy(r) + Vio(r) (4.6)

where V,,(r) and W, (r) are volume real and imaginary terms of Woods-Saxon shape.
Due to the software limitations regarding the folding of the spin-orbit term, it will
not be used in further calculations. The obtained parameters of the t-+*He scattering

potential are presented in Table 4.6.

term ‘ Voso [MeV] ‘ roso [fm] ‘ ag,so [fm] ‘ W, [MeV] ‘ ry [fm] ‘ ay, [fm]

volume

spin-orbit 2.5 1.2 0.72 - -

156.8 1.743 0.82 6.15 211 0.84

Table 4.6: Optical potential parameters for the t+*He elastic scattering at 23 MeV /n
using the Becchetti and Greenlees [10] parametrization.

The n+*H scattering potential was calculated using the Varner et al. |[2]

optical potential parametrization and the parameters are presented in Table 4.7.

term | Vo [MeV] | rg |[fm| | ag [fm] | Wy s [MeV] | rys [fm] | ay s [fm

‘ 9 9 b

44.38 1.55 0.69 1.645 1.498 0.69
- 2.596 1.498 0.69

volume

surface

Table 4.7: Optical potential parameters for the n+3H elastic scattering at 23 MeV /u
using the Varner et al. [2] parametrization.

For the calculation of the *He, s wave function, the binding potential pro-

posed by Bang and Gignoux [11] was used. The potential consists of a real Woods-
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Figure 4.8: Real and imaginary parts of the t+°He OM potentials are presented
in the upper and lower panels, respectively. The potentials are the GOP of Pang
[1] and the potential obtained through folding t+*He and n-+t scattering potentials
with the wave function of the 4Heg_5. system.

Saxon form plus a spin-orbit component of Thomas form

— Vwol l-sd ‘/so

Viewn(r) = 1+ exp[(r — Rws)/aws] " rodr 1+ eapl(r — Ryo) fa)

(4.7)

with V,n = 43.0 MeV, Rys = 2.0 fm, aws = 0.70 fm, V,, = 40.0 MeV, Rys =
2.0 fm and awg = 0.70 fm.

The resulting t+°He OM potential is presented in Figure 4.8 as the dashed

curves.
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4.3.3 Wayve functions of 6Heg,S:5Heg_S+n and SH=2>H-+n

The neutron binding potential in GHeg.S, was taken from Rusek et. al

[7] in the form
B —Vivs
V(r) = 1+ expl(r — Rws)/aws]

with Ry s = 2.137 fm and awys = 0.65 fm. The potential depth Viy s was adjusted

(4.8)

to Viys = 56.88 MeV in order to reproduce the binding energy of the *He,s+n

system.

The neutron binding potential in 3H was calculated according to a parametriza-

0.7

— *H="H+n

0.6
‘ _._6 —
FANN Heg_s_—SHeg_s+n

0.5

0.4

0.3

wave function [fm %]

0.2

[T \III‘\HI|III\‘HII|I\H
_
-~

0141 N

R [fm]

Figure 4.9: Neutron wave functions in 6Heg_s.:“r’Heg,ern and SH=2H-+n systems
calculated with binding potentials taken from Rusek |7] and proposed by Brida [12].

tion proposed by Brida et al. [12] of the form:

= _VWS — exrp|l—(\r 2
‘/;l+n(r) - 1+€l’p[(7’ . RWS)/GWS] ‘/gauss p[ ( /p) ] (49)

with Viyg = —172.88 MeV, Rys = 0.56 fm, aws = 0.69 fm, Vyguss = —198.8 MeV
and p = 0.64 fm. The spectroscopic amplitude of the *H in the 2H-+n configuration
was set to Sq,,—1.14, as proposed by Brida [12].
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4.3.4 Transition potential

In each of the DWBA calculations, the transition potential was defined in

the prior representation with the full remnant term according to the formula
Up'r’z’or(RAa» RBm) - VBI(RBI> + UBa(RBa> - UAzz(RAzz) (41())

where in our case Vp, is the binding potential of the 5Heg.s+n system, Up, is the
scattering potential of d+°He, and Uy, is the scattering potential of d+%He (see
Figure 1.3). The transition potential in the post representation is defined by the

following formula
Upost<RBb7 R(zm) = V;L:r(Raz) + UBa(RBa) - UBb(RBb) (411>

where V,, is the binding potential of the ?H-+n system, Ug, is the scattering poten-
tial of d+°He, and Up, is the scattering potential of t+°He (see Figure 1.4). Due
to the lack of a scattering potential for d+°He, which is needed to calculate the
transition potential with the full remnant term, the d-+%He scattering potential was

used instead. The importance of the remnant part is visible in Fig. 4.10, where the

C «  experimental data
no remnant, prior
S Iy no remnant, post
10 — ‘
E » s — - — remnant, prior and post
5 L
£ 1=
g =
k] C
© C
el
107 =
-2 L
10 0

0,y [deg]

Figure 4.10: A comparison of the DWBA differential cross sections for the
%He(d,t)’Heg s reaction with and without the remnant term in the prior and post
representations. The post and prior cross sections with the remnant term overlap
almost completely and are drawn with one line. The same spectroscopic amplitude
SsHe n—1.178 was used for all calculations.
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neutron transfer cross section is calculated with identical entrance and exit channel
potentials in prior and post representations, with and without the remnant term.
For both post and prior calculations, the fitted d+%He GOP and the optical
potential parametrization by Pang for t+°He were used for the description of the
entrance and exit channels accordingly. A dot-dashed line was used to plot both
prior and post representations with the full remnant term because the difference

between them was practically unnoticeable.

4.3.5 Results of the DWBA calculation

Differential cross sections for the neutron transfer were calculated with the
DWBA method according to Equation 1.27 with the entrance potentials defined
in the beginning of this section (section 4.2) and the exit potentials defined in

subsection 4.3.2.

The spectroscopic amplitude Sspe.n was adjusted for each d+5He scattering

potential in order to minimize x?/N.

Initially, the cross sections obtained with the t+°He scattering potential by
Pang and different d+°He scattering potentials were used to obtain spectroscopic
amplitudes adjusted to fit the experimental data. For the folded p+%He fCDCC
potential Sspe.n—1.125 was obtained, for the fitted d4+°He GOP Szye,n—1.178
and for the folded p+%He fGOP, Ssye . n—1.130. The angular distributions have
similar shapes, as seen in Fig. 4.11. All three potentials give a good description of
the experimental data, with the folded d-+®He potentials performing slightly better
over the range from 20° to 30° in CM.

Next, the same procedure was repeated for the folded t-+°He potential. For
the folded p+%He fCDCC potential Ssyern—1.172 was obtained, for the fitted
d+%He GOP Sspe.n—1.231, and for the folded p+¢He fGOP, Ssp. ,—1.168.
The differential cross section for the neutron transfer obtained with the folded
p-+¢He fGOP is slightly different from the cross sections obtained using the Zhang
parametrization and the folded p-+®He fCDCC potential, especially around 20° in
the CM and above 60° in the CM. Nevertheless, all three entrance channel potentials

give angular distributions of similar shapes and satisfactorily describe the data, as
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Figure 4.11: Experimental data and DWBA calculations for the He(d,t)’He, s re-
action at 26 MeV /u. The exit channel potential was taken from the Pang et al.
[5] optical potential parametrization, while the optical potentials obtained in the
previous section were used in the entrance channel.

seen in Fig. 4.12.

The spectroscopic amplitude for the 6Heg,S.:5Heg,S+n configuration was av-
eraged over the entrance and exit channel potentials defined at the beginning of this
section and amounts to S,=1.167 *)175 with the error coming from the systematic
experimental error (14.1%), the statistical error of the experimental data (18.1%)
and the systematic error associated with the entrance, exit and core-core interac-
tion potentials (fgggg) After taking into account the uncertainty, the obtained value

agrees with the theoretical one from shell model calculations [13, 41] for the 5Heg,s,,

Entrance potential Exit potential | Sspein | X2/N
fitted d+°He GOP Pang [7| 1.178 | 1.642
folded p+°%He fGOP Pang [7] 1.130 | 1.822
folded p+°®He fCDCC Pang [7] 1.125 | 1.541
fitted d+°He GOP folded 1.231 | 1.675
folded p-+%He fGOP folded 1.168 | 1.856
folded p+%He fCDCC folded 1.172 | 1.538

Table 4.8: Spectroscopic amplitudes for the °He, s ="He, +n configuration for dif-
ferent entrance and exit potentials (details in text). The amplitudes were obtained
by fitting the cross sections calculated with the DWBA method to the experimental
data.
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Figure 4.12: Experimental data and DWBA calculations for the *He(d,t)°He, ¢ reac-
tion at 26 MeV /n. The exit channel potential was calculated using the double-folding
method, while thr optical potentials obtained in the previous section were used in
the entrance channel.

where Sspe n=1.265.

The spectroscopic factor calculated based on the spectroscopic amplitude
obtained from the experimental data is SF.,,=1.36 7035, and the SF obtained from
shell model calculations [11] is SFipeo=1.6. The SF values agree after taking into

account the uncertainty.

In general, the spectroscopic factors obtained experimentally from transfer
reactions do not agree with the theoretical predictions, and their values amount to
~ 0.557010 of the theoretical value [47, 45]. This so-called quenching of the spectro-
scopic factors is a known phenomenon observed also in proton knockout by electrons
and proton and neutron removal reactions. While in one nucleon removal reactions
a quenching factor dependence on the proton/neutron binding energy asymmetry
[19, 6] is found, such a relation is not observed in one nucleon transfer reactions
[18]. The quenching factor of the theoretical and experimental SFs is defined as
Rspr=SFexp/SFtheo, and in our case, it equals Rgp=0.85 fgjgg. After considering
the uncertainties, the obtained value aligns with widely reported results for single-

nucleon transfer reactions [17, 18]. This result is presented in Figure 4.13 alongside

values for oxygen obtained by Flavigny et al. [16], and for argon obtained by Heb-
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Figure 4.13: Quenching factors Ry = SFex,/SFineo as a function of the difference
between the neutron and proton separation energies AS. The data points for the
34,3646 A were taken from Table III. of Hebborn et al. [15] and the data points for
1416.18() were taken from Table I of Flavigny et al. [10].

born et al. [15].

One should remember, however, that the calculations were performed for
%He, s =°Hey s+n only, whereas in the experimental data there is a mixture of ground
and excited states of "He that could not be resolved. Consequently, the experimental
differential cross sections for the transfer to the ground state of *He are overesti-
mated, meaning that the disagreement between the theoretical and experimental
spectroscopic amplitudes and spectroscopic factors might be more significant. At
the same time, the quenching factor Rgp would be lower and, therefore, closer to

the generally reported value [17, 15].
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Conclusions

This work concerns on experimental study of the reactions of °He with pro-
tons and deuterons in inverse kinematics at 26 MeV /u. The experiment was per-
formed at the ACCULINNA-2 fragment separator of the Flerov Laboratory of Nu-
clear Reactions at the Joint Institute for Nuclear Research in Dubna, Russia, in 2018.
A N beam was accelerated to an energy of 49.7 MeV /u by the U400M cyclotron
and impinged on a primary beryllium target. The secondary beam was cleaned by
the ACCULINNA-2 fragment separator, and the SHe secondary beam was delivered
to the reaction chamber where it struck a CDy polyethylene target. Angular distri-
butions of p+°He and d-+%He elastic scattering, as well as the ®*He(d,t)’He transfer
reaction were measured. It is worth noting that the differential cross sections for
the elastic scattering of °He from deuterons and the (d,t) transfer reaction were

measured for the first time.

The beam energy was determined with a time-of-flight detector consisting
of two subdetectors placed in focal planes F3 and F5, 12.35 m apart, while the
beam tracking on target was performed with two multi-wire proportional chambers.
The total beam flux was estimated based on the count rate of the ToF subdetector
located at the focal plane F5, just before the reaction target. Thanks to the beam

tracking, scattering angles were calculated, considering the observed beam vector.

Elastic scattering measurements were made in three different geometries,
allowing for particle registration over the wide angular range from 35° to 80° in the
laboratory system of coordinates. The target thickness calculation was performed
with the use of the experimental data obtained in an additional experiment per-

formed with a °He beam and a '2H gas-filled target.
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Regarding the transfer reaction, the *H ions were registered with the left
telescope positioned at a distance of 25.0 cm from the target at an angle of 15°
to the beam axis and the *He ions formed as a result of the decay of He into an
alpha particle and a neutron were registered using the right telescope positioned at

a distance of 25.0 cm from the target and set at an angle of 15° to the beam axis.

The first step in the data analysis process was to identify the correct po-
sitions of the MWPC detectors which slightly deviated from their nominal values.
Subsequently, time calibration of the ToF detector and energy calibration of the sil-
icon and scintillation detectors were performed. Minor corrections to the positions
of the left and right telescopes and the target were introduced during the detector

calibration process.

After the detectors were calibrated, the collected data were cleaned, and
the elastic scattering was identified based on the registration of “?H and ®He in
coincidence. Protons and deuterons were identified using the He-2H scattering
angle dependence, while *He was identified based on the AE — E spectra in the
right telescope. The angular distributions of the scattered protons and deuterons
obtained in the laboratory system of coordinates were transformed to the center-
of-mass system. The differential cross section for the p+%He elastic scattering is in

good agreement with existing experimental data [I| obtained at a similar energy.

The transfer reaction was identified by registering tritons in the left telescope
and *He in the right telescope, which was confirmed using the AE — E spectrum.
However, the process proved problematic for low-energy tritons, for which the AF —
E spectrum could not be plotted because they were stopped in the silicon detector.
Instead, the missing mass spectrum of *He and the particle registered in the left

telescope was used, allowing for convenient identification of the transfer reaction.

In order to assess the detection efficiency of the experimental setup, a stan-
dalone Monte Carlo simulation was written for both elastic scattering and transfer
reactions. The experiment was recreated using the beam data collected during the

experiment, which enabled error estimation.

Once the data analysis was concluded, the obtained angular distribution for
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the p-+%He elastic scattering differential cross section was analyzed within the optical
model. Initially, the experimental cross section was compared with the cross sections
calculated based on a set of optical potentials. The first potential was the global
optical potential of Varner [2|, the second was the optical potential obtained by Wol-
ski [1] based on experimental data, and the third was an optical potential obtained
by Rusek [3] from microscopic CDCC calculations based on Wolski’s experimen-
tal data. Among the compared angular distributions, that obtained with Varner’s
global optical potential best describes the current data. Wolski’s and Rusek’s po-
tentials also describe the data reasonably well, but Wolski’s potential overestimates
the measured cross section in the range above 110 degrees in the CM, while Rusek’s
potential underestimates the experimental data in the range between 60° and 80° in
the CM. In the next step, the optical potential parameters were adjusted to fit the

experimental data.

Subsequently, the measured angular distribution for the d+%He elastic scat-
tering differential cross section was compared with the angular distribution of the
d+OLi elastic scattering at a similar energy. The significant difference between these
distributions shows the strong dependence on the structure of the target nucleus.
Collected data for the d+%He scattering were compared with differential cross sec-
tions calculated using global optical potentials by Daehnick [31], An [33] and Zhang
[1] from which Zhang’s fit the experimental data best.

Additionally, d+%He optical potentials were calculated with the single-folding
method by folding the obtained p+%He potentials with the deuteron wave function.
For this purpose, the H,; wave function was calculated in an s-wave configura-
tion with binding potentials of Gaussian [36] and Morse [37] forms, as well as in
an s+d-wave configuration with a binding potential of Gaussiab form [36]. Tt was
observed that resulting wave function of the ?H, ¢ and the quadrupole deformation

of the deuteron ground state have little influence on the d+%He elastic scattering.

Differential cross sections calculated from the OMP obtained with the folding
method from p-+®He potentials fitted to the experimental data describe the d+%He
scattering well, which hints at a small influence of the deuteron continuum states

on the resulting cross section. The parameters of Zhang’s global potential and the
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folded potential were adjusted in order to fit the experimental data.

The transfer reaction cross section was analyzed using the DWBA method.
In the entrance channel, several d+%He potentials obtained through fitting the ex-
perimental data were used. In the exit channel, two different potentials were tried:
a global optical potential by Pang 5] and an optical potential obtained from folding
the *He+t global optical potential of Becchetti and Greenlees [10] and the n-+t global
optical potential of Varner et al. [2] with the He, wave function. The transition
potential was considered in both post and prior representations, with and without
the remnant term. It was found that the remnant term significantly influences the
resulting cross section. In the calculations the d+°He potential from the entrance

channel was used as the core-core interaction potential.

The spectroscopic amplitudes of the 6Heg.s,:5Heg,S.+n configuration were
obtained with the SA for the 3H=2H+n configuration of tritium set to Sop n—1.14,
as proposed by Brida [12]. The SA averaged over the results of the DWBA calcu-
lations performed with various OMPs in the entrance and exit channels is Sspe n
= 1.167 15148 with the uncertainties being associated with the experimental sys-
tematic and statistical errors and the analysis error corresponding to the choice of
the OM potentials. After considering the uncertainties, the obtained spectroscopic

amplitude agrees with the theoretical value [11].

The spectroscopic factor of the 6Heg_s,:5Heg,s+n configuration obtained from
the experimental data (SFe,=1.36 T55s) agrees with the factor obtained from the-
oretical predictions (SFipe,—=1.6) after taking into account the uncertainties. It is
worth noting that in this work the experimental cross section for the transfer re-
action is a mixture of both the ground and excited states of He. Therefore, the
obtained SF can be considered as an upper limit of the 6Heg,s_:5Heg,S—&-n configura-
tion. This also means that the resulting quenching factor of the experimental SF is

lower and thus closer to the generally reported value.
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List of abbreviations

2D two dimensional

ADC analog-to-digital converter

CDCC continuum-discretized coupled channels
CFD constant fraction discriminator

CM center-of-mass system

DAQ data acquisition system

DSSD double sided silicon detector

DWBA distorted-wave Born approximation
ECR electron cyclotron resonance

fCDCC fit continuum-discretized coupled channels
fGOP fit global optical potential

FWHM full width at half maximum

GOM global optical model

GOP global optical potential

MBS multi branch system

MC Monte Carlo

MWPC multi-wire proportional chamber

OM optical model

OMP optical model potential

OP optical potential

PCB printed circuit board

PID particle identification

PMT photomultiplier

QDC charge integrating analog-to-digital converter
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SF spectroscopic factor
TDC time-to-digital converter
ToF time-of-flight
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Target thickness calculation
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Appendix B

Tabulated experimental cross

sections

Ocu [deg] | do/dQ [22] | error 2] | Ocn[deg] | do/dQ [Z2] | error [2]
31 137.8 41.6 77 2.827 0.324
33 149.0 32.5 79 2.032 0.269
35 102.7 224 81 1.618 0.239
37 100.1 18.3 83 2.011 0.184
39 74.52 13.17 85 1.751 0.152
41 77.19 11.91 87 1.728 0.146
43 53.13 8.62 89 1.653 0.142
45 46.27 7.14 91 1.852 0.150
47 50.70 2.99 93 1.632 0.139
49 38.50 2.25 95 1.709 0.140
o1 29.27 1.82 97 1.547 0.129
53 22.97 1.52 99 1.270 0.116
95 16.92 1.22 101 1.169 0.112
o7 12.72 1.02 103 1.103 0.109
29 9.162 0.807 105 1.089 0.109
61 8.022 0.720 107 1.145 0.113
63 6.674 0.628 109 0.748 0.091
65 5.270 0.535 111 0.887 0.100
67 4.467 0.476 113 0.740 0.095
69 3.521 0.407 115 0.665 0.093
71 3.651 0.403 117 0.556 0.090
73 2.299 0.310 119 0.726 0.109
75 2.374 0.307 121 0.475 0.093

Table B.1: Differential cross-sections of the “He(p,p)®He scattering along with the
statistical error obtained in this experiment.
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Ocar [deg] | do/dQ [22] | error [Z2] | Ocn[deg] | do/dQ [Z2] | error [Z2]
25 131.0 18.5 73 0.787 0.093
27 74.17 9.15 75 0.732 0.089
29 46.99 5.65 7 0.551 0.077
31 30.18 3.63 79 0.564 0.078
33 25.61 2.73 81 0.550 0.077
35 28.72 2.49 83 0.324 0.059
37 24.89 2.01 85 0.314 0.059
39 25.69 1.81 87 0.365 0.065
41 22.08 1.52 89 0.256 0.056
43 19.27 1.31 91 0.186 0.024
45 18.31 1.19 93 0.114 0.019
47 14.43 1.00 95 0.096 0.017
49 12.77 0.90 97 0.094 0.017
o1 10.46 0.80 99 0.081 0.015
53 7.337 0.658 101 0.062 0.013
55 5.821 0.584 103 0.046 0.011
LY 4.443 0.513 105 0.020 0.007
29 3.826 0.485 107 0.034 0.010
61 2.956 0.201 109 0.020 0.008
63 2.116 0.166 111 0.014 0.006
65 1.629 0.144 113 0.006 0.004
67 1.394 0.131 115 0.012 0.006
69 1.091 0.115 117 0.009 0.005
71 0.776 0.096

Table B.2: Differential cross-sections of the °He(d,d)%He scattering along with the
statistical error obtained in this experiment.
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Ocn [deg] | do/dQ [Z2] | error [Z2]
21 6.365 0.994
23 5.776 0.706
25 5.133 0.529
27 4.021 0.400
29 2.673 0.283
31 3.106 0.279
33 2.561 0.235
35 2.595 0.220
37 1.965 0.182
39 1.858 0.168
41 1.674 0.153
43 1.538 0.143
45 1.135 0.120
47 0.9373 0.1061
49 1.102 0.114
o1 0.7871 0.0948
53 0.7292 0.0904
55 0.6655 0.0859
57 0.6984 0.0880
59 0.4979 0.0742
61 0.3923 0.0663
63 0.2934 0.0575
65 0.3723 0.0658
67 0.2536 0.0553
69 0.1988 0.0497
71 0.2380 0.0561
73 0.2456 0.0596
75 0.2053 0.0569

Table B.3: Differential cross-sections of the ®He(d,t)°He neutron transfer reaction
along with the statistical error obtained in this experiment.
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