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Abstract

Even though satellites and space probes have explored the universe in search
of planets and new forms of life, one of the galaxy's most important objects to
study is very close by: the sun. In the last decades, the understanding of the
sun has experienced a tremendous improvement. Nevertheless the composition,
as well as the ongoing reactions within, need to be understood in greater detail
to also allow predictions of the interior of other stars with di�erent masses, com-
positions and temperatures.
One approach to better grasp the dynamics of the sun is to, for example, observe
and closely describe the various reactions that take place within the sun, includ-
ing their temperature- and energy-dependent probabilities. With this knowledge,
it is also possible to make predictions on the theoretically expected neutrino �ux
that is emitted by the sun.
The occurring complication is presented by the very small cross section of this
reaction in the temperature range of the sun, and thus it is only hardly mea-
surable. As a result, experimental physicists try to assess the cross section in a
higher energy range. Thereafter, theorists use the achieved data to extrapolate
the cross section down to energies where fusion processes are occurring in the
sun (so-called Gamow-window).
In this thesis the 3He(α, γ)7Be reaction is investigated. This combines the set up
of the main experiment to measure the cross section and the angular distribution
of the reaction, and an activation measurement of the unstable end product 7Be.
Knowing the gained activity through activation during the reaction, the initial
amount of produced 7Be can be concluded and thus, the cross section derived.



Zusammenfassung

Trotz der Tatsache, dass Satelliten und Raumsonden schon weit in den Weltraum
vorgestoÿen sind, um andere Planeten und neue Lebensformen zu erforschen, ist
doch eines der interessantesten Objekte unseres Universums in nächster Nähe:
die Sonne. In den letzten Jahrzehnten ist unser Verständnis der Sonne stark
angestiegen. Dennoch sollten ihre Zusammensetzung, sowie die Reaktionen, die
in ihr ablaufen, genauer untersucht werden, um Vorhersagen über Sterne mit
anderen Massen, Zusammensetzungen und Temperaturen tre�en zu können.
Ein Weg zu einem besseren Verständnis der Sonne, ist es, die verschiedenen
Reaktionen und ihre temperatur- und energieabhängigen Wahrscheinlichkeiten,
genauer zu untersuchen und zu beschreiben. Mit diesem Wissen lassen sich Vor-
hersagen über den theoretisch postulierten Neutrino�uss, der von der Sonne emit-
tiert wird, tre�en.
Das auftretende Problem ist allerdings, dass der Wirkungsquerschnitt bei den
Temperaturen der Sonne sehr klein und somit kaum messbar ist. Folglich versu-
chen Experimentalphysiker den Wirkungsquerschnitt in höheren Energieberei-
chen zu messen. Theoretiker können die gemessenen Werte extrapolieren und
einen theoretischen Wirkungsquerschnitt im Energiebereich, bei dem Fusions-
prozesse in der Sonne (sogenanntes Gamow-Fenster) auftreten, berechnen.
In dieser Arbeit wird die 3He(α, γ)7Be Reaktion untersucht. Dies beinhaltet den
Aufbau des Hauptexperiments, um den Wirkungsquerschnitt zu berechnen und
die Analyse der Aktivität des instabilen Endprodukts 7Be. Durch die bestimmte
Aktivität können Rückschlüsse auf die Ursprungsmenge der entstandenen 7Be
Kerne geschlossen werden, womit ebenfalls der Wirkungsquerschnitt dieser Re-
aktion bestimmt werden kann.
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1 Introduction

1.1 Processes in the Sun

There are two main reaction channels being responsible for the energy production in
the sun. So-called fusion chains take place, since many reactions only occur due to
the existence of the end product of another reaction. While the so-called pp-chain
(proton-proton-chain), which is dominant for stellar masses below m < 1.5M�, un-
dergoes fusion processes up to Be and Li, the Carbon-Nitrogen-Oxygen (CNO) cycle
is dominant in more massive stars and is mainly realized in proton reactions on C
(carbon), N (nitrogen), O (oxygen) and F (�uorine).

Figure 1.1: Proton proton chain reactions that take place in the sun. The ppII and
ppIII branches of the chain result from the 3He(α, γ)7Be reaction. With 16.7% it is
the second most probable aftere�ect following the (d, p) reaction [3].

In �gure 1.1, the three pp-chains are shown. This thesis will focus on the 3He(α, γ)7Be
reaction in ppII and ppIII, as well as the production of 7Li.
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1 Introduction

As shown in �gure (1.1), half of the reactions in this chain produce neutrinos as end
products, which play a major role in understanding the processes that take place
within the sun. While the probability of producing 7Li within the sun in this re-
action is 99.88% (by electron capture decay), there is also a small probability of a
proton capture on 7Be, which forms 8B.

1.2 Neutrinos

In the mid 1970s, when the standard model of particle physics was developed, neu-
trinos were thought to be massless, until their oscillation was proven in 2001 ([11],
[13]). Oscillations can only occur if at least one particle has a non-vanishing mass.
Neutrinos appear through reactions in the sun and in space, but also on Earth in
nuclear power plants. While this thesis studies solar neutrinos, there are also, for
example, reactor-, atmospheric- and geo-neutrinos, but also more exotic topics like
sterile neutrinos to be studied.

1.3 3He+4 He→7 Be+ γ Reaction

The observed reaction in close-up look:

3He +4 He→7 Be + γ

With ν = 16.70%, this reaction is the second most probable consequent reaction
within the sun following the 2H + p →3 He + γ reaction. 3He undergoes a fusion
process with an alpha particle (4He nucleus) resulting in a 7Be nucleus and a photon.
7Be is an unstable nuclide and decays with a half-life of 53.22 days. In this case, an
electron is captured by the inner shell of the 7Be nuclei, and in consequence 7Li and
7Be neutrinos are produced. In a competing process, 7Be absorbs a proton, which
forms 8B and subsequently produces 8B neutrinos.
The S-factor for this reaction (cf. �gure 1.2), which corresponds to the cross section
as shown in equation ?? has been measured several times for di�erent energies.

S(E) = σ(E) · E

exp(−2π · η)
with (1.1)

η =
Z1 · Z2 · e2

4π · ε0 · h̄ · ν
(1.2)

with η being the Sommerfeld parameter, Z1, Z2 being the atomic charge of the speci�c
element, e representing the elementary charge, ε0 equaling the vacuum permittivity,
h̄ representing the Planck constant divided by 2π and ν being the incident velocity.

As shown in �gure (1.2), the data set of LUNA in the 0.1 MeV region is very precise,
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1.3 3He +4 He→7 Be + γ Reaction
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Figure 1.2: S-Factor with respect to the energy for the 3He(α, γ)7Be reaction mea-
sured by several laboratories. The S-factor is related to the cross section, but it is
less energy-dependent and thus, more suitable for plots. The blue and black marked
values are comparable. However, the results by LUNA are out of the range where
a lot of measurements are taken. The Gamow-window and the energy range of the
Big Bang Nucleosynthesis are shown schematically in light red.
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1 Introduction

but does not correlate with other measurements and can thus also be placed outside
of the predicted range.
Additionally, the 7Be neutrino �ux and the primordial abundance of 7Li can be
improved, due to its dependency on the investigated reaction.

1.4 7Be and its Properties

Beryllium was formed in the Big Bang Nucleosynthesis. The nuclide 7Be only has
three neutrons. It is thus unstable and decays into either the ground state of 7Li
(η = 89.56%) or the excited state (η = 10.44%) [10].

1.5 Radioactivity and Determination of the Activity

Radioactivity is the decay of unstable nuclides into other nuclides, either directly or
by a chain of unstable nuclides, that decay one-by-one until a stable con�guration is
reached via an emission of alpha, beta or gamma radiation.
Plotting the neutron number N of the nuclide with respect to its proton number,
all possible compositions of the elements can be displayed in the so-called table of
nuclides. For nuclides with a relatively low atomic number Z, the so-called valley
of stability, where all stable nuclides are located, lies along the Z = N axis. The
unstable nuclides that undergo β+-decay or electron capture are located in the upper
left region of this valley, during the nuclides which are β−-unstable are found in the
lower right region.

Figure 1.3: Example: The decay scheme of 60
27Co33 is shown. There are di�erent

decay possibilities that are shown in blue with their respective probabilities. The Q
value of the decay reaction to 60

28Ni32 is also given [10].

Regarding the decay schemes of these radionuclei, there are certain schemes showing
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1.5 Radioactivity and Determination of the Activity

decay chains of radioactive nuclides up to the stable end product. All excited states
for each nuclide are also sketched in with the speci�c Q value. The Q value describes
the energy gain or loss during each nuclear reaction or decay. Each reaction follows
the same procedure:

initial nucleus + projectile→ �nal nucleus + ejectile +Q

with Q being the Q value of the reaction.
An important physical quantity for unstable nuclei is the activity A. The activity
or decay rate of a radioactive substance is the number of nuclear disintegrations per
time unit. It is measured in Becquerel (Bq).
The decay law can be written as:

N(t) = N0 · e−λ·t (1.3)

where N(t) is the number of atoms after time t and N0 the number of atoms at the
time t = 0. λ is the decay constant and is de�ned as:

λ =
ln(2)

T 1
2

(1.4)

The activity A(t) follows as:

A(t) =
dN(t)

dt
= λ ·N(t) = A0 · e−λ·t (1.5)

with A0 being the initial activity at time t = 0.
This formula is only partially applicable in this thesis. Since the nuclide, of which
the activity is to be determined, is only just produced, another component has to be
taken into account. During the production of the nuclide, it already decays as shown
in equation 1.6.

dN

dt
=
dN

dt

∣∣∣∣
prod.

− dN

dt

∣∣∣∣
decay

(1.6)

dN

dt

∣∣∣∣
prod.

= N ·
∫ Emax

0
σ · Φ · dE (1.7)

dN

dt

∣∣∣∣
decay

= −λ ·N (1.8)

with dN
dt being the counting rate for either the produced or the decaying nuclei, σ

representing the cross section, Φ being the �ux and N the number of peak entries.
The activation equation [16] is used to determine the exact activity at the end of the

5



1 Introduction

iradiation campaign Atirr :

Atirr = N · (1− e−λ·tirr) ·
∫ Emax

0
σ(E) · Φ(E) · dE (1.9)

with tirr being the irradiation time.

From the actual gamma ray spectra only a mean activity Ā with respect to its
measuring time tmeas can be determined. The actual initial activity Ainitial at the
start of the measurement can be obtained by demanding that the resulting rectangle
in �gure 1.4 equals the integral over the activity from tinitial to tfinal as given by
equation 1.10.

Ā · tmeas =

∫ tfinal

tinitial

A(t)dt =

∫ tfinal

tinitial

Ai · e−λ·t · dt =
Ai
λ
· (1− e−λ·tmeas) (1.10)

Ainitial =
λ · tmeas · Ā
1− e−λ·tmeas

(1.11)

finalinitial

initial

final

tirr

Figure 1.4: The exponentially decaying activity is shown with respect to the time.
tc represents the time between the end of the irradiation and the beginning of the
measurement. This �gure shows a method to obtain the initial activity Ainitial from
the mean activity Ā and corresponds to equation 1.10, which demands that the two
areas (light gray) equal one another (cf. [16]).

To obtain the activity by the entries of a gamma ray spectrum, the following formula
is required:

A =
N

tmeas · ν · ε
(1.12)
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1.6 Detectors

where tmeas is the measured time, ν is the emission probability and ε the detector
e�ciency, which represents the absolute full energy response.
The full energy response of the HPGe detectors is strongly energy-dependent. For
lower energies, there are absorption processes that lower the response. For particles
with higher energies, the probability to deposit the entire energy in the detector de-
creases. For p-type high purity germanium (HPGe) detectors, there is a maximum
for the full energy response. If there is no additional material between source and
detector, the usual maximum lies roughly at 200 keV, but strongly depends on the
used detector and the experimental geometry.
With speci�c calibration sources and the geometry that is later on used in the ex-
periment, the detector e�ciency can be determined before the main experiment. For
this purpose, the gamma ray spectra of sources with known activity and emission
probability are used.
Since the nuclide decays further on, a formula for calculating the activity after a
certain time of the decay is required. This formula depends on the initial activity
Ainitial and the half-life T 1

2
.

1.6 Detectors

In order to determine the activity of a radionuclide, a special detector is required in
order to record the produced photons in a gamma ray spectrum. Photons are ioniz-
ing particles and transfer either only an amount or the entire energy to the directly
ionized electrons while interacting with the detector.
Regarding the interaction of photons with matter, there are three e�ects (cf. [6])
which have to be taken into account: the incoherent scattering, the photo e�ect and
the pair production e�ect.

Incoherent Scattering: The direction of movement of photons changes due to the
energy transfer to bound electrons during the scattering. Here, only a fraction of the
energy is transferred to the ionized electrons.

Photo E�ect: A photon is absorbed by an electron and transfers its entire energy
to the electron. If this amount of energy is higher than the binding energy of the
electron, the remaining energy will be the kinetic energy of the electron (usually
∼ 1 keV).

Pair Production E�ect: If the photon's energy is larger than twice as high as the
rest energy of the electron (E = 1022 keV), an electron positron pair can be pro-
duced in the �eld of the nucleus. This can also happen in the �eld of the electron
shell, albeit with a low probability. The remaining energy is transferred to the pair-
ing, serving as kinetic energy.
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1 Introduction

In the last two cases, the entire energy is transferred to the electron. These generated
charge carriers transmit their energy via secondary ionization to the surrounding ma-
terial and secondary charge carriers are induced. The number of charge carriers is
directly proportional to the energy of the initial photon.
Detectors consisting of materials with high atomic numbers and high densities are
especially useful to detect photons. For this thesis, coaxial HPGe detectors are used.
These detectors ful�ll the above mentioned requirements with an atomic number of
Z = 32 and a density of % = 5.32 g cm−3. Surrounding the detector are two alu-
minum mantels. For further thermal and electrical insulation, a certain distance
between them is adjusted. The cooling �nger that receives the signals is located in
the middle of the detector. It also serves the general cooling and the high-voltage
power supply. In n-type detectors the outer layer of germanium is strongly p-doped,
while the inner layer is strongly n-doped, and vice versa for p-type detectors. The
germanium, consisting of two thin layers in the intrinsic zone, is installed behind
the inner mantel. An intrinsic zone is integrated to enlarge the space charge region.
The layers connect the semiconductor to the aluminum. Photons are detected in the
intrinsic zone [7].
A semiconductor is composed as shown in �gure 1.5.

Figure 1.5: Energy-Band Model: Structure of an insulator, semiconductor and a
conductor. The insulator has a large band gap between the conduction and the
valence band. That is why there is no electrical current within the material. In
contrast, there is no gap between the two bands in a conductor. Semiconductors
also have a band gap, albeit a smaller one. Thus, if energy is added to the system,
electrons can overcome the gap and a current is evoked. The size of the gap depends
on the material, the temperature and the energy of the electrons [9].

In �gure 1.5, it is shown that in comparison to the conductor and the insulator,
the semiconductor only features a small gap between the conducting band and the
valence band. This gap prevents the arise of a current in the semiconductor. If an
electron and a photon of the valence band interact with each other, the electron
is lifted to the conducting band by the additional energy that it received from the
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1.7 Gamma Spectra and Their Analysis

photon. Thus, the electron works as a charge carrier and the photon induces an
electron-hole pair. The band gap is overcome. Since the band gap can also be over-
come by thermal excitation, the detector is cooled with liquid nitrogen.
The cooling �nger resembles the anode in this arrangement and is applied to a volt-
age, while the outer contact (cathode) is grounded. In consequence to the above
described e�ects, electron-hole pairings are established when a γ is detected. They
are transported to the anode and cathode, whereby a current is generated. This
current is converted into a voltage signal, which is boosted and measured. The dif-
ferent high voltage signals are assigned to di�erent channels and the number of the
electron-hole parings is proportional to the energy. This can be transformed to a
pulse height spectrum (gamma ray spectrum) and generated, where the pulse in the
spectrum is proportional to the deposited energy in the detector. The detector that
was used has an additional lead shielding to suppress the outer natural radioactivity
from the inner of the detector.

1.7 Gamma Spectra and Their Analysis

In each gamma ray spectrum there are structures that appear due to incoherent
scattering, as shown in �gure 1.6:

When a photon and an electron collide, a process known as incoherent scattering
takes place. During this collision energy is transferred from the photon to the elec-
tron, which escapes from the atom due to the additional energy. The photon is
scattered in its direction of movement. In contrast to the photo e�ect, the photon
does not vanish and the atom is not ionized.
The backscattering peak, shown as (1) in �gure 1.6, is induced if the photon partially
deposits the maximum amount of energy possible (ϑ = 180◦) outside of the detector
and the rest of the energy inside the detector. The Compton edge corresponds to
(2) in �gure 1.6. It occurs because of the reverse process. The photon leaves the
maximum amount of its energy within the detector at (ϑ = 180◦), then leaves the de-
tector and deposits the rest of its energy outside of the detector. The backscattering
peak and the Compton edge plus their tails (due to smaller angles than ϑ = 180◦)
are summarized as the Compton continuum. The full energy peak (compare (3) in
�gure 1.6) represents the energy that a photon completely deposits in the detector.
A few things must be considered when analyzing the gamma ray spectra [8]. First,
the required measuring time for the analysis does not equal the measured time. The
measured time is the so-called real time. However, for all calculations, the live time is
used, which is shorter than the real time. The live time is the actual measured time
by the detector and excludes the dead time. The dead time describes the short time
interval after the detection of a signal, in which the detector or the data acquisition
program (DAQ) cannot detect and process further signals.
Additionally, summation e�ects can occur, that must be considered or reduced. A
summation event arises if more than one photon releases the entire or only an amount
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1 Introduction

Figure 1.6: Typical structures of a gamma ray spectrum using the example of 137Cs,
(1) represents the backscatter peak, (2) is the Compton edge. Combined, they equal
the Compton continuum, due to incomplete deposition of the energy in the detector.
The full energy peak is caused by the complete deposit of the electrons' energy in
the detector [6].
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1.7 Gamma Spectra and Their Analysis

of their energy in the detector in the same time window. Even though two signals
occur, only the sum is registered and recorded into the gamma ray spectrum. Due to
coincidence summation, too few or too many signals are measured and registered in
the speci�c channel. For sources with high activity, this can be inhibited by adding
space between the source and the detector.
To receive the activity from the analysis of the gamma ray spectrum, the entries of
the full energy peak are required. The peak is approximated by a �t routine that
shows the peak entries when given the speci�c interval of the peak.
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Figure 1.7: Gauss peak with a linear background as an example for a �t routine, the
blue dots represent the sample data, the black dashes belong to the �t without the
linear background, the red curve shows the �nal �t with linear background [12].

To receive the most accurate �t, two criteria have to be met. The simplest �t routine
consists of a Gauss-like function, that describes the physical relevant photons, and a
linear approximation that includes the background (see �gure 1.7).
To check whether the �t correctly describes the measured data, and for example
does not have too many free parameters, the χ2-method is applied [4]. The χ2 is
calculated as follows:

χ2 =
∑
i

(mi − xi)2

xi
(1.13)
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with mi and xi being the measured and expected values, respectively.
Here, the squared discrepancy between the measured and the expected values is set
in relation to the �t itself. In the used �ts the χ2

red is given.

χ2
red =

χ2

f
with f being the number of degrees of freedom. (1.14)

If the experimental data corresponds exactly to the expected values, the χ2
red is zero.

A good �t has a χ2
red of around one. It is not useful to have a χ2

red that is around
zero since the �tted data should be physically motivated and not improve the data.
However, if there are only data sets with low statistics, the loglikelihood method is
used for the analysis instead.
For peaks with few entries, a Gaussian and linear background is the correct way of
describing gamma-lines. The more entries a peak has, the more structures have to
be taken into account, which are negligible if the number of the peak entries is low.
Possible additional structures include a step-function with a mean identical to that
of the peak that is also smeared out by the sigma of the Gaussian (due to electronic
e�ects). The step-function itself is motivated by the disparity of the background on
the right side of the peak and the background with additional events due to multiple
Compton scatterings on the left side of the peak.
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2 Setup

The setup is divided in three parts according to the chronological progress.

2.1 Setup A - Counting Setup HZDR

For the �rst activation analysis the rightmost detector at the ELBE (Electron Linac
for beams with high Brilliance and low Emittance) facility of HZDR was used. It is
surrounded by a lead castle and therefore shielded against undesirable radiation.

2.2 Setup B - Irradiation Setup

The main experiment took place at the Ion Beam Center of the HZDR, at a branch
of the 3 MV Tandetron accelerator.

In �gure 2.1, the setup of the experiment is shown. The black lines indicate the
vacuum chamber. A �ange is situated on the top of the chamber, so that the in-
ner setup can be modi�ed if necessary. The beam is provided from the left of the
chamber through the copper tube (orange). Copper is used due to its high thermal
conductivity. There are also a turbo molecular pump, a collimator and a cold trap.
When the chamber is evacuated, the cold trap is cooled with liquid nitrogen to in-
crease the vacuum by condensing the remaining atoms on the copper. The mounting
of the target (here: gray) is done from the right. The target can also be cooled by
liquid nitrogen to prevent temperature induced di�usion processes. The temperature
is measured by a Pt100 thermal resistance. The index 100 resembles the resistance in
Ohm at T = 0 ◦C temperature. The current on the target can be measured directly,
since the whole target is insulated from the vacuum chamber. This was also done
for the copper tube in order to measure the current on the collimator.
The particles that are produced due to the irradiation of the target are measured by
�ve detectors surrounding the experiment. The smallest detector is located within
the vacuum chamber to record the protons. The detector used is a partially depleted
silicon (Si) surface barrier radiation detector.
The detector has a high alpha resolution of ε(E = 5486 keV) = 20.6 keV FWHM
(FWHM represents the full width at half maximum), as taken from [5]. The active
thickness of the detector is very large with > 2000 µm, which means that it is optimal
for detecting even high energetic particles. Due to the fact that the detector is only
able to detect a certain amount of alphas during its lifetime, a nickel foil of 50 µm
is placed between the target and the detector to absorb low energetic alphas. Alpha
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2 Setup

Figure 2.1: Setup for the 3He(α,γ)7Be experiment at the IBC of the HZDR. The
beam enters the chamber (black lines) through the copper tube (orange). The target
(gray) is mounted from the right. A silicon detector is placed inside, four other
detectors (blue) are placed outside of the chamber at di�erent angles.

14



2.3 Setup C - Counting Setup Felsenkeller

particles have at maximum of about E = 3 MeV and thus, a stopping range of about
50 µm, so that undesirable alphas do not reach the detector.
This detector is positioned inside of the chamber so that the experimental surround-
ings are in close proximity, as well as due to the fact that the protons would have been
absorbed by the chamber walls. It is positioned exactly at an angle of θ = 144.5◦

angle with respect to the beam axis, due to the fact that the cross section of the
reaction required for further calculations has already been measured and published
for this speci�c angle [2].
The Si-detector is energy-calibrated before the experiment. This is realized with a
triple alpha source, which is a mixed source containing 239Pu, 241Am and 244Cm.
The resulting alpha spectrum is calibrated to the known energy lines of the nuclides
used.
The other four detectors (blue) are located outside of the vacuum chamber since they
are used to detect the photons, which pass the barrier of the chamber walls without
signi�cant loss in intensity. All detectors consist of high purity germanium with dif-
ferent relative e�ciencies (60%, 90%, 100%, 3 × 60%). They are positioned around
the chamber at certain angles in order to be as sensitive to the angular distribution
of the photons as possible.

2.3 Setup C - Counting Setup Felsenkeller

To analyze the long-lived 7Be, which is produced during the irradiation, the target is
analyzed by a HPGe detector with a lead shielding afterwards. This is realized at the
VKTA (Radiation Protection, Analytics & Disposal Inc.) underground laboratory
facility in Dresden with the kind support of Dr. Detlev Degering.
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3 Procedure

3.1 Activation Analysis of a Radioactive Source with

Unknown Activity

The activity of a 7Be source is to be determined, which later shall be used as a
calibration source for the irradiated samples. To calculate its activity, the given
equation 1.12 in chapter 1 is used. As seen in the formula, the full energy response
(ε) is unknown, thus, some preliminary tasks have to be completed in order to de-
termine this value in advance. For this, several sources with known activities are
analyzed by the same detector used to analyze the 7Be sample. Using the analysis
program GammaVision, the gamma ray spectra for 133Ba, 60Co, 137Cs, 54Mn and
22Na are realized and visualized. The peaks within each spectrum can be assigned
to each nuclide, since each of them produce characteristic decay lines at the known
energy position in the spectra. Using the program, the peaks are �tted and the peak
entries are determined. Thereafter, the full energy response can be calculated for
each nuclide at the speci�c energy. Since the detector geometry remains constant for
each measurement, the di�erent full energy responses can be compared and plotted
with respect to their corresponding energy. If these values are displayed in double
logarithmic scale, a second order polynomial can be estimated. This quadratic slope
is once again �tted with the analysis program Root. The given �t can be used to
calculate the full energy response for any energy. This is used to determine the full
energy response for the E = 478 keV decay line of 7Be. With the now accomplished
full energy response, the activity of the sample can be calculated. This is realized
for three di�erent distances between the source and the detector.

3.2 Activation Analysis of an Irradiated Sample

The activity of the produced 7Be at the end of the irradiations can be determined by
two di�erent methods. Both are realized to check and review the results regarding
their accuracy.
1st method: During the experiment, the target is irradiated by the 4He beam, pro-
ducing current on the target. Since the current is proportional to the produced
amount of 7Be, the number of 7Be nuclei can be calculated by analyzing the current
on the target. The number of nuclei can then be converted into the activity. This is
achieved by integrating over the current at the target for the entire irradiation time
and using equation (1.10).

17



3 Procedure

2nd method: The produced 7Be is still located in the irradiated sample and was
therefore analyzed with a HPGe detector at the Felsenkeller (Setup C). Since the full
energy response has already been determined in comparison to a standard source,
the current activity can be calculated by analyzing the peak entries of the gamma ray
spectrum. However, since 7Be is unstable, the fact that the previously produced 7Be
also decays during the the further irradiation has to be taken into account. Hence,
equation 4.24 is used. With the now calculated resulting activity Aresulting at the
end of the irradiation, the cross section can be determined.
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4 Analysis

4.1 7Be Half-life and Branching Ratio

In this thesis, the values of the branching ratio and the half-life, as well as the fact
that their value is precisely known to the 0.04% level, are used.
Nevertheless, many measurements have to evolve in time in order to receive reference
values of that precision [1].
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Figure 4.1: Half-lives and branching ratios are plotted with respect to the time. Over
the years, di�erent laboratories have measured the half-lives and branching ratios.
Often, the stated uncertainties were disputable at the time the experiment took
place. The accepted values today are a weighted mean of the previously determined
values.

Figure 4.1 shows the development of the obtained half-lives and branching ratios with
respect to the last 70 to 80 years. Several measurements of the branching ratio were
completed around the year 1983. This is explained by to the discussion at the spring
meeting in 1982 of the DPG (German Physical Society), where H. P. Trautvetter
presumed a branching ratio of (15.4± 0.8)%, which sparked several other physicists
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4 Analysis

to also start measurements to solve the solar neutrino problem [15].

4.2 Activation Analysis of a Radioactive Source with

Unknown Activity

In order to determine the activity of a nuclide, the full energy response has to be
measured �rst. Several calibration sources with their most probable gamma lines
were analyzed for this reason.

Table 4.1: Calibration sources for determining the full energy response

Nuclide E/[keV] ν ±∆ν/[%] A0 ±∆A0/[Bq] Reference Date /[y-m-d]

Ba-133 79.6142 2.65± 0.05 37900± 569 2005-11-1
276.3989 7.16± 0.05
302.8508 18.34± 0.13
356.0129 62.05± 0.19
383.8485 8.94± 0.06

Co-60 1173.228 99.85± 0.03 87200± 1308 2006-11-1
1332.492 99.9826± 0.0006

Cs-137 661.657 85.1± 0.2 11300± 283 2005-1-1
Mn-54 834.848 99.976± 0.001 265300± 50858 2010-11-1
Na-22 1274.537 99.94± 0.014 448000± 1344 1993-11-1

The gamma ray spectrum of each nuclide is measured in the ELBE building
of HZDR. Since the activities of the sources are known beforehand, equation 1.12
can be used to calculate the full energy response for each of the lines for each
nuclide. These can be plotted on a double logarithmic scale with respect to their
energies. A linear behavior follows when �tted with the analysis program Root.
The �t f function follows:

f = ea · eln(
x

478 keV
)·b · eln(

x
478 keV

)2·c (4.1)

In a double logarithmic scale, this describes a quadratic slope with a slight decline.
For a, b and c follows:

a = −6.307± 0.008 (4.2)

b = −0.613± 0.008 (4.3)

c = −0.105± 0.007 (4.4)
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4.2 Activation Analysis of a Radioactive Source with Unknown Activity
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Figure 4.2: Full energy response values for three distances (15 mm, 145 mm and
215 mm) between the source and the end cap of the detector. The larger the distance,
the lower is the full energy response. For the near geometry, there are many peaks
that do not lie close to the �t routine. These are due to summation e�ects, which
disappear for larger distances. Thus, the most accurate �t is given for 215 mm.

The full energy response for the observed E = 478 keV line of 7Be can be calculated
using this �t. The resulting value for a point-line source at setup A is:

ε(E = 478 keV, 215 mm) = ea = 0.0018 (4.5)

This value can be plugged into the previously used equation 1.12. All calculations
are made for a distance of 215 mm between the detector and the source.
The activity of the �rst source (FSR-ID 7066) is calculated to be:

A7066 =
N

ε · ν · t
= 125.6 Bq(03.05.2018) = 135.8± 2.4 Bq(27.04.2018) (4.6)
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4 Analysis

4.2.1 Calibration Measurement for Another Source

With the above gained knowledge, the activity of other unknown sources can be
determined at any other distance as a another smaller task.
For this, ε395mm at a distance of 395 mm between the source and the detector is
given by:

ε395mm =
N7066 (395mm)

A7066 · ν · t
= 0.00056± 0.00004 (4.7)

This equation is obtained by converting equation 1.12. To calculate the activity of
another unknown source, the following formula is used:

A7092 =
N7092

t7092 · ν · ε395mm
=

N7092

t7092 · ν · N7066
A7066·ν·t

=
Z7092

Z7066
·A7066 (4.8)

with Z representing the counting rate of the speci�c nuclide. The ratio n of the
counting rates equals:

n =
Z7092

Z7066
=

172.4

0.0080
= 21668.2± 106.7 (4.9)

The activity A7092 of the other source (FSR-ID 7092, belonging to Dr. Roland
Beyer and Dr. Arnd Junghans) becomes:

A7092 = n ·A7066 = 21668.2 · 135.8 Bq = 2943± 50 kBq(27.04.2018) (4.10)

Since the two nuclides have the same decay line, the 7066-source can be used as a
calibration source.

4.3 Activation Analysis of an Irradiated Sample

As mentioned in chapter 2, each detector has to be calibrated before it can be used
for measurements. For example, the silicon detector in the vacuum chamber is
calibrated by a mixed α-source that consists of 239Pu, 241Am and 244Cm.

As seen in �gure 4.3, the background is very well suppressed, with only a few entries
all together. Thus, the �t of the background is very close to zero and not visible in
the excerpt that is shown.

After calibrating the detector, it can be used for its main purpose: the deter-
mination of the areal density of the implanted 3He. Therefore, the following
reaction is used, since its cross section for E = 1987.4 keV and ϑ = 144.5◦
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Figure 4.3: Alpha spectrum for the calibration of the particle detector. Three double-
alpha peaks are shown in the �gure. Each of the peaks corresponds to one nuclide
in the mixed source. The left double alpha peaks are emitted by 239Pu. The double
peak of 241Am follows. 244Cm corresponds to peaks on the right. Both peaks for
each nuclide have to be taken into account.

is precisely known [2]. This is realized to analyze the amount of 3He that has
been implanted into the target. The reaction is investigated in Setup B (section 2.2).

D +3 He→ p +4 He

The implanted 3He is irradiated with deuterium (2H), through which high energetic
protons and 4He are produced.

When analyzing the proton peak the result of the summation between the blue lines
and the result given by the �t are in good agreement.

Nsum = (124668± 353) = 124700± 400 (4.11)

Nfit = (124780± 353) = 124800± 400 (4.12)

The energy of the protons can be calculated by using the formula for two-body
kinematics. The protons coming from the interaction of deuterium with the
surface of the target have an energy of E = 12.194 MeV. Due to the fact that
the deuterium can also interact within the target (maximum implantation depth
d = 180 nm, protons with around 10 keV less energy can be found in the spectrum
as well. However, this does not con�rm the width of the peak. The width of peak
is explained by the opening angle of the detector. Protons with a smaller angle
between beam axis and their propagation axis have a signi�cantly higher energy
than protons with a larger angle.
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Figure 4.4: Proton spectrum with the blue lines indicating the region of interest.
The red curve represents the expected background spectrum. The lower peak around
E = 9250 keVcould be explained by a possible 14N contamination.
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Figure 4.5: Excerpt of the �tted proton spectrum with the �t of the contamination.
The dark blue line �ts the full energy peak. The light blue line approximates the
contamination. Both �ts combined produce the �nal �t (red line).
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4.3 Activation Analysis of an Irradiated Sample

An exponential tail is recognizable on the left �ank of the typical Gaussian peak.
This is due to the thickness of the target. Protons that are emitted at the target
side facing the detector have a shorter distance to reach the detector and thus,
self-absorption and excitation e�ects in the target do not lead to an energy loss. The
low wide peak on the left is explicable by a contamination. It is very improbable
that the contamination cannot lie within the target since the peak is wide. Thus, a
possible explanation for the broad peak of the contamination could be a rest gas
in the chamber. After investigating the stable isotopes in air and their Q value for
the corresponding (2H,1H) reaction, a very probable solution could be the nitrogen
isotope 14N, that has a Q value that corresponds to the found peak. Residual
nitrogen gas must have initiated the 14N(d, p)15N reaction to form other protons,
which are now visible in the spectrum.
Subsequently, the 3He(α, γ)7Be reaction is induced. In this setup, ionized 4He-nuclei
are directly projected at the 3He and prompt photons and 7Be are produced. The
cross section of the reaction can be determined by the prompt photons, since the
more photons are registered, the higher the cross section becomes. However, the
cross section can also be determined by analyzing the �nal nuclei 7Be. This is
examined in this Bachelor thesis.

Two methods are possible to analyze the 7Be. The �rst method is to evalu-
ate the current on the target during the activation process. The second method is
to analyze the γ-spectrum of the unstable 7Be, determine the activity and calculate
back the initial activity. Both methods are done in order to check the quality of the
results.

4.3.1 1st Method

For every experimental run that activated the target (target speci�cation: Ta502),
the current on the target is analyzed. The current is plotted with respect to the
measurement time and displayed in a histogram with one bin representing one
second. All runs are plotted one by one in one large histogram. The time interval
between the runs is considered as time without any current. The current is directly
proportional to the number of produced 7Be nuclei in the target. The following
relation holds:

N(7Be) =
σ · (sc/area) · I · tirr

e
(4.13)

N(7Be)

tirr
=
σ · (sc/area) · I

e
(4.14)

= δ · I (4.15)

with the theoretical value of σ(Ecom = 1238 keV) = 2.42 ± 0.07× 10−30 cm2 [2],
(sc/area) being the scattering centers per area, e being the elementary electric
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charge and δ being a constant for this analysis.
The scattering centers per area can be calculated by using a paper by Wielunska
et al. [2]. In the paper, the cross section σdp is given for an irradiation of deu-
terium with 3He (E3He = 1987.4 keV) and an angle of the measurement of ϑ = 144.5◦.

dσ

dΩ
(ϑ = 144.5◦, E3He = 1987.4 keV) = 12.7 mb sr−1 (4.16)

In the experiment, at HZDR 3He is irradiated by deuterium, meaning that the
irradiation energy of 3He has to be converted into an irradiation energy of 2H by
calculating the center-of-mass energy Ecom and evaluating E2H:

Ecom =
m2H

m3He +m2H

· E3He =
2.014

3.016 + 2.014
· E3He = 795.3 keV (4.17)

Subsequently, the center of mass energy has to be converted to the energy of
deuterium E2H.

E2H =
m3He +m2H

m2H

· Ecom = 1327.1 keV (4.18)

Now the following cross section can be used:

dσ

dΩ
(ϑ = 144.5◦, E2H = 1327.1 keV) = 12.7 mb sr−1 (4.19)

Thus, in order to use the value given by the paper, the deuterium in the experiment
has to have the energy E2H = 1327.1 keV.

σ = 12.7 mb sr−1 · 4π = 159.593 mb (4.20)

= 0.160± 0.007 b = 0.160± 0.007× 10−28 cm2 (4.21)

The uncertainty of the cross section is quoted to be 4.3% [2].
To calculate the sc/area the following formula is used:

sc/area =
N

ε · σdp ·Q
= 4.54± 0.05× 1017 cm−2 (4.22)

The number of entries are given by the proton spectrum (�gure 4.5) with
N = 124668 ± 353 (cf. (4.11)) entries. The charge Q has been listed consecutively
during the experiment with Q = 1 226 000× 10−10 C being the deposited charge
during the experiment. The full energy response equals ε = 0.00230± 0.00016.
During the experiment, the target current I was also measured. Multiplied with the
calculated constant factor (following equation 4.13), a histogram for all runs that
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4.3 Activation Analysis of an Irradiated Sample

displays the number of produced Beryllium nuclei per second N is obtained.
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Figure 4.6: Produced 7Be nuclei per second for all nine runs. The number of produced
nuclei is proportional to the current on the target during the irradiation. Between
t = 40 h and t ∼ 127 h, there was no irradiation, subsequently no current, thus, no
production of nuclei. While for later stages of the campaign the current on the target
does not change between two runs, especially in the earlier stages there were several
beam adjustments between the runs to increase the current which can be seen as a
jump in the produced 7Be nuclei between two runs.

The typical structure of the current remains since every bin entry is only multiplied
by the same constant factor. The activity can be calculated by evaluating the
produced 7Be nuclei per bin and adding the previously determined activity to the
additional activity per bin. Thus, each bin entry is multiplied by the decay constant
λ = ln2

T 1
2

and then summed up for each new bin:

As(ti+1) =
N(7Be)

s(ti)
· λ+As(ti) (4.23)

with As being the activity in the case of the production of stable nuclides.
However, in this case, the fact that the produced 7Be already decays during the
irradiation is not taken into account. This is the reason why, an additional term has
to be subtracted.

Au(ti+1) =
N(7Be)

s(ti)
· λ−Au(ti) · (1− e−λ) (4.24)
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Au is the activity of the decaying nuclide.
Both activities are shown in the following graph.
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Figure 4.7: Cummulated activity of 7Be during nine irradiation runs for a simpli�ed
approach, where 7Be would be stable (red) and for the exact approach, where 7Be
has a half-life of T 1

2
= 53.22 d. In the small extract the farthest right end of the

curves is shown enlarged in order to illustrate the di�erence in the lines.

The di�erence between the resulting activities obtained from using the simpli�ed
approach, where 7Be is considered stable, and the exact approach, where the half-life
T 1

2
is taken into account, is only subtle. For this reason, the right end of the graphs

are again pictured enlarged.
Following all irradiations, the �nal activity obtained is:

As = 0.128± 0.004 Bq (4.25)

Au = 0.126± 0.004 Bq (4.26)

with a theoretical cross section of σ = 2.42 ± 0.07× 10−30 cm2. The small di�er-
ence between the approach of a stable and an unstable nuclide is smaller than the
discrepancy given by the prediction in the Adelberger paper [3].

4.3.2 2nd Method

For this method, the irradiated targets are analyzed in a HPGe detector.
Firstly, the sample was analyzed unsing Setup A with the ELBE detector. However,
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4.3 Activation Analysis of an Irradiated Sample

the sample had to be analyzed at the Felsenkeller. This is due to the fact that the
expected decay line was not visible in the gamma ray spectra of the ELBE detector.
For comparison, the gamma ray spectra of the ELBE and the Felsenkeller are shown
in �gure 4.8.
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Figure 4.8: The Gamma ray spectra of the irradiated sample of two di�erent detectors
are displayed normalized to their measurement time. The ELBE detector could not
resolve a peak at E = 478 keV. The VKTA detector at the Felsenkeller (compare
Setup C) shows the decay line of the sample. The peak can be seen due to additional
natural shielding by the underground laboratory. The fact that the peak is not even
visible in the ELBE spectrum, is also due to a smaller e�ciency of the detector.

As seen in �gure 4.8, the decay line is clearly visible in the spectrum of the
Felsenkeller detector but not visible in the ELBE spectrum. The background at the
ELBE detector is higher than the counts by the sample, but due to the lead castle
and an additional shielding supplied by the rock overburden in the Felsenkeller, the
sample can be analyzed.
For this analysis, the source (FSR-ID 7066) with the known activity is used to
determine the full energy response of the detector. Once again only one source
is needed since both nuclides have the same energy decay lines. The full energy
response of the Felsenkeller detector is:

ε = 0.06185± 0.00010 (4.27)

Now the irradiated target is measured in three di�erent runs. Three gamma ray
spectra are obtained and displayed in �gure 4.9.

Due to the fact, that all pulse heights are in the same order of magnitude for all bins,
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Figure 4.9: Three resulting gamma ray spectra of the irradiated target. These mea-
surements were started 14 070 s, 22 319 s and 32 803 s after the end of the irradiation
respectively. All show the same decay line at E = 478 keV.

a linear scale is chosen to show the spectrum. The peak entries of the E = 478 keV
lines are determined by a �t function with the analysis program Root. It is made
up of a background approximation and a Gaussian �t:

fit = fitBG + fitGauss (4.28)

= m · x+ n+
N

σ
· e−0.5·(x−x0

σ
)2 (4.29)

with N being the norm and x0 being the mean value.
Using equation (1.10) the mean activity Ā of the produced 7Be can be calculated
for all three spectra. The activity at the beginning of each run can be determined
using equation 1.5.
As a �rst, very naive ansatz, a �t without any input is used to reconstruct
the activity Ano input at the end of the irradiations. The approach is to use a ex-
ponential �t function and also leave the half-life as a free parameter. The �t result is:

Ano input = 0.10± 0.02 Bq (4.30)

T 1
2

= 63.21 d (4.31)

This naive approach already determines the half-life to be in the right order of
magnitude. Due to the fact that the half-life of 7Be has already been measured
precisely, the �t can be conducted again with the half-life T 1

2
= 53.22 ± 0.06 d as a
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4.3 Activation Analysis of an Irradiated Sample

known parameter.
Another method to determine the activity at the end of the irradiations by using
the three activities is to calculate each of the three values back to the end of the
irradiation and determining the weighted mean of them. Both of these methods are
shown in �gure 4.10.
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Figure 4.10: Two methods to determine A0 are presented. The left graph displays the
exponential �t with the half-life value as an input parameter for the three activities
at the beginning of the analysis. The right graph takes the weighted average of the
three calculated A0 values from the three analysis measurements. The same activity
A0 is determined by both methods.

Both methods result in the same activity and the same uncertainties.

Amethods = 0.109± 0.010 Bq (4.32)

All three analyses are valid. Nevertheless, the �rst method featured a very simple
approach, since the half-life is known. Since the activities of the two remaining
approaches are identical, the resulting activity at the end of the irradiation is the
following:

Aresulting = 0.109± 0.010 Bq (4.33)

The number of 7Be nuclei N(7Be) that have been produced by all irradiations
can be calculated by dividing the resulting activity Aresulting by the decay constant λ.

N(7Be) =
Aresulting

λ
= 725652± 63500 (4.34)

With this value, the cross section σ of the whole reaction can be calculated by using:

σ =
N(7Be)

Φ̄ · tirr, all · (sc/area)
= 2.08± 0.18× 10−30 cm2 (4.35)
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with a total time of all irradiations together tirr, all = 88 453 s, a calculated scattering
centers per area of (sc/area) = 4.5 ± 0.05× 1017 cm−2 and a mean �ux of Φ̄ =
8.70094e12atomss .
By using σ given by [3] a resulting activity of Au = 0.126 ± 0.004 Bq is expected.
Nevertheless, an activity 15.8% lower at Aresulting = 0.109 ± 0.010 Bq is measured.
Subsequently, the calculated cross section is around 15.9% lower than predicted by
the Adelberger et al. paper [3]. The predicted value is 2.42 ± 0.07× 10−30 cm2,
while the calculated σ only equals σ = 2.08±0.18× 10−30 cm2. Due to the fact that
the measured activity is lower than the theoretical one, the smaller measured cross
section correlates to the previous results. However, the measured values lie within a
1− σ-deviation of the expected values.
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5 Conclusion

The activity of the unknown 7Be source, as well as the full energy peak response
of the detector, has been determined. Thus, the determined source (FSR-ID 7066)
can be used as a calibration source for further experiments analyzing 7Be samples
at any distance between detector and source.
From the resulting gamma ray spectra and the current on the target using the
predicted cross section σ by Adelberger et al [3], the activity after the last irradiation
has been calculated.
In comparison, the experimentally achieved resulting activity and cross section lie
in the 1 − σ-deviation from the theoretical value. However, the activity, as well as
the cross section reached lower values than predicted by the Adelberger paper.
To improve the results, the statistical uncertainty should be reduced by performing
more measurements of the activated 7Be sample. In addition, it should be guaran-
teed that the measurements are taken on a broader time scale to be able to perform
a more precise �t for the reconstruction of the activity at the end of the irradiation.
Furthermore, it should be concentrated on techniques to increase the amount of
implanted target atoms since this value is proportional to the expected signal in the
detectors.

An experiment featuring the analysis of the angular distribution of the exam-
ined reaction was done simultaneously within this experimental campaign and will
be improved in the future. This analysis will be used to improve the LUNA data
set which currently relies on a theoretically predicted angular distribution and will
additionally try to connect the LUNA data set to the experimentally well explored
region at higher energies.
To realize these plans it will be of great advantage to put the 150% HPGe detector
at the Felsenkeller into operation.
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