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RESUMO

Reações induzidas por prótons são importantes no estudo do consumo de 8 Li em alguns cenários astrofísicos. Neste trabalho, as seções
de choque para as reações 8 Li(p,p), 8 Li(p,α) e 8 Li(p,d) foram medidas em cinemática inversa entre Ecm = 0.7 e 2.2 MeV. Foi usado
um feixe de 8 Li de alta pureza selecionado pelo Sistema RIBRAS no
Laboratório Pelletron (IF-USP), São Paulo, que colidia com um alvo
grosso de polietileno ((CH2 )n , 7.7(8) mg/cm2 ), um plástico rico em
prótons. Os produtos de reação foram medidos por um telescópio
formado por detectores de barreira de superfície de silício posicionados em um ângulo dianteiro. As funções de excitação medidas foram
analisadas através da metodologia de matriz-R e puderam fornecer
informações sobre ressonâncias pouco conhecidas do núcleo composto 9 Be a altas energias de excitação. A importância de outros
canais de decaimento e consequências das reações estudadas na nucleossíntese também são discutidas.

ABSTRACT

Proton-induced reactions are important in the study of the destruction of 8 Li in some astrophysical scenarios. In this work, the cross
sections for the reactions 8 Li(p,p), 8 Li(p,α) and 8 Li(p,d) were measured in inverse kinematics between Ecm = 0.7 and 2.2 MeV. A highly
pure 8 Li beam selected by RIBRAS System in the Pelletron Laboratory (IF-USP), São Paulo, was used impinging on a thick polyethylene target ((CH2 )n , 7.7(8) mg/cm2 ), a proton-rich plastic. The reaction products were detected by a telescope formed by silicon surface
barrier detectors placed at a foward angle. The measured excitation
functions were analysed through the R-matrix methodology and could
provide information about poorly known high-lying resonances of
the 9 Be compound nucleus. The importance of other decay channels
and the consequences of the studied reactions on nucleosynthesis are
also discussed.
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Scientists are not dependent on the ideas of
a single man, but on the combined wisdom of
thousands of men, all thinking of the same
problem and each doing his little bit to add
to the great structure of knowledge which is
gradually being erected.
— Ernest Rutherford (1936)
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CONVENTIONS

For clarity and simplicity, some conventions are used along this work:
1. The reactions 1 H(8 Li,1 H), 1 H(8 Li,2 H) and 1 H(8 Li,4 He) will be
denoted by 8 Li(p,p), 8 Li(p,d) and 8 Li(p,α), respectively. Similar
notation may be used for other reactions when convenient;
2. A decay channel of a compound nucleus may be designated as
the name of the lightest particle of the pair. For example, an
excited 9 Be decays in the deuteron channel if the resulting pair is
7 Li + d;
3. The uncertainties are represented in the parenthesis notation.
ACRONYMS

RIBRAS

Radioactive Ion Beams in Brazil

BBN

Big Bang Nucleosynthesis

NEC

National Electrostatics Corporation
Multicathode Source of Negative Ions by Cesium
Sputtering

MC-SNICS

GVM

Generating Volt Meter

MCP

Microchannel Plate Detector

PSD

Position Sensitive Detector

ToF

Time of Flight

DAQ

Data Acquisition System

CFD

Constant Fraction Discriminator

ADC

Analog-to-Digital Converter

TAC

Time-to-Amplitude Converter
Computer Automated Measurement and Control
(acquisition system)

CAMAC

(CH2 )n
TTIK

Polyethylene (plastic)
Thick Target Inverse Kinematics Method

xv

1

INTRODUCTION

One of the most prolific sources of information about the history of
the Universe is the measurement of elemental abundances in the
cosmos [1]. In figure 1 is shown a local galactic abundance distribution based on chondrite meteorites composition analysis and on
spectroscopic data from nearby stars and nebulae [2].

Figure 1: Local galactic abundances of isobars, adapted from [3].

To extract information from these abundance curves, astrophysical
models on several steps of Universe evolution are employed [4]. Better
the agreement between measured and calculated abundances, better
the models used to describe the nucleosynthesis processes that occur
in nature. Some of these processes are indicated at several points in
figure 1, from the light elements produced right after the Big Bang to
the heavy elements produced in processes based on neutron capture.
It is remarkable how some nuclear properties can be associated
with structures present in abundance curves [4, 2]. The first is a
prominent peak around mass number 60, associated with the region
of maximum binding energy per nucleon (the Iron group, see figure
2), which are the most stable nuclei. Smaller peaks are also present
around the neutron magic nuclei 88 Sr and 138 Ba and around the
double-magic 208 Pb.

1

Magic numbers are
number of nucleons
(p or n) that form a
closed shell in the
nucleus [5]. They
have higher binding
energy per nucleon
than nuclei in their
vicinity. Magic
numbers are N or
Z = 2, 8, 20, 28, 50,
82 and 126.
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The persistent oscillation between adjacent points is also due to
the fact that odd nuclei are less bound than even nuclei and, thus,
more fragile. The low abundance of the fragile isotopes of Li, Be and
B is partially a consequence of the much higher binding energy per
nucleon of their neighboring nuclei 4 He and 12 C [6]. Upon a detailed
analysis, many other characteristics could be pointed out [2].

Figure 2: Average binding energy per nucleon as a function of the atomic
mass number A. Adapted from [7].

These characteristics indicate how important the knowledge of nuclear stucture is to understand the nucleosynthesis and the evolution
of the Universe.
However, many of the theoretical approaches in astrophysics rely
on data extrapolations and on model-dependant estimates and not on
actually measured data [1, 8, 9]. The description of some
astrophysical scenarios can depend on reactions involving unstable
or exotic nuclei, which are much more difficult to be produced and
studied than stable nuclei [10].
In the last few decades, new facilities able to produce beams of
unstable species opened a wide field of study in nuclear science
[11, 10]. Not only the study of nuclear matter at extreme conditions
of isospin, excitation energy, density and many other characteristics
became possible, but also new tests on astrophysically relevant situations could be carried out [9].
In this work are presented the measurements on reactions between
the unstable 8 Li and protons performed at RIBRAS System (Radioactive Ion Beams in Brazil [12, 13]) at low energies. These results may
have some useful consequences for astrophysical models.

1.1 the role of 8 Li in nucleosynthesis

1.1

the role of 8 Li in nucleosynthesis

8 Li

has a half-life of 839(1)ms and decays by β− to the unbound
8 Be [14], which decays into two alpha particles. 8 Li could be produced in a neutron abundant environment by the capture reaction
7 Li(n,γ)8 Li [15]. Other authors indicate that with sufficient neutron
abundance the 8 Li production is also possible through the reaction
chain 4 He(2n,γ)6 He(2n,γ)8 He(β− )8 Li [16, 17].
The reaction 7 Li(d,p)8 Li [18] could also produce 8 Li in a neutron
poor environment, but it is not pointed as an important reaction or
part of any relevant reaction chain in these scenarios.
The available 8 Li may be consumed in the synthesis of heavier elements [19] and help on the surpassing of the A = 8 mass gap through
the following reactions:
8 Li(α, n)11 B:

this is referenced by some authors as the most important reaction that employs 8 Li to synthetize heavier elements
[20, 21]. However, there are several discrepancies between the
measurements done by different groups [22], as can be seen at
figure 3.

8 Li(n, γ)9 Li:

the 9 Li decays into 9 Be through β− emission. The
branching ratio for the decay into the ground state of 9 Be is
50(5)% [14]. The decay into excited states may lead to the break
of 9 Be into 2α + n, competing with the synthesis of heavier elements. This reaction was measured through the inverse mechanism 9 Li(γ,n)8 Li in experiments of Coulomb dissociation of 9 Li
[23, 24].

8 Li(p, γ)9 Be:

this reaction forms 9 Be at a high excitation energies
in which several decay channels are open. The decay into other
channels compete against the synthesis of elements heavier than
8 Li . Available experimental informations about this reaction
were obtained only through indirect methods [25, 26].

8 Li(d, n)9 Be:

considered important to create 9 Be from 8 Li , but it is
not a relevant 8 Li consuming reaction [26, 27].

The synthesis of heavier elements through 8 Li must compete with
several other processes that destroy the 8 Li and feed back lower masses.
The first is its own decay by β− emission, whose final products are
two alpha particles, but other reactions must be also considered.
Given the high abundance of hydrogen in the Universe, it is
reasonable to assume that protons are present in large quantities in
almost any astrophysical environment. Thus, it is important to study
destruction reactions induced by protons.
At figure 4 are depicted possible reaction chains with low mass
nuclides at astrophysical scenarios, including the role of 8 Li .
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Figure 3: Cross section measurements of the 8 Li(α, n)11 B reaction at astrophysical energies [22].

In the next sections a brief description is given about the two possible scenarios in which the 8 Li could have a relevant astrophysical
role: the inhomogeneous Big Bang nucleosynthesis and the r-process.
1.1.1

Metallicity of an
astronomical object
is the proportion of
its matter made from
elements different
from hydrogen and
helium . A low
metallicity indicates
that the object
passed through little
post-BB
nucleosynthesis and
may be considered
an old object [32].

Non-standard Big Bang Nucleosynthesis

According to the homogeneous (or standard) Big Bang Nucleosynthesis (BBN) model [28, 29], in the very first minutes after the Big
Bang, stable elements like 2 H, 3 He, 4 He and 7 Li would be produced
from protons and neutrons created in the hadronization of primordial
quark-gluon plasma [30]. This primordial nucleosynthesis would not
be able to produce heavier elements beyond A = 8 mass gap.
This model implies on final abundances for 1 H, 2 H, 3 He and 4 He
with fair agreement with the observational values. However, it fails to
describe the observed abundance of 7 Li, which is about one fourth of
the calculated value. This disagreement is called the lithium problem
[31].
Recently, an observation of elemental abundance of a low-metallicity
galaxy suggests that the lithium depletion is due to post-BBN processes [33].
Although, some models also consider different conditions for BBN
and are called non-standard BBN scenarios. Particularly, the inhomogeneous scenario considers a spatial inhomogeneity on the distribution
of protons and neutrons after hadronization [34, 35]. Some regions
could have peaks of high and low neutron-to-proton ratio, and may
have the participation of unstable nuclei in the reaction chain.
In these scenarios, the BBN could produce elements up to A = 12,
and the formation of 8 Li would consume part of the available 7 Li

1.1 the role of 8 Li in nucleosynthesis

Figure 4: Possible astrophysical reaction chains with low mass nuclides, emphasizing the role of 8 Li . Sequential decays are not depicted.

and could also act as a catalyst to the formation of heavier elements
[21, 36, 37]. Some authors predict that the formation of 12 C during
the BBN is highly dependant on the abundance of 8 Li [38].
1.1.2

R-process Nucleosynthesis

The production of heavy elements beyond the iron group is described
by processes based on neutron capture. One of these processes, the
s-process (s for slow), can occur along the stability line in a not very
neutron-rich stellar environment [39]. However, the s-process cannot
explain all the heavy element abundances.
The other major neutron capture process is the r-process (r for
rapid). Responsible for almost half of the production of such heavy ele-

5

6

introduction

ments, it is expected to occur in explosive environments that
generate an extremely high neutron flux [39]. The most probable sites
for r-process are core-collapse supernovae [40].
In these environments, neutrons are rapidly captured through successive (n, γ) reactions.The neutron flux is so high and the process so
quick that (n, γ) reactions occur faster than the decay by β− emission,
getting further away from the stability line.
The neutron capture continues as the neutrons become less and
less bound, and at some point, β− decay half-lifes become comparable to capture times or greater than it. This happens near the neutron drip-line or at closed neutron-shells (neutron-magic nuclei) and
are called waiting-points. After β− decay, the nuclei may continue
capturing neutrons until the next waiting-point.
When the neutron flux ceases, the remaining neutron-rich nuclei
will β− decay towards the valley of stability. This process employs
unstable neutron-rich nuclei as progenitors of heavy and stable nuclei
of similar mass. At figure 5 are depicted the predicted paths of rprocess, note that many of the waiting-points are nuclei that have
never been observed.

Figure 5: Predicted paths of r-process, showing the waiting-points (red region) and their paths upon β− decay (red arrows). Magic numbers
are represented by dashed lines. Paths of other processes are also
depicted (adapted from [39]).

Very important parameters of any r-process model are the seed
nuclei: stable or near stable nuclei from which the whole process
will start. The seeds, their abundances and their immediate reactions
heavily affect the dynamics of the entire process.
The first r-process models considered those nuclei around the iron
group (A > 40) as the main seeds. However, recent studies suggest

1.2 structure of 9 Be and the 8 li(p,α) experiment

that the r-process could initiate from very low masses, making the 8 Li
an important waypoint [40, 19, 21]. Thus, the competition between different 8 Li consuming reactions could lead the r-process to completely
different paths.
1.2

structure of 9 Be and the 8 li(p,α) experiment

As mentioned, the study of proton induced reactions with 8 Li is of
astrophysical interest. Reactions in the 8 Li + p system pass through
resonances of the compound nucleus 9 Be , whose proton threshold is
high: 16.8882 MeV [14].
Therefore, even low incident energies can form the 9 Be nucleus at
high excitation energies, where it is unbound and presents poorly
known resonances. At figure 6 is depicted a level scheme of the 9 Be
nucleus.

Figure 6: Energy levels for 9 Be , the 8 Li + p threshold is emphasized [14].
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Recently, a direct measurement of the 8 Li(p,α) reaction between
Ecm = 0.2 and 2.1 MeV [41] allowed the determination of a detailed
excitation function and a reliable reaction rate.
The measurement was performed at the RIBRAS facility [12, 13] at
the Pelletron Laboratory of IF-USP in São Paulo, Brazil. A hydrogenrich polyethylene (CH2 )n target and a radioactive 8 Li beam were
employed under the concept of the thick target method in inverse
kinematics. The alpha particles from the reaction were measured at
frontal laboratory angles by silicon surface barrier detectors forming
a E − ∆E telescope and an excitation function could be determined.
The obtained data were analyzed through the R-matrix
formalism [42] to determine the spectroscopic parameters of the observed resonances in the excitation function. Both the measured data
and the R-matrix calculations are shown at figure 7.

Figure 7: 8 Li(p,α) differential cross sections at θlab = 13.5◦ , with the Rmatrix fit (solid line): (a) full measured spectrum and (b) zoom at
lower energies. Taken from [41].

The data revealed two resonances at the lower energy part of the
excitation function, already known from previous works [14]. At the
higher energy part, a broad peak could be described as two overlapping resonances.
The obtained data are compatible with the previously known spectroscopic parameters of 9 Be and improved the characterization of the
nuclide at these high excitation energies.
The presently available experimental data on 9 Be resonances near
the 8 Li + p threshold are shown at table 1. It includes both the data
from 8 Li(p,α) experiment [41] and those previously known in the
literature, compiled by [14].

1.2 structure of 9 Be and the 8 li(p,α) experiment
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Table 1: Available experimental data on 9 Be resonances near the 8 Li + p
threshold (16.8882 MeV), including the compilation from [14] and
the work of [41] on 8 Li(p,α).
9 Be

Res.

Literature [14]

Ex

Er

Jπ ; T

15.97

−0.92(3)

16.671

−0.217(8)

1
 T += 2
5
; 12
2

16.9752

0.087(1)

17.298

0.410(7)

1− 3
;2
2 −
5
2
 
+
7
; 12
2

Previous Work - D. Mendes et al. [41]

Γ

Decay

∼ 300

γ

41(4)

γ

0.389(10)

γ,n,p,d

200

γ,n,p,d,α

−0.22

5+
2



5
2;0

5−
2
7+
2




5+
2
7+
2



0.38(8)

0.605(7)

18.02

1.13(5)

γ

18.58

1.69(4)

γ,n,p,d,α

1.69(3)

300(100)

p

1.76(4)

310(80)

n,p,d,t

18.65

1.76(5)

19.20

2.31(5)

5− 3
2 ;2



γ,n,p,d,α

Jπ

17.493



47

Er

0.61(3)

Γp

Γα

Θ2p

Θ2α



550(100)

41(4)

19.7

0.3

5
2;1



5(1)

180(50)

2.7

1.4

5
2;2



1.4(4)

39(15)

3.5

0.3



250(50)

430(80)

4.3

3.1

70(13)

420(80)

8.4

3.5

(I; l)

5
;0
2 
3
2;2

Energies E in MeV, widths Γ in keV, dimensionless reduced widths Θ2 in %. The
relative uncertainties on the reduced widths are identical to those of the partial
widths.

The astrophysical implications of the reaction could also be studied.
From the measured data, it was possible to calculate the
astrophysical reaction rate for the 8 Li(p,α), which was compared to
the reaction rate obtained from one of the measurements [36] of the
reaction 8 Li(α, n)11 B. It is depicted on figure 8.

Figure 8: 8 Li(p, α)5 He and 8 Li(α, n)11 B reaction rates multiplied by proton
and alpha mass fractions for adequate comparison [41].
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1.3

goals

After the realisation of the 8 Li(p,α) experiment [41], RIBRAS System
has received several improvements. From a new scattering chamber
after the second solenoid that allows the production of very pure
radioactive beams, to the acquisition of new set of detectors and the
adoption of new techniques, like time-of-flight measurements. This
creates a good opportunity to revisit, upgrade and extend the work
on high lying resonances of 9 Be around the 8 Li + proton threshold
performed through the measurement of the alpha decay channel in
the previous experiment.
Besides the astrophysical interest in the measurement of the largest
possible number of proton induced reactions with 8 Li , the measurement of other decay channels can provide more information about
the highly excited states of 9 Be by the population of resonances that
cannot be accessed by the 8 Li(p,α) reaction due to selection rules (see
[41] and appendix C).
This work aims the measurement of the same excitation function
for the alpha decay channel, but also exploring other reactions like
8 Li(p,p) and 8 Li(p,d), with an improved experimental setup at the
RIBRAS System.
The experiment again was performed in inverse kinematics through
a highly pure 8 Li beam provided by RIBRAS impinging on a thick
(CH2 )n target. The reaction products were measured at a foward
laboratory angle by silicon surface barrier detectors forming a E − ∆E
telescope and the excitation functions obtained were analyzed by the
R-matrix formalism.
The theoretical aspects related to this work are briefly described
in chapter 2. The description of the experimental facility, devices,
methods and techniques associated with this experiment are presented
in chapter 3. The experimental results and the performed analysis are
reported in chapter 4. In chapter 5 are addressed the main conclusions
and final considerations.

2

THEORETICAL ASPECTS

In the collision of two nuclear systems, two extreme categories of
nuclear reactions were identified: the formation of compound nucleus
and direct reactions [43].
In direct reactions, the two colliding nuclei make a brief contact
and then separate. In this quick interaction, the nuclear matter may be
rearranged: nucleons may be exchanged or the nuclei may be excited.
In compound nuclear reactions, the two nuclei fuse together and form
a compound system, possibly excited, which eventually decays.
At lower relative energies, as those found in astrophysical
scenarios, the formation of compound nucleus is usually prevalent
over direct reactions [43]. As mentioned, the 8 Li + p system forms
the 9 Be compound nucleus [41], so this kind of reaction should be
studied in more detail.
2.1

compound nuclear reactions

After the fusion of the two initial nuclei, the compound nucleus may
stay for a relatively long time in the excited state it was formed before
decaying. This time may range from 10−20 to 10−15 seconds, much
longer than the time scale of direct reactions (10−22 s) and enough
to dissipate most of the information about the formation of the compound system among all of its constituents [43, 39, 5].
Eventually, the excited compound nucleus decays by the emission
of a particle, that can be a β− particle, a nucleon, or a small nuclear
system like deuteron or alpha, or even by γ decay. Usually, the time
scales for β and γ decays are higher than the lifetime of highly excited
compound systems, making these decay modes less likely to occur.
Compound nuclear reactions can be described as a two-step process, which are relativelly independent from each other. The first is
the formation of the nucleus, which depends on the initially
interacting particle pair, called entrance channel or formation channel.
Some possible entrance channels for the formation of a 9 Be are 8 Li +
p,
7 Li + d or 6 Li + t.
The second is the decay of the nucleus, that depends on the final
ejected particles, called decay channel or exit channel. The final cross
section σ is given by the product of probabilities of the two processes,
this is called the independence hypothesis [43]:
σ(E) = σ(E)form · P(E)decay

.

(1)
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At a given energy E,
σ(E)form is the
cross section for the
formation of the
compound nucleus
while P(E)decay is
the probability of
decay in the
considered channel.
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This hypothesis means that if a compound nucleus is formed in the
same intermediate state (spin, parity, isospin, etc.) with the same total
energy by different entrance channels, the probability Pdecay for the
decay in a specific channel is the same. This is a consequence of the
loss of information about the formation of the compound system. See
[44] for a classic experimental verification of this hypothesis.
Another remarkable property of compound nuclear reactions is
their characteristic angular distribution. The products are emitted almost isotropically in the center-of-mass system. Accordingly to the independence hypothesis, the relative internal motions of the
nucleons inside the compound system should disperse the motion
of the nucleons of the incident beam after some time, thus the decay
should be totally isotropic.
However, this is not completely true. Specifically, the angular momentum of the system cannot be dispersed and lost in anyway. If
the angular momentum is large, the particles will preferentially be
emitted from the equator of the rotating system. This will cause the
angular distribution to be proportional to 1/sinθ [43].
Differently from direct reactions, compound nuclear reactions are
often characterized by the sudden variations of the cross section with
energy. This is due to the population of excited states in the compound nucleus, which originate resonances in the excitation functions
[45].
2.1.1

h is the reduced
Planck constant.

Resonances

It is known that nuclei exhibit discrete quantum states, each with its
characteristic energy, spin and parity. A quantum system described
by a wave function which is an eigenfunction of the system’s hamiltonian will remain in a well defined energy level unless it suffers an
external disturbance.
However, from a specific threshold energy, there is enough energy
in the system to detach a particle from it. The system is still bound,
but it will eventually decay by the emission of this particle.
Obviously, as the system is bound, quantum states keep existing
even very above this threshold. Yet, as the system is not able to be
kept in a quasi-stationary state forever, it will have a characteristic
lifetime τ associated.
According to the uncertainty principle [46], this lifetime consequently
is associated to an imprecision in the decay energy. The energy of the
emitted particle will follow a probability distribution of width Γ :
Γ =

h
τ

.

(2)

At a sufficiently high excitation energy, many decay channels may
be open, which means that the system is above the threshold for the
emission of many kinds of particles. In this situation, the lifetime

2.1 compound nuclear reactions

of the excited nucleus is related to the lifetime of all of the decay
channels, and a total width Γ for the state can be defined.
It is intuitive that the most probable decay channel is the one which
has the smallest lifetime τj , and consequently the higher Γj . The total
width may be defined as
X
Γ =
Γj
.
(3)
j

Therefore, the probability of decay in a specific channel is given by

Pj (E)decay =

Γj (E)
Γ (E)

.

(4)

These highly excited states may be populated in the formation of a
compound nucleus. If the initial system has a bombarding energy of E
in the center-of-mass system, it will produce the compound nucleus
at an excitation energy of E plus the threshold energy (separation
energy of the compound system into the initial system).
If this energy matches the energy of one of the quasi-stationary
states of the compound nucleus, the cross section for its formation
will increase. And, according to equation 1, the shape of the excitation
function for the detected reaction products will also reveal a peak at
this energy. This is represented in the scheme in figure 9.

Figure 9: Scheme of an excitation function for a reaction obtained through
the entrance system a + A. The peaks are related to states of the
compound nucleus C. Picture taken from [43].

This phenomenon is called resonance because it is caused by a
matching between the incident and internal wave functions,
causing the amplitude of the induced internal wave function to reach
its maximum, and raising the probability of formation of the compound nucleus [43, 5].
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From this point,the
index i defines a
specific formation
channel, while the
index j defines a
specific decay
channel. The absence
of index denotes the
total value of that
quantity.
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An isolated resonance in an excitation function usually has the
shape of a lorentzian curve (or a Breit-Wigner curve) around the
energy of the state ER :
σ(E) ∝ g

Γi Γj
(E − ER )2 +

I1 and I2 are the
spins of the particles
in the formation
channel, J is the
total spin of the
compound nucleus
in the state:
J = I1 + I2 + `,
being ` the angular
momentum of the
system.

,


Γ 2
2

(5)

in which g is a statistical spin term:
g =

2J + 1
(2I1 + 1)(2I2 + 1)

.

(6)

However, in several conditions the Breit-Wigner shape cannot
describe the shape of resonances. For example, when there are interferences between direct and compound contributions or when there
are overlaps between states too close to each other. Examples of shapes
a resonance can assume are given at figure 10.

Figure 10: Measurements of differential cross section for the 27 Al(p,p) reaction at several angles around 1579 keV resonance [47], showing the several shapes a resonance can assume. A typical BreitWigner shape can be seen at the measurements at θcm = 92.1◦ .

At section 2.3 is presented a very powerful tool to determine the
cross sections through measurable characteristics of internal states of
a compound nucleus. The astrophysical implications of resonances
are discussed in the next section.
2.2

astrophysical implications

Nucleosynthesis sites are at temperatures in which the energy is very
low for nuclear reactions, typically from some keV to very few MeV.
So it is important to know what to expect from reactions at this conditions.

2.2 astrophysical implications

2.2.1
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Coulomb Barrier and Penetrabilities

For a nuclear reaction to occur, the two participating nuclei should
overcome the energy barrier due to electrostatic repulsion, called
Coulomb barrier1 . A scheme of the Coulomb barrier is depicted at
figure 11. A simple model for the Coulomb barrier between two nuclei (indexes 1 and 2) is given by:
ECB =

Z1 Z2 e2


1/3
1/3
r0 A1 + A2

.

(7)

Z and A are the
atomic and mass
numbers of the
nuclei. For
calculation purposes,
e2 = 1.44MeV · fm
and r0 = 1.2fm.

Figure 11: Scheme of the Coulomb barrier for two interacting nuclei in function of their distance.

If the energy of the system is very much below the Coulomb barrier, the interaction will be given only by the Coulomb force, and the
Rutherford scattering will be dominant:

 2

2
e
dσ
Z1 Z2
1
=
·
.
(8)
4
dΩ Ruth
4 π 0 4 Ecm
sin (θcm /2)
Classically, in this condition, no nuclear reaction should happen
but only elastic Rutherford scattering. Yet, quantum tunneling may
occur and the compound system can still be formed.
It is important to know how much of the incident wave function
will be able to tunnel through the barrier and reach the internal region
or, in other words, how much is the barrier penetrability.
By looking to the scheme at figure 11, it is intuitive that the penetrability should be dependent on the energy of the system E (centerof-mass frame) and on the nuclear radius Rn , that gives the boundary
between regions of nuclear and Coulomb dominance, besides the electrostatic properties of the system. The penetrability for the `th partial
wave is given by [48]:
P` =

1
F2` (E, Rn ) + G2` (E, Rn )

,

(9)

1 Unless one of the particles is a neutron, for which there is no electrostatic interaction.

0 is the permittivity of free space,
Ecm and θcm are
energy and
scattering angle at
center-of-mass frame
(see appendix A).
For calculation
purposes, with Ecm
in MeV, the constant
(e2 /4π0 ) = 4.548
and the differential
cross section will be
given in mb/sr.

16

The Coulomb wave
equation describes
the behavior of
charged particles
under the influence
of a Coulomb
potential:
d2 Ψ
dρ2



2η
ρ

+

`(`+1)
ρ2
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in which F` and G` are the regular and irregular solutions of the
Coulomb wave equation for a relative angular momentum ` [49, 50].
At very low energies (E  ECB ), P` can be written as (WentzelKramers-Brillouin approximation [51]):
P` ' e−2πη

,

(10)

=


−1 Ψ .

µ is the reduced
mass of the system:
M1 M 2
µ= M
.
1 +M2

in which η is the Sommerfeld parameter:
r
µ
Z1 Z2 e2
.
η =
2E
h

(11)

As the reaction cross section is dependent on the penetrability,
it also drops exponentially with decreasing energy. This is a very
limiting factor for experiments of astrophysical interest and many parameters used in astrophysical models are extrapolations from data
measured at higher energies.
Usually, a simple factorization of the cross section is employed
to eliminate this energy dependence. It is called the astrophysical
S-factor [39]:
S(E) =

E σ(E)
e−2πη

.

(12)

Typical dependences of the cross section and the S-factor with astrophysical energies, without the presence of resonances, can be seen
at figure 12.

Figure 12: Typical dependence of the cross section and S-factor with energy
observed in the 3 He(α,γ)7 Be data. Picture taken from [39].

2.2 astrophysical implications

2.2.2
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Reaction Rates

The yield of a specific nuclear reaction that occurs in a nucleosynthesis environment is not only dependent on the reaction cross section,
but also on the densities of each initial component and on the temperature of the medium [39].
Since this reaction rate should depend linearly on the densities of
the particles, it is common to define a quantity that treats the reaction
probability for one pair of interacting particles: < σv >.
The energy E of particles inside a thermal bath of temperature T
follows the Maxwell-Boltzmann probability distribution [52], given
by:
r 
3/2


E
1
E
φMB (E, T ) = 2
exp −
π kB T
kB T

.

(13)

As mentioned, for temperatures of nucleosynthesis environments
the energies of a Maxwell-Boltzmann distribution are very low even
at the most energetic part of the distribution. The product of the two
probabilities, of finding a particle at some energy (φMB (E, T )) and
of reaction likelihood (σ(E)), is called the Gamow distribution and has
a maximum in a region called Gamow window that is the relevant
intersection between the two distributions’ tails. This is depicted at
figure 13.

Figure 13: Schematic example of a Gamow window at some nucleosynthesis
environments.

The quantity < σv > should be given by [48]:
Z∞
< σv > =
φMB (E, T ) E σ(E) dE
0
s
Z∞
8
=
σ(E) E e−E/kB T dE
π µ (kB T )3 0

(14)
,

(15)

kB is the Boltzmann
constant:
8.617 · 10−5 eV/K.
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or, in terms of the astrophysical S-factor,
s


Z∞
8
− k E T + √b
E
B
< σv > =
dE
S(E) e
π µ (kB T )3 0

,

(16)

in which b is given by
b =

p
π e2
2µ Z1 Z2
h

.

(17)

The Gamow energy EG in which the Gamow distribution has its
maximum and the width ∆G of the distribution are [48]:
2
b kB T 3
=
2
r
EG kB T
= 4
3


EG
∆G

,

(18)

.

(19)

The reaction rate will strongly depend on the S-factor inside the
Gamow window (EG ± ∆G ) for the environmental temperature. If the
cross section exhibits a resonance inside or around the window, the
reaction rate may be greatly enhanced and may affect significantly
the nucleosynthesis reaction network if compared to a smooth and
non-resonant S-factor.
A classic example on this phenomenon is the triple alpha reaction
that forms 12 C at stars. The direct and non-resonant reaction chain
α(α, γ)8 Be(α, γ)12 C cannot explain the observed 12 C abundances. The
explanation comes from the existence of a resonance at 287 keV above
the 3α threshold in 12 C spectra, which is called the Hoyle resonance
[53].
The contribution of a typical Breit-Wigner resonance at ER (eq.5)
for the Gamow distribution is [39]:

< σv > =

2π
µ kB T

3/2

h2 (ωγ)R e−ER /kB T

,

(20)

in which (ωγ)R is called the strength of a resonance:
(ωγ)R = g

2.3

Γi Γj
Γ

.

(21)

r-matrix theory

The interactions in the interior of a nucleus are extremely complex
and its full description is an open problem. Details of the nuclear
potential, mainly at extreme conditions, are still object of study, so
the characteristics of internal levels of a nucleus cannot be well determined by purely theoretical approaches [39].

2.3 r-matrix theory

As previously mentioned, the simple Breit-Wigner shape cannot
describe the cross section at many situations, mainly for broad
resonances, interfering resonances and due to the contribution of direct reactions. An elaborate mathematical methodology is needed to
properly connect measurements to nuclear structure and the
dynamics of nuclear scattering. A powerful tool to realize this is the
R-matrix theory [42].
The general idea of the R-matrix methodology is to take advantage of the short range property of nuclear interaction and define a
spherical surface of radius a around the nucleus beyond which the
nuclear force is negligible.
The external region (r > a) is dominated only by the Coulomb interaction and the wave functions of the formation and decay channels.
For this situation, the solutions of the Schrödinger equation are the
well known Coulomb functions. In the internal region (r < a), where
the Coulomb and nuclear forces are both present, the wave function is
not well known but the internal dynamics can be expressed in terms
of a set of properties of the states of the compound nucleus. At the
boundary (r = a), the wave functions of internal and external region
must match and be smoothly connected.
This formulation does not provide information on any new nuclear
phenomenon, but provides an easy way to extract internal properties
from measured data and to predict cross sections for well known
resonances. It is largely employed in the study of compound nuclear
reactions, being a reliable tool for nuclear spectroscopy and nuclear
astrophysics [43].
General lines and basic concepts of the R-matrix are explained below. For a more detailed explanation, see references [42, 54, 48, 55].
The problem consists of finding the solutions for the Schrödinger
equation for the system’s hamiltonian:
Hint = T + VC + VN

r 6 a,

Hext = T + VC

r > a.

It was already mentioned that the regular F` (E, r) and irregular
G` (E, r) Coulomb functions are radial solutions for the external nonnuclear part for the `th partial wave, but it is useful to rewrite them
in a form of incoming (I` ) and outgoing (O` ) partial waves [54]:
I` = G` − i F`

,

O` = G` + i F`

.

The general solution for the external part should be, upon a normalization, the combination of both incoming and outgoing waves:

ψ`, ext = I` (E, r) − U` · O` (E, r)

.

(22)
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T is the total kinetic
energy, VC and VN
are the Coulomb and
the nuclear
potentials.
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k is the wave
number:
√
2µE
k=
h
Ci is a
normalization
coefficient.
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U` is called the collision function. By looking to equation 22, it is
quite intuitive that the measured cross section should be somehow
connected to the collision function.
The equation 22 can be generalized to a multi-channel case [54].
Calling the entrance channel i and exit channel j, both with their own
total spins J and parities π, the behavior of the wave function is given
by
r

µj 
ψj(i), ext = Ci
δi,j · Ij (E, r) − Ui,j · Oj (E, r)
. (23)
h kj
The term δi,j at equation 23 imposes that incoming flux only appears at elastic scattering (i = j). The collision matrix U is formed
from the elements Ui,j from all open channels at a given energy. The
conservation of flux imposes that U is unitary.
On the other hand, the internal solution is not known but can be
written as a set of base functions [54, 55]:
X
ψ`, int =
cλ,` uλ,` (r)
.
(24)
λ

The functions uλ (r) can be associated with the quasi-stationary
states λ of the compound nucleus, they should be orthonormal and
their derivative should be zero at the boundary r = a.
The problem is to connect the internal and external wavefunctions
at the boundary to find the coefficients cλ,` and the collision matrix
U (for simplicity, some coefficients were omitted):
X
cλ uλ (a) = δi,j · Ij (a) − Ui,j · Oj (a)
.
(25)
λ

Another important equation can be obtained by imposing the smoothness of the wavefunction at the boundary, which gives through some
manipulations:
cλ (Eλ − E) =



h2 a
uλ (a) δi,j · Ij0 (a) − Ui,j · Oj0 (a)
2µ

.

(26)

By solving the system of equations 25 and 26, the collision matrix
is obtained:
U = (Z∗ )−1 · Z

,

(27)

in which the elements of the matrix Z are:
p
Zi,j (E) = δi,j · Ij (E, a) − a ki kj Ij0 (E, a) · Ri,j (E)

.

(28)

The term Ri,j (E) is the R-matrix element for a given partial wave:
Ri,j (E) =

X γλ,i γλ,j
Eλ − E
λ

.

(29)

2.3 r-matrix theory

As can be seen, the R-matrix has poles that can be associated with
the position of resonances. The quantities γλ are the reduced widths
of the resonances in both entrance and decay channels. The quantities
that appear in equation 29 are called formal quantities, but they are
related to the observed ones by well known transformations [56]. The
reduced widths are closely related to the measured partial widths Γλ,i
by:
Γλ,i = 2 γ2λ,i P` (Eλ )

.

(30)
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P` (Eλ ) is the
penetrability, as
shown at equation 9
with Rn = a.

It is also common to represent the reduced width in terms of a
dimensionless reduced width:
Θ2λ,i =

γ2λ,i
γ2w

,

(31)

in which γ2w is the Wigner limit:
γ2w =

3 h2
2 µ i a2

.

(32)

The dimensionless reduced width is usefull to determine the nature
of the cluster structure of the resonance. Small values (Θ2 6 0.01)
are usually related to spherical or compact states, while large values
(Θ2 > 0.1) correspond to deformed states [41]. Θ2 should never be
greater than 1, and rarely is close to it. It is also common to represent
the dimensionless reduced width in the form of a percentage.
Many formal parameters like the reduced widths are dependent on
the channel radius a. However, this dependence is compensated by
the Coulomb functions and the collision matrix is independent of a.
The differential cross section is then obtained by:
dσi,j
1 X
B` (E) P` (cos θ)
(E, θ) =
dΩ
10 k2i `

.

(33)

The quantity B` (E) is called the anisotropy coefficient and is directly
deduced from the collision matrix. For a detailed description of this
transformation, see section VIII in reference [42].
The R-matrix formalism is complete in the description of scattering
cross section at many situations, mainly for compound nuclear reactions. The concept was successfully applied to several other reaction
mechanisms like radioactive capture and methods like the continuum
discretized coupled channel method (CDCC)[54].
The data analysis of this work was performed with the R-matrix
methodology. A description on the selection rules for formation and
decay of compound nucleus can be found at appendix C.

P` (cos θ) are the
Legendre
polynomials, the
detection angle θ
and energy E are in
the center-of-mass
frame.
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E X P E R I M E N TA L P R O C E D U R E

A typical experiment in nuclear physics consists of a beam of
accelerated charged particles hitting a target, where nuclear reactions
may occur and their products can be studied by a set of detectors
placed around it [43].
In the case of this experiment, performed at the Pelletron
Accelerator Facility in São Paulo [57], an 8 Li radioactive beam impinged a hydrogen-rich plastic target made of polyethylene (chemical
formula: (CH2 )n ). The reaction products, mainly protons, deuterons
and alphas, were detected in a telescope formed by silicon surface barrier detectors, placed at frontal angles. The 8 Li beam was produced
by a reaction with a stable 7 Li beam provided and accelerated by the
8-UD Pelletron Tandem and selected by the RIBRAS System [12, 13].
In this chapter are presented the details of this experiment and of
the associated equipments and procedures.
3.1

laboratory overview

In 1972, the Institute of Physics of University of São Paulo installed
the Pelletron 8-UD, a tandem electrostatic accelerator manufactured
by National Electrostatics Corporation (NEC) [58]. The accelerator facility was set up in the Oscar Sala building, whose scheme can be
seen in figure 14.

Figure 14: Scheme of the Oscar Sala building, showing the main parts of the
accelerator facility (Author: J.C. Terassi).
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Vi is the
pre-acceleration
voltage.

+VT is the
accelerator’s
terminal voltage
and e is the
elementary charge:
+1.60218 · 10–19 C.

experimental procedure

In the Pelletron Laboratory, negatively charged ion beams are produced by a MC-SNICS Ion Source (Multicathode Source of Negative Ions by Cesium Sputtering [59]) of NEC. A detailed description
can be found in section 3.2. The beam is produced from a sample
made of a material which contains the atoms that are going to be
accelerated. In the case of this experiment, a sample made of Lithium
Oxide (Li2 O) was used to produce a 7 Li−1 beam in the ion source.
The beam extracted from the source is pre-accelerated through an
electric potential of Vi = −90kV. In this phase, the beam can be a
mixture of several components of the sample, from isolated ions to
molecules. The desired ion beam is selected from the other fragments
by the analysing magnet ME20. This magnet deflects the beam in 90◦
and directs it towards the Pelletron accelerator.
In a Tandem accelerator, the high voltage terminal is located in the
center of the acceleration tube and its ends are grounded [60]. Therefore, in the first half the negative ion gains an energy equivalent to
E = e VT . In the center of the terminal, the beam crosses a thin stripper foil made of carbon (thickness of about 5 µg/cm2 ) where it loses
electrons and becomes positively charged. The amount of electrons
lost in the stripper foil may vary according to the beam and its energy [61]. Between VT = 2.1MV and 8.0MV (accelerator’s maximum),
the most probable charge state of 7 Li is +3 (see figure 15).

Figure 15: Probability φi of emerging from the carbon stripper foil for each
charge state i of a 7 Li beam as a function of particle’s energy [61].

q is the charge state
of the particle after
the stripper foil.

In the second half of the accelerator, the beam gains an energy
proportional to its new charge state: E = q e VT . Finally, the particle

3.1 laboratory overview
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leaves the accelerator with an energy given by:
E = e (q + 1) VT + e |Vi |

.

(34)

As particles of the beam can leave the terminal with different charge
states, a new selection in energy is needed. It is done by the analysing
magnet ME200, which also bends the beam trajectory in 90◦ . Also, in
this stage the beam energy is measured, with high precision, by Nuclear Magnetic Resonance [62] of a water sample placed inside the
magnet, very close to the beam’s trajectory. If the magnetic field is so
that the NMR frequency of the sample is f, an ion beam whose mass
is M and charge state is q will be selected by ME200 if its enegy E is
given by [63]:
!
r
2q2 f2 K
2
E = Mc
1+
−1
,
(35)
M
in which K is a geometric parameter of the ME200 magnet. The fine
control of beam energy is also made in this stage (see sec.3.3).
After the energy selection, the ion beam is available to the seven
beamlines in the experimental hall (fig.16). A switching magnet directs the beam to the chosen beamline. This experiment was realized
at the RIBRAS System, placed in the 45B beamline.

Figure 16: Scheme of the Pelletron Laboratory’s Experimental Hall, showing
the experimental beamlines available (Author: J.C. Terassi).

Elements for beam optics controlling and monitoring, such as slits,
Faraday Cups, trimmers and magnetic quadrupoles, are placed all
along the beamline. A vacuum of the order of 10−8 Torr is maintained
along the beamline by several vacuum pumps. A detailed scheme of
the Pelletron Laboratory’s Beamline is displayed in figure 17.
Detailed descriptions on the functioning of the ion source and of
the accelerator are available in sections 3.2 and 3.3, respectively.

c is the speed of light
in vacuum:
2.9979 · 108 m/s.
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Figure 17: Detailed scheme of the Pelletron Laboratory beamline (Author:
J.C. Terassi).

3.2 ion source
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ion source

The Multicathode Source of Negative Ions by Cesium Sputtering (MCSNICS), assembled by NEC, is a negative ion source able to produce
beams of almost any element or molecule [59]. In this source, a reservoir containing cesium is heated to about 120◦ C, creating a neutral
vapor of Cs inside the source, which is in vacuum.
Part of the cesium vapor condenses on the cooled cathode, which
is a sample of the material used to produce the beam. In this multicathode version, many samples can be placed in the source and one
can easily change from one sample to another without interrupting
the source operation.
Part of the vapor also reaches the surface of a ionizer, heated to
∼ 1200◦ C. Due to this high temperature, the cesium may be ionized
to Cs+1 . The equilibrium between Cs0 that reaches the ionizer and
Cs+1 that leaves it is given by Saha-Langmuir’s Law [64, 65]:


N(Cs+1 )
W − φCs
= exp
,
(36)
kB T
N(Cs0 )
in which φCs = 3.9eV is the ionization energy of Cs [66] and W is the
thermionic work function of the metal on the surface of the ionizer.
In order to obtain a high level of ionization, the ionizer’s surface is
made of tantalum, whose W is 4.25eV [67].
The ionized cesium is accelerated towards the cathode, producing
sputtering on the sample. The sputtered atoms cross the neutral cesium layer before emerging from the sample. Due to cesium’s very
low electronegativity, the atoms may gain electrons from this layer
and become negatively charged.
The negative ions are extracted from the sample by an electric field
and carried out to the pre-accelerator tube, forming a negative ion
beam. A scheme of the operation of this ion source can be seen on
figure 18.

Figure 18: Scheme of the operation of the MC-SNICS ion source [68].

kB is the Boltzmann
constant and T is
the absolute
temperature.
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3.3
More information
about the Pelletron
accelerators can be
found at references
[57, 58, 60, 69].

pelletron accelerator

The 8-UD Pelletron is an electrostatic tandem accelerator whose
maximum terminal voltage is 8 MV. Its name comes from its
charging system, which uses a chain made of metallic pellets connected by insulating nylon links. As mentioned in section 3.1, the
high voltage terminal is located in the middle of the acceleration tube,
with a device for changing the charge state of the ion in the terminal
from negative to positive, thus using the positive terminal voltage
twice.
The terminal is charged by electrostatic induction. The charging
chain moves between two pulleys, one inside the terminal, which is
electricaly connected to it, and another grounded near the bottom of
the accelerator. A pellet link in contact with the terminal pulley passes
near a positively polarized inductor, which induces negative charge
in the pellet. When the pellet loses contact with the pulley, while still
under influence of the inductor’s electric field, it charges the pulley
positively by taking electrons out of it. By the rotation of the chain,
the pellet is carried to the grounded pulley (or drive pulley), where
its negative charge is suppressed, also by induction.
This process essencially takes away negative charge from the terminal, charging it positively. The inverse process occurs when the pellets
are traveling from the drive pulley to the terminal pulley, when they
carry positive charge to the terminal. The suppressor and inductor
in the drive pulley are polarized by high-voltage sources, while the
same devices in the terminal pulley are charged by the pickoff pulleys, which take some amount of charge from the pellets. A scheme
of the charging system can be seen in figure 19.
The charge accumulated in the terminal is distributed along the
acceleration tube by several metallic disks connected to each other by
high-precision resistors, creating an uniform electric field inside the
acceleration tube.
Except to the interior of the acceleration tube, which is in vacuum,
the whole setup is immersed in a sulfur hexafluoride (SF6 ) environment at high pressure (∼ 70 psi). This gas is a very good electrical
insulator and thermal conductor, which favors the stability of the accelerator. The setup is located inside a large metallic tank of ∼ 3 m of
diameter and ∼ 10 m of height.
The beam energy control is done by the control of the voltage in the
terminal, as expressed in equation 34. This control is done by a corona
needle placed near the terminal that generates a corona discharge
between the needle’s point and the terminal. Changes in the corona
current can tune the voltage in the terminal. The corona current can
be controled by two devices: by the Generating Volt Meter (GVM) or
by the slits.
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Figure 19: Scheme of the Pelletron accelerator, including its charging system
and the acceleration tube. Picture adapted from [70].

29

30

experimental procedure

The GVM is an instrument that measures the electric field produced by the terminal. It consists of a rotating helix placed near the
terminal and another one fixed and concentric to the first, placed
right behind it. The rotating helix is grounded and, by its rotation, it
alternates in covering and exposing the fixed one. The fixed helix, on
the other hand, experiences a charge induction when it is exposed to
the terminal voltage. When it is fully covered by the rotating one, the
helix can no longer feel the terminal’s electric field. It generates an
alternated current in the fixed helix that can be measured. The amplitude of this alternated current is proportional to VT . At São Paulo’s
Pelletron facility, this method is used for coarse energy adjustment
and for controlling the terminal voltage while the beam is not on.
The fine energy control is done by the selection capabilities of the
analysing magnet ME200. A pair of vertical slits is placed right after
the ME200. If the terminal voltage suffers a slight instability, the beam
energy and its trajectory inside the magnet are changed. This would
cause the beam to hit one of the slits and, by the current generated
in the slit, a correction can be sent to the corona point. This system
allows the Pelletron Accelerator to provide a high precision in the
beam’s energy. A scheme of the energy control system is shown at fig.
20.

Figure 20: Scheme of the Pelletron accelerator’s energy control system
(adapted from [60]).
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3.4

ribras system

The RIBRAS System (Radioactive Ion Beams in Brazil) was set up in
2004 at the 45B beamline of the Pelletron Laboratory [12, 13]. It uses
the in-flight production and selection of radioactive ion beams [10] to
perform experimental nuclear physics studies. The system provides
light secondary beams of exotic species like 8 Li, 6 He and 8 B at intensities ranging from 104 to 106 ions/s and at low energies, typicaly
from 2 to 5 MeV/nucleon.
In the in-flight method of production of radioactive beams, unstable nuclei are produced in nuclear reactions between a stable primary beam and a production target. These unstable reaction products emerge from the target and are selected by an electromagnetic
in-flight separator, forming a secondary beam available for experiments.
This method has some advantages over other methods [10]: the no
need of a post-accelaration and the capability to produce beams of
short-lived exotic nuclei, since the typical time of flights between production and experiment are very short (in the order of hundreds of
nanoseconds). On the other hand, in the in-flight method the
secondary beam’s emittance is high (∼ 0.15 mm · rad) and the energy
resolution is poorer due to straggling in the production target.
The RIBRAS System consists of a production target setup, two superconducting solenoids, two scattering chambers (one smaller
between the two solenoids and a large after the second solenoid)
and other auxiliary chambers placed along the beamline. RIBRAS System’s beamline and its schematic drawing are depicted in figure 21.
Each component and its role in RIBRAS System are described below.
3.4.1

Production Target Setup

The production target, or primary target, is a film1 where the unstable
beam of interest is produced by a nuclear reaction, usually a transfer
reaction, with the beam provided by the Pelletron Accelerator. Using a proper choice of primary beam and target, many unstable ion
beams can be produced. Some examples of beams that can be produced at RIBRAS are shown in table 2.
The primary target cell allows the use of gaseous or solid targets.
It consists of a cubic metallic box of 2cm in its sides; in the sides that
are facing the beam’s direction there are circular windows. If a solid
target is going to be used, it may be simply mounted in one of these
windows. If a gaseous target is going to be used, a gas circulation
device is connected to the cell and thin films can be placed in the
windows to prevent the gas to escape. If the primary beam’s intensity
1 The thickness of the primary target may vary from some hundreds of µg/cm2 to a
few mg/cm2 , depending on the material. For more details, see sec. 3.7.
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Figure 21: RIBRAS System at Pelletron Laboratory’s 45-B Beamline.
Panoramic picture (above) and schematic drawing (below), showing its main components (adapted from [71]).
Table 2: Examples of radioactive beams that can be produced at RIBRAS
[13].

radioactive beam

production reaction

8 Li

9 Be(7 Li,8 Li)8 B

6 He

9 Be(7 Li,6 He)10 B

12 B

9 Be(7 Li,12 B)4 He

7 Be

3 He(7 Li,7 Be)3 H

7 Be

3 He(7 Li,7 Be)2 H

8B

3 He(6 Li,8 B)n

is to high (> 0, 7µA of a 7 Li beam, for exemple), a solid target may
need refrigeration. In this case, helium gas or simply air can circulate
through the cell to cool the primary target.
Most of the primary beam crosses the production target without interacting. Moreover, it has an intensity of about 106 times larger than
the intensity of a typical secondary beam. Thus, it must be blocked in
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order to not interfere in the experiments with radioactive secondary
beams. This blocking is done by a Faraday Cup placed right after the
target, at zero degrees. It is also used to integrate the accumulated
charge of the primary beam (details in sec. 3.5.3). This is necessary
for data normalization.
The Faraday Cup blocks the incoming beam between zero and two
degrees. A collimator placed after the production target also limits
the scattering angle to a maximum of 6◦ . Thus, the intensity of the
secondary beam will firstly depend on the cross section of the production reaction between 2◦ and 6◦ in the laboratory frame, as well
as on the intensity of the primary beam and on the thickness of the
target, which must be very well dimensioned as an increase on the
thickness also increases the beam straggling and worses the beam’s
energy resolution.
In figure 22 is shown a scheme of the production target setup.

Figure 22: Scheme of the Production Target Setup at RIBRAS System
(adapted from [71]).

3.4.2

Superconducting Solenoids

The secondary beam travels away from the production target, divergently. RIBRAS employs superconducting solenoids around the beamline to bend the ion trajectories and make the beam convergent in a
small region, where a nuclear target can be placed.
RIBRAS’ beamline has a diameter of 25 cm to account for the large
angular acceptance needed to produce an intense secondary beam.
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To cover this large angular acceptance, a solenoid is more efficient
than a conventional dipole [71]. Solenoids would act as biconvex magnetic lenses; ions produced at one point along the radial axis of the
solenoid will be focused at another point along this axis after the
solenoid through the action of Lorentz force:
~F = q~v × B
~

.

(37)

RIBRAS’ solenoids were manufactured by Cryomagnetics Inc. Their
coils are made of Niobium-Titanium (NbTi) alloy, superconductive at
temperatures below 9.2K [72]. Superconductive materials are of great
advantage as they can hold high electrical currents without losses
through Joule Effect and power sources are just needed while the current inside the coils is being changed. The solenoids can produce a
highly uniform magnetic field up to 6.5T in their interior
The coils are cooled with liquid helium at 4K. The thermal
shielding is done by vacuum and a layer of liquid nitrogen (77K).
Details of the solenoids can be found at figure 23.

Figure 23: Schematic cross section of the solenoids employed at RIBRAS
(adapted from [55]).

Each solenoid has its focal point in the center of a scattering chamber. In the case of the first solenoid, its focal point is the central
chamber between both solenoids, while the focal point of the second
solenoid is the center of the large (or main) chamber, having as origin point the center of the central one. An example of ion trajectory
bending by RIBRAS is shown at figure 24. A focalization curve for
8 Li, relating beam energy to the current in the solenoids needed to
converge 8 Li beam at the focal points, is shown at figure 25.
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Figure 24: Example of simulated ion trajectories inside RIBRAS, leaving the
production target and being focused in the center of the central
scattering chamber (red line) by the first solenoid [71].

Figure 25: Simulated focalization curves for 8 Li, showing the electrical current that must be applied in the solenoids in order to focus 8 Li
at various energies in the scattering chambers. These curves were
generated by the code sol-focus (appendix B).

The selection by the solenoids is done by magnetic rigidity Bρ of
the ions:
√
2mE
Bρ =
.
(38)
q
It means that any particle that emerges from the production target
with the same magnetic rigidity as the particle of interest, but with
different mass, energy or charge state, will also be focused together.
These particles are called contaminants. The determination of the
energy of a contaminant is very important; following equation 38,

m and E are the
mass and the kinetic
energy of the ion,
respectively.
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the energy Econt of a contaminant beam (A X+q )cont is, in relation
to the energy Eint of the beam of interest (A Y +q )int , given by:

Econt =

qcont
qint

2

Aint
Eint
Acont

.

(39)

The focalization itself could be easily done with just one solenoid.
Many experiments at RIBRAS were done in the central scattering
chamber before the main chamber was completed [41, 73, 74, 75, 76,
77]. But the use of a double solenoid system has many advantages,
mainly when used for beam purification.
The crossover mode of operation is the one described until now, in
which the secondary beam is focused at the focal point of the central
chamber, also called crossover point, and then refocused in the main
scattering chamber by the second solenoid. The most efficient technique for beam purification is to place an energy degrader foil in
the crossover point. As the beam (contaminant or of interest) passes
through the degrader, it loses energy through ionization and changes
its magnetic rigidity. As the energy loss by ionization is proportional
to mq2 /E (see sec. 3.5.1) and not to Bρ, each beam species loses
energy in different amounts, changing their Bρ in a manner that
they may not be focused together by the second solenoid. With a correct dimensioning of the energy degrader according to the beam of
interest and its predicted contaminants, high purities can be reached
in the main scattering chamber.
Other use for the crossover point in the central chamber is the possibility of placing a timing detector at it for time-of-flight measurements of the secondary beam between the two chambers (see section
3.5.2).
Another use for the double solenoid system is to operate in
parallel mode instead of the crossover mode. In the parallel mode
the secondary beam would not be focused in the center of the central
chamber. Instead, its trajectory would be partially bent by the first
solenoid, and then totaly focused in the center of the main scattering
chamber by the second solenoid. This would be the prefered mode
of operation for beams whose magnetic rigidity is too high (high
energy or high mass). The double solenoid system is very versatile
and several other aplications are being proposed for more advanced
experiments in the future.
More detailed description on beam handling at RIBRAS can be
found at section 3.6.
3.4.3

Scattering and Auxiliary Chambers

The experimental setup is assembled in the scattering chambers according to the needs of the experiment. A typical experiment would
use the main and largest chamber to hold the main experimental
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setup like nuclear targets and detectors, while the central chamber
would hold auxiliary equipment like monitoring or complementary
detectors and energy degraders. However, simpler experiments may
use solely the central chamber to hold the full experiment.
In both scattering chambers the detectors are mounted on rotating
plates that make the change of their angular positions very easy. The
main chamber counts with two independent and concentric plates
while the central chamber has just one. The chambers also have vertically moving rods in their centers where targets and detectors can be
mounted, depending on the experimental setup.
Along RIBRAS’ beamline there are three auxiliary chambers that
are not prepared to hold experiments but can receive other equipments like collimators, blockers and vacuum pumps.
3.5

detection systems

Experiments in nuclear physics may employ several techniques and
devices to measure events and detect particles. In this experiment,
two main kinds of detectors were used: silicon surface barrier detectors to characterize an absorbed ion by its charge, mass and energy;
and a timing detector, to measure time-of-flights. A Faraday Cup was
also employed to measure the primary beam intensity.
In this section, the whole electronic setup used in the experiment
is also described.
3.5.1

Surface Barrier Detectors

A Silicon Surface Barrier Detector is essentially a type of semiconductor detector made from a wafer of n-type silicon with a thin layer of
p-type material in one surface [78]. A charged particle passing through
the detector will lose energy by Coulomb interaction with electrons of
the material, which generates electron-hole pairs by ionization. The
detector is inversely polarized by a bias voltage and the electric field
generated sweeps the electron-hole pairs. The current signal is collected and integrated, and the charge collected is proportional to the
energy left in the detector by the particle2 [79]. This analog signal
is usually treated by electronic devices (see sec.3.5.4) to generate a
digital signal to be recorded by a computer.

2 Of course, the particle also interacts with nuclei of the material, but the information
about the energy spent in this interaction is lost [79]. On the other hand, the fraction
of energy lost in the interaction with nuclei is usually negligible if compared to the
interaction with electrons.
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The magnitude of the energy ∆E lost by a particle with charge Z
and mass M, traveling at speed v and kinetic energy E, when passing
through a material of thickness ∆x is described, with approximations,
by Bethe-Bloch’s Formula [80, 81]:
dE
∆E =
∆x = −
dx



a Z2 c2
v2




ln

b v2
c2 − v 2


∆x

.

(40)

dE
dx

is also called stopping power. With some approximations and
considering the non-relativistic case (v2 = 2E/M), an important
property of equation 40 can be emphasized [81]:
dE
M Z2
∝
dx
E

.

(41)

This property can be used to characterize the particle also in mass
and charge, but this cannot be done by a single detector, as different
particles can lose the same amount of energy. It is done by combining
two surface barrier detectors in a telescope formed by a thin detector,
called ∆E (typically around 50 µm), and a thick one, called E detector
(or Eres , for residual energy).
The particle would pass through the thin ∆E detector, leaving part
of its energy, and then stop inside the thick E detector, leaving the
remaining of its energy. By plotting ∆E signal versus E signal (or
alternatively Etot = ∆E + E, when calibrated), one can see that detected particles with same M and Z will lie on the same hyperbole,
disregarding its energy, and there will be a different hiperbole for
each (M,Z) pair [81]. A typical E − ∆E spectrum can be seen on figure
26.
The choice of E − ∆E telescope detectors must take into account
what is going to be measured and at which energy ranges. Light particles tend to have low ionization and should require thicker E and ∆E
detectors. If the ∆E detector is not thick enough, the electrical signal
generated may be too low and may even be hindered by noise. If the
E detector is not thick enough, the particle may not stop inside the
detector. On the other hand, heavy or low energy particles generally
require thinner ∆E detectors, otherwise they may stop inside it.
It must be also considered that thin surface barrier detectors (like
the ∆Es) usually have worst energy resolution than thicker ones. This
is due to non-uniformities of the silicon foil originated in the
manufacturing process. Also, due to their low thickness, they have
high capacitance and are noisier than thicker ones.
Typically, the detection of light particles such as protons and
deuterons up to a few tens of MeV employs a set of 50 µm ∆E detector and 1000 µm or 2000 µm E detector, while for heavier particles
like lithium are used ∆E detectors of around 20 µm and E detectors
of 150 µm are usually enough.
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Figure 26: Example of a typical biparametric E − ∆E spectrum (not calibrated), showing the energy loss in the thin ∆E detector (ordinate
axis) as a function of the remaining energy of the detected particle
left on the thick E detector. This clearly evidence the identification
in mass and charge.

3.5.1.1 Calibration
The energy calibration of these kind of detectors is quite easy for
operation in the conditions of this experiment (light masses and low
energies [81]). The usual technique is to expose the detector3 to a
beam of ions of well known energies, in a way it loses all its energy
inside the detector. Measuring the digitized signal from the detector
registered by the computer (in channels) and relating it to the energy
of the particle, a calibration point can be obtained.
The ions can be provided by an accelerator or by a radioactive
source that emits ions, like alpha particles. In the case of this
experiment, an 241 Am source was used. This source emits alpha particles mainly of 5.486 MeV [82] (see picture 27).
Unless multiple different sources are available, a technique like this
can produce only one calibration point. More points are needed for a
proper calibration, mainly for linearity testing. A pulser can be used
to improve the calibration by verifying the linearity of the associated
amplifiers. To do this, the pulser is set to produce pulses with the
same amplitude as the detector while registering the event of an alpha
particle from the source. Then, the pulser can be set to produce pulses
3 As the calibration is the tuning of not just the detector itself but also of its associated
electronic devices, such as amplifiers, it is advisable that the calibration procedure
is done with the whole eletronic setup (see sec.3.5.4), with the same devices and at
identical conditions employed at the experiment.
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Figure 27: Energy spectrum of a radioactive 241 Am alpha source [82]. A
spectrum like this can be used to calibrate the detector relating
the position (in channels) of the measured peaks to their known
energies.

whose amplitude is multiplied by a known factor. Then, a wide region
can be calibrated.
When the detector is too thin, usually a ∆E of 6 20 µm, or when
the energy of the ions is high enough, the standard particles used in
calibration may not stop inside the detector, and the calibration using
this technique is usually not very precise. An alternative technique
is to calibrate both ∆E and E detectors together as one. For this is
necessary a relative calibration between them both, which can be done
using the channeling effect.
The energy loss as presented in equation 40 assumes that the material, and the stopping power consequently, is homogeneous and
isotropic. This is not true for crystalline materials such as the silicon
of the detectors. If one particle crosses the detector with its trajectory
paralel to a crystalline plane, it may suffer less collisions and interactions with atoms of the material, and the stopping power for it will
be much lower. This effect is called channeling [80, 78].
The thinner the detector, the higher is the probability of a particle
suffer channeling in it. This is why ∆E detectors are more likely to
present channeling. In practice, some few particles would lose less
energy in a ∆E detector but will lose the remaining in the E. So, for
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a monochromatic beam, it should be expected a few particles to be
registered with less ∆E energy and higher E energy than the majority.
This effect is evident in the E − ∆E spectrum by a characteristic
tail that emerges from a large yield peak but does not follow the
hiperbole for the corresponding (M,Z) pair (see 8 Li in picture 28.a).

Figure 28: Example of a typical biparametric E − ∆E spectrum, showing the
characteristic channeling tail that follows an intense peak, before
(a) and after (b) a proper calibration. The calibrated spectrum is
in function of the particle’s total energy Etot .

The difference between the peak and the tail is just how the total
energy of the particle was distributed among E or ∆E detectors, but
there should be no difference in the total energy itself. So, after a
proper calibration, both the peak and the tail should have the same
total energy Etot . In other words, the tail should be as vertical as
possible in a ∆E − Etot spectrum, as can be seen in picture 28.b.
The calibration proceedure in this case consists into finding the
optimized α factor4 in Etot = E + α · ∆E (in channels) that verticalizes the tail, making its centroid coincident to the centroid of the
peak in a ∆E − Etot spectrum.
This is a relative calibration that corrects the amplification gain difference between the E and ∆E signals. The second step is to properly
calibrate Etot in energy, using the reference energy of the ion beam.
The verticalization of the channeling tail from high intensity peaks
can also be used to verify the quality of a calibration made with other
methods.
4 Depending on the characteristics of the electronics used, a constant factor B summed
to the formula may also be necessary: Etot = B + E + α · ∆E.
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3.5.1.2

A solid angle is a
two-dimensional
angle in a
three-dimensional
space. It is a 3D
analog of the angle
between two
intersecting lines in
a 2D space.

Solid Angle and Effective Angle

Another important property of an E − ∆E detector when employed at
an experiment is its solid angle from the reaction point . It measures
the angular region covered by the detector from the target. If the
effective area of the detector is a and its distance from the center of
the target is d, the solid angle will be given by:
∆Ω =

a
d2

[Sr].

(42)

This equation is an approximation valid with error less than 1% for
solid angles smaller than 40 msr, which is much bigger than those
commonly used. The effective area is detemined by geometrical considerations, taking into account the detector’s active area and collimators that may be placed before the detector.
A large solid angle enables much more reaction products to be
detected, which is convenient as secondary beams are usually poor
in intensity. On the other hand, large solid angles may result in a loss
of energy resolution due to kinematic broadening, as a large interval
of zenithal angles is covered5 . This compromise must be taken into
account, and the design of solid angles envolves the distance from
the target and, mainly, the collimators placed in front of the detector.
Unless the beam is polarized, it is expected that the scattering
should have azimuthal symmetry, but not zenithal symmetry [83].
So collimators are usually rectangular, designed to restrain zenithal
angles but to take the maximum of detector’s active area at azimuthal
angles.
Usually, solid angles in experiments with secondary beams are in
the order of msr or a few tens of msr, larger than those with stable
primary beams, but rarely will exceed 25 msr.
At section 3.9.4 is shown the procedure and the criteria used in the
dimensioning of the detectors and the collimators employed in this
experiment.
As the solid angle in this kind of experiment is large, the angular
acceptance ∆θ of the detector is also large, and can reach up to 5◦ or
greater under some conditions. It means that the detector is effectively
integrating the angular distribution along the edges of the detector. If
the cross section σ(θ) rapidly varies with angle, as it happens for
example in Rutherford scattering (eq. 8), mainly at frontal angles, the
angle θ the detector is positioned in relation to the beam may not be
the prevailing angle inside the covered angular interval [71].

5 In a spherical reference system centered in the target in which the zenith is oriented
to the direction of the beam.
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In this case, the effective detection angle should be given by:
Rθ+
−

θeff = Rθθ+
θ−

σ(θ) θ dθ
σ(θ) dθ

, θ± = θ ± ∆θ/2

.

(43)

The code ribras.for [84] uses the Monte-Carlo method to calculate
θeff using the detector geometry, the shape of the cross section and
other experimental effects like angular straggling and divergence of
secondary beam.
3.5.2

Microchannel Plate Detector (MCP)

Time-of-flight (ToF) measurements are very useful in many fields in
nuclear physics, such as mass spectrometry, nuclear reactions, etc. [85,
86, 87]. At RIBRAS, as high purity radioactive beams are not always
available, ToF measurements help to discriminate overlapping reaction products that come from different beams, whether of
interest or contaminant. In other words, ToF helps to determinate
the ion beam that originated a specific event.
The ToF technique requires the beam to pass through two timing
detectors separated by a distance (usually some meters). The time difference between the registry of the ion’s transit by each detector gives
the time-of-flight of that ion. Presently, experiments at RIBRAS that
use this technique measure the ToF of the beams between the central
chamber and the main chamber. One timing signal is provided by
a Microchannel Plate Detector (MCP) placed in the central chamber,
while the other is provided by the fast signal of the Surface Barrier
Detector that registers the event in the main chamber. The distance
between the two detectors is about 3 m.
The MCP detector [88] consists of a set of glass sheets with cylindrical microchannels which, when subjected to a high voltage, have
the property of electron multiplication and, consequently, of amplification of a low intensity signal produced by the passage of a particle.
This type of detector is able to produce very fast pulses and is highly
indicated to ToF measurements.
The operating principle of the detector is simple: a beam particle
(contaminant or of interest) present in the secondary beam enters the
central chamber and passes through a thin foil of aluminized mylar (thickness of 0.18(2) mg/cm2 ) producing ionization. The foil and
the MCP are negatively polarized and the electrons generated in the
ionization of the foil are extracted and accelerated by an electric field.
Equipotential metallic plates are placed to make the electric field as
uniform as possible.
The electrons are deflected 180◦ from the beam’s direction by a
magnetic field perpendicular to the direction of motion and guided to
the center of an MCP, where a fast timing signal that marks the start
of the time-of-flight measurement will be produced. The magnetic
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field is generated by permanent magnets glued on two plates made
of soft iron, mounted on the sides of the detector.
The MCP detector registers the passing of a particle without
causing significant interference on its path, as the ionizing foil is
very thin and the electric and magnetic fields are weak enough to
manipulate just the electrons but not heavy ions. A scheme and a picture of the MCP setup are shown on figures 29 and 30, respectively.

Figure 29: Scheme of the MCP timing detector setup. The permanent magnets are not shown.

Figure 30: MCP timing detector setup, showing its main parts. The permanent magnets are not shown.

This MCP detector setup was recently developed and assembled
for its use at RIBRAS and is still undergoing improvements. The
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MCP employed is a double chevron [88] configuration manufactured by
Tectra (model MCP-25-D-R-A). By the completion of its assembly
in the beginning of 2013, the detector and its associated electronics
passed through performance tests with a radioactive 241 Am alpha
source (see fig.27) and a silicon detector. The goal of the measurements was to look for the optimal parameters of operation, such as
MCP operating voltage, magnetic field strength and configuration of
eletronic signal processing, to obtain the best efficiency and the best
possible resolution in time.
Efficiency tests were realized by placing the silicon detector right
after the exit window of the MCP setup, detecting the same alpha
particles that passed through the MCP’s ionizing foil. Timing resolution tests consisted of measuring the spread of the distribution of
time-of-flights of alpha particles between the MCP and the silicon
detector, at a fixed distance between them. An example of results of
such inquiries is shown on figure 31.

Figure 31: MCP’s performance dependance over polarization bias: detection
efficiency (a) and timing resolution (b). Tests performed with alpha particles (details in the text).
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Tests revealed an optimal performance around −2400V of polarization bias and 63G of magnetic field magnitude in the center of the
detector, with 87% of detection efficiency and ToF resolution of 2.6ns.
This resolution is enough to distinguish masses from almost any
secondary beam particle [87, 85]:
m =

2E
(T oF)2
D2

.

(44)

Together with the selection in magnetic rigidity (eq.38) by RIBRAS’
solenoids, it is possible to distinguish the different ions in the
incoming secondary beam, but not among ions of same mass with
slight differences in energy, for example, 8 Ligs and 8 Li∗1
(Eex = 0.9808 MeV [14]).
The resolution obtained is almost the best possible using a Silicon detector, which is considerably slower than a MCP. In order to
increase the resolution of ToF measurements, another MCP setup is
being planned to substitute the stop timing at the main chamber made
by a surface barrier detector. A ToF measurement made with a pair of
MCPs may reach resolutions in the order of hundreds of picoseconds.
In this experiment, the central chamber was not yet shielded against
the residual magnetic field from RIBRAS’ solenoids, which could
reach 26G. This is not negligible compared to the 63G magnetic field
from the MCP setup. Therefore, the residual field interfered in the
electrons path and many of them could not reach the MCP, reducing
considerably the detection efficiency to less than 1%, and not allowing low yield peaks in the spectrum (as reaction products usually are)
to be well characterized in time-of-flight.
For this reason, the MCP had a secondary role in this experiment.
The discrimination of overlapping reaction products from different
origins could not be done due to the low efficiency, but elastically
scattered ions from the beam are expected to appear in the detected
spectra in large quantities, enough to be characterized in ToF even
with the low efficiency of the detector. Thus, the MCP and the ToF
measurement helped to monitor the composition of the secondary
beam and its purity (see sec.3.6.1), mainly for those components that
could not pass the ∆E detector and had their identification hindered.

3.5 detection systems

3.5.3

47

Faraday Cup

As mentioned in section 3.4.1, the Faraday Cup [89] is placed right after the primary target and has the function of blocking the incoming
primary beam at the angular region of 0◦ and 2◦ from the target, preventing it to pass to the solenoids and interfere in experiments with
secondary beams. But it is not just a blocker, it is also an important
measurement device.
The Faraday Cup is a cylindrical tungsten device of 2.4 cm of
diameter and 10 cm in length, with a cylindrical hole of 1 cm of
diameter and 2 cm in length, where the beam enters (see figure 22).
The cup is insulated and grounded, with a picoammeter connected
to it. A charged ion beam, when absorbed by the cup, generates an
electrical current in it, which can be measured and serves as an indication of beam’s intensity. If this current is integrated over time, it
serves as a measurement of how many particles reached the cup, and
thus passed through the primary target.
To assure a precise current measurement, the cup has a metallic
ring right before the entrance hole, polarized at −200 V. It suppresses
the electron emission that occurs when the beam hits the tungsten,
leading to a wrong current measurement.
The picoammeter can measure beam currents in the Faraday Cup
from a minimum of 10−10 A, which is in the order of 108 particles/s.
Typical primary beam currents at RIBRAS are in the order of 10−7 A,
or 1011 particles/s.
How the measurements taken with the Faraday Cup are employed
is explained in section 3.6.
3.5.4

Electronics

Typically, the electronic line employed for a silicon surface barrier
detector is almost always the same. The signal generated by the detectors passes through a pre-amplifier, which decomposes the signal
in two components: one fast signal for timing purposes, and an amplitude signal, which carries the information about the energy deposited
in the detector.
The timing signal may be used as a gate. The gate is a logical trigger that opens the data acquisition system (DAQ) to receive new
events. To shape the pre-amplifier timing signal to be used as a gate,
it passes through a fast amplifier and is treated by a constant fraction
discriminator (CFD), which produces logical signals from the amplified analog signals. Then, the logical signal passes through a gate
generator, that streches the length of the logical signal to the amount
of time the DAQ should be open to new events.
If multiple detectors are used to open the gate, all the signals from
the CFDs have to pass through a coincidence unit (operating at OR

For more
information about
electronic signal
processing see
references [78, 80].

48

experimental procedure

mode), and just one signal should be sent to the gate generator. The
CFDs are also used to cut off random noises by not allowing voltage
signals to open the gate if a certain threshold is not satisfied.
The pre-amplifier enhances the amplitude of a signal at a certain
fixed gain, but it is not enough to be registered by the DAQ. The
amplitude signal must be properly amplified by a linear amplifier,
which allows the choice of the gain used and can be adjusted to the
configurations of the acquisition. The amplified signal is processed
by an Analog-to-digital converter (ADC), and the digitized signal is
registered by the DAQ if the gate is open.
However, as protons and deuterons are lightweight particles, any
attempt to measure them simultaneously with other heavier particles
such as alphas and lithium would entail a significant loss in energy
resolution in the proton and deuteron spectra. This is due to the low
gain of the amplifiers that would be needed to include the heavier
particles in the spectrum. To solve this issue, every amplitude signal
coming out of the pre-amplifiers was divided and passed through
two amplifiers with different gains, one with high gain for proton
and deuteron signals and one with low gain for the other particles.
Thus, it was possible to acquire spectra with good resolution for both
light and heavy particles simultaneously, as can be seen at figure 32.

Figure 32: E − ∆E spectra acquired simultaneously from the same detectors,
but passed through different amplification lines: (a) high gain to
favor light particles and (b) low gain to favor heavier particles.

The MCP produces only a timing signal, which is treated almost
in the same way as the timing signal of a silicon detector by passing
through a fast amplification and a CFD. The ToF measurement is
done through a time-to-amplitude converter (TAC), that receives the
signals from the CFDs of the MCP and of the silicon detectors and
generates a pulse whose amplitude is proportional to the time spent
between the two signals (start and stop).
Regardless the MCP signal should come first, as the particle passes
through it before it is absorbed by the silicon detector, the MCP signal
is delayed in about 250 ns and used as a stop signal to the TAC, while
the silicon detector is used as start. It is done this way because the

3.5 detection systems

MCP receives much more particles than the silicon detector. While
through the MCP passes the entire secondary beam focused in the
central chamber, the silicon detector will absorb just those particles
scattered at a narrow solid angle in the main chamber. The MCP is
usually full of events that would overload the TAC and many useful
events may be lost. By using the silicon detector as the start, just the
useful MCP events are selected.
The primary beam hitting the Faraday cup generates an electrical current which is integrated by a digital current integrator. This
module generates a logical pulse everytime the integrated current
reaches a charge threshold (e.g one pulse each 10−10 C). This signal
is treated by a single channel analyzer or by a gate generator (for
pulse shaping), and then a scaler counts the number of pulses in that
acquisition run.
The data acquisition system used was a CAMAC-USB module [90],
which is a crate controller with built-in ADC modules that interfaces to a computer through the USB port. It uses the CAMAC standard (Computer Automated Measurement and Control) for data acquisition and control [80]. The acquisition software used was the
SPM-Root [91], responsible for the communication with the
CAMAC-USB module and to record the data in the computer, event
by event.
In figure 33 is presented a scheme of the electronics employed in
this experiment.

49

50

experimental procedure

Figure 33: Scheme of the electronics employed in the experiment.
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As mentioned in section 3.4, the 8 Li beam is produced at RIBRAS
through the transfer reaction 9 Be(7 Li,8 Li)8 Be (Q = 0.367 MeV) by
a 7 Li beam provided by Pelletron accelerator hitting a primary 9 Be
target (thickness of 17.4(3) µm). The beam is then focused in the
central and main chambers following the focalization curves (figure
25).
Quality parameters of the secondary beam, such as beam energy,
resolution, intensity, purity and presence of certain contaminants, must
be measured and optimized in both central and main chambers to
evaluate if it fits to the specific requirements of the experiment. It is
usually done with a single E − ∆E detector (called monitor) in two
variations:
1. Placement of the monitor detector at frontal angles to measure
scattered particles from the beam in a high Z target, usually
made of gold, placed in the center of the chamber. The measurement in this case is indirect, as the monitor detects the
Rutherford scattered particles from the beam that arrives into
the target. However, it can measure any of the quality parameters quite well upon a transformation considering the scattering,
the energy loss and the straggling in the target. It is the prefered
way to measure beam intensity during experiments (see below).
When made at the same chamber where the experiment will
take place, the most frontal E − ∆E detector prepared for the
experience is used as monitor.
2. Placement of the monitor detector right in the center of the
chamber, commonly on the target holder, facing the incoming
beam. It measures the beam directly, being prefered to measure
aspects like energy, resolution and purity; but not intensity at
full experimental operation, as in this case the primary beam
intensity must be reduced to the minimum (1 to 5 nA of primary 7 Li) to avoid damage in the detectors while absorbing
direct secondary beam. It is the only way to make this measurement in the central chamber if the MCP is in use, as it occupies
almost all the space available for placing detectors in this chamber. If the beam spot is large, or the detector is not exactly in
the crossover point, the intensity is underestimated.
The optimization, mainly of beam intensity, is done through the
fine adjustment of the electrical current in the solenoids or through
slight variations in the primary beam energy. Changing beam’s
energy is way faster and more practical than changing solenoid’s
currents, so it is usually the preferred method. Commonly, but not
necessarily, the beam is optimized in the central chamber through
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slight variations in the beam’s energy, then passed to the main chamber and optimized through the variation of the second solenoid’s current.
The following qualities must be optimized according to the experience. Generally, high beam intensities are always desired when
dealing with radioactive beams. In the case of this experiment, purity
is more important than energy resolution of the incident beam. Some
contaminants, like 7 Li, may produce reactions in the secondary target
whose products are the same as those produced by the reactions of
interest. Meanwhile, the thick target method (see section 3.8) is not
sensitive to a poor energy resolution of the incident secondary beam.
Each beam quality trait in this experiment is discussed in detail
below.
3.6.1

Purity and Contaminants

The most common contaminants present when dealing with 8 Li beam
at RIBRAS are: 7 Li, 8 Li*, 4 He , 6 He , triton, deuteron and proton.
Almost all of them are byproducts of reactions at the primary target
and lose energy by scattering on the Faraday Cup and on slits and
collimators, presenting a continuous energy distribution. They are
focused with the 8 Li beam due to a match on their magnetic rigidity
(see eq. 39). Typical contaminants of 8 Li secondary beam and their
expected energies are sumarized in table 3.
Table 3: Common contaminants present with 8 Li beam and their expected
energies relative to 8 Li ’s energy (in MeV).

contaminant beam

energy

8 Li*

E8 Li − 0.98

7 Li+3

(prim.)

∼ 1.055 · E8 Li

7 Li+2

0.508 · E8 Li

4 He

0.889 · E8 Li

6 He

0.593 · E8 Li

3H

0.296 · E8 Li

2H

0.444 · E8 Li

1H

0.889 · E8 Li

†

† - Based on energy loss calculations for the primary beam and not on Bρ matching.
Valid only for this experiment.

Specialy, 8 Li* is produced together with 8 Li in the primary target
but in its first excited state (Eex = 0.9808 MeV), after its decay it has
about 1 MeV less kinetic energy than the main 8 Li beam, produced
at ground state. As their energies are very close, and so are their
magnetic rigidities, they are usually focused together. A careful op-
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timization may eliminate the 8 Li* with little loss in intensity of the
main 8 Li beam, if desired.
7 Li is particularly a problem in this experiment because of the reactions 12 C(7 Li,α)15 N and p(7 Li,p)7 Li that may occur in the
secondary target and result in undesirable alpha particles and protons in the spectrum [41]. The expected 7 Li beam comes from two
different sources. One, with charge state of +3, is the scattered primary beam in the primary target. Even if it does not have the same
magnetic rigidity as the 8 Li to be focused together, the intensity of the
primary beam is so high that a considerable amount of 7 Li particles
manages to reach the scattering chambers. The other source of 7 Li
contamination is the degraded primary beam that suffers multiple
scattering on slits, blockers and collimators present inside the beamline. They may present a broad energy spectrum and charge states.
Those with +2 charge state and inside a certain energy window may
match the 8 Li ’s magnetic rigidity.
Purity can be enhanced through fine adjustments of solenoid current or beam energy, but some pre-experiment procedures may help
achieving a much better purity. The placement of beam blockers and
collimators in certain places of RIBRAS beamline may help to eliminate some contaminants without losses in the beam of interest, increasing the purity. As discussed in section 3.4, the use of energy
degraders may also help the purity. At figure 34 are shown simulated
tracks along RIBRAS’ beamline for 8 Li and two contaminants, showing how these devices act on purity.
The use of a polyethylene degrader of 5.2(6) mg/cm2 helped the
8 Li beam to achieve a purity of 99.1% in this experiment, against 65%
without the degrader, as can be seen in figure 35. Although this is of
great advantage, 100% of purity is not attainable and contaminants
will show up, mainly at high exposure spectra.
As mentioned in sec. 3.5.2, in some cases beam purity could not be
fully evaluated through the monitor silicon detectors as some species
could not pass through the ∆E layer. So the ToF measurement helped
in those cases. An example can be seen at figure 36.
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Figure 34: Particle tracks along RIBRAS’ beamline simulated by the code
sol-focus (appendix B). (a) 8 Li secondary beam, properly focused on secondary target (green block at main chamber). (b)
Deuteron contaminant beam, focused with 8 Li in the central
chamber but hitting a collimator instead of the secondary target, exemplifying the effect of an energy degrader (red block at
central chamber) on changing the contamint’s Bρ. (c) 7 Li from
primary beam hitting a blocker.

Figure 35: Spectra taken at main chamber with the secondary beam scattered in a gold target, (a) without the use of a degrader in central
chamber and (b) with the degrader, pointing to its purifying properties.
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Figure 36: ToF x energy spectrum, showing
optimized situation.

3.6.2

8 Li

beam purity in a non-

Resolution and Intensity

Energy resolution and intensity of secondary beams are closely related to the production process occuring in the primary target.
Obviously, the higher the intensity of the primary beam, higher is
the intensity of the secondary beam. Also, a monochromatic primary
beam will favor a better energy resolution on the secondary beam.
Depending on the case, a more energetic primary beam will also increase the reaction cross section between primary beam and target,
thus producing more secondary particles.
But the primary target puts resolution and intensity into a compromise. Thicker the target, more nuclei per unit area, more primary
reactions can occur, and so more intense the secondary beam can be,
but also greater is the energy straggling, worsening the resolution.
Other processes along the beamline may also interfere in these parameters. Some substantial loss in intensity is verified in the beam
transport from one chamber to another. The intensity of 8 Li at the
main chamber was measured to be 52% of the intensity at the central
chamber, although this number may vary considerably according to
the experiment. The use of an energy degrader also affects the resolution and may cause some loss in intensity due to the worse beam
emittance caused by the straggling.
As the energy resolution was no concern (see sec. 3.8), the 8 Li beam
intensity was taken as priority after purity. A relatively thicker 9 Be
primary target was used, 17.4(3) µm compared to ∼12 µm of most
experiments with 8 Li at RIBRAS. In this experiment, a mix of 8 Li
and 8 Li* was allowed in order to have the maximum intensity of 8 Li
beam reaching the secondary target. This mix would not be allowed
in a typical nuclear reaction experiment.
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In figure 37 are shown the energy profiles of the employed 8 Li
beam during the experiment, at two energies, making clear the mix of
8 Li at ground and excited states. They were measured as the scattered
beam in a gold foil positioned as secondary target in the center of the
main chamber. The profiles are shown already transformed to what
they should look before passing through the secondary target.

Figure 37: 8 Li beam energy profile at main chamber at two situations during
the experiment. Average energies:(a) 15.9 MeV and (b) 18.7 MeV.

q is the charge state
of the ion (+3 for
7 Li) and e is the
elementary charge:
+1.60218 · 10–19 C.

At any nuclear physics experiment, the measurement of beam intensity is an important requirement, mainly for normalization of cross
section data. Though, the measurement of the intensity of secondary
beams is a difficult task. They are not intense enough to be measured
through electrical methods, such as Faraday Cups, but are too intense
to be measured directly through single event detectors such as surface
barrier detectors.
The method curently employed at RIBRAS experiments is an indirect measurement through the intensity of the primary beam. This
method is detailed as follows.
The primary beam is stopped by the Faraday Cup after passing
through the primary target. The Faraday Cup measures the beam
current and integrates it over time (sec. 3.5.3). As almost every particle
that reaches the cup is from the primary beam, 7 Li in this case, it is
easy to determine from the integrated charge QFC the number N7 Li
of particles that passed through the primary target over that time:
N7 Li =

QFC
= 2.08 · QFC [C] · 108
q·e

.

(45)

It is assumed that the amount of particles of secondary beam (N8 Li )
that reaches the secondary target is directly proportional to the amount
of particles of primary beam (N7 Li ) that reaches the primary target,
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at the same period of time, at same conditions. So, it defines the production efficiency of 8 Li as:
 =

N8 Li
N7 Li

.

(46)

If the experimental conditions are the same, it would be enough to
measure the production efficiency once or a few times during the experiment and use the integrated charge at the Faraday Cup to obtain
the N8 Li for the whole experiment. This is said because the method
employed to measure  requires a brief stop in the experiment.
In this technique, the secondary beam is briefly measured with a
gold target in which Rutherford scattering (see sec. 2.2.1) is dominant. As the differential cross section is well known (eq.8), the number of incident particles N8 Li can be obtained from the experimental
differential cross section. The method for obtain the experimental differential cross section is carefully presented in section 4.1, in special
at equation 48 and related explanations.
Gold is chemicaly inert and has high Z. The Coulomb barrier for
the system 8 Li + 197 Au is 36.38 MeV (37.86 MeV at laboratory system). The gold foil used had thickness of 5.0(2) mg/cm2 . Figure 38
shows measurements evidencing the Rutherford behavior of the elastic scattering of 8 Li on 197 Au at energies around those used at this
experiment.

Figure 38: Typical angular distribution of the elastic scattering of 8 Li on
197 Au at E(8 Li)
lab = 19 MeV [55].

Here is a brief resume of the technique employed to measure the
intensity of secondary beams:
After beam optimization and before starting the experiment with
the desired secondary target, a gold target is placed to scatter the
secondary beam particles for a short period. Using the number of detected scattered 8 Li particles, the number of incident particles (N8 Li )
that reached the target during this period can be calculated through
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equation 48 and assuming the cross section to be Rutherford (equation 8). It is important to note that the Rutherford cross section should
be calculated using the effective detection angle (eq. 43) and in the
center-of-mass frame (appendix A).
The production efficiency (eq.46) is then calculated using N7 Li obtained through the integrated primary beam’s charge (eq.45). The
target of interest (in this case, (CH2 )n ) is placed in front of the
secondary beam and the experiment begins, assuming that the production efficiency will be the same along the experiment and beam
intensity can be calculated at any time through the integrated charge
QFC and equations 46 and 45.
Every time the experimental conditions are changed, like beam
energy or beam refocalization, this procedure must be repeated. It
is also common to repeat it periodicaly during the experiment, even
without the change of conditions, just to monitor if the production
efficiency remains constant.
3.6.3

Focusing

In the scattering chambers, the secondary beam must be well focused
on degraders or the secondary target, which have a target frame of
2 cm of diameter. If part of the beam reaches the detectors without
passing through the target, the spectrum may be severely contaminated. For this it is very important to measure how good is the focusing of the secondary beam in both chambers.
To measure the focusing quality, a Position Sensitive Detector (PSD)
[92] was installed on the target holders, centralized so its center
coincides with the geometrical center of the chamber. This detector
is a surface barrier detector with a resistive layer on its back that
enables it to record also the position where the particle has reached in
its active area, which is about 3 cm x 0.8 cm. To perform the position
calibration, a mask, with slits 2 mm wide spaced by 2 mm, was attached right in front of the detector. The PSD was placed with its
position sensitive axis in the horizontal direction.
In each chamber, the 8 Li was optimized and had its intensity reduced in order to not damage the PSD. The spectra taken with the
PSD for each chamber can be viewed at figures 39.a and 40.a. The
spatial distribution of the 8 Li beam, extracted from the PSD spectra, can be viewed at figures 39.b (central chamber) and 40.b (main
chamber). The spatial distribution spectra are in relative position, so
0.5 means the center of the detector and, consequently, the center of
the chamber. The calibration is done through the shadow of the mask
present in the spectra.
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Figure 39: Focusing quality analysis for 8 Li beam at central chamber. (a)
PSD spectra, emphasizing the 8 Li . (b) Spatial distribution spectra
of 8 Li, extracted from the PSD spectra. The grey strips correspond
to the masks put in front of the PSD, each strip is 2 mm wide.

Figure 40: Focusing quality analysis for 8 Li beam at the main chamber. (a)
PSD spectra, emphasizing the 8 Li . (b) Spatial distribution spectra
of 8 Li, extracted from the PSD spectra. The grey strips correspond
to the masks put in front of the PSD, each strip is 2 mm wide.

As can be seen, the 8 Li beam is very well focused in the center
of both chambers in the horizontal direction, as in both cases the
spatial distribution of the beam is centered at 0.5. The width of these
distributions are also good enough to fit the target frames of 2 cm in
diameter. At central chamber, this width was 0.45 cm, while at main
chamber it was 0.70 cm (both FWHM - full width at half maximum).
As the secondary beam is selected from a angular region of 2◦ to
6◦ after the primary target, it is also important to consider that it is
going to arrive at the secondary target also with a certain non-zero
angle. From simulations on the beam transport (see SolFocus [93]
at ap. B), the expected impinging angles range from 1.6◦ to 4.8◦ .
Thus, detectors at foward angles must be carefully placed to avoid
this angular region in their active areas.
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3.7

NAv is the
Avogadro’s number:
6.022 · 1023 .

target characterization

The measurement of target thickness is important because it is related
to two processes occuring inside the target: the energy loss of a particle crossing the target, and the number of nuclei present in the target
available for nuclear reactions.
There are two common units for target thickness. One is effectively
a length measurement, usually in µm or in cm, while the other is
an areal density, commonly mg/cm2 or µg/cm2 . Both can be used
according to convenience.
One important parameter that is derived from the thickness is the
number of atoms per unit area Ntarg . It is easier if calculated with
units in areal density format. For a target made of atoms with atomic
mass A and thickness x in mg/cm2 , Ntarg is given by:
Ntarg =

x
· NAv · 10−3
A

[nuclei/cm2 ].

(47)

Another useful unit for Ntarg is nuclei/mb. The convertion from
nuclei/cm2 to nuclei/mb is done through a multiplication of Ntarg
by 10−27 .
The targets employed at experiments must be very well characterized, but each target has its own peculiarities that impose restrictions
to the characterization.
3.7.1

9 Be

, 197 Au and C targets

Among the targets employed at this experiment, a 9 Be foil used as
primary target and a 197 Au foil used for data normalization (see
sec.3.6.2). The gold target was manufactured locally at the Pelletron
Laboratory by the lamination of a pure gold sample [94]. Beryllium
is highly toxic and cannot be manufactured locally, the target was
purchased already in metallic foils.
The method of thickness measurement of these targets is easy. It
consists in the bombarding of target with alpha particles from a source,
like 241 Am (see fig.27), and detecting them with a previously
calibrated silicon detector, measuring the energy the particles acquire
after passing through the target. The algorithm stopx (see appendix
B) is then used to calculate the thickness of the material of the target
needed to make an alpha particle of 5.486 MeV lose the measured
amount of energy. This method is valid for homogeneus targets.
The thickness of 197 Au target was measured in 5.0(2) mg/cm2 and
the 9 Be target in 17.4(3) µm.
A natural carbon target was also used to measure the contribution
of 8 Li + 12,13 C reactions, since the secondary target employed also
contains carbon (see sec.3.9.6). This target was purchased already in
foils of 15 mg/cm2 .
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3.7.2

Polyethylene targets

This experiment employed two targets made of polyethylene
((CH2 )n ), a hydrogen-rich plastic [95]. One was used as secondary
target and the other as energy degrader. Polyethylene was choosen
as it is a solid and accessible material with high concentration of hydrogen, and because gaseus secondary target systems are still in implementation at RIBRAS and hydrogen gas is more expensive, more
difficult to handle, and dangerous due to its high flammability. Moreover, gaseous targets have much less atoms per cm2 and require high
intensity beams.
Polyethylene is widely used in several industrial applications and
the targets were purchased as a commercially available low density
polyethylene film.
The thickness of these targets cannot be measured in the same way
as described before, as alpha particles from the 241 Am radioactive
source are expected to stop inside the material. An easy alternative is
to weigh the films in a precision scale, and divide the masses by their
area, giving thickness in areal density format.
The film employed as secondary target was 7.7(8) mg/cm2 , while
the one employed as energy degrader was 5.2(6) mg/cm2 . Even though
they are sections of the same plastic foil, the targets do not have the
same thickness due to a non-uniformity of the plastic. The roughness
is noted in picture 41, where a microscopic photo of the surface of the
film is shown.

Figure 41: Microscopic photo of the surface of the (CH2 )n target employed
in the experiment, showing its roughness.
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The weighing proceedure cannot evaluate quantitatively the roughness in a microscopic scale. To do this, the targets were sliced in
several cuts after the experiment and the transversal sections of the
targets were analyzed through a microscope (fig. 42.a). The pictures
taken were used to define the thickness profile of the cuts (fig. 42.b).

Figure 42: Thickness measurements of the (CH2 )n secondary target. (a) Microscopic photo of a transversal cut of the target. (b) Thickness
profile extracted from multiple photos of one cut, red dashed line
marks the average.

The thickness profiles of the several cuts were summed up, and
a thickness histogram could be done, as seen in figure 43. The distributions are perfectly gaussians, and the average thickness of the
targets were evaluated in 85.6 µm (secondary target) and in 61.2 µm
(degrader). The width of the distributions, as a standard deviation,
were measured as 9.8% of the average thickness.
The density obtained through the average thickness and the weighing is compatible with the density found in the literature for low
density polyethylene (0.91 − 0.94 g/cm3 ) [95].
The number of scattering atoms per unit area, Ntarg , may be calculated in the same way for the (CH2 )n targets, but it is not useful
in the thick target method. A way to calculate Ntarg in the context of
this method is described in section 4.1.

3.8 thick target method

63

Figure 43: Distribution of thickness measurements of the (CH2 )n secondary
target, with gaussian fit.

3.8

thick target method

The usual technique to measure excitation functions is by using a thin
target and varying the beam energy in small steps. This process is
very time consuming, mainly at experiments using radioctive beams,
in which the beam intensity is low. The inverse kinematics thick target
method (TTIK), or just thick target method, is a powerful method to perform resonant scattering reactions, enabling the efficient population
of a whole excitation function at a single bombarding energy.
In this method, the target acts also as a beam stopper. As the
beam is slowing down inside the target, reactions are induced in a
continuous range of energies, from the initial beam energy to zero. If
the target material is more transparent to the reaction products than
to the beam (see eq. 41), the products can leave the target and reach
the detector. Therefore, the excitation function in this energy range,
including the resonances that may be present in it, will be directly reproduced in the energy spectrum of the ejectiles. In figure 44 is shown
a scheme of the TTIK method applied to the 8 Li + p experiment.
A great advantage of the TTIK method, in the case of light ejectiles
(like protons, deuterons and alphas), is the good energy resolution of
the excitation function, even if the beam has a large energy spread
(like the ones seen at figure 37). Beam particles with slightly different
energies will produce the same reaction at the same excitation energy
at different points inside the target, but the reaction products will
arrive at the detector with practically the same energy. This is also
discussed at section 3.9, where are presented the results of simulations regarding this issue.

For more
information about
this method, see
references [96, 97,
98, 99, 83, 100].
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Figure 44: Illustrative scheme of the thick target method applied to the experiment.

This method must fit some requirements:
1. As mentioned, the reaction products must be lighter and lose
less energy in the target than the beam in order to leave the
target and reach the detector. As the elastic channel is highly
important and the most explored through this method, the experiment operated in inverse kinematics (see appendix A). Thus,
the reaction products are emitted in foward angles (backward
angles at center-of-mass frame).
2. The target thickness and the beam energy are in a compromise.
If the beam is so energetic that it passes through the target, the
method is still valid but the excitation function will be populated only in the energy range in which the beam is inside
the target, it will not exploit the full potential of the method.
On the other hand, if the target is so thick that the reaction
products lose much energy in the target, the energy resolution of the ejectiles can be spoiled. A good rule of thumb for
designing the energy-thickness relation in the TTIK method is
to use the bombarding energy which makes the beam to stop
close to the rear surface of the target, using almost it whole.
3. The stopping power of the beam and reaction products in the
target must be well known. To transform the detected energy
spectrum to excitation function at center-of-mass reference, it is
needed to take into account not only the reaction kinematics but
also that the process involves many steps of energy loss inside
the target, both for beam (from the beginning to the reaction
point) and products (from the reaction point to target end). A
more detailed description of these transformations is shown in
section 3.9.

3.9 experiment planning

The data analysis in this kind of method is not trivial and many
particular considerations must be done, mainly on modifications in
the differential cross section formula. These details will be discussed
in section 4.1. Also, many aspects regarding the planning and the
execution of an experiment using this specific method are presented
in section 3.9.
3.9

experiment planning

The goal of this work is to revisit, upgrade and extend the work on
high lying resonances of 9 Be around the 8 Li + proton threshold done
through the measurement of the alpha decay channel by [41]. This
work aims the measurement of the same excitation function for the
alpha and other decay channels, like proton and deuteron, with an
improved experimental setup at RIBRAS System.
3.9.1

Feasibility and Priorities

Although the experience acquired in the previous work helps in a
new measurement of the alpha channel, it is important to study the
feasibility of the measurement of the proton and deuteron channels.
There is a tremendous difference in the experimental complexity
between the measurement of these channels. The 8 Li(p,α) reaction
has a high Q value: +14.42 MeV and the high energy alpha ejectiles
are easily detected even in the presence of contaminant beams. On
the other hand, as the proton channel is an elastic scattering and thus
the reaction has Q = 0, the protons may lie in a region flooded with
contaminants, this is why a high purity beam is desired. The 8 Li(p,d)
reaction has also a very low Q value: +0.19 MeV, thus the measurement of the deuteron channel should experience similar problems.
The low masses and charge of protons and deuterons also impose
some detection restrictions.
The excitation function of the previous work on 8 Li(p,α) was measured between Ecm = 0.2 and 2.1 MeV. The spectroscopic parameters
(resonance energies, widths, spins and parities) obtained with this
work were used to perform a R-matrix calculation on how would the
excitation function look if measured in the proton channel. The result
is exhibited at figure 45. The deuteron channel was not considered in
the previous study.
The proton spectra is expected to have a high background due to
the purely Rutherford elastic component. So, low yield resonances in
the compound nucleus, mainly at low energy regions (see eq. 8), may
require high statistics to be well described.
As can be noted, the resonance at Er = 0.4 MeV is almost not
noticeable in the R-Matrix prediction and the resonance at Er = 0.6
MeV rises only 6% from the baseline. Moreover, these resonances are
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Figure 45: R-matrix prediction of 8 Li(p,p) differential cross section at θlab =
10◦ based on data of the previous work on 8 Li(p,α) [41], shown
at table 1.

relatively well described in the literature and the results obtained in
the previous 8 Li(p,α) study are in good agreement with it (see table
1).
The priority should be given to the resonances in the upper part
of the excitation function, which are not so well described and are
probably easier to be measured.
3.9.2

The relation between
the center-of-mass
energy and the
laboratory energy in
this experiment is
given by
Ecm = E(8 Li)/9
(see eq. 61 at ap. A).

Beam Requirements

The experiment was performed at two bombarding energies:
E(8 Li) = 18.7 MeV and E(8 Li) = 15.9 MeV. See the measured beam
energy distributions presented at figure 37.
The bombarding energy of E(8 Li) = 18.7 MeV is enough to measure
the excitation function up to Ecm = 2.1 MeV, and populate the 9 Be
resonances between the proton threshold (16.888 MeV) and 19.0 MeV.
If the bombarding energy is decreased by a small factor, the part
of the excitation function that remain in the energy range kinematically allowed should experience almost no alteration. But possible
contaminants should appear at lower energies in the spectrum due to
the change in the magnetic rigidity selection6 (eq.38). So, to uncover
regions of the spectra hidden by contaminants at the
E(8 Li) = 18.7 MeV bombarding energy, the experiment was also performed at E(8 Li) = 15.9 MeV (Ecm = 1.77 MeV).
These energies are almost perfectly suitable for the employed target
to exploit the full potential of the method, as explained at section 3.8.
6 This phenomenon can be verified at figure 3 of [41].

3.9 experiment planning

It is demonstrated on figure 46, where are depicted the results of
simulations done for the loss of energy of 8 Li beam inside a (CH2 )n
thick target. The simulations used the measured energy distributions
shown at figure 37.

Figure 46: Simulations for 8 Li energy (and equivalent center-of-mass reaction energy for 8 Li + p) in function of (CH2 )n target depth for
both 8 Li bombarding energies employed.

The primary beam energies used were E(7 Li)prim = 27.8 MeV
for the highest 8 Li energy and E(7 Li)prim = 25.9 MeV for the lowest. These primary energies are achievable at Pelletron Laboratory
through VT = 6.93 and 6.45 MV, respectively (eq.34).
The calculations done to achieve the primary and secondary beam
energies were made through the program CineRIBRAS [93], a MonteCarlo algorithm which takes into account the processes, like energy
loss, reactions, straggling, etc. occuring at each element that
influences the beam, like primary target, energy degraders, detectors,
etc. See appendix B for a detailed description.
3.9.3

Reaction Products

It is also convenient to know what to expect from the possible reaction products. From the calculations done by CineRIBRAS it is easy
to extract the resultant energy of the reaction products when they
emerge from the target. In figure 47 are shown the energies of detected protons, deuterons and alphas as function of the 8 Li energy
(or center-of-mass energy at reaction). These curves are also essential
to the conversion of the detected energy spectra into the excitation
functions (see sec.4.1). Unlike figure 46, only the average values that
resulted from the Monte-Carlo simulation are depicted.
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Figure 47: Conversion curves for the energy of reaction products – proton
(a), deuteron (b) and alpha (c) – right after emerging from the
(CH2 )n target in function of the correspondent 8 Li energy (and
equivalent center-of-mass energy for 8 Li + p) for both 8 Li bombarding energies employed.

3.9 experiment planning

As can be seen, due to the high Q value of the 8 Li(p,α) reaction,
alphas are expected to be highly energetic, ranging from 5 to 32
MeV. However, part of this spectrum is expected to be covered by
contaminant alphas. According to table 3, the contaminant alpha
beam that went through the second solenoid has energy of
E(4 He)cont = 16.6 MeV for the highest 8 Li energy and
E(4 He)cont = 14.3 MeV for the lowest. After losing energy in the
target, these contaminants should have energies of 13.1 MeV and 9.9
MeV, respectively. It means that the excitation function should be measured from Ecm = 0.15 or 0.3 MeV, depending on the bombarding
energy, to 2.15 MeV (see the conversion curves in figure 47). Detection
limitations and contaminant reactions could constrain even more the
range of the measurable excitation function, but it will be discussed
at chapter 4.
On the other hand, protons ejected from the elastic 8 Li(p,p) reaction
at foward angles have low energies, between 0 to 7 MeV. Part of the
excitation function is lost as their protons also stop inside the target.
It can be seen in figure 47.a, where the protons able to emerge from
the target are those produced at energies higher than Ecm = 0.4 or
0.5 MeV, depending on the bombarding energy7 . This fact already
limits the energy range of the measurable excitation function, making
the resonance at Er = 0.4 MeV definitely impossible to be measured
in this decay channel. The detected deuterons from 8 Li(p,d) reaction
behave very similarly to the protons, ranging from 0 to 9.7 MeV.
This is not the only limitation on the measurement of proton and
deuteron channels. Particles of low energy (. 3.0 MeV) may not be
able to cross the Si ∆E detector in a E − ∆E telescope. As mentioned
in section 3.5.1, a Si ∆E detector of 50 µm is indicated for proton
measurements, since thinner than this severely impaires the ∆E resolution.
Two sets of silicon ∆E detectors were available: 20 µm and 50 µm.
According to calculations using the program stopx (ap.B), protons
would be able to cross ∆E detectors of 20 and 50 µm with energies
larger than 1.1 and 2.0 MeV, respectively. In other words, using ∆E
detectors of 20 and 50 µm, the excitation function could be measured
from Ecm ' 0.6 MeV and 0.8 MeV, respectively.
It means that, with a 20 µm ∆E detector and favorable conditions,
it could be possible to measure the resonance around Er = 0.6 MeV
in the proton channel.
For deuterons, the detectors are a bit more restrictive. Deuterons
would be able to cross a ∆E detector of 50 µm from a minimum of
2.6 MeV (Ecm = 0.85 MeV), and a ∆E detector of 20 µm from 1.4 MeV
(Ecm = 0.62 MeV).
7 The curve shown at figure 47.a is an average of several calculations considering
the energy spread of the beam and the target thickness. So it is possible that some
protons produced at energies lower than those mentioned manage to come out of
the target.
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Fortunately, contaminant protons with the same magnetic rigidity
as the 8 Li beam are expected to be highly energetic and would not interfere in the measured proton spectrum from 8 Li(p,p) reaction. They
are also easily eliminated with the use of a degrader. However, contaminations in the proton spectra may appear due to other sources.
Meanwhile, contaminant deuterons are expected to be much lower
energetic than contaminant protons and should cover the regions
around Ecm = 1.5 MeV and 1.8 MeV of the excitation function,
respectively for the lowest and highest incident beam energies. The
use of two bombarding energies should be of extreme importance to
clean up the spectrum from the contaminant deuteron peak.
3.9.4

Detector Dimensioning

This experiment did not aim to measure angular distributions, thus
one E − ∆E telescope is sufficient to properly measure the excitation
function. The E silicon detector chosen was one of 1000 µm, that
should be thick enough to stop every expected reaction product. For
the ∆E detector, the plan was to measure very well the more energetic part of the excitation function using a ∆E detector of 50 µm. If
desired, the detector could also be changed to one of 20 µm in an
attempt to measure the resonance around 0.6 MeV.
As this measurement is done in inverse kinematics, the detector
should be placed at frontal angles. But it also should avoid the angular region from 0 to 6◦ in which direct secondary beam may be
present8 (see sec. 3.6.3). The chosen angle was θlab = 10◦ , a frontal
yet safe angle to avoid the direct secondary beam. It is also close to
the angle employed at the previous 8 Li(p,α) experiment, 13.5◦ [41].
The entrance of the E − ∆E set was placed at 85(2) mm from the center of the target. a cylindrical blocker of 6 cm was placed right in front
of the detector to ensure that only particles that passed through the
target could reach the detector9 . Rectangular collimators were placed
at both ends of the cylindrical one to constrain the angular aperture.
The most restrictive one, right in front of the detector’s active area,
had 15.0 x 6.0 mm.
These geometrical considerations define the solid angle of the detector: ∆Ω = 12.5(3) msr (eq.42), and the total angular aperture: 4◦ . The
calculated effective detection angle (eq.43) in the laboratory frame for
the given geometry and Rutherford scattering is θeff = 8.5(5)◦ .

8 Even if the 8 Li beam stops inside the (CH2 )n target, light contaminants may cross
it and reach the telescope if it is positioned at θlab . 6◦ . Moreover, measurements
with 197 Au target were also performed, and even the 8 Li is able to cross this target
at the bombarding energies employed.
9 A more clear picture of how this blocker was placed can be found at fig. 49 at sec.
3.10.

3.9 experiment planning

3.9.5

Energy Resolution

Note from picture 46 that the only difference between the ejectiles
produced at the same reaction energy but by different bombarding
8 Li energies is the location of the reaction inside the target and, thus,
that they have to cross different amounts of target material before
emerging (about 1.8 mg/cm2 more for those with E(8 Li) = 15.9 MeV
in average). This is why the curves are so close to each other in figure
47.
This gives rise to the fact that even with a secondary beam of poor
energy resolution, the TTIK method ends up resulting in a remarkably good energy resolution in the final spectra.
In figure 48 are shown calculations based on simulated data on the
resolution of the final excitation function as a function of the detected
energy of the reaction products.

Figure 48: Simulated dispersion (in standard deviation) of the energy of 8 Li
beam at the reaction point in function of the detectable energy of
the products: (a) alphas, (b) protons and (c) deuterons, for bombarding energy of E(8 Li) = 18.7 MeV.

As can be seen, the worst resolution for both protons and deuterons
is around ∆Ecm = 25 keV, which is enough to unravel any structure
present at the R-matrix prediction at figure 45 in the case of protons.
In the case of alphas, the worst resolution is around ∆Ecm = 17 keV.
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3.9.6

Influence of Contaminant Carbon

One important issue regarding the use of a composite target is about
the influence of the other components in the final spectra. Could
reactions from the interaction 8 Li + 12 C result in protons or alphas at
the same expected energy region?
The reaction 12 C(8 Li,α)16 N [41] also has a high Q value:
+12.838 MeV. The alphas that reach the detector would range up to
30.5 MeV at θlab = 10◦ , almost the same as the relevant alphas.
However, at the previous 8 Li(p,α) experiment, a measurement with
a thick natural carbon target (15 mg/cm2 ) was done to evaluate the
contribution of this specific reaction. The results revealed that the
average cross section of 8 Li(12 C,α) at the energies of this study was
not larger than 1 mb/sr (see figure 4 of [41]). Given the yield expected
for the 8 Li(p,α) measurement, this contribution is negligible.
Meanwhile, the possible reaction 12 C(8 Li,p)19 O also has a high Q
value: +10.324 MeV. Because of this, protons generated in this reaction would range very far from the relevant ones: from 11 to 27 MeV.
So this reaction should not pose any trouble to this experiments.
The reaction 12 C(8 Li,d)18 O (Q = +8.593 MeV) could interfere in
the upper part of the deuteron excitation function, from
Ecm = 1.8 MeV. Deuterons generated in this reaction would range
from 7.5 to 26 MeV.
Measurements using a natural carbon target were also done. The
target employed had 15 mg/cm2 , the same used in the previous experiment.

3.10 resume of the experimental procedure

3.10

resume of the experimental procedure

The experiment was carried out between 5th and 12th May, 2013, at
Pelletron Laboratory of the Institute of Physics of the University of
São Paulo (IF-USP), Brazil, using the RIBRAS System.
A secondary beam of 8 Li was produced through the reaction
9 Be(7 Li,8 Li)8 B by a stable 7 Li beam impinging on a primary 9 Be
target. The intensity of the primary beam was measured by a Faraday Cup placed right after the primary target which also acted as a
blocker of the primary beam.
The secondary 8 Li beam, scattered at laboratory angles between
◦
2 and 6◦ , was selected by its magnetic rigidity and focalized at
RIBRAS’ central and main chambers, respectively, by two superconducting solenoids. At the central chamber, a polyethylene degrader
was placed to change the magnetic rigidity of contaminant beams in
relation to the relevant beam. Thus, beam purity could reach ∼ 99%
in the main chamber.
The experiment was performed in the main chamber, where the
beam hit a thick (CH2 )n target (7.7(8) mg/cm2 ). There, the 8 Li beam
slowed down and populated resonances of the 8 Li + p system, following the concept of the inverse kinematics thick target method. Alpha particles, deuterons and protons were produced inside the target
through the reactions 8 Li(p,α), 8 Li(p,d) and 8 Li(p,p) and left the target, reaching a E − ∆E silicon telescope placed at θlab = 10◦ with
solid angle of ∆Ω = 12.5(3) msr and total angular aperture of 4◦ in
relation to the center of the secondary target. Measurements with a
thick natural carbon target of 15 mg/cm2 were also carried out to subtract the contribution of the reactions on carbon from the measured
spectra.
At figure 49 is shown a photo of the experimental mounting at the
main chamber.

Figure 49: Photo of the experimental mount at main chamber.
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The experiment had two main phases of measurement, each one
with a different 8 Li bombarding energy: E(8 Li) = 18.7 MeV and
15.9 MeV. At each phase, the 8 Li beam was optimized to arrive at
the secondary target at the highest intensity and highest purity possible. After each 5 hours of measurement with (CH2 )n target, a short
run of about 20 minutes with a 197 Au target was done to monitor the 8 Li beam production efficiency . The measured values of
 at each phase are shown at table 4. During the measurement with
E(8 Li) = 18.7 MeV, a slight drop on  was observed, so the table
shows both values measured.
Table 4: 8 Li production efficiency at each phase of the experiment.

E(8 Li)lab

 (·10−7 )

18.7(1)

0.49(9)

18.7(2)

0.28(7)

15.9

0.28(7)

*Energies in MeV.

The E − ∆E telescope employed had 1000 µm for the E detector and
50 µm for the ∆E detector. In the measurement with
E(8 Li) = 15.9 MeV, another ∆E detector, of 20 µm, was also employed
in an attempt to measure the lower energy part of the excitation function. The electronics were set up to be able to register events of both
light and heavy particles with good resolution, with two different
lines of amplification at each detector.
The experiment also used a MCP detector placed at central chamber that, together with the timing signal of the silicon detectors at
main chamber, could perform time-of-flight measurements of the beams
between central and main chambers. These measurements helped on
the evaluation of purity of the 8 Li secondary beam.
At figure 50 is shown a detailed scheme of the experimental mounting of the whole RIBRAS System.

3.10 resume of the experimental procedure

Figure 50: Scheme of the experimental mounting in the RIBRAS System for
this experiment.
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The figures below contain the spectra obtained with the E − ∆E
telescope at each detector configuration and at each bombarding
energy impinging on the (CH2 )n target.
In figure 51 is shown the spectrum obtained at the highest bombarding energy (E(8 Li) = 18.7 MeV). The hyperbolic strips
containing the reaction products are easily identifiable. In the proton
strip, a large yield can be noted, but it extends beyond the kinematical
limit for the 8 Li(p,p) reaction at this bombarding energy,
E(p)lab = 7.2 MeV, reaching up to E(p)lab = 12 MeV. This may indicate the presence of contaminant protons.
Both for deuteron and alpha strips the kinematical limits are
respected and the high yield peaks observed are consistent with the
predicted energies for contaminant beams selected at the second
solenoid. Right above the deuteron strip, a triton strip is present but
its kinematical behavior does not correspond to an 8 Li(p,t) reaction,
and it may also be considered a contaminant. No other ion can be
identified in this spectrum.

Figure 51: Spectra obtained with (CH2 )n target and 8 Li beam of E(8 Li) =
18.7 MeV for both amplification lines: (a) higher gain and (b)
lower gain, showing the strips from which were extracted the
reaction product yields.

In figure 52 is shown the spectrum obtained at the lowest bombarding energy (E(8 Li) = 15.9 MeV) with the same ∆E detector as employed at the higher energy (50 µm). The same considerations about
the reaction products’ strips can be done about this spectrum. It is
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important to note that the energies of the contaminant peaks (d, t
and α) have decreased with the reduction of the 8 Li beam energy
(and thus the magnetic rigidity), while the remaining of the spectra
were kept almost unchanged, indicating that they were produced in
a compound nucleus decay.

Figure 52: Spectra obtained with (CH2 )n target and 8 Li beam of E(8 Li) =
15.9 MeV for both amplification lines: (a) higher gain and (b)
lower gain, showing the strips from which were extracted the
reaction product yields.

In figure 53 is shown the spectrum obtained at the lowest bombarding energy (E(8 Li) = 15.9 MeV) but with a thinner ∆E detector of
20 µm. As expected, the resolution is much worse and the identification of the strips is severely impaired, but protons and deuterons
with lower energies could be detected.
The proton strip can be relatively well defined from 1 to about 9
MeV. The identification of the deuteron strip is difficult due to its
proximity with the proton strip. At the lower gain amplification line,
an acquisition problem made every signal from the ∆E detector below
600# to be registered as 445#, but it did not impair the identification
of the alphas in that region.
Despite the loss in resolution, the same structures and characteristics can be identified in the spectra obtained at the same bombarding
energy but with different ∆E detectors.
The triton strip measured at the lower energy is proportionally less
intense than the strip obtained at the higher bombarding energy, indicating that these tritons are probably contaminants.
The data processing is detailed in the following sections. First, it
is important to introduce how to extract excitation functions from a
measured spectrum through the concept of the TTIK method.

4.1 excitation functions from the ttik method
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Figure 53: Spectra obtained with a thinner ∆E detector with (CH2 )n target
and 8 Li beam of E(8 Li) = 15.9 MeV for both amplification lines:
(a) higher gain and (b) lower gain, showing the strips from which
were extracted the reaction product yields.

4.1

excitation functions from the ttik method

In a detected spectrum, each energy bin δE will contain information
about how many counts were detected of that specific particle inside
a specific energy interval [E, E + δE]. To obtain the excitation function,
the energy of the detected particle (E(α), E(p) or E(d) in the case)
must be converted into energy of the 8 Li beam prior to the reaction
(E(8 Li)) and into energy of the system at the center-of-mass reference
(Ecm ). These conversions correspond to the curves exibited at figure
47 in section 3.9.
Also, each channel must be converted from counts (Ndet ) to
differential cross section. The experimental differential cross section
dσ/dΩ is given by [80]:


dσ
Ndet J(E, θ)
=
,
(48)
dΩ
Ninc Ntarg ∆Ω
in which:
Ndet is the number of scattered particles detected in the
considered energy interval [E, E + δE], easily obtained from the
detector spectrum;
Ninc is the total number of incident particles of the beam that
hit the target (see the technique to obtain N8 Li described in
sec.3.6.2);
Ntarg is the number of scatterer nuclei inside the target per unit
area (see eq.47 in sec.3.7);

The conversion from
E(8 Li) to Ecm is
Ecm = E(8 Li) / 9,
see eq. 61.
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∆Ω is the solid angle of the employed detector in relation to the
target (see eq.42 in sec.3.5.1);
J(E, θ) is the Jacobian for the transformation from laboratory
frame to center-of-mass frame, given the reaction energy E and
the scattering angle θ in relation to the beam’s direction (see
appendix A).
Some adaptations are necessary on how the variables of equation
48 are calculated in order to consider the continuum nature of the
TTIK method.
The main correction is at the number of scattering nuclei in the
target, N targ . It needs to be corrected to an equivalent N targ that
a 8 Li particle would face at each energy interval [E, E + δE]. This
is done through the use of the stopping power of 8 Li on (CH2 ) n
(figure 54) to find the equivalent target thickness faced by the beam
at a specific energy [41, 55]:
x targ =

δE
dE
dx



.

(49)

It should be emphasized that δE in this case is the equivalent
energy step of the beam right before the reaction (E( 8 Li)), as it must
be in agreement to the stopping power units. If δE is in MeV and
(dE/dx) is in MeV /(mg/cm 2 ), the unit will be in mg/cm 2 for
x targ .
To convert it to N targ , equation 47 can be used, but using the
atomic mass of a (CH2 ) n monomer (A = 14.015 a.m.u.) and considering that each monomer has 2 hydrogen atoms, so the N targ
obtained for (CH2 ) n must be doubled in order to have the right
amount of protons per unit area. The calculated (dE/dx) for 8 Li in
(CH2 ) n is displayed in figure 54.
The jacobian J(E, θ) for transformation from the laboratory frame
to center-of-mass frame for each reaction is presented at figure 55.
More details on how these curves are calculated are presented at
appendix A.
Some other corrections may be needed to take into account the
energy spread of the incident beam. As explained in section 3.8, an
incident beam particle would be able to populate any point of the excitation function from its initial energy to zero. In a perfectly monochromatic 8 Li beam, every particle of the beam would be able to populate
the same interval of the excitation function.
This is not valid if the incident beam has a large energy spread.
Considering the energy of the inferior limit of the beam energy distribution (see fig. 37), all particles of the beam would be able to
populate the excitation function up to that energy. But in the case of
the superior limit of the energy distribution, just a diminute amount
of particles would be able to populate the excitation function up to

4.1 excitation functions from the ttik method

Figure 54: Stopping power of 8 Li in (CH2 )n , calculated by the algorithm
stopx (appendix B).

Figure 55: Jacobian for the transformation from laboratory frame to centerof-mass frame as a function of the energy E(8 Li) for the relevant
reactions.
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that energy, as almost the whole beam does not have enough energy
to populate that extreme energy.
This leads to a correction on the number of incident particles Ninc
for this high energy region. For example, for a reaction energy that
just half of the incident beam is able to populate, Ninc must also be
corrected to half at that energy. At figure 56 are shown the corrections
at Ninc for both bombarding energies.

Figure 56: Correction of Ninc due to beam energy spread (fig.37) for both
bombarding energies.

For the same reasons, if the incident beam has enough energy to
cross the target without stopping inside it, an equivalent correction
on Ninc is also needed in the low energy region of the spectrum.
Another correction that may be needed is due to the target roughness;
as part of the beam would cross more material than others, similar
corrections on Ntarg are needed at low energies.
In the case of this experiment, these corrections on the lower
energy part of the excitation functions are negligible even at the most
extreme case. But they may be important in other TTIK experiments,
so the target roughness and beam the energy profile must be very
well known in any case (see sec.3.7).
As the statistics of the measurement are low, it may be convenient
to choose a larger energy bin size δE than the experimental resolution
(see fig. 48) to avoid large statistical fluctuations. In this case, this procedure would result in an energy
√ resolution loss and the uncertainty
in energy will be given by δE/ 12 [101].

4.2 alpha spectra

4.2

alpha spectra

The measured energy spectra, extracted from the alpha strips, are
shown at figure 57.

Figure 57: Energy spectra obtained with (CH2 )n target through the alpha
strips at each bombarding energy and detector configuration at
θlab = 10◦ . Energy bin: δE = 0.275 MeV.

These spectra have similar characteristics to the obtained in the previous work [41] (see figure 58): a broad peak around 26 MeV and an
almost constant plateau between this broad peak and the contaminant alpha peak (E(α) . 14 MeV). An important difference is that the
peak due to the reaction 12 C(7 Li,α) seems not to appear, probably
due to the high purity of the 8 Li beam employed at this experiment.
Unfortunately, the statistics obtained are not as good as in the previous experiment, pledging the precision of the final result.
The kinematical limits are respected, and part of the broad peak
is not populated in the spectra with lower incident energy. As mentioned, the position of the contaminant alphas peak vary according to
the incident energy, but not the remaining of the spectra, indicating
they are originated in the decay of the compound nucleus.
However, three decay mechanisms can originate alpha particles
from an excited 9 Be nucleus [41]: the direct α+α+n three-body break-
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Figure 58: Alpha particle events per energy spectra obtained in the previous
experiment at energies around those employed at this experiment
and at θlab = 13.5◦ (adapted from [41]).

up, the two-step decay into 8 Be+n channel and the subsequent break
of the unbound 8 Be into two alpha particles, and finally the decay
into α+5 He, in which the recoiling 5 He is also unbound and desintegrates into α+n. In any case, two alpha particles are generated in the
decay and create a background in the excitation function.
4.2.1

Background

In the case of the 8 Be+n decay channel, the p(8 Li,8 Be)n reaction also
has a high Q value: 15.22 MeV, and the 8 Be would be produced up
to 22.3 MeV and 25.1 MeV for the two 8 Li bombarding energies. Each
alpha particle originated from the 8 Be decay typically take half of 8 Be
energy [41]. Considering also the energy loss inside the target, the
maximum energy expected for alpha particles originated from this
decay channel would be around 9 MeV, which would appear below
the contaminant alphas peak and, thus, out of the range of interest.
The 5 He decay and the 9 Be three-body break-up contribute to form
a background in the excitation function. Their contributions should
be subtracted in order to isolate the information about the relevant
reaction: 8 Li(p,α)5 He.
As they are all processes occuring in the compound nucleus, the
subtractions should be done in the differential cross section (see
sec. 4.1).

4.2 alpha spectra

The background originated by the 9 Be three-body break-up can be
described by Fermi’s Phase Space Model [48, 41], which calculates the
statistical probability of creation of alpha particles of energy Eα at a
given incident energy Ecm :
√
4 Eα p max
Pα (Eα , Ecm ) =
Eα − Eα
(50)
)2
π (Emax
α
The alpha energy distribution was obtained by integrating eq. 50 over
the decreasing incident energy in the thick target. As this model gives
no normalization for cross section, the distribution was normalized
through the limitation that the sum of both background contributions
should not be higher than the measured cross section.
In the case of the alphas produced at the 5 He decay, there is a
direct compromise between them and the relevant alphas, as both
are produced at different steps of the same decay, and consequently
at the same amount. Monte-Carlo simulations were performed using
the shape of the actual measured data and kinematical considerations
of the α+n decay (Q = 0.89 MeV) to determine the contribution on the
final spectra of alphas produced in the second step of 9 Be sequential
decay [41].
The energy distribution of alphas from 5 He decay has a large
broadening and do not form a well defined peak. They typically have
lower energy than the alphas produced directly in the first step of the
sequential decay.
An example of the background corrections employed are shown at
figure 59.

Figure 59: Measured and corrected excitation functions for alphas for bombarding energy of E(8 Li) = 18.7 MeV, and the corrections due to
5 He decay and direct 9 Be 3-body break-up.

The measurements made with the natural carbon target revealed
that no relevant correction is needed due to alphas generated in reactions between the beam and the carbon present in the (CH2 )n target,
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is the
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maximum possible
energy for the α
particle created at
energy Ecm (see
reaction kinematics
at appendix A).
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as expected (see discussion at sec. 3.9.6). The measurements taken
with 197 Au target also revealed that there was no presence of contaminant alphas in the relevant energy region of the spectra.
4.2.2

Final Spectra and Previous Results

As the statistics were low, an energy bin size δE of 50 keV in the centerof-mass frame was conveniently chosen, considering how much
energy resolution loss this procedure would entail. In any case, the
fine structures observed in the low energy part of the previous experiment (see fig. 7) would not be well described due to the low statistics.
The corrected excitation functions obtained at both energies and
both detector configurations are all compatible with each other. The
complete excitation function, shown in figure 60, is composed by the
weighted average (by the statistical error) between the measurements,
where the excitation functions overlap.

Figure 60: Complete excitation function for 8 Li(p,α)5 He reaction measured
at θlab = 10◦ .

In figure 61 the results of this experiment are compared with others
that explored the 8 Li(p,α) reaction.

4.2 alpha spectra

Figure 61: Excitation functions for 8 Li(p,α) experiments measured at foward
angles, comparing the results from this work and those from [41]
and [102].

As can be seen, there is a good agreement between the results obtained at this experiments and the previous one (D.Mendes et al. [41])
at the whole excitation function1 , except for a small disagreement in
the region around Ecm = 1.8 MeV that makes the peak looks broader
in the previous experiment.
A possible explanation for that slight disagreement comes from
the different experimental conditions between the two experiments.
In the previous experiment, the 8 Li beam of 19.0 MeV was produced
in the primary target with a primary 7 Li beam of 21.6 MeV. Neutrons
of 37.2 MeV can also be generated at the primary target through the
reaction 9 Be (7 Li,n). With this contaminant neutron beam, the reaction 12 C(n,α) at the (CH2 )n target would produce an alpha particle
around 28 MeV, consistent with the excess seen at Ecm = 1.8 MeV.
This experiment was performed at RIBRAS’ main chamber, 2.25
times farther from the primary target than the central chamber, where
the previous experiment was performed. Any contaminant neutron
beam would have at least 5 times less intensity at main chamber than
in the central chamber. Thus, the yield of alphas from the 12 C(n,α) reaction would be considerabily less in this experiment. This
hypothesis would need further investigations as no study has been
done for the behavior of contaminant neutron beams at RIBRAS System.

1 There was a mistake in the data analysis of the previous experiment. In equation 1
of [41], the term
E(α) to

E(8 Li),

dE8 Li
dEα

is used to convert the yields after the transformation from

but this is already done by the term

original data of [41] without the term

dE8 Li
dEα ,

dE
dx .

At figure 61 are shown the

thus different from figure 7.
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A thin target experiment performed by Becchetti et al.[102] also
measured this reaction for an energy2 of Ecm = 1.4 MeV. Their result
is also depicted at figure 61 and clearly agrees with those obtained at
this experiment.
4.3

proton spectra

The measured energy spectra extracted from the proton strips are
shown at figure 62.

Figure 62: Energy spectra obtained with (CH2 )n target through the proton
strips at each bombarding energy and detector configuration at
θlab = 10◦ . Energy bin: δE = 0.055 MeV.

As mentioned, the proton spectra extend beyond the kinematical
limits for the 8 Li(p,p) reaction. In the lower energy spectra, a sudden
drop on the event count happens right in the kinematical limit for
that energy. In the higher energy spectrum, a slight variation in the
tendency also occurs in its kinematical limit. These are indications
2 As [41] pointed out, there is a possible inconsistency of this energy. The autors argument that according to the beam energies and target thickness informed in the article,
the measured energy should be Ecm = 1.4 MeV instead of 1.5 MeV [102]. This would
not change the agreement between the results of [102] and those obtained through
this experiment.

4.3 proton spectra

that relevant proton events are mixed with contaminant ones in the
measured spectra.
4.3.1

Background

Contaminant protons that arrive in the (CH2 )n target also should
appear in spectra taken with the 197 Au target. The spectra obtained
with the 197 Au target are shown at figure 63, and a non-negligible
background of protons can be observed at both incident energies.

Figure 63: Spectra obtained with 197 Au target at both 8 Li beam energies of
E(8 Li) = 18.7 MeV (a) and 15.9 MeV (b), putting into evidence
the proton strips with the contaminants.

The origin of these contaminant protons may be from highly energetic protons produced at primary target that suffer multiple
scattering at slits, collimators and blockers placed inside RIBRAS’
beamline, or even from protons produced in the energy degrader
placed at central chamber that manage to pass through second solenoid
and reach the secondary target.
The spectra obtained with 197 Au target can be used to estimate the
quantity of background protons to be subtracted from the measured
spectra with (CH2 )n target. As the presence of contaminants is not a
process occuring in the target, this correction must be done through
a normalized subtraction in event count spectra.
Firstly, an energy conversion has to be performed between protons measured with 197 Au and (CH2 )n targets. Contaminant protons
that arrive in the secondary target with the same energy will not appear with the same energy in the detected spectrum if they cross
different targets. They would cross different amounts of material and
lose different amounts of energy.
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The energy of the protons measured with 197 Au target should be
transformed to the energy they would have before the 197 Au target,
and then transformed to the energy they would have after the (CH2 )n
target. This is easily done with the code stopx (see appendix B).
Two normalizations due to difference in the yields are needed. The
first one is to normalize the spectra by their expositions to the incident
beam. It is reasonable to assume that the intensity of a contaminant
beam is proportional to the intensity of the primary beam, which is
directly measured through its integrated charge QFC in the Faraday
Cup. So, the yields are divided by the integrated charge QFC during
their respective acquisition runs.
As the exposure times of (CH2 )n targets were larger than those
of the 197 Au target, the statistics obtained were quite different for
the two targets. So it may be convenient to have different energy bin
widths δE for the spectra obtained with each target. This gives rise to
the second normalization: to compare both spectra they also should
be normalized through their δE.
The normalized spectra for protons obtained with (CH2 )n and
197 Au targets are presented in figure 64 for the bombarding energy
of E(8 Li) = 15.9 MeV. Also, the protons detected with the natural
carbon target, analysed in the same way, are included in this figure.

Figure 64: Spectra normalized by primary beam intensity and by energy bin
width for protons detected with (CH2 )n , natural carbon and
197 Au targets for the bombarding energy of E(8 Li) = 15.9 MeV.

The proton spectra detected with 197 Au and carbon targets are
highly compatible, revealing that the protons that appear in the spectrum measured with carbon target are all contaminants present in
the secondary beam and there is no sign of protons generated in reactions between the beam and the carbon nuclei present in the (CH2 )n
target in the relevant energy region of the spectra.

4.3 proton spectra

The amount of contaminant protons with energies higher than the
kinematical limit for 8 Li(p,p) is also compatible with the measured
spectrum with (CH2 )n target, as expected. At energies lower than
the kinematical limit, the contaminants seems to form a constant
background, which can be subtracted from the spectrum taken with
(CH2 )n target. After subtraction, the spectrum can be renormalized
to the yield and the excitation function may be calculated.
In the case of the bidimensional spectrum obtained with 197 Au
target at E(8 Li) = 18.7 MeV, a large noisy region is present at
E(p)lab 6 5.0 MeV, as can be seen at figure 63.a . This makes impossible the calculation of the ratio of protons of interest to contaminant
protons in this low energy region. In this case, just a high energy part
in which the contaminant protons are well defined can be obtained.
4.3.2

Final Spectra

The background subtraction generates a high systematic error in the
final spectra, so a large energy bin size δE around 80 keV (in centerof-mass frame) was chosen.
The final excitation function is composed by the superposition of
the spectra taken at both energies. Due to the contaminantion issues
explained, the spectra taken at different energies do not overlap perfectly. The same weighted average procedure, done for the alpha
excitation function, was done just for the two spectra measured at
E(8 Li) = 15.9 MeV.
The final excitation function for the proton decay channel is shown
at figure 65. No previous measurement on the 8 Li(p,p) reaction in
this energy range has been published so far.

Figure 65: Complete excitation function for the 8 Li(p,p) reaction measured
at θlab = 10◦ .
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4.4

deuteron spectra

The measured energy spectra with (CH2 )n target extracted from the
deuteron strips are shown at figure 66.

Figure 66: Energy spectra obtained with (CH2 )n target through the
deuteron strips at each bombarding energy and detector configuration at θlab = 10◦ . Energy bin: δE = 0.118 MeV.

The kinematical limits are respected, and just the position of the
contaminant peak varies according to the incident energy. Besides the
beam contamination, no deuteron was measured with natural carbon
and 197 Au targets.Thus, no background correction is needed in the
deuteron data.
A small peak can be identified at the spectrum obtained at
8
E( Li) = 18.7 MeV, but it is covered by the contaminant deuteron
peak at the obtained at E(8 Li) = 15.9 MeV.
4.4.1

Final Spectra and Previous Results

The chosen energy bin size δE was of 40 keV in center-of-mass frame.
The excitation functions obtained at both energies and both detector
configurations are all compatible with each other.

4.4 deuteron spectra

The complete excitation function is composed by a weighted
average (by the statistical error) between the measurements where the
excitation functions overlap and without the regions where the contaminant peak is present. The complete excitation function is shown
at figure 67.

Figure 67: Complete excitation function for the 8 Li(p,d) reaction measured
at θlab = 10◦ .

There is no previous measurement of the 8 Li(p,d) reaction in this
energy range. A measurement was performed at Ecm = 4.0 MeV in
inverse kinematics by a chinese group [103], the differential cross section measured at θcm = 160◦ (about the same as this experiment) was
33(4) mb/sr
However, the inverse 7 Li(d,p)8 Li reaction was measured by several
groups [104, 105]. It is possible to deduce the integrated cross section
for the inverse mechanism using the detailed balance theorem [43]:
σ8 Li(p,d) =

k(7 Li+d)
k(8 Li+p)

!2

(2Id + 1)(2I7 Li + 1)
σ7 Li(d,p)
(2Ip + 1)(2I8 Li + 1)

. (51)

Upon the transformation to center-of-mass energy in the equivalent
+ p system, and dividing the balanced integrated cross section to
4π in an approximation for differential cross sections, the 7 Li(d,p)8 Li
data can be compared to the 8 Li(p,d)7 Li data, as shown in figure 68.
As can be seen, the 8 Li(p,d) data is comparable to the 7 Li(d,p) data.
It should not be expected a perfect match due to the 4π approximation, but the orders of magnitude should be comparable. The structure at around Ecm = 1.1 MeV is reproduced by both sets of data,
8 Li
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Figure 68: Excitation function for 8 Li(p,d)7 Li reaction in comparison with
the deduced from the inverse reaction measured by [104] and
[105].

but not the peak at around Ecm = 1.6 MeV. In both data of [104] and
[105] there is a slight rise from the baseline in the same position of
the peak, but none of the authors reported it as a resonance.
One probable way this difference could happen is that in this resonance the population of the first excited state of 7 Li (0.477 MeV [106])
is dominant, thus it would not appear in the 7 Li(d,p)8 Li data. Other
considerations about this topic are made at section 4.6.
4.5

other decay channels

The highly excited 9 Be nucleus has many open decay channels above
the proton threshold (see figure 6). It is important to investigate also
the other channels that could not be well explored through this
experiment. Some data can still be exctracted from the triton spectra
and some information about the neutron and gamma decay channels
is available in the literature.
4.5.1

Tritons

Besides alpha particles, protons and deuterons, it was also possible
to observe a few tritons in the spectra.
In the spectrum measured at E(8 Li) = 18.7 MeV (fig.51.a), the
triton strip shows two contaminant peaks (at around E(t) = 4 and
13.5 MeV) and an almost constant yield between them. This constant
yield does not show any reduction beyond the kinematical limit for
the bombarding energy (E(t) = 9.6 MeV) unlike the deuteron and proton spectra, indicating that most of the detected tritons come from

4.5 other decay channels

contaminations. Tritons with energy between the two contaminant
peaks were also detected in the spectrum measured with 197 Au target. Due to low statistics, a subtraction procedure like the one used
for protons is not feasible.
However, in the spectra measured at incident energy
8
E( Li) = 15.9 MeV (figs. 52 and 53), the triton yield is much lower
than at the higher incident energy. The most energetic triton contaminant peak is broad and starts right after the kinematical limit
(E(t) = 8.0 MeV). Also, there are no tritons in the 197 Au spectra between the two contaminant peaks. Even with very low statistics to
testify it, it seems possible that there are very few contaminant tritons in the considered energy range.
Thereby, it is possible to analyse the triton spectrum at
E(8 Li) = 15.9 MeV to determine a maximum value for the cross section, and to evaluate how relevant the 8 Li(p,t)6 Li reaction could be in
in comparison with other reactions. The excitation function obtained
is shown at figure 69.
As can be seen, the maximum cross section of the triton excitation
function 2.6(7) mb/sr, which is much lower than the measured for
the other decay channels. Thus, the t + 6 Li decay channel can be
considered negligible if compared to the others.

Figure 69: Excitation function for the 8 Li(p,t) reaction measured at θlab =
10◦ .
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4.5.2

Neutrons and Gammas

One way of studying the n + 8 Be channel is to measure the α particles that are created in the decay of 8 Be. However, as mentioned in
section 4.2, these alphas are expected in an energy range covered by
contaminants. Another way is to directly measure the neutrons, but
this option was not available for this experiment.
An experiment with thin (CH2 )n target performed by D. Caussyn
et al. [107] was able to measure an angular distribution for the
8 Li(p,n)8 Be reaction at E
cm = 1.5 MeV. It is depicted at figure 70. As
can be seen, at θcm ' 160◦ a differential cross section of ∼ 3 mb/sr
should be expected.
This value is much lower than the differential cross section for the
p, α and d channels at the same energy, and consequently the neutron decay channel is comparable to the triton channel, being both
negligible.

Figure 70: Differential cross section for the 8 Li(p,n) reaction at Ecm = 1.5
MeV measured by [107].

Gamma and beta channels usually have large lifetimes and low
widths, thus they are probably negligible among the other decay channels at these high excitation energies. Information about the gamma
decay channel could be obtained from the work of Su Jun et al. [26],
in which the astrophysical S-factor for the 8 Li(p,γ)9 Be (g.s.) reaction
could be deduced from the analysis of the angular distribution of
8 Li(d,n)9 Be (g.s.) reaction.
The calculated S-factor is shown at figure 71. The cross section
between Ecm = 1 and 2 MeV would be around 7 µb. This is a very
indirect result and does not consider any resonance of the compound
nucleus, also it does not consider the decay to other states of 9 Be .
This result is merely indicative on how much importance should be
given to this channel.
As in the case of neutron and gamma channels there is no full excitation function available, it is not adequate to make strong assump-

4.6 r-matrix analysis

97

Figure 71: Calculated S-factor for the 8 Li(p,γ)9 Be (g.s.) reaction done by [26].

tions about their behavior and their importance. The results from
[107] and [26] were treated as evidences for the secondary role of
these decay channels among those possible for 9 Be at the considered
energy range. For simplicity, they were negleted in the subsequent
analysis.
4.6

r-matrix analysis

The results of the measured excitation functions of all relevant decay
channels is depicted at figure 72.
As can be seen, the positions of the broad peaks at deuteron and alpha excitation functions around Ecm = 1.6 MeV and of the resonancelike structure at the proton spectra are compatible with the position of 9 Be resonances at Er = 1.69(4) MeV and Er = 1.76(5) MeV
(Ex = 18.58(4) and 18.65(5) MeV, respectively).
Also, a peak in the deuteron excitation function at
Ecm ' 1.1 MeV is compatible with the 9 Be resonance at
Er = 1.13(5) MeV (Ex = 18.02(5) MeV). The absence of any structure at this energy in the alpha excitation function suggests that this
resonance does not decay by alpha emission.
As expected, the proton and deuteron measurements could not
reach energies below Ecm = 0.6 MeV due to experimental limitations. At the alpha spectra, the statistics were not enough for a good
description of the resonances at Er = 0.410(7) MeV and 0.605(7) MeV
(Ex = 17.298(7) and 17.493(7) MeV, respectively).
The great advantage of measuring several decay channels is to provide constraints on the analysis and reduce possible ambiguities from
the previous work on 8 Li(p,α) [41]. A R-matrix analysis was performed to obtain the spectroscopic parameters (widths, spins, pari-

Er is the energy of
the resonance in the
excitation function,
Ex is the excitation
energy of the
corresponding
resonance among the
9 Be levels.
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Figure 72: Measured excitation functions for the 8 Li(p,p) (a), the 8 Li(p,α) (b)
and the 8 Li(p,d) (c) reactions at θlab = 10◦ , with the energies of
the 9 Be resonances found in the literature indicated (see table 1).
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ties, etc.) of the 9 Be resonances measured, the software used was the
code AZURE [108].
As there are evidences that the triton, neutron and gamma decay
channels are not as important as the proton, alpha and deuteron channels, they were not considered in the calculations.
Depending on the channel and the resonance, several angular momenta ` may be consistent with spin couplings (see appendix C). For
simplicity, a single set of (I, `) was chosen for each resonance channel. The minimum possible ` was chosen as it should be the one
with higher penetrability, and the channel spin I was chosen in order
to optimize the R-matrix fit. The R-matrix channel radius used was
a = 5 fm.
Initially, the parameters used in the R-matrix calculation were those
found by [41] in the analysis of the 8 Li(p,α) reaction. The resonances
measured by [41] below Ex = 17.5 MeV (Er = −0.22, 0.38 and
0.61 MeV) could not be well observed in this experiment, but were
kept in the calculations for their possible background contributions,
without any modification on their original parameters.
The table 1 sumarizes the parameters in the literature; for convenience, it is reproduced here:
Table 5: (Copy of table 1) Available experimental data on 9 Be resonances
near the 8 Li + p threshold (16.8882 MeV), including the compilation
from [14] and the work of [41] on 8 Li(p,α).
9 Be

Literature [14]

Res.

Ex

Er

Jπ ; T

15.97

−0.92(3)

16.671

−0.217(8)

1
 T += 2
5
; 12
2

16.9752

0.087(1)

17.298

0.410(7)

1− 3
;2
2 −
5
2
 
+
7
; 12
2

Previous Work - D. Mendes et al. [41]

Γ

Decay

∼ 300

γ

41(4)

γ

0.389(10)

γ,n,p,d

200

γ,n,p,d,α

Er

Jπ

−0.22

5+
2



5
2;0

5−
2
7+
2




5+
2
7+
2



0.38(8)

17.493

0.605(7)

18.02

1.13(5)

γ

18.58

1.69(4)

γ,n,p,d,α

1.69(3)

300(100)

p

1.76(4)

310(80)

n,p,d,t

18.65

1.76(5)

19.20

2.31(5)



5− 3
2 ;2
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γ,n,p,d,α

0.61(3)

Γp

Γα

Θ2p

Θ2α



550(100)

41(4)

19.7

0.3

5
2;1



5(1)

180(50)

2.7

1.4

5
2;2



1.4(4)

39(15)

3.5

0.3



250(50)

430(80)

4.3

3.1

70(13)

420(80)

8.4

3.5

(I; l)

5
;0
2 
3
2;2

Energies E in MeV, widths Γ in keV, dimensionless reduced widths Θ2 in %. The
relative uncertainties on the reduced widths are identical to those of the total
widths.

R-matrix calculations with the parameters obtained by [41] for the
proton and alpha channels are compared with the excitation functions
measured in this experiment at figure 73. Even that the prediction for
the 8 Li(p,p) reaction done in the previous experiment is good in order
of magnitude and shape of the excitation function, it is evident that
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some adjustments are necessary, and the deuteron channel must also
be included.

Figure 73: R-matrix calculations for proton and alpha channels using the
parameters obtained by [41].

An immediate step is to assign deuteron partial widths to the broad
resonances. In figure 74 are shown calculations in which both resonances at Ecm = 1.69 and 1.76 MeV decayed by deuteron emission
with the same partial width Γd . The results of two calculations are
shown in figure 74: with Γd = 50 keV (dashed line) and with Γd = 200
keV (solid line).

Figure 74: R-matrix calculations using the parameters obtained by [41] with
the assignment of deuteron partial widths to the resonances at
Ecm = 1.69 and 1.76 MeV. The same Γd was assigned to both
resonances, and the results of two calculations are shown: Γd =
200 keV (solid) and Γd = 50 keV (dashed).

4.6 r-matrix analysis

This approach clearly fails for the deuteron excitation function, in
which the calculated peaks are shifted in energy, too small and too
broad. This indicates that the parameters found in the work of [41]
should be changed. However, the peak at Ecm ' 1.1 MeV, that was
not observed in the alpha channel, should be investigated first, as it
could provide new constraints for the calculation.
4.6.1

Resonance at Ecm = 1.1 MeV

The compilation of Tilley et al. [14] describes a poorly-known resonance at Ex = 18.02(5) MeV among the energy levels of 9 Be that,
following Tilley et al., decays only by gamma emission. However, an
earlier compilation of Ajzenberg et al. [109] describes this resonance
as decaying by gamma, neutron, proton and deuteron modes, and
experiments measuring the reaction 7 Li(d,p) [104, 105] could also observe it. In this experiment, as well as in [41], no evidence of this
resonance could be found in the 8 Li(p,α) excitation function, which
is also consistent with other works on the 7 Li(d,α) reaction [110, 111].
In the excitation functions measured in this work, a proeminent
peak is present in the 8 Li(p,d) cross section at Ecm ' 1.10 MeV
(Ex = 17.99 MeV, compatible with the reported 18.02(5) MeV from
literature). In the proton excitation function, a slight rise around this
energy can be noted, which is not a strong evidence due to large error
bars.
The spin and parity Jπ of this resonance is not known. A R-matrix
analysis was performed with all possible Jπ ; the most meaningful
results are represented at figures 75 (for positive parities) and 76
(for negative parities). For visualization purposes, the calculations
included an additional 5/2+ resonance3 at Ecm = 1.76 MeV to reproduce the proton excitation function, and the resonances below
Ecm = 0.8 MeV for their background contributions (see table 1).
With Jπ = 1/2± , the calculation underestimates the height of the
peak at Ecm = 1.10 MeV in the 8 Li(p,d) excitation function with any
partial widths used in the calculation. With Jπ = 5/2± , on the contrary, the calculation was always too high with any partial widths
used.
With Jπ = 3/2± , the peak at Ecm = 1.10 MeV in the 8 Li(p,d) excitation function could be well fit. However, the 8 Li(p,p) excitation function is not well reproduced with Jπ
=
3/2+ . Thus,
Jπ = 3/2− gives the best agreement with the 8 Li(p,d) and 8 Li(p,p)
data. Considerations about the partial widths of this resonance are
done at section 4.6.3.

3 The Jπ = 5/2+ for this resonance was assigned by reasons explained at section 4.6.2.
The widths used were Γp = 250 keV, Γα = 50 keV and Γd = 0.
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Figure 75: R-matrix analysis for a positive parity resonance at Ecm = 1.10
MeV with several total spins J+ . Its partial widths were all set to
Γp = 100 keV, Γd = 50 keV and Γα = 0, except for the Jπ = 1/2+
resonance, in which Γp = Γd = 100 keV. A 5/2+ resonance at
Ecm = 1.76 MeV in the 8 Li(p,p) excitation function was added
for visualization purposes.

Figure 76: R-matrix analysis for a negative parity resonance at Ecm = 1.10
MeV with several total spins J− . Its partial widths were all set to
Γp = 100 keV, Γd = 50 keV and Γα = 0, except for the Jπ = 1/2−
resonance, in which Γp = Γd = 100 keV. A 5/2+ resonance at
Ecm = 1.76 MeV in the 8 Li(p,p) excitation function was added
for visualization purposes.

4.6.2

Overlapping resonances at Ecm ' 1.7 MeV

In the previous work [41], the broad peak in the alpha spectrum was
described by a 5/2+ resonance at Ex = 18.58 MeV overlapped with
a 7/2+ resonance at Ex = 18.65 MeV. These overlapping resonances
were necessary to describe the relatively high cross section and the
large width of the peak. In this work, even if the alpha peak is com-
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patible with a smaller width, it is still necessary to include both of
these resonances to explain the three excitation functions.
Ex = 18.65 MeV resonance
In the work of [112] strong evidences are pointed that the 18.65 MeV
resonance has the behavior of a T = 3/2 positive parity resonance,
with total spin 1/2, 3/2, 5/2 or 7/2. A resonance with isospin
T = 3/2 in 9 Be should decay only to 8 Li + p, as the other decay modes
5 He + α and 7 Li + d are not allowed by isospin conservation. So, it
should be expected that the deuteron and alpha partial widths are
zero or very small compared to the proton width.
In [14] a large total width of Γ = 300(100) keV is assigned for this
resonance.
A similar analysis with Jπ variation was performed for this resonance comparing the calculations with the measured 8 Li(p,p) data
with the possible values pointed out in the analysis of [112]. The parameters from the literature were used: T = 3/2 (Γα = Γd = 0) and
Γp = 300 keV, and the overlapping resonance at Ex = 18.58 MeV was
not included. The results are represented at figure 77.

Figure 77: R-matrix analysis for a T = 3/2 positive parity resonance at
Ecm = 1.76 MeV (Ex = 18.65 MeV) with several total spins J+ .
The widths were all set to Γp = 300 keV and Γα = Γd = 0.

It is clear that Jπ = 1/2+ and Jπ = 7/2+ can be excluded due
to the disagreement with the data. An ambiguity persists between
Jπ = 3/2+ and 5/2+ , but the inclusion of the other resonance at
Ex = 18.55 MeV (Er = 1.66 MeV) in the analysis may provide constraints to solve this issue.
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Ex = 18.55 MeV resonance
There is no other information in the literature about the Ex = 18.58
MeV resonance besides its energy. However, it should be expected
that this resonance is responsible for the the peak around Ecm ∼ 1.6 −
1.7 MeV in the deuteron and alpha excitation functions, which should
be weakly populated from the broad T = 3/2 resonance at Ex = 18.65
MeV.
As pointed out in section 4.4, this resonance could be barely observed in the data from experiments with the inverse mechanism
7 Li(d,p)8 Li (see figure 68). The absence of a prominent peak like in
the 8 Li(p,d) excitation function can only be explained by the preferential population of the first excited state of 7 Li ( 0.477 MeV, Jπ = 1/2−
[106]) from this resonance. Also, the peak in the deuteron spectrum
is somewhat shifted, as its maximum is at Ecm = 1.58 MeV instead of
1.69 MeV, reinforcing this hypothesis.
This hypothesis was considered just for this resonance and just for
the deuteron decay mode. In the case of 8 Li(p,p)8 Li and 8 Li(p,α)5 He
reactions, the population of the first excited state of 8 Li ( 0.98 MeV,
Jπ = 1+ [14]) and 5 He ( 1.27 MeV, Jπ = 1/2− [106]) is unlikely
as they are at a quite higher excitation energy and the probability
should drop exponentially due to the reduction in the penetrabilities.
The work of [110] on the 7 Li(d,α)5 He reaction shows that the decay
around the excitation energies of this resonance is much more likely
to occur to the ground state of 5 He.
Some important kinematical considerations must be done. One has
to calculate the shift in the location of the observed peak in the
deuteron energy spectrum and in the excitation function. Deuterons
are produced with 0.95 MeV less energy (in the laboratory frame) in
8 Li(p,d)7 Li∗ than in 8 Li(p,d)7 Ligs at θ
◦
lab = 10 . Taking into account
4
the energy losses , the same resonances populated in 9 Be decaying by
7 Li∗
+ d appear in the excitation function shifted to
Ecm − 0.225(2) MeV. See figure 78 for an example.
According to the comparison with the 7 Li(d,p)8 Li data [104, 105]
(see fig. 68 and related discussions), the 7 Li∗ + d channel should be
more important than the 7 Ligs + d channel. To take it into account,
an additional 7 Li∗ + d channel was included in the calculations for
the resonance at Ex = 18.55 MeV.
A better agreement with the data was obtained with this resonance
at Er = 1.66 MeV (Ex = 18.55 MeV), which is compatible with the
value reported in the literature (Ex = 18.58(4) MeV).
4 In this experiment, deuterons produced in the decay to 7 Ligs and to 7 Li∗ are undistinguishable. So, the whole deuteron spectra had to be converted from detected
yield to experimental excitation function the same way. The conversion curve from
detected E(d)lab to Ecm , which supposes the decay to the ground state of 7 Li, was
employed for the whole spectra (see figure 47). Also, the same jacobian was employed. The reaction p(8 Li,d)7 Li∗ has a different J(E, θ) than p(8 Li,d)7 Ligs , but this
difference is of ∼ 11% in the energy of the resonance, thus still inside the error bar.

4.6 r-matrix analysis

Figure 78: Observed shift in the excitation function of a 9 Be resonance which
decays to 7 Li∗ + d.

A Jπ analysis was done to this resonance. As there is an
ambiguity between two possible Jπ for the Ex = 18.65 MeV resonance,
the analysis was done for both cases.
In all following calculations presented in figures 79, 80 and 81 the
same partial widths were used, namely, Γp = Γα = Γd+7 Li∗ = 70
keV and Γd+7 Ligs = 10 keV for the Ex = 18.55 MeV resonance, and
Γα = Γd = 0 and Γp = 300 keV for the Ex = 18.65 MeV resonance. The
deuteron excitation function is presented as the sum of the calculations of the 7 Ligs + d channel and 7 Li∗ + d channel, with the proper
energy shift for the last.
The R-matrix results for Jπ (18.65 MeV) = 5/2+ are represented at
figures 79 (for positive parities of Jπ (18.55 MeV)) and 80 (for negative
parities).
Among the results for positive parity resonance at Ex = 18.55 MeV
and Jπ (18.65 MeV) = 5/2+ (fig.79), all of the J+ 6 7/2+ present
cross sections too low for the alpha and deuteron channels. For the
Jπ (18.55 MeV) = 7/2+ , any attempt in changing partial widths to increase the alpha peak impairs the proton excitation function. In this
set, the Jπ (18.55 MeV) = 9/2+ is at a fair agreement with the data;
however other constraints will exclude this solution, as will be seen
further.
In the negative parity group with Jπ (18.65 MeV) = 5/2+ (fig.80),
and with the partial widths used in the calculation no good results
could be obtained. However, when changing the partial widths, good
fits could be obtained with Jπ (18.55 MeV) = 7/2− , as will be seen
further.

105

106

data reduction and analysis

Figure 79: R-matrix calculations for a positive parity resonance at Ecm =
1.66 MeV (Ex = 18.55 MeV) with several total spins J+ and
Jπ (18.65 MeV) = 5/2+ .

Figure 80: R-matrix calculations for a negative parity resonance at Ecm =
1.66 MeV (Ex = 18.55 MeV) with several total spins J− and
Jπ (18.65 MeV) = 5/2+ .

The results for Jπ (18.65 MeV) = 3/2+ are represented at figure 81.
The results for J 6 5/2 were omitted as they are similar to those for
Jπ (18.65 MeV) = 5/2+ .

4.6 r-matrix analysis

Figure 81: R-matrix calculations for a resonance at Ecm = 1.66 MeV (Ex =
18.55 MeV) with several total spins Jπ and Jπ (18.65 MeV) = 3/2+ .

Again, no good results could be obtained with the partial widths
used. By changing the partial widths, the only good fit was obtained
with Jπ (18.55 MeV) = 7/2− , for Jπ (18.65 MeV) = 3/2+ .
π
π
For clarity, the pair (Jπ
1 , J2 ) is defined as the J of Ex = 18.55 MeV
π
π
resonance (J1 ) together with the J of Ex = 18.65 MeV resonance (Jπ
2 ).
π
π
π
Summing up, the analysis of (J1 , J2 ) revealed that three J pairs
may explain the measured data: (7/2− , 5/2+ ), (7/2− , 3/2+ ) and
(9/2+ , 5/2+ ) The ambiguities among these three pairs are explored
in the next section.
4.6.3

Widths, ambiguities and other considerations

The best fit for the resonance at Ecm = 1.10 MeV is shown at table 6.
As mentioned, the value Jπ = 3/2− is the one which gives the best
agreement with the data and is preferred. Also, an alpha width of
Γα = 5(5) keV is still compatible with the measured data.
Table 6: Best R-matrix fit for the resonance at Ecm = 1.10MeV.
9 Be

8 Li

resonance

+ p channel

7 Ligs

+ d channel

Ex

Er

Jπ

Γp

Θ2p

(I,`)

Γd

Θ2d

(I,`)

17.99(2)

1.10(2)

3/2−

200

11.4

(3/2 , 1)

50

1.5

(3/2 , 0)

Energies E in MeV, widths Γ in keV, dimensionless reduced widths Θ2 in %.
The partial width for the 5 He + α channel was set to zero.
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For the overlapping resonances, Ex = 18.55 MeV and 18.65 MeV,
three Jπ pairs were identified as compatible with the data: (7/2− , 5/2+ ),
(7/2− , 3/2+ ) and (9/2+ , 5/2+ ). As the width of the resonance at
Ex = 18.65 MeV is larger than the distance between them, the arising
of ambiguities in the analysis of the excitation functions is natural.
Many R-matrix calculations were performed to explore these ambiguities among all the Jπ pairs. Some significant results are shown
on figures 82, 83 and 84, while the parameters obtained in the fits are
displayed in table 7.

χ2red is the reduced
chi-squared [101].

Table 7: R-matrix fits for the measured excitation functions, exploring the
ambiguities between the two overlapping resonances.
9 Be

Fit
(all)
1

2

3

4

5

6

8 Li

resonance

+ p channel

5 He

7 Li

+ α channel

+ d channel†

Ex

Er

Jπ

Γp

Θ2p

(I,`)

Γα

Θ2α

(I,`)

Γd

Θ2d

(I,`)

Mode

17.99(2)

1.10(2)

3/2−

200

11.4

(3/2 , 1)

0

0

–

50

1.47

(3/2 , 0)

7 Ligs

18.55(5)

1.66(5)

7/2−

200

6.2

(5/2 , 1)

80

0.61

(3/2 , 2)

80

12.3

(3/2 , 2)

7 Li∗

18.65(4)

1.76(4)

5/2+

300

5.0

(5/2 , 0)

0

0

–

0

0

–

18.55(5)

1.66(5)

7/2−

100

3.1

(5/2 , 1)

120

0.91

(3/2 , 2)

120

18.4

(3/2 , 2)

7 Li∗

18.65(4)

1.76(4)

5/2+

300

5.0

(5/2 , 0)

5

0.04

(3/2 , 1)

5

0.20

(3/2 , 1)

7 Li∗

18.55(5)

1.66(5)

7/2−

60

1.9

(5/2 , 1)

120

0.91

(3/2 , 2)

150

23, 0

(3/2 , 2)

7 Li∗

18.65(4)

1.76(4)

5/2+

300

5.0

(5/2 , 0)

20

0.14

(3/2 , 1)

20

0.80

(3/2 , 1)

7 Li∗

18.55(5)

1.66(5)

7/2−

200

6.2

(5/2 , 1)

120

0.91

(3/2 , 2)

120

18.4

(3/2 , 2)

7 Li∗

18.65(4)

1.76(4)

3/2+

350

5.8

(3/2 , 0)

0

0

–

0

0

–

18.55(5)

1.66(5)

7/2−

100

3.1

(5/2 , 1)

120

0.91

(3/2 , 2)

120

18.4

(3/2 , 2)

7 Li∗

18.65(4)

1.76(4)

3/2+

350

5.8

(3/2 , 0)

50

0.36

(3/2 , 1)

50

2.0

(1/2 , 1)

7 Li∗

18.55(5)

1.66(5)

9/2+

75

10.4

(5/2 , 2)

80

0.66

(3/2 , 3)

70

93.9

(3/2 , 3)

7 Li∗

18.65(4)

1.76(4)

5/2+

330

5.5

(5/2 , 0)

0

0

–

0

0

–

Energies E in MeV, widths Γ in keV, dimensionless reduced widths Θ2 in %. All of
the fits also included the resonances below Ecm = 0.8 MeV for background (see
table 1).
† - For simplicity, in the analysis performed, each channel was set to decay just by
one mode of the deuteron channel, 7 Ligs or 7 Li∗ .

For the spin-parity pair (7/2− , 3/2+ ) (figure 83), a fair fit could
be obtained considering the 18.65 MeV resonance a pure T = 3/2
resonance, with Γd = Γα = 0 (fit 4).
In the case of the spin-parity pair (7/2− , 5/2+ ) (figure 82), the fit
1, which considers Γd = Γα = 0 for the 18.65 MeV (T = 3/2), has
a too high peak at Ecm ∼ 1.8MeV in the 8 Li(p,p) excitation function.
This disagreement could not be corrected by any change in the partial
widths.
For both spin-parity pairs (7/2− , 5/2+ ) and (7/2− , 3/2+ ), allowing
the Ex = 18.65 MeV resonance (T = 3/2) to have small Γd and Γα ,

χ2red

1.65

1.64

1.60

1.47

1.27

1.69

4.6 r-matrix analysis

but so that Γd  Γp and Γα  Γp , it is possible to obtain a better
agreement with the data (see fits 2, 3 and 5).
However, a slight change in the Γd and Γα of the 18.65 MeV
resonance causes some consequences in the Γp of the 18.55 MeV resonance (see the transition from fit 1 to fit 2 at table 7). This ambiguity between the proton width of the 18.55 MeV resonance and
how strict the isospin conservation is taken for the 18.65 MeV resonance (T = 3/2) can be obseved in both cases in which Jπ of the
18.55 MeV resonance is 7/2− (fits 1 to 5 in table 7).

Figure 82: R-matrix fits considering the Jπ pair (7/2− , 5/2+ ) for the overlapping resonances (see table 7 for parameters).

Figure 83: R-matrix fits considering the Jπ pair (7/2− , 3/2+ ) for the overlapping resonances (see table 7 for parameters).
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Figure 84: R-matrix fit considering the Jπ pair (9/2+ , 5/2+ ) for the overlapping resonances (see table 7 for parameters).

If the Jπ of the 18.55 MeV resonance is 9/2+ (pair (9/2+ , 5/2+ ),
figure 84), the same ambiguity does no occur. The best fit found for
this configuration (fit 6 at table 7) is very sensitive to small changes
in the parameters. A very small Γd or Γα in the 18.65 MeV resonance
impairs severely the agreement between the calculated cross section
and the data for the three excitation functions.
However, for the the 18.55 MeV resonance with Jπ = 9/2+ , the
lowest possible ` value is 3 in the deuteron channel, which results in
a very low penetrability. The Γd = 70 keV, needed for the fit, results
in a dimensionless reduced width of Θ2d = 94%. This is too large and
extremely unlikely. Therefore, Jπ = 9/2+ can be rejected for the 18.55
MeV resonance, which then should be a 7/2− resonance.
It is also notable that, in all cases, the experimental cross section
is higher than any R-matrix calculations for 8 Li(p,d) reaction in the
region above Ecm = 1.8 MeV. This may be caused by the presence
of a broad resonance reported at Er = 2.31 MeV (Ex = 19.2 MeV,
Γ = 310(80) keV [14]) which was not included in the calculations.
Moreover, the drop in the cross section below Ecm 6 0.95 MeV in
the proton excitation function could not be described in the R-matrix
analysis. It may correspond to the loss of protons at low energies due
to non-uniformities in both target and in the ∆E silicon detector. As
these energies are very close to the detection limit of protons, some
may not be able to cross the ∆E detector, and the yields in this energy
region may be underestimated. The deuteron excitation function is
also subject to this problem at energies close to the detection limit.

4.6 r-matrix analysis

The simultaneous measurement of the proton, alpha and deuteron
decay channels and the four-channel R-matrix calculation with AZURE
has allowed the determination of many unknown parameters of the
9 Be resonances in this energy region. The table 8 summarizes the final
results that could be obtained from this analysis.
Table 8: Parameters of the measured 9 Be resonances obtained from the Rmatrix analysis of this work.
Ex

Er

Jπ

Γp

Γα

Γd (7 Ligs )

Γd (7 Li∗ )

17.99(2)

1.10(2)

3/2−

200(60)

5(5)

50(20)

–

18.55(5)

1.66(5)

7/2−

120(70)

120(20)

–

130(30)

18.65(4)

1.76(4)

5/2+ or 3/2+

320(30)

25(25)

–

25(25)

Energies E in MeV, widths Γ in keV. Uncertainties on widths roughly estimated
through the variation of the parameters along several fits.
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4.7

astrophysical reaction rate

The angle integrated cross section and the astrophysical S-factor can
be obtained from the R-matrix calculations. Both were calculated for
astrophysically relevant reactions 8 Li(p,α) and 8 Li(p,d) using the best
fit for each Jπ pair, selected by the least χ2red . They are displayed at
figure 85.

Figure 85: Integrated cross section (left column) and S-factor (right column)
for the 8 Li(p,α) and 8 Li(p,d) reactions obtained from the R-matrix
fits.

The calculation of reaction rates was done by the code AZURE
through numerical integration of equation 14 with the calculated
cross section. The two 8 Li consuming reactions were studied, 8 Li(p,α)
and 8 Li(p,d), and the obtained results are shown at figure 86. The Rmatrix fit used in this calculation was the number 3 (see table 7), but
the others produce very close results.
The reaction rate for the 8 Li(p,d) reaction may be underestimated
as the deuteron partial widths of the resonances at Ecm = 0.38 MeV
and 0.61 MeV were not included in this analysis (see references [104,
105] and figure 68). The reaction rate for 8 Li(p,α) is less than the

4.7 astrophysical reaction rate

found in the previous work [41] (see fig. 8), mainly due to the narrower alpha peak measured at around Ecm = 1.7 MeV in the present
work.
As can be seen, at BBN temperatures (T 6 1.1 · 109 K [113]) the
8 Li(p,α) is probably more efficient than the 8 Li(p,d) reaction on
destroying the available 8 Li . At r-process temperatures (from
T = 2.5 · 109 K to 5 · 109 K [113]) the two reactions may have a comparable role. However, a better description could only be provided with
the measurement of the resonances at Ecm = 0.38 MeV and 0.61 MeV
in the deuteron channel.

Figure 86: Calculated reaction rates for the reactions 8 Li(p,α) and 8 Li(p,d).
The rate for 8 Li(p,d) reaction is probably underestimated as the
resonances at Ecm = 0.38 MeV and 0.61 MeV could not be measured in this work.
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In this work, the proton-induced reactions 8 Li(p,p), 8 Li(p,α) and
8 Li(p,d) were measured in inverse kinematics between E
cm = 0.7 and
2.2 MeV.
A highly pure 8 Li beam selected by the RIBRAS System in the
Pelletron Laboratory (IF-USP), São Paulo, was used impinging on a
thick target made of polyethylene ((CH2 )n ), a hydrogen-rich plastic.
The thick target inverse kinematics method was used, in which the
beam slows down inside the target and performs reactions in a wide
energy range, until it stops. The ejectiles were detected at θlab = 10◦
by a E − ∆E telescope formed by silicon surface barrier detectors.
From the measured yields of protons, alphas and deuterons, the excitation functions for the three reactions could be obtained. Some corrections were needed to subtract the contribution of contaminant protons and to isolate the pure two-body α + 5 He decay from the alpha
spectra. The possible contribution of contaminant reactions
between the 8 Li beam and the carbon present in the (CH2 )n target
were considered negligible after measurements with a natural carbon
target.
A maximum cross section of 2.6(7) mb/sr could be determined for
the 8 Li(p,t)6 Li reaction between Ecm = 1.1 and 2.1 MeV. This value
is much lower than the values measured for the other reactions, so
the triton decay channel was negleted in the calculations. Evidences
were found in the literature that other decay channels like gamma
and neutron are also less important.
The excitation functions obtained were consistent with previous
measurements found in the literature. Three 9 Be resonances could
be identified: at excitation energies of Ex = 17.99(2), 18.55(5) and
18.65(4) MeV, all compatible with the values found in the literature
(18.02(5), 18.58(4) and 18.65(5), respectively). The data were analysed
through the R-matrix methodology using the program AZURE.
The resonance at Ex = 17.99(2) MeV was observed in the 8 Li(p,d)
excitation function; it is a 3/2− resonance which decays mainly in the
proton and deuteron channels. It has a proton partial width of 200(60)
keV and a deuteron partial width of 50(20) keV. The absence of any
structure at this energy in the alpha excitation function suggests that
this resonance does not decay by alpha emission.
The other two, at Ex = 18.55(5) and 18.65(4) MeV, are overlapping
resonances, in which the width of the resonance at Ex = 18.65(4) MeV
is larger than the separation between them. They appear as a single
broad peak in the measured spectra of each reaction. However, it is
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impossible to explain the measured excitation functions by only one
single resonance.
The Jπ of the Ex = 18.55(4) MeV resonance was determined as
7/2− , but a possible ambiguity persists between 5/2+ and 3/2+ for
the resonance at 18.65(4) MeV.
The decay of the Ex = 18.65(4) MeV resonance should be mostly
through proton emission, whose partial width was evaluated as
320(30) keV. The isospin of this resonance is reported in the literature
as T = 3/2, then the alpha and deuteron partial widths should be
strictly zero for a pure T = 3/2 resonance. If the isospin conservation
is strictly observed, the ambiguity between Jπ (18.65MeV) = 3/2+
and 5/2+ breaks down. Only Jπ = 3/2+ provides a good fit with
Γα = Γd = 0.
The alpha and deuteron partial widths of the Ex = 18.55(5) MeV
resonance were determined as 120(20) keV and 130(30) keV, respectively. Meanwhile, the proton width was found to be dependent on
the Jπ of the 18.65(4) MeV resonance and on how strict the isospin
conservation is for the Ex = 18.65(4) MeV resonance. Concerning
the deuteron decay channel of the Ex = 18.55(5) MeV resonance,
evidences were found that it should decay mostly to the first excited
state of 7 Li, since it was not observed in the 7 Li(d,p)8 Li reaction.
Possibly, the effect of a broad resonance at Ex = 19.20(5) MeV, reported in the literature, was also observed as a tail in the high energy
part (Ecm > 1.8 MeV) of the 8 Li(p,d) excitation function.
This simultaneous measurement of the proton, deuteron and alpha decay channels and the four-channel R-matrix calculations with
AZURE have provided several parameters of 9 Be structure at high excitation energies that were previously unknown, such as spins,
parities and partial widths of resonances arount the proton
threshold.
The relevant consequences on astrophysics of the 8 Li(p,α) and
8 Li(p,d) reactions were also briefly studied. The reaction rates calculated for both reactions indicate that the 8 Li(p,α) reaction should
be much more efficient in the destruction of 8 Li during the Big Bang
nucleosynthesis than the 8 Li(p,d) reaction, but the two may have a
comparable role in a r-process scenario. However, the calculated reaction rate for 8 Li(p,d) reaction may be considerably underestimated
since the resonances at Ex = 17.298 MeV and 17.493 MeV could not
be measured in this experiment and, thus, were not included in the
calculations.
This work could be improved and extended. Firstly, the measurement of the excitation functions with better statistics and at other
scattering angles could help solving the ambiguity in Jπ and reduce
the error bars in partial widths.
A magnetic shielding in the central chamber could increase the efficiency of the MCP detector operating between the two solenoids. This
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would allow the full implementation of the time-of-flight technique
and then useful events could be easily discriminated from contaminant background, improving the accuracy of measurements.
The use of a thinner ∆E detector (such as gaseous detectors) could
also eliminate the possible problem of yield loss of protons and
deuterons for Ecm . 0.95 MeV and could even extend the measurable
excitation functions to lower energies. Moreover, the resonances at
Ex = 17.298 MeV and 17.493 MeV could be measured in the deuteron
channel and a better description of the astrophysical role of the 8 Li(p,d)
reaction could be provided.
The measurement of the inelastic 8 Li(p,p’)8 Li* reaction could provide further information about the 9 Be resonances around the proton threshold. There is also the possibility to measure the 8 Li(p,n)
reaction if the large area neutron detector available in the Pelletron
Laboratory becomes operational.
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R E A C T I O N K I N E M AT I C S

In a fixed target experiment, a projectile nucleus (1) from the accelerated beam impinges on a fixed target nucleus (2). In a binary reaction
X2 (X1 , X3 )X4 , the two interacting nuclei can form two other particles
(3 and 4). It is usual to call the detected reaction product (3) as the
ejectile or scattered nucleus and the other (4) as the recoiling nucleus.
This two-body process is depicted at figure 87.

For more detailed
discutions and
deductions, see
references [114],
[43] and [5].

Figure 87: Scheme of collision geometry involved in a nuclear reaction in
the laboratory frame.

Given the bombarding kinetic energy E1 of the projectile, it is important to know what to expect from the scattered reaction product
at a given detection angle θ from the beam’s direction.
The total energy of the system must be conserved, as expressed
in the equation below. Part of the inicial energy E1+2 of the system
may be used in the excitation of internal states Elev of the reaction
products, and this should be accounted in the final kinetic energy of
the system E3+4 .
(m1 c2 + E1 ) + (m2 c2 + E2 ) = (m3 c2 + E3 ) + (m4 c2 + E4 ) + Elev
((m1 + m2 ) − (m3 + m4 )) · c2 − Elev = (E3 + E4 ) − (E1 + E2 ) (52)
Here comes the concept of the Q-value, which is the amount of
energy released (if Q > 0) or retained (Q < 0) during the reaction. It
is defined either as the difference of kinetic energy between the inicial
and final systems (right hand of equation 52):
Q = E3+4 − E1+2

,

(53)
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Ei , mi and ~pi are
the kinetic energy,
the mass and the
moment of the
particle i.
θ and φ are the
scattering angles of
the product nuclei 3
and 4, respectively.
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or as the mass excess between the inicial and final systems (left hand
of equation 52), also considering how much of this mass excess was
employed in the excitation of any reaction product:
Q = ((m1 + m2 ) − (m3 + m4 )) · c2 − Elev

.

(54)

When the reaction is an elastic scattering, the final products are
the same as the initial particles, then Q = 0. When Q > 0 (exoergic
reaction), the reaction can occur at any incident energy. Particularities
when Q < 0 are not explored as no reaction relevant for this work
fits this characteristic, but some considerations can be found in the
references indicated in the beginning of this chapter.
There may be a reasonable probability that the ejectile nuclei are
produced at excited states, then Elev 6= 0, mainly for those whose first
excited states are very close to the ground state. One good example is
the secondary beam production reaction employed at this experiment:
9 Be(7 Li,8 Li). The 8 Li may be produced at its ground state or in its first
excited state (Elev = 0.9808 MeV [14]).
In the laboratory frame, the kinetic energy E2 of the fixed target
nucleus is zero, and its momentum ~p2 as well. In this case, the equations for conservation of energy and momentum can be written as:

,

E1 + Q = E3 + E4
~p1 = ~p3 + ~p4

(55)

.

(56)

As particle 3 is the relevant ejectile, it is convenient to isolate the
terms dependent on particle 4. Even more convenient is to work with
the magnitudes pi of the momentum vectors by taking their scalar
product with themselves:
~p4 · ~p4 = (~p1 − ~p3 ) · (~p1 − ~p3 )

,

and by applying the cossines law, the dependence on the detection
angle θ becomes clear:
p24 = p21 + p23 − 2 p1 p3 cosθ

.

(57)

At the energies employed at this experiment, relativistic effects are
negligible. By applying the classical approximation p2 = 2mE and
equation 55 to equation 57, it is possible to estabilish a kinematic
relation between E3 and E1 that, after some manipulations, is given
by:



 √
p


m3
m1 m3 E1
m1
+ 1 E3 − 2
cosθ
E3 +
E1 − (E1 + Q) = 0
m4
m4
m4
(58)

.

A.1 center-of-mass frame

This is a quadratic equation in
E3 =
=
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√
E3 , which admits two solutions:

p 2
E3
!2
p
√
m1 m3 E1 cos2 θ + (m3 + m4 ) [m4 Q + (m4 − m1 )E1 ]
m1 m3 E1
cosθ ±
m3 + m4
m3 + m4
(59)

At figure 88 are presented the solutions of equation 59 for each of
the relevant reaction products of this work.

Figure 88: Kinematics for the relevant reactions in this experiment.

From the conservation of momentum (eq. 56), it is possible to obtain the relation between the angles θ and φ:
s
m3 E3
senφ =
senθ
.
(60)
m4 E4
a.1

center-of-mass frame

It is conventional to present data not in the laboratory coordinate system but in a reference invariant to the change of target and projectile.
This reference system is the one in which the total momentum is zero,
and both particles are traveling towards each other with equal linear
momenta. It is the center-of-mass system, whose scheme is depicted
in figure 89.
It is important to know how to perform conversions from laboratory frame to the center-of-mass frame for experimental data like
energy, angle and cross section.

From this point, the
indexes lab and cm
will be employed to
designate the
reference system of
the displayed
quantity. When no
index is specified,
assume it to be in
the laboratory frame.

.
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Figure 89: Scheme of collision geometry involved in a nuclear reaction at
the center-of-mass frame.

Being Elab = E1 , the conversion from laboratory total energy to
center-of-mass total energy is imediately:
Ecm =

Atarg
m2
· Elab =
· E1
Atarg + Aproj
m 2 + m1

.

For angle conversions, the following factor χ is needed1 :
s
m1 m3 Ecm
χ =
.
m2 m4 Ecm + Q

(61)

(62)

The relation between the detected particle’s angle in both laboratory and center-of-mass frames is given by
tan (θlab ) =

sin (θcm )
χ + cos (θcm )

.

(63)

As the total momentum must be conserved and it is zero in the
center-of-mass system, the angle of the recoil particle must be φcm =
π − θcm , as depicted in figure 89.
In the transformation of cross sections, the elements of solid angles
in both reference systems must detect the same number of particles.
So, the differential cross sections are related by:
σcm =

dΩlab
σlab
dΩcm

.

The factor (dΩlab /dΩcm ) is called Jacobian and is given by
p
1 − χ2 sin2 (θlab )
J = h
.
i2
p
2
2
χ cos(θlab ) + 1 − χ sin (θlab )

(64)

(65)

1 The χ-factor is the ratio of the speed of the system’s center-of-mass in the laboratory
frame and the speed of the outgoing particle (3) in the center-of-mass frame. For a
detailed deduction, see [43].

A.2 inverse kinematics

The jacobians for the reactions employed at this experiment are
depicted at figure 55 in section 4.1. Note that in the case of an elastic
scattering, χ and the jacobian are constant with energy.
a.2

inverse kinematics

In this experiment, the mass of the projectile (8 Li ) is larger than the
mass of the fixed target (1 H). This is called inverse kinematics, and
some special considerations must be done about this kind of reaction.
In inverse kinematics, the center-of-mass energy of the system is
much lower than the laboratory energies, as can be easily verified
as a corolary of equation 61. For example, the center-of-mass energy
of a 8 Li + p system of E(8 Li)lab = 18.7MeV is Ecm = 2.08MeV.
This improves the energy resolution in the center-of-mass frame and
therefore the measurement of excitation functions.
It is also intuitive that the scattering of both projectile and target
particles at laboratory angles should be limited to foward angles, as
a heavy projectile hitting a lightweight particle will not scatter backwards. Center-of-mass angles will be compressed inside a limited laboratory angles range, and the precision measurement of angular distributions would require excelent angular resolutions. At figure 90
is shown the energy-angle dependence of a beam of mass m1 = 8
elastically scattered at several targets.

Figure 90: Relation between elastic scattering energy and scattering angle of
a beam of mass m1 = 8 for several targets.
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It is clear that a maximum laboratory angle θmax rises when the
system becomes an inverse kinematics situation. From equation 59 an
expression for θmax can be derived:
s

(m3 + m4 )[(m1 − m4 ) E1 − m4 Q] 
θmax = arccos 
. (66)
m1 m3 E1
It is also evident, by both figures 90 and 88, that at inverse kinematics there are two solutions for the same laboratory angle. In fact,
one of the solutions, actually the one with higher laboratory energy
and more easily measured, corresponds to the backward (π − θcm )
center-of-mass angle.

B

S I M - R I B R A S S I M U L AT I O N T O O L

In the past few years members of the RIBRAS collaboration have developed a useful set of codes to subserve RIBRAS’ users [84, 115,
116]. The most recent contribution is SIM-RIBRAS [93], a ROOT-based
[117] set of Monte-Carlo routines specially designed to provide support for experience planning and experimental setup enhancing. It is
divided into two main programs: CineRIBRAS and SolFocus.
The programs included in the SIM-RIBRAS can save much time
for RIBRAS’ users, as it replaces methods and other programs that
require much more manual labor, providing more complete and accurate results. They are very easy to use and execute, as they run
under ROOT’s framework and each step is carefully explained and
documented. Both codes are designed to cover the complexity of any
RIBRAS’ experiment done in the last years, but allow the user to make
changes for specific requirements of an experiment.
The programs in this package also make use of algorithms provided by the UPAK programs [118] Stopx and Kineq. The Kineq program provides quick calculations for reaction kinematics, as described
in appendix A. Stopx performs stopping power and energy loss calculations based on experimental data and on extrapolations from them,
mainly for exotic beams for which stopping power data is not available. The Stopx algorithm has been thoroughly tested for the beams,
energies and materials usualy employed at RIBRAS for many years
and is considered accurate enough for the requirements of this experiment.
b.1

cineribras

CineRIBRAS provides beam kinematics simulations for the whole RI-

BRAS System. It can be used to calculate beam energy losses, calibrate detectors and to calculate contaminant beam energies for each
step from the incoming primary beam to the last detector signal.
The user has to define the characteristics of the beams (primary,
secondary, secondary reaction products and contaminants, if desired)
and the characteristics of every energy absorber present, like targets,
degraders and detectors.
The algorithm starts by simulating a primary beam particle interacting with the primary target at the specified energy. Following the
Monte-Carlo simulation concept, a position for the primary reaction
is randomly chosen, then it calculates the energy loss the particle will
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suffer to arrive at that point. The energy of the reaction product is
calculated at the reaction point and after traversing the target.
This concept follow the simulated particle along the whole beamline, passing through degraders, interacting with targets, performing
reactions and arriving at detectors. The program takes into account
any processes occuring at each element that influences the beam, like
energy loss, nuclear reactions, straggling, etc. The random choices
on reaction position in targets and scattering angles have an uniform
probability distribution set as default, but may be modified if desired.
The process is repeated for hundreds or thousands of particles for
beams of interest and contaminants, and several secondary reactions
may be simulated in a single run.
Beam configurations are registered before and after any change
(energy loss, reaction, etc.) and are stored at an Root TTree object,
making easy to visualize the simulated beam behavior at any point
of the beamline. An example concerning this experiment is shown in
figures 91 and 92.
A highly accurate calculation would require some thousands of iterations, while a quick simulation using just a few hundred iterations
would be enough to evaluate beam or product energies, resolution
and general characteristics of the expected E − ∆E spectrum.
The easiness of calculating the final result upon changes at any
parameter of the experimental setup, like beam energy, target or degrader thickness and detector configurations makes CineRIBRAS a
very powerful tool for planning experiments.

Figure 91: Energy profiles for 8 Li + p experiment simulated using
CineRIBRAS: (a) of 8 Li beam after passing through the degrader
and (b) of α particles from 8 Li(p,α) reaction detected at 10◦ after
a (CH2 )n target [93].

B.2 solfocus

Figure 92: Simulated biparametric spectrum of an E − ∆E telescope positioned at 10◦ , with thickness of 20µm for ∆E detector and 1000µm
for E detector. In blue are the expected protons (from 8 Li(p,p))
and alphas (from 8 Li(p,α)). In red are possible contaminants [93].

b.2

solfocus

SolFocus is written to calculate geometrical effects at RIBRAS’ beam

selection and focalization. With a full description of RIBRAS’ geometry and magnetic field, it can search for the optimal electric current in
the solenoids for the selection of a specific secondary beam, providing
beam tracks and beam spots at the focal planes. It also considers possible contaminant beams and allows the user to include any control
element like collimators, blockers and energy degraders.
SolFocus uses the Boris’ Method [119, 120], a fast and accurate
method for solving charged particles equations of motion in nonuniform magnetic fields. Unlike CineRIBRAS, it deals only with the
secondary beam and starts the particle simulation from the point
right after the primary target and ends it before interacting with the
secondary target. So, it must be provided just secondary beam energy distribution and emittance. The same calculations may be done
for contaminant beams, that may be set at an specific energy or automatically the one that matches the magnetic rigidity of the secondary
beam (eq. 39).
RIBRAS’ geometry configurations are already built-in, but the user
may change them if needed (e.g to reposition the focalization point in
a chamber to adequate it to any unusual experimental configuration)
or include new control element like collimators and degraders, which
is also very useful for experiment planning.
One of the main features of SolFocus is the optimal current search.
The algorithm fixes beam energy and varies the solenoid currents to
find which one best focuses the secondary beam at that energy. The
criteria employed takes into account the ratio of focused beam particles that successfully reach the target and the spatial distribution
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of the beam spot in the target. The curves presented at figure 25 (section 3.4.2) were created using this algorithm. The results are in perfect
agreement with the observed in experiments, turning SolFocus by far
the best tool to determine optimal focalization currents.
The main outputs of SolFocus are particle tracks like those shown
in figure 34, which were directly extracted from SolFocus results, and
in the composition done at figure 50. They are very important in a
beam purity study and in the dimensioning of degraders, blockers
and colimators, as it clearly shows the behavior of contaminants inside the beamline in relation to the relevant ion.
Other auxiliary outputs are the ratio of focused particles as a function of solenoid current if the search tool is used, and the spatial distribution of the beam spot in the target. Examples of these are shown
in figure 93. With some simple modifications, time-of-flights can also
be extracted from SolFocus’ simulations.
The beam spot shown in figure 93.b also certifies the good accuracy
of SolFocus on beam tracking when compared to the measurements
done with a PSD shown in figure 40, which revealed a beam spot
about 7mm of diameter.

Figure 93: A few results on the 8 Li beam simulation using SolFocus. (a)
Ratio of focalized 8 Li particles (22.8 MeV) in the target position
of central chamber as a function of the current in the first solenoid
simulated by SolFocus. (b) 8 Li beam spot profile in the secondary
target (in light yellow) at main chamber [93].

C

SELECTION RULES

In the process of formation and decay of a compound nucleus the
multiplicity of relative angular momentum and spins of both entrance
and decay channels may lead to a huge amount of possible combinations. Thus, it is important to estabilish very clear selection rules for
the population of allowed states.
By the concept of the independence hypothesis (eq.1), this appendix
is divided into sections for formation selection rules and decay selection rules. For auxiliary purposes. at table 9 are exhibited the spins
and parities of each particle that can be associated with a channel of
formation and decay of 9 Be .
Table 9: Spins and parities of pairs of nuclei (in the ground state) that may
be channels of the 9 Be compound nucleus.
Particle

8 Li

p

5 He

α

7 Li

d

8 Be

n

9 Be

Jπ

2+

1/2+

3/2−

0+

3/2−

1+

0+

1/2+

3/2−

formation
In the formation of a compound nucleus, two particles of spins I1 and
I2 and parities π1 and π2 fuse together to create a nucleus in a state of
total spin and parity Jπ . The relative angular momentum ` between
the two initial particles could in principle assume any discretized
value (0, 1, 2, . . .), but the fusion would occur preferentially for low `
values due to the dependence of the penetrability on `.
The total angular momentum and the parity of the system are conserved quantities in the reaction. The total parity of the compound
system is related the the parity of the two subsystems by the following relation [54]:
π = π1 π2 (−1)`

.

(67)

Thus, in the case of this experiment in which the entrance channel
is always the 8 Li + p system (π1 = π2 = +1), even ` values could
populate positive parity states, while odd ` values could populate
negative parity states.
The selection on angular momentum is done by the rules of sum of
angular momentum. Firstly, the coupling of spins of the two particles
should range from Imin = |I1 − I2 | to Imax = |I1 + I2 |, assuming
any integer-spaced value between them two. For the 8 Li + p system,
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Imin = 3/2 and Imax = 5/2, thus they are the only two possible
values.
Coupling the spin with the relative angular momentum should give
J = I ± `. As ` can assume any integer value, a wide range of states
could be populated. At table 10 are displayed the possible couplings
between ` and the two possible spin values, the resultant Jπ already
includes the parity rule.
Table 10: Jπ of 9 Be states that can be populated by the 8 Li + p system.

±`
Jπ =
Jπ

=

3
2
5
2

−2

−1

0

+1

+2

+3

1+
2

1−
2
3−
2

3+
2
5+
2

5−
2
7−
2

7+
2
9+
2

9−
2
11 −
2

+`
+`

...
...
...

As can be seen, the 8 Li + p system could populate any resonance
of 9 Be above the threshold, as its internal odd structure admits only
half integer states. Thus, it is a good choice as an entrance channel for
spectroscopy studies. If the entrance channel could be, for example,
5 He + α, many of the Jπ combinations would not be allowed1 .
decay
In terms of selection rules, the decay is the inverse process of the formation. An excited nucleus at a Jπ state decays into two subsystems
of spins I3 and I4 and parities π3 and π4 with an relative angular
momentum of `.
The sum I of spins of the two formed particles should also follow
the rule of sum, ranging from Imin = |I3 − I4 | to Imax = |I3 + I4 |.
The decay in allowed `s should also follow the rule, being inside the
range J = |I ± `| for each I and respect the conservation of parity.
To illustrate this with a very simple example, a Jπ = 5/2+ state of
9 Be decays into 5 He + α. In this case, the only allowed I is 3/2, as
the alpha particle has spin 0. The compound state has positive parity,
while π3 π4 = −1. To conserve parity, the relative angular momentum
of the resultant pair should be odd (eq.67).
Then, all the possible odd `s should be investigated to see which of
them matches the required conservation of total angular momentum.
In the case of ` = 1, there is one case inside the range |3/2 ± `| =
5/2 that satisfies the conservation of angular momentum, so ` = 1 is
allowed. It is the same for ` = 3, but from ` = 5 the minimum the term
|3/2 ± `| can assume is 7/2, not satisfying the conservation anymore.

1 This is not a realistic entrance channel, as 5 He is not bound.
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