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Abstract

The production of deuterium marks a crucial step for the nucleosynthesis of light elements
during the Big Bang Nucleosynthesis (BBN). The precision on the deuterium abundance is
currently limited by the uncertainty of its destruction via the 2H(p,𝛾)3He - reaction [Coo+14].
Furthermore, in the considered energy range there is only one experimental data set available
[GLR62], which was conducted in 1962.
The present work reports on a recently performed experimental study on the 2H(p,𝛾)3He cross
section at 𝐸p=400 keV - 800 keV. This range snuggles into the energy window which is most
important for the BBN. For this purpose, a proton beam was provided by the 3MV Tandetron
accelerator at the Helmholtz - Zentrum Dresden -Rossendorf in January 2018, where a solid target
experiment with deuterated titanium samples was performed. The emitted 𝛾 - rays were detected
by two high - purity germanium detectors. The amount of target atoms was determined in situ by
the Nuclear Reaction Analysis using the 2H(3He,p)4He - reaction and the Elastic Recoil Detection
Analysis.

Zusammenfassung

In den frühen Entwicklungsstadien des Universums stellt Deuterium einen unverzicht-
baren Baustein für die Entstehung von schwereren Elementen in der sogenannten Urknall -
Nukleosynthese dar. Unser Wissen über die Häufigkeit dieses primordialen Deuteriums wird
derzeit von der Unsicherheit auf die 2H(p,𝛾)3He -Reaktion limitiert, welche sich als eine der
dominantesten Reaktionen für den Abbau von Deuterium innerhalb der ersten Minuten des Uni-
versums erweist.
Das Ziel der gegenwärtigen Arbeit liegt in der Auswertung einer experimentellen Bestimmung
des Wirkungsquerschnitts der 2H(p,𝛾)3He -Reaktion, welche am hochenergetischen Rand des für
die Urknall - Nukleosynthese relevanten Energiebereiches gemessen wurde. Die experimentelle
Umsetzung erfolgte im Januar 2018 am 3MV Tandetron Beschleuniger des HZDR. Dabei
wurde die Reaktion an deuterierten Titan - Festkörpertargets untersucht, welche mit Protonen
(𝐸p=400 keV - 800 keV) bestrahlt wurden. Die von der Reaktion ausgehende 𝛾 - Strahlung wurde
mit zwei hochreinen Germaniumdetektoren gemessen. Eine Analyse der Flächendichte von Deu-
terium in den Proben erfolgte anhand einer Elastischen Rückstreudetektionsanalyse sowie einer
Messung mittels Nuklearer Reaktionsanalyse.
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1. Introduction

1.1. Big Bang Nucleosynthesis and reaction network

By today’s knowledge, the model of the Big Bang nucleosynthesis (BBN) is the experimentally
best proven theory to model the synthesis of light elements. In the progress of the hot, dense
and expanding universe, baryons and antibaryons were formed out of a hot plasma of gluons
and quarks at an early epoch. By decreasing temperatures 𝑇 to the range of Gigakelvin (GK),
the plasma became cold enough that protons and neutron were frozen out of the equilibrium of
production and destruction. By reaching temperatures below 𝑇 ≈ 0.9GK - 0.4GK (corresponding
to a time of 𝑡≈ 200 s - 1000 s after the expansion began), the destruction rate by thermal energy
could not compete with the production rate of the nuclear reactions anymore, initializing the
primordial nucleosynthesis.
The beginning of the light element nucleosynthesis is dominated by the production of deuterium,
as the first nucleus after 1H. Since the binding energy per nucleon of deuterium is compara-
tively small (𝐸B≈ 2.2MeV) and the mean photon energy is high enough to photodesintegrate
deuterium, nuclear reactions towards heavier elements did not start immediately. First, the nu-
cleosynthetic material had to pass the so called “deuterium bottleneck”, until the production of
3He and 3H started to rise. With the production of light isotopes with mass numbers 𝐴≤ 7, the
process of nucleosynthesis concluded at 𝑡≈ 3min - 5min after the Big Bang. A schematic draft
of the reaction network is given in Figure 1.1.1.
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Figure 1.1.1.: Reaction network of the BBN in the low -𝑍 part of the table of nuclides. The most
important nuclear reactions of the BBN are indicated by arrows. Red highlighted: 2H(p,𝛾)3He -
reaction.
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The start is marked by an increasing deuterium abundance, subsequently followed by a con-
sumption, dominantly driven via the channels of the 2H(p,𝛾)3He, 2H(2H,n)3He, 2H(2H,p)3H and
3H(2H,n)4He towards the synthesis of heavier isotopes. Since there is an absence of stable nuclei
with 𝐴=5 and 𝐴=8, a synthesis of heavier elements is hindered. Hence, the formation of 7Be
and 7Li are marking the completion of the reaction series.
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Figure 1.1.2.: SBBN of the time - and temperature evolution of the most abundant primordial
nuclei. The shaded areas are indicating crucial steps of the BBN. For further details, see text
[PP10].

Due to the rapid cosmic expansion and thus the drop in temperature, the nuclear reaction rates
are strongly decreasing as the Coulomb barrier of charged particles becomes less likely to be
penetrated. As a result, the particular abundances begin to freeze out with exception of 3H and
7Be (which decay with a half life of 𝑇1/2,3H= 13.32 yr [PS15] and 𝑇1/2,7Be= 53.22 yr respectively)
[Til+02; Ili07; RR88; Cyb+16].

1.2. Primordial deuterium abundance

As the 2H(p,𝛾)3He - reaction is the subject of the present work at the BBN sensitive energy range,
the dependence of the primordial abundance of 2H has to be considered.
For today, a few observables are available, providing information about the early stages of the
universe. One of the most essential evidences of the BBN is given by the cosmic microwave
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background (CMB), providing enhanced details of cosmological parameters [Agh+18]. The low
energy, highly isotropic background radiation of a black body spectrum with a corresponding
temperature of < 𝑇 >≈ 2.73K provides information about the matter density distribution ap-
proximately 𝑡= 370 000 yr after the Big Bang. At this time (corresponding to < 𝑇 >≈ 3000K),
when nuclei recombined with free electrons to form neutral atoms. As the result, the photons
decoupled from the baryonic matter and hence the universe became transparent to radiation.
By the expanding and cooling down universe, nowadays highly precise snapshots can be taken
of these ancient signal of the CMB. The most recent study by the Planck mission of the Euro-
pean Space Agency revealed a detailed, high angular resolution sky -map of its today appearance
[Agh+18].
The precise measurement of the CMB by the Planck satellite reveals the highly isotropic back-
ground radiation as well as small deviations in temperature in the range of Δ𝑇 ≈± 30 µK, cor-
responding to density fluctuations in the early universe. Nowadays, these differences in temper-
ature can be expressed in terms of spherical harmonics, each term describing the magnitude of
anisotropy, the so called "Power spectrum of the CMB". By that, theorists are able to calculate
the ratio of baryons to photons as a fundamental astrophysical quantity. This is related to the
universal baryon to anti - baryon asymmetry. It is convenient that this calculated baryon (and
thus nucleon) density is normalized to the photon density. This is based on the fact that nu-
clear reaction rates are depending on the density of nucleons and thus are decreasing with an
expanding universe.
As the primordial deuterium abundance is strongly related to the cosmic density of baryons, it
can be extracted by diverse numerical BBN codes to a present value. Here, this quantity is given
by [Möc19]: (︂

2H
1H

)︂
=
(︀
2.43+0.06

−0.05

)︀
· 10−5 (1.2.1)

This ratio is determined using a calculation by the PRIMAT code for Standard Big Bang Nu-
cleosynthesis (SBBN) [Pit+18] with calculated uncertainties given by a Monte Carlo simulation
with the following input parameter: the reaction rate is used by [Ili+16] and the baryon density
Ωbℎ

2= 0.0224± 0.0001 by [Agh+18].
In order to deliver predictions, an input to the model of SBBN includes the knowledge of the un-
derlying reaction network using data of nuclear reaction rates as parameter at the corresponding
relevant energy range.

Another independent observable towards the primordial abundance of deuterium is given by the
relic of metal - poor and highly red - shifted astronomic objects. These can be considered since the
evolution of the cosmic deuterium is characterized by a continuously decreasing abundance and
due to the fact that no astrophysical source is known for a significant deuterium net production.
Thus, an universally observed abundance of deuterium has to be of primordial origin and thus
gives an upper bound to the baryon to photon ratio [Ree+73]. This reference requires inter-
stellar objects which have very little cycled through stellar evolution. Cooke et al. [Coo+14]
used a restricted number of data sets of known systems to develop a precise measurement. By
that, isotope - shifted Lyman -𝛼 absorption lines of gas clouds were evaluated which are located
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between the earth and highly red - shifted quasars as a function of back lights. They reported a
weighted mean as the result on the basis of the observed systems:(︂

2H
1H

)︂
= (2.53± 0.04) · 10−5 (1.2.2)

The observed deuterium abundance, normalized to the proton abundance, is in agreement with
the theoretical predicted CMB data by the PRIMAT code and is also given by a lower error
budget. Today, these observations of the CMB have now crossed the threshold to precision
studies and are calling for a reduction in uncertainty of the value by SBBN.
With the improved precision provided by Planck, the most dominant source of uncertainties are
the nuclear cross section data, especially the 2H(p,𝛾)3He - reaction at the BBN sensitive energy
range. This systematic uncertainty mainly corresponds to the lack of reliable experimental data
sets of the astrophysical 𝑆 - factor at an energy range of 𝐸= 50 keV - 500 keV, calling for precise
measurements of this reaction in a wide energy range. Here, the work by [Coo+14] points out,
that a reduction of the uncertainty by a factor of two would accomplish a comparable precision
of the measured to the theoretically computed one.
Finally, it should be noted that due to the sensitive link between the deuterium abundance and
the cosmic density of baryons, deuterium is frequently referred as "baryometer" [Coo+14; Ili07].

1.3. Thermonuclear reaction rate and astrophysical 𝑆 - factor

The nuclear reaction rate between two particles is given by the number of reactions per unit time
and unit volume. The study of effective reaction probabilities in a very hot and dense plasma (as
in the early universe or stars) is usually given by the cross section 𝜎(𝐸) linked by the number
of reactants per unit volume, see equation 1.3.1. Since the interaction of two charged particles
is considered, the study of cross sections implicates the Coulomb barrier as a repulsive potential
(given by the parameter 𝑏), proportional to the charge of the nuclei and the strong and attractive
nuclear force. For energies below the Coulomb barrier, the probability of a nuclear reaction is
given by quantum mechanical tunnelling, exponentially decreasing with lower energies.
Since the kinetic energy is derived by the thermal motion of the interacting particles in a hot
plasma, it can be expressed in terms of the relative velocity between the projectile and the
target nucleus. Considering gases in thermodynamic equilibrium, the velocities of the nuclei are
described by the Maxwell - Boltzmann distribution, characterized by the temperature [RR88]:

< 𝜎𝜈 >=

(︂
8

𝜋𝜇

)︂1/2 1

(𝑘𝑇 )3/2

∞∫︁
0

𝑆 (𝐸) exp

[︂
− 𝐸

𝑘𝑇
− 𝑏

𝐸1/2

]︂
d𝐸 (1.3.1)

Hence, the thermonuclear reaction rate is described by the convolution of the cross section and
the velocity distribution. This integral gives an approximately linear rise to a maximum of the
energy distribution which becomes smaller at high energies by an exponential decrease. While
the Maxwell - Boltzmann distribution vanishes at high energies and the probability to penetrate
through the Coulomb barrier gives an exponential rise at higher energies, their convolution gives
a small window, commonly referred as the "Gamow - peak" or "Gamow -window". This Gamow -
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peak indicates the energy region where the significant number of nuclear reactions occur.

In experimental nuclear astrophysics, it is common to define the astrophysical 𝑆 - factor:

𝑆 (𝐸) = 𝐸 · 𝜎 (𝐸) · exp (2𝜋𝜂) (1.3.2)

Beside the suppression of the reaction rate for interacting nuclei due to Coulomb repulsion, also
nuclear effects such as resonances can contribute to the cross section of a reaction. This 𝑆 - factor
represents a useful parametrization for extrapolating cross sections at resonant energies, since
the transmission probability to penetrate through the Coulomb barrier is revised.
The so called Sommerfeld parameter is written as:

𝜂 =
𝑍1𝑍2e

2

ℎ̄𝜈
(1.3.3)

where 𝑍1 and 𝑍2 are representing the charges of the interacting nuclei, e the elementary charge
and ℎ̄𝜈 the energy [Ili07; Ili10; RR88].

1.4. State of the art: The 2H(p,𝛾)3He - reaction

The first measurements of the 2H(p,𝛾)3He - reaction were made in the early 1960’s. In these
years, the 𝑆 - factor was measured touching the BBN energy range from both sides. Decades
later, at the beginning of the 2000’s, further studies were carried out at lower energies. These
cross section measurements are particularly important for the solar Gamow -window. Due to the
fact that lower cross sections are accompanied by decreasing counting rates, there is a call for
simultaneously given lower 𝛾 - ray background environment and long - term measurements. With
the development of the LUNA collaboration (Laboratory for Underground Nuclear Astrophysics)
at the INFN Gran Sasso National Laboratory (LNGS) in Italy, measurements down to the
Gamow -window of the sun were possible. An overview of the present data sets is shown in
Figure 1.4.1.
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Figure 1.4.1.: Upper panel: Astrophysical 𝑆 - factor of the 2H(p,𝛾)3He - reaction as a function
of the center of mass energy 𝐸cm. The symbols correspond to experimental data sets by [GLR62;
GLS63; Sch+97; Ma+97; Cas+02; Bys+08; Bys+14]. The blue experimental data points were
used for the fit curve by [Ade+11], which is also shown in the plot. For further explanation of the
data sets and the fit, see text. Additionally, a theoretical approach to model the 2H(p,𝛾)3He -
reaction is given by [Mar+16]. Lower panel: Gamow -window of the 2H(p,𝛾)3He - reaction.
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The first experimental campaign published by Griffiths [GLR62], measuring the cross section of
the 2H(p,𝛾)3He - reaction at proton energies of 𝐸p= 275 keV - 1750 keV. Also, an angular distri-
bution was estimated by an isotropic component due to 𝑝 - wave capture which was previously
suggested by [FLT49]. Here, targets of condensed and frozen D2O vapour on a liquid air cooled
backing of copper were irradiated by a proton beam with beam currents up to 5 µA. For 𝛾 - ray
detection, two sodium iodide scintillation counters were arranged at 0° and ± 90° with respect
to the beam axis for yield measurements at 𝐸p= 600 keV - 1750 keV and at 0°, ± 45°, ± 90° and
± 135° for protons of 𝐸p= 300 keV - 1000 keV. Additionally, 4” of lead shielding were applied to
reduce the beam induced and laboratory 𝛾 - ray background. It may be mentioned that for the ice
targets, a lack of uniformity by the 19F(p,𝛼𝛾)16O - reaction and a significant target deterioration
at currents higher than 1.5 µA was detected.
Further measurements were published by Griffiths in 1963 [GLS63] for a lower energy range at
𝐸p= 24 keV - 48 keV. The experimental setup was almost identical to the previous one. An ice
target was irradiated by protons from a radio frequency ion source. But unlike in the previous
publication, a thicker layer of D2O was used to achieve a complete stopping of the protons in
the ice. For 𝛾 - ray detection, one counter with a lead shielding of 4” was mounted moveable to
enable a rotation around the target. Yield measurements of the 𝛾 - ray spectrum were taken at
angles of 0°, 45° and 90° with respect to the beam axis to verify the angular distribution.
At this point it may be mentioned that the measurements in the works of Griffiths were ac-
complished with sodium iodide scintillation counters. Using this type of detectors, the lower
energy resolution in comparison to germanium detectors is preventing a detailed analysis of the
background radiation. Furthermore, the composition of the ice targets indicate an inhomogene-
ity and the deuterium target surface densities of (6.4 - 13.5)× 1017 at. cm−2 were not constant
during irradiation.

In the late 1990’s, the group of Schmid released a number of publications on the 2H(p,𝛾)3He -
reaction [Sch+97]. Here, a measurement in a lower energy range, comparable to the work of
[GLS63] was published. In this experimental campaign, a polarized proton beam and heavy
ice targets were used. The 𝛾 - ray detection was performed by a large high - purity germanium
(HPGe) detector. Additionally, a separate sodium iodide (NaI) detector was arranged around
the HPGe detector for anti - Compton suppression. Beside the active veto, a lead shielding was
placed around the detection apparatus to cover against external background radiation. The
measurements were performed several days by irradiating the target with a proton beam of
currents up to 30 µA until the heavy water completely vaporized. By that, a significant drop in
the counting rate showed the complete deterioration of the target.
The results by Schmid show significant lower cross sections in comparison to the ones by Grif-
fiths, at this time resulting in a reduction of the 𝑆 - factor of 35% in the Gamow -window for BBN.

Another measurement was taken by Ma et al., measuring the absolute cross section at energies
of 𝐸cm= 75 keV, 108 keV, 133 keV and 173 keV [Ma+97]. This was carried out, using a negative
polarized proton beam on a thick vapour - condensed D2O target to stop the protons completely.
The setup was adapted to the previous one by Griffiths [GLR62], using two HPGe detectors,
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arranged at 60° and 90° with respect to the beam axis to measure the emitted 𝛾 - rays of the
2H(p⃗,𝛾)3He - reaction. For yield measurements, a Wien filter was applied to align the spin states
nearly opposite. This total yield analyses was applied, using a deconvolution of the full - energy
peak to the total yield from two closely opposite polarized beam states. The calculated 𝑆 - factor
are in good agreement with an extrapolation of the results by Schmid [Sch+97] towards higher
energies. In the energy region of the BBN Gamow -window, this is the only data set available.

The experimental cross section data down to the solar Gamow - peak were extended by the LUNA
collaboration, published in the work of [Cas+02]. At the LNGS laboratory, a rock overburden
of about 1400m reduces the cosmic muon flux and the 𝛾 - ray background. Within the region
of interest (ROI), the background at the LNGS is reduced by three orders of magnitude in
comparison to the earth surface without using any active or passive shielding. This allows direct
measurements with low counting rates and hence the study of nuclear reactions at low cross
sections.
The study of the 2H(p,𝛾)3He - reaction at the LNGS was performed, using a proton beam pro-
vided by a 50 kV accelerator at the center of mass energies of 2.5 keV - 22 keV with currents at
tens of µA. A differentially pumped windowless gas target, enclosed by a bismuth germanium
oxide (Bi4Ge3O12), or shortly BGO detector, was used to provide a stable density of gaseous
deuterium. Additionally, photomultipliers were arranged at opposite faces of the BGO detec-
tor to reduce electronic noise by coincidence measurements. The measured 𝑆 - factor showed
a linear trend to the corresponding reaction energies and was in agreement with the reported
extrapolation from higher - energetic data. In comparison to the data set by Griffiths [GLS63],
the astrophysical 𝑆 - factor was determined to be 40% lower.

In 2008, Bystritsky conducted an experiment on the 2H(p,𝛾)3He - reaction with proton energies
of 𝐸p= 8.28 keV, 9.49 keV and 10.10 keV [Bys+08]. This experimental campaign was performed
at the Hall pulsed ion accelerator, irradiating ice targets of heavy water. The target, infinitely
thick for protons within the energy range, was produced using the technique of Griffiths, by
freezing a vapour of D2O on discs of copper. The experimental data was expanded to higher
proton energies by a subsequent campaign.

As in the previous experimental campaign, Bystritsky was using the Hall accelerator to extend
the cross section measurements to ultra - low energies of 𝐸p= 9 keV - 19 keV [Bys+14]. The in-
vestigation was performed by a pulsed beam on an implanted zirconium deuteride target. Eight
NAI detectors were arranged around the target to record 𝛾 - rays.
The calculated 𝑆 - factors showed a discrepancy to the data from the gaseous deuterium measure-
ment by the LUNA collaboration [Cas+02] and also resulted in higher 𝑆 - factors in comparison
to the heavy water target by Schmid.

The most recent campaign towards the experimental study of the cross section is again performed
at LUNA, with the aim to measure the nuclear cross section at 𝐸p= 50 keV - 400 keV [Stö18].
Two different setups are applied for the study of the 𝛾 - rays. In both phases, the proton beam
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is provided by a 400 kV accelerator, and a high - purity recirculating gas target system is used.
In the first phase, the cross section is measured with a nearly 4𝜋 covering BGO detector around
the measurement chamber [Fer+18], detecting the prompt 𝛾 - rays of the 2H(p,𝛾)3He - reaction.
During the second phase, two HPGe detectors are used, movable arranged along the beam axis
to measure along the target. The analysis is still ongoing.

Furthermore, an extensive number of experimental cross section measurements is available in
literature. To provide reliable data to e.g. BBN codes, it is mandatory to summarize the var-
ious different sets of data. For the 2H(p,𝛾)3He - reaction, the reaction rate has been evaluated
by NACRE I [Ang+99], Coc [Coc+04], Adelberger [Ade+11], NACRE II [Xu+13], and Iliadis
[Ili+16], implementing a number of different experimental data sets and further assumptions.

The present work will refer to the fit by Adelberger, using the experimental data sets of [GLR62;
Sch+97; Ma+97; Cas+02], since this work implies the measurement by Griffiths [GLR62] and
announces the fit function used. Furthermore, the statistical and systematic uncertainties of
the data sets are treated independently, giving the 68% confidence interval to the fit. Here, a
quadratic parametrization is used, valid for 𝐸cm≤ 1MeV.





2. Campaign at the HZDR Ion Beam Center

2.1. Experimental setup

In the following, the experimental approach with its components will be described, required to
study the 2H(p,𝛾)3He - reaction at the Helmholtz - Zentrum Dresden -Rossendorf (HZDR) Ion
Beam Center (IBC).

2.1.1. Ion source, accelerator and beam guidance

The IBC is an overground facility for studying phenomena based on accelerated ion beams,
including various types of accelerators. The present study is using a Cs sputter ion source HVEE
860 -C [FT03] and the 3MV Tandetron accelerator [Fri+96], schematically shown in Figure 2.1.1
with the four branching beam lines. The setup is used to provide either a proton beam in an
energy range of 𝐸p= 400 keV - 800 keV with a current of 2 - 4 µA or an ion beam of 3He2– by the
application of a Toroidal Volume Ion Source (TORVIS) with a current of few µA.

Figure 2.1.1.: Schematic drawing of the ion source, the 3MV Tandetron accelerator and multi-
ple beam lines [Fri+96]. The beam line "Implantation" was used for experimental studies. The
ion source TORVIS, used to provide 3He2– for target analysis, is not shown in the graphic.

The source provides negatively charged hydrogen ions H– with injection energies of
𝑈inj · e = 25 keV. The preaccelerated ion beam is deflected by an injection magnet to select
the ions by the mass to charge ratio. Subsequently the ions are accelerated within the Tande-
tron. The principle of this accelerator is based on a terminal within the tank, accelerating the
ion beam to an energy proportional to the terminal voltage potential. In this case, the highest
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possible voltage to be reached is 𝑈 ≃ 3MV. It may be mentioned at this point that the terminal
is covered by 𝑝= 6 bar of the electrical insulation gas SF6 within the tank to prevent sparking.
The particles are firstly accelerated to the middle of the tank where a so called stripper is lo-
cated. The stripper consists either of a differentially pumped gas of nitrogen or a thin carbon foil.
Whenever the focused ion beam passes through the material, electrons are stripped off resulting
in a charge reversal of the projectiles. Secondly, the ions are accelerated from the terminal volt-
age potential to zero potential at the high - energetic end of the accelerator. After the ion beam
has passed through the accelerator tank, the ions exit with the total kinetic energy 𝐸p:

𝐸p = 𝐸0 + (| 𝑞1 | + | 𝑞2 |) · e · 𝑈 (2.1.1)

𝐸0 represents the energy of the ion before entering the accelerator, 𝑞1 and 𝑞2 the charge of the
ions before and after entering the stripper material, e the elementary charge and 𝑈 the voltage
of the terminal. In order to study nuclear reactions, a precise knowledge of the provided beam
energy is important. The kinetic energy of the protons 𝐸p of the 3MV Tandetron accelerator at
the IBC is obtained by using an already present calibration by Dr. Stefan Reinicke [Rei18]:

𝐸p = (𝑇𝑉 ·𝑄+ 𝑈inj) · 𝑐 (2.1.2)

with 𝑇𝑉 as the terminal voltage and the constant calibration factor of 𝑐 = 1.0086± 0.0004,
measured by Reinicke.

After the beam exits the accelerator, the ions pass an analysing magnet, are selected to the
30° beam line and guided through horizontal and vertical deflectors to a neutral particle trap
towards the setup "Implantation". For the study of the 2H(p,𝛾)3He - reaction, this beam line is
connected to a target chamber, a scheme is shown in Figure 2.1.2.
This chamber was firstly used for an experimental campaign. The affiliated devices were already
used in a number of similar experiments e.g. [Rei18; Wag18].
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Vacuubrand MD 4 NT
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Figure 2.1.2.: Schematic side view of the target chamber with affiliated devices. The black
line shows the enclosed chamber with the connected cold trap, the copper pipe (orange) and the
secondary electron suppression (𝑈SES). A turbomolecular pump (Turbo-V 81M) and a diaphragm
pump (Vacuubrand MD 4 NT) are applied to the beam line in addition to a pressure gauge for a
high vacuum range. During the measurement, the valves V1 and V2 were opened. The collimator
and the target are each connected to an amperemeter. The target is connected to a water cooling
backing (blue). The silicon surface barrier detector inside the vacuum chamber is not located
within the image plane and is therefore not shown. From the left: entering beam from the 3MV
Tandetron accelerator through the collimator to the target. The drawing is not true to scale.

The beam passes through a shutter at the entrance of the target chamber, enabling an optional
closing from the beam line for changes on the experimental setup.
The end of the accelerator device is kept under high vacuum to reduce interactions of the beam
with residual gases. The appropriate vacuum measurements are taken before and after each
measurement. Here, the high vacuum in the target chamber is ensured by using a turbomolecular
pump in connection with a cold trap. The cold trap flask was filled periodically with liquid
nitrogen and was thermally connected to a copper pipe with a length of 12 cm, 2 cm outer and
0.5 cm inner diameter. This pipe comprises two purposes during the irradiation experiments. On
the one hand, the copper pipe acts as an extended surface for the rest gases in the vacuum, which
then condensates at the pipe. As a result, an even higher vacuum could be achieved. Secondly,
an additional negative high voltage of 𝑈SES=−400V is applied to suppress secondary electrons
(SES) at the sample during the irradiation process. To ensure a potential difference, the copper
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tube is electrically isolated from the target chamber and the beam line. Thus, additional emitted
electrons from the target could be suppressed whenever the target is irradiated by the beam.

2.1.2. Targets

In literature, different technological applications are suggested to enrich metals with a required
amount of deuterium [Bys+16]. After an evaluation of the advantages and disadvantages along
with the variety of targets, the deuteration of titanium samples was used for practical reasons.
Titanium is chosen since it does not show any beam induced background at the energy range
of the considered 𝛾 - spectrum. The previous work by Klaus Stöckel [Stö15] showed good results
of a titanium layer on a tantalum backing as a carrier of hydrogen. Also, a part of the work
by [Rei18] describes the manufacturing process of titanium targets towards the study of carbon
beam reactions. Reinicke compared hydrogenated and implanted targets of titanium by the
hydrogen density and stability during beam irradiation. A high concentration of hydrogen, or
here the chemically comparable deuterium, was aimed for, since it is proportional to the number
of observed reactions. For hydrogen, the best results were obtained by an evaporation of a
titanium layer with a thickness of 100 nm.
In this work, the method of a volumetric gas absorption and saturation of a thin titanium layer
is used, called Sieverts’ method. This technique enables a production of the solid compound
of TiD2 and intermediate compositions of TiDx (x≤2) by the exposure to gaseous deuterium,
resulting in the formation and coalescence of the surface hydride [BA85]. Despite x is always
being smaller than two, these targets are further called TiD2.
The first step towards the target production is the evaporation of titanium on a tantalum backing.
This was carried out at the IBC of the HZDR by Claudia Neisser. Here, a layer thickness of
100 nm of titanium was deposited onto the tantalum backing with 𝑑Target= 0.22mm. Secondly,
the target production via deuteration of the titanium was performed at the chemical department
of the Technische Universität Dresden, supervised by Dr. Oliver Busse. Like common hydration,
used in previous comparable experiments within the last few years, the samples of titanium were
evaporated under an atmosphere of deuterium, using an enclosed pumping stage with additional
gas supply.
Ten disks of tantalum with the thin layer of titanium were placed on separate specimen holders
within the pumping stage and heated up from room temperature to 𝜗= 350 ∘C. The heating
was performed by an increase in temperature of Δ𝑇 = 5Kmin−1 with a continuous supply of
deuterium (purity 99.99%). After 90min, the samples were cooled down to room temperature
by Δ𝑇 = 5Kmin−1.

The ratio of deuterium to titanium is influenced by a number of various factors. The absorption of
deuterium is reported as especially susceptible to surface oxygen and water already formed before
starting the sample production. This results in a target composition, which is sensitive to the
production process. Accompanied to the Sievert’s method, the work of Burrell [BA85] reported
an inhomogeneity of deuterium concentration over the depth of the introduced deuterated layer.
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Nevertheless the manufacturing process has a particular advantage for the irradiation process
with ion beams. Especially, the film of TiD2 is distributed homogeneously over the sample
surface. Therefore, the target thickness and deuterium concentration should be similar for all
the targets produced. This would simplify the evaluation process of the measured reactions.

1 2

43

Beam spot

ERDA

Figure 2.1.3.: Left: Mounted target of TiD2 before irradiation. The sample is fixed at a movable
target holder for further adjustments and target changes during the campaign. Right: Top view
on selected TiD2 targets, evaporated during the same production process. The targets TiD2 - 1
to TiD2 - 4 were irradiated during the 2H(p,𝛾)3He - experiment, resulting in a visible change of
the target appearance: the brown spot with an approximate diameter of 6mm indicates the
irradiation of the beam. Also, the samples were analysed using Elastic Recoil Detection Analysis
(ERDA). The beam spot by this technique is indicated by a brighter surface area.

An essential component for the evaluation of the target composition is the determination of the
amount of deuterium within the titanium layer as well as monitoring the samples before and after
the irradiation. Also, there is a call for a study on the stability of the deuterium - titanium layer,
the effects of thermal decomposition and sputtering during beam irradiation. The associated
measurements and calculations for the estimation of the deuterium areal density are described
in chapter 3.

2.1.3. Detectors and electronics

During the experimental campaign at the HZDR, three different types of detectors were used
(see Figure 2.1.4). 𝛾 - rays were detected by a HPGe detector from ORTEC (GEM90-95-LB-C-S)
with a relative efficiency of 90% and a HPGe detector from Canberra (GC6020) with a relative
efficiency of 60%. These detectors were arranged at Θ1= 55° and Θ2= 90° with respect to the
beam axis and as close as possible to the target chamber to maximize the full - energy peak
efficiency. During detection, both detectors were cooled by liquid nitrogen.
A BGO detector by SCIONIX VS-1443 was mounted around the 90% HPGe detector to mea-
sure scattered 𝛾 - rays by the germanium crystal whenever a Compton - event occurs. The BGO
detector with a high detection probability serves as a passive and active shielding for the HPGe
detector. Here, the detector serves as a veto detector to reduce the number of measured Comp-
ton events in the germanium crystal [Gil08] subsequently. A detailed description of the anti -
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Compton veto is given in section 4.4.
Secondly, the high density and high 𝑍 detector material acts as an extra shielding, when low -
energetic radiation from external natural sources have to pass the material to reach the semicon-
ductor material.

Deuterated 
tantalum target

90% HPGe detector
BGO detector
Lead shielding

Beam axis
p - Beam

3He - Beam
 

Silicon surface 
barrier detector

60% HPGe
detector

90°

144.5°

55°

8.5 cm

12.2 cm

12.6 cm

Target chamber

Figure 2.1.4.: Schematic top view of the target chamber with affiliated devices. From the left:
incoming beam from the 3MV Tandetron accelerator irradiating the deuterium enriched target
in the center. The beam of protons, used to study the 2H(p,𝛾)3He - reaction and the beam of
3He2– for target characterization via the 2H(3He,p)4He - reaction are shown, both using the same
setup. The 𝛾 - ray detector at Θ1= 55° with respect to the beam axis is surrounded by the BGO
detector and an additional lead shielding. Towards the target, also a lead shielding was arranged
to reduce external and unintended radiation. The 60% HPGe detector is arranged at Θ2= 90°
with respect to the beam axis. The silicon surface barrier detector with an active depletion
thickness of 2000 µm (grey) is located inside the target chamber at Θ3= 144.5° with respect to
the beam axis. The copper tube is left out for clarity. The drawing is not true to scale.

A partially depleted silicon surface barrier detector (ORTEC BA-022-300-2000) was located at
Θ3= 144.5° with respect to the beam axis inside the target chamber to detect charged particles,
especially emitted protons from the reaction of 2H(3He,p)4He. This measurement was used to
characterize the deuterium evaporated target, described in section 3.1. This detector is charac-
terized by its active area of 𝐴= 300mm2 and a sensitive thickness of 2000 µm. A 50 µm thick
nickel foil was placed in front of the detector in order to protect it from the flux of elastically scat-
tered particles during the irradiation. Low - energetic scattered secondary particles, for example
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electrons, are absorbed after a few µm already, but protons from the 2H(3He,p)4He - reaction
are able to pass the foil. A corresponding simulation was performed by the software SRIM
[Zie13]. During calibration measurements and the determination of the peak efficiency of the
silicon surface barrier detector, the foil was removed. These measurements were performed with
𝛼 - calibration sources, whose radiation could not have passed the foil.

The signals of these four detectors are recorded, processed and stored by the data acquisition
system, schematically shown in Figure 2.1.6. Following the depicted electronic chain, three
NIM (Standard Nuclear Instrumentation Module) crates were used to supply the detectors and
further electronics. The bias power supplies and an additional BIAS shut - down are coupled to
the detectors. The output signals are intensified by the application of respective preamplifiers
and amplifiers with exception of the BGO detector.
Two data acquisition systems were running in parallel, storing the digital signals. In order to
store the data by MAESTRO (version 7.01) by ORTEC, the multichannel buffer 991 was used
to fill the measured 𝛾 - ray histograms with the number of 16384 channels in total. Secondly, the
signals were converted from analog to digital, using the digitizer CAEN V1725 with a sampling
rate of 250MS s−1. By the application of a bridge, the data was sent to the software MC2

Analyzer by CAEN (Version 1.0.23.0) and read out. With the respective stored time stamp of
each measured signal, they can be subsequently evaluated by coincidence signals with the use of
an anti - Compton veto.
Further evaluations were done, using the software ROOT (Version 6.06) [BR97].
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Silicon surface
barrier detector

60% HPGe detector

Target chamber

Cold trap

Lead shielding

Copper pipe

BGO detector

90% HPGe detector

Target

Figure 2.1.5.: Photos of the setup at the HZDR IBC. Top: View on the beam line with affiliated
target chamber. The description of the surrounding detectors are revealed by arrows. Below:
View inside the target chamber. From the left: incoming beam of protons which pass the copper
pipe towards the target sample. The silicon surface barrier detector is located in the upper half
of the target chamber at Θ3= 144.5° with respect to the beam axis.
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2.1.4. Current and total charge deposition

The charge deposition is a crucial quantity to determine the cross section. The total charge
deposition 𝑄 is calculated by integrating the applied current 𝐼(𝑡) on the irradiated sample over
the time of measurement 𝑇real.

𝑄 =

∫︁ 𝑇real

𝑡=0
𝐼(𝑡) d𝑡 (2.1.3)

The current was measured at two points, first on the collimator to determine 𝐼Coll for focussing
purpose, and secondly on the electric insulated sample holder inside the chamber, providing the
target current 𝐼Targ. The prevailing currents were displayed for beam adjustments as well as
for monitoring of the measurements and recorded using the software MC2 and MAESTRO (see
Figure 2.1.6). However, the collimator current is not entering the present analysis and is only
used for cross checks on the beam adjustment.
For the data acquisition by MAESTRO, the incident currents were evaluated by a current inte-
grator (model ORTEC 439) with a connected pulse counter (CAEN N1145), providing the total
charge deposition during irradiation measurements. The corresponding measurement was ensued
in parallel with the start and end of the data acquisition by MC2.
Using the software MC2 by CAEN, the pulsed currents (by the application of the modules BNC
BL-2 and BNC PB-5) were read out by the digitizer CAEN V1725 and saved with the associated
time stamp as a part of the listmode data. This data acquisition was automatically started and
stopped with the 𝛾 - ray detectors. By that, additional information can be provided in compari-
son to the data acquisition system by MAESTRO. For the subsequent analysis, time - dependent
changes of the current at the collimator or the target can be read out.

Figure 2.1.7 shows two representative measurements: the current during beam irradiation and
an appropriate background measurement. The left panel shows the current which is decreasing
in time. Since the beam is adjusted during the irradiation, shifts in the collimator and target
current can occur.
Due to the measured current during background measurements and the comparison to the target
current during beam irradiation in the order of µA, the systematic uncertainty of the current
can be considered to be less than 0.1%. The measurement of the total applied charge is as-
sumed conservatively with a relative systematic uncertainty of 1% due to the secondary electron
suppression and target chamber used.
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Figure 2.1.7.: Exemplary measurements of the current at the target (red) and the collimator
(blue). Left: irradiation of the sample TiD2 - 3 with a beam of protons at 𝐸p= 700 keV. Right:
current offset during long term measurement without applied beam (in the range of nA).

2.2. Reaction kinematics

For further calculations, it is necessary to define the energy loss of the proton beam when prop-
agating through the deuterated titanium layer. Since the reaction is measured by an irradiation
of a macroscopic target thickness, the energy loss of the projectile has to be considered, given by
the energetic width of the target Δ𝐸p. This width is estimated using the stopping power d𝐸p/d𝑥

by a SRIM simulation. Here, the information about the stoichiometric ratio of deuterium and
hydrogen is necessary as an input parameter of the simulation. At this point, it is referred to
section 3.5, giving the deuterium areal density of the targets used and thereby the stoichiometric
ratio. The stopping power is calculated, using a deuterated depth of 100 nm and a density of
𝜚Ti= 4.506 g cm−3 as an upper estimation.

The average proton energy 𝐸eff is calculated, using the incident proton energy 𝐸p:

𝐸eff = 𝐸p −
Δ𝐸p

2
(2.2.1)

For 𝛾 - ray detection it is necessary to define a region of interest for the expected photon energy
by the 2H(p,𝛾)3He - reaction in the pulse - height spectrum. Due to the fact that the compound
nucleus of 3He does not have any known excited states up to the energy we are interested in, the
capture process is a direct capture with a subsequent emission of prompt 𝛾 - rays. By that, the
number of emitted 𝛾 - rays indicate the number of reaction events.
Since the 𝑄 - value of the reaction is given by the mass excesses:

𝑄 = Δ𝑚2H +Δ𝑚p −Δ𝑚3He (2.2.2)
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with 𝑄= 5493.3 keV, the energy in the 𝛾 - ray spectrum can be calculated as follows [RR88]:

𝐸𝛾 = 𝑄+
𝑚2H

𝑚2H +𝑚p
· 𝐸eff −Δ𝐸Recoil −Δ𝐸Doppler (2.2.3)

𝐸𝛾 = 𝑄+

(︂
𝐸eff ·𝑚2H

𝑚2H +𝑚p

)︂
·

(︃
1 +

√︀
2 ·𝑚2H · c2 · 𝐸eff

𝑚3He · c2
· cosΘ

)︃
−

(︂
𝑄+

𝐸eff ·𝑚2H

𝑚p +𝑚2H

)︂2

2 ·𝑚3He
(2.2.4)

where 𝑚p is the respective mass of the incoming projectiles, 𝑚2H the mass of the target atoms
and 𝑚3He the mass of the compound nucleus. The calculation of the 𝛾 - ray energy of the capture
reaction can be split up into four terms. The first term is given by the known 𝑄 - value for this
reaction while the second refers to the kinetic energy of the protons. The third one represents a
correction of the recoil nucleus of 3He and the 𝐸Recoil. The last term gives a correction for the
Doppler - shift by the emission of a moving nucleus. Here, the detection angles Θ1,2 of the HPGe
detectors have to be considered. For the 60%HPGe detector at Θ2= 90°, the term vanishes
(Δ𝐸Doppler= 0).
For further calculations, the center of mass energy 𝐸cm is given with respect to the average
proton energy 𝐸eff

𝐸cm = 𝐸eff · 𝑚2H

𝑚2H +𝑚3He
(2.2.5)

By that, the conversion from the proton energy to the respective center of mass energy and the
expected 𝛾 - ray energy is given in Table 2.2.1.
It may be mentioned that the germanium detectors have a good energy resolution (≃3 keV

FWHM) in comparison to e.g. scintillation detectors. Nevertheless the detected radiation by the
2H(p,𝛾)3He - reaction will not show a sharp peak signal the 𝛾 - ray signal since it is broadened due
to the energetic widthΔ𝐸p of the deuterated target and the opening angle of the HPGe detectors.
The correction to an extended ROI in the 𝛾 - ray spectra is given by equation 2.2.4 applying a
maximum opening angle of the 60%HPGe by ΔΘ2= 16.2° and 90%HPGe of ΔΘ1= 17.6°.

Table 2.2.1.: Calculation of center of mass energy 𝐸cm of the 2H(p,𝛾)3He - reaction and the
expected energy of the photon, measured by the 60%HPGe detector 𝐸𝛾,60%HPGe and 90%HPGe
detector 𝐸𝛾,90%HPGe. In addition, the energetic width of the target Δ𝐸p and the ROI of the
HPGe detectors are given. For further details, see text.

𝐸p Δ𝐸p 𝐸eff 𝐸cm 𝐸𝛾,90%HPGe 𝐸𝛾,60%HPGe

[keV] [keV] [keV] [keV] [keV] [keV]

403.4 11.5 397.7 265.1 5784.6 5752.5
504.3 10.0 499.3 332.8 5856.4 5820.0
604.3 9.0 599.8 399.8 5927.2 5886.9
705.9 8.2 701.8 467.8 5998.9 5954.8
806.9 7.6 803.1 535.3 6069.9 6022.1
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2.3. Angular distribution

An anisotropic component in the emission of the prompt 𝛾 - rays of the 2H(p,𝛾)3He - reaction is
experimentally reported by [GLR62]. Here, Griffiths and collaborators suggest a fitting function
of the distribution in terms of 𝑊 (Θ) = 𝐴 · (sinΘ + 𝑏) with the coefficient 𝑏 increasing for
decreasing energies. Here, the angular dependence of the emitted photons is represented by the
𝑛 - th order of the Legendre polynomials 𝑃𝑛 and the coefficients 𝑎𝑖, depending on the reaction
and the invariant mass:

𝑊 (Θ) = 1 +

𝑛∑︁
𝑖=1

𝑎𝑖
𝑎0

·𝑄𝑖 · 𝑃𝑖 (cos Θ) (2.3.1)

The distribution 𝑊 (Θ) has to be considered at Θ1= 55° and Θ2= 90° with respect to the beam
axis for the HPGe detectors. In the case of a detection angle of Θ1= 55°, the second order
Legendre polynomial is approximately vanishing (𝑃2 (cos 55°)=−0.0065≈ 0). At 90°, only terms
with an even order contribute to the calculation of the angular distribution.
The coefficients of 𝑄𝑖 are attenuation factors, based on a geometrical correction for the ex-
perimental setup. Without the geometrical coefficients, the emission of the 𝛾 - rays would be
expressed at specific angles from the point of the reaction, neglecting the extended geometry of
the HPGe detectors. Due to the size of the detectors, the measurement is accomplished at a
certain interval of detection angles for each detector described in section 2.1.3. The calculation
of the geometrical coefficient is given by [Ros53]:

𝑄𝑖 =
𝐽𝑖
𝐽0

(2.3.2)

Assuming a perfect cylindrical shape of the detectors without a borehole, 𝐽𝑖 are determined by
the following integral with 𝛽 being the maximal aperture angle of the active detector volume :

𝐽𝑖 =

∫︁ 𝛽max

0
𝑃𝑖 (cos 𝛽) [1− exp (−𝜇en𝑥 (𝛽))] sin (𝛽) d𝛽 (2.3.3)

These angles are given by the radius of the detector 𝑟 and the distance of the sample towards
the detector ℎ.

𝛽max = arctan
(︁ 𝑟
ℎ

)︁
(2.3.4)

The dimensions are given in Figure 2.1.4.
The calculation of the geometrical coefficients (see Equation 2.3.3) also includes the interac-
tion of the emitted photons with the active detector volume of the germanium crystal. Here,
𝜇en · 𝑥(𝛽) describes the angle dependent path of the radiation within the detector volume. For
simplification, it is assumed that the 𝛾 - ray is measured in the center of the detector. The mass
attenuation coefficient 𝜇en describes the energy dependent absorption of the photon along its
path through a specific material. The effect of the detection geometry is calculated using the
given 𝜇en [HM04] for 𝛾 - ray energies 𝐸𝛾 of the 2H(p,𝛾)3He - reaction, summarized in Table 2.2.1.
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The coefficients 𝑎𝑖 are given by Laura Elisa Marcucci (personal communication 09/11/2018),
using the theory by [Gir+10]. Figure 2.3.1 shows the geometrical correction 𝑊 (Θ) of the
2H(p,𝛾)3He - reaction the with respect to the proton energy 𝐸p.
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Figure 2.3.1.: Geometrical correction 𝑊 (Θ) for prompt 𝛾 - rays of the 2H(p,𝛾)3He - reaction.

Furthermore, an angular distribution at resonant energies is also reported for the 27Al(p,𝛾)28Si -
reaction, which is used to investigate the full - energy peak efficiency (see section 4.3). The
coefficients of the Legendre polynomials were taken from the experimental work of [Ant+77].
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2.4. Data sets

The measured data sets are listed in chronological order in the Tables 2.4.1 and 2.4.2.

Table 2.4.1.: Overview and labelling of the TiD2 targets during the experimental campaign.
The applied proton energy 𝐸eff (with a correction of the energy loss in the deuterated titanium
layer), the highest current 𝐼Targ,max and the average current 𝐼Targ,avg as well as the total applied
charge 𝑄Targ are given according to the time of the measurement. For some runs, no data is
available for the collimator current (see target TiD2 - 2).

Target Mounted Dismounted 𝐸eff 𝑇real 𝐼Targ,max 𝐼Targ,avg 𝐼Coll,avg 𝑄Targ

[keV] [h] [µA] [µA] [µA] [mC]

TiD2 - 1 17/01/2018 19/01/2018 803.3 1.3 7.9 6.6 6.0 30.7
803.3 2.7 5.1 2.9 7.7 35.9
803.3 5.9 3.6 3.0 7.8 63.8
803.3 0.8 3.6 3.4 5.6 10.2
1005.3 2.0 10.0 7.6 5.3 55.2
1207.1 1.0 5.9 5.1 2.9 18.0
1252.8 2.4 6.8 5.5 3.0 47.5
1409.3 1.9 4.2 3.4 1.4 26.9
1611.5 2.0 4.2 4.0 1.0 28.7
1813.5 1.9 4.7 4.5 0.6 30.0
2015.2 2.2 6.4 5.8 1.0 46.1
1005.3 2.2 9.3 6.8 8.2 55.1

TiD2 - 2 19/01/2018 22/01/2018 1005.2 0.9 5.7 5.5 - 17.6
1045.1 0.5 5.4 5.3 - 8.6
1024.9 0.9 5.8 5.7 - 18.5
1065.8 0.7 5.6 5.5 - 14.8
1106.1 0.6 5.6 5.5 - 11.1
1146.7 0.4 5.8 5.8 - 8.9
1126.5 0.6 6.1 5.9 - 12.4
1085.1 0.4 5.4 5.4 - 8.1
984.2 1.2 4.7 4.6 - 19.6
600.7 2.7 4.5 4.0 - 38.5
600.7 3.5 4.4 3.8 7.2 47.2
600.7 1.9 3.6 3.4 6.9 23.0
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Table 2.4.2.: Overview and labelling of the TiD2 targets during the experimental campaign.
For further details, see text.

Target Mounted Dismounted 𝐸eff 𝑇real 𝐼Targ,max 𝐼Targ,avg 𝐼Coll,avg 𝑄Targ

[keV] [h] [µA] [µA] [µA] [mC]

TiD2 - 3 23/01/2018 25/01/2018 1005.3 0.5 5.3 5.3 2.7 10.0
891.5 1.6 5.3 5.2 3.1 29.8
803.1 6.6 8.5 5.8 8.1 136.6
1611.5 5.7 5.3 4.8 0.7 99.9
1641.5 0.6 8.7 8.2 1.9 18.0
1550.3 1.4 10.4 10.0 2.9 51.9
600.7 2.3 4.2 3.4 5.9 27.9
692.0 4.6 5.1 3.5 7.1 58.3
1040.8 2.2 4.1 3.9 3.5 30.1
1289.9 1.5 8.7 7.3 1.4 38.6
418.1 2.0 3.3 2.4 6.3 17.2

TiD2 - 4 25/01/2018 27/01/2018 499.3 2.3 6.4 4.0 10.2 32.9
499.3 2.4 3.9 2.7 5.4 23.2
499.3 2.7 3.9 2.8 5.8 27.1
599.75 2.4 2.8 2.7 4.0 22.6
599.75 2.8 2.7 2.4 4.3 23.9
599.75 2.3 3.1 2.7 5.1 22.1
599.75 2.6 3.0 2.8 7.2 25.4
701.8 2.0 7.2 6.9 8.4 48.4
803.1 0.4 8.1 8.0 7.1 11.9
803.1 1.9 7.0 5.9 7.6 40.3
803.1 1.5 7.9 6.3 6.5 33.7
397.7 0.5 4.9 4.0 9.5 7.1
397.7 1.1 4.2 3.3 8.1 12.6
397.7 1.5 4.5 3.7 10.4 20.6

2.5. Counting statistics

Regarding the determination of the peak area, a simple estimation has to be preferred since the
shape of the peak in the in - beam 𝛾 - ray spectrum depends on the deuterium depth profile in
the target and therefore cannot be approximated by a Gaussian distribution. Since the peak to
background ratio has an impact on the uncertainty of the determined peak area, the peak entries
are considered as part of it and later on subtracted.
Here, the channel entries at the lower and upper edge of the peak ROI are used to estimate the
total background level, see Figure 2.5.1. This approach provides the emphasized advantage that
the shape of the peak is irrelevant.



2.5. Counting statistics 27

Epeak

C
ou

nt
s

Elow, left Elow,right Ehigh,left Ehigh,right

Nhigh

Nlow

Nbg
 

N

E

Ntotal

Figure 2.5.1.: Estimation of the peak area for isolated peaks using a linear background sub-
traction.

The background to the left and the right side next to the peak is estimated separately by using
a constant linear fit function. Therefore, a lower and upper range (𝐸left, 𝐸right) is set for the
respective background and the average number of counts per channel (𝐵low, 𝐵high) is estimated
by:

𝐵low =
1

𝑚

𝐸low,right∑︁
𝑖=𝐸low,left

𝑁low,𝑖 (2.5.1)

𝐵high =
1

𝑛

𝐸high,right∑︁
𝑖=𝐸high,left

𝑁high,𝑖 (2.5.2)

with the number of counts in the lower - and higher - energetic background 𝑁low/high,𝑖 and the
number of channels in these intervals 𝑚 and 𝑛.
The contribution of the background to the counting statistics of the peak area is calculated by
an extrapolation within the ROI to 𝐸peak (𝑔 as number of bins from 𝐸low,right to 𝐸peak and ℎ as
number of bins from to 𝐸peak to 𝐸high,left:

𝑁bg = 𝑔 ·𝐵low + ℎ ·𝐵high (2.5.3)

Here, the total number of counts 𝑁total in the ROI are subtracted by the arithmetic mean of the
expected contributions 𝑁bg. 𝑁 represents the peak area:

𝑁 = 𝑁total −𝑁bg (2.5.4)

The statistical uncertainty by a lower and upper estimated background is given according to the
statistics of a Poisson distribution:

Δ𝑁 =

√︁
(Δ𝑁total)

2 + (Δ𝑁bg)
2 (2.5.5)





3. Target analysis

The analysis of the cross section data requires a careful evaluation of the target samples used.
Due to the fact that deuterium was diffused into the titanium layer using Sievert’s method, the
total number of evaporated deuterium atoms is still unknown. This section describes the analysis
of the deuterium areal density by Nuclear Reaction Analysis (NRA) and Elastic Recoil Detection
Analysis (ERDA) and an estimation due to effects by an irradiation of the target samples with
high - energetic proton beams. An overview of the used techniques is given in Table 3.0.1.

3.1. Nuclear Reaction Analysis

The nuclear reaction analysis (NRA) is a commonly used technique to study surface layers of
solids using beams of light ions. Whenever the target is irradiated, nuclear reactions can occur,
resulting in excited states with the emission of a photon, nucleon or heavier ions. These emitted
particles can be identified either by their charge or by measuring their characteristic energy,
depending on the 𝑄 - value of the reaction. Hence, the number of target atoms in the analysed
sample can be derived from the number of the reaction products respectively [FB11].
Using the 2H(3He,p)4He - reaction is a common method to determine the areal densities of deu-
terium enriched solids [May+09; AMR05]. The reaction was studied in situ with the experimental
setup, described in section 2.1.3, applying a beam of 3He instead of protons. The emitted protons
were detected using the silicon surface barrier detector, located inside the target chamber at an
angle of Θ3= 144.5°. The characterization of the sample TiD2 - 4 was performed twice: once after
mounting and before starting measurements for the study of the 2H(p,𝛾)3He - reaction. Secondly,
after 2/3 of the cross section measurements were accomplished. Therefore, the target stability
could be evaluated by significant changes of the areal density.

Table 3.0.1.: Overview of the target characterization. "On" describes an analysis on the beam
spot area of the targets used. "Off" corresponds to the analysis of the non - irradiated area
outside the beam spot.

Target tag ERDA NRA 2H(3He,p)4He

TiD2 - 1 "on"
√

-
"off"

√
-

TiD2 - 2 "on"
√

-
"off"

√
-

TiD2 - 3 "on"
√

-
"off"

√
-

TiD2 - 4 "on"
√ √

"off"
√ √
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Before the number of target atoms are calculated, an energy calibration and determination of the
solid angle Ω had to be performed. Ω describes a projection of the detector onto the spherical
surface around the point - like radiation source. This calculation can be done either by a precisely
known geometry of the setup or by a comparison between the surface emission rate to the detected
counting rate. The second method was used to prevent geometrical uncertainties, for example
the cylindrical shape of the detector instead of a required conic shape. For the determination of
the energy calibration, the same setup was used as described before, the deuterated target was
replaced by a calibration source.
Here, a triple alpha source consisting of 239Pu, 241Am, 244Cm and a single alpha source, consisting
of 241Am, were used. An overview is given in Table 3.1.1. Furthermore, the nickel foil was
removed from the solid state detector since the 𝛼 radiation had to be measured and would not
have passed the foil.

Table 3.1.1.: Summary of the 𝛼 - calibration sources, used for the energy calibration and the
calculation of the solid angle of the silicon surface barrier detector. The sources are given with
the 𝛼 - surface emission rates 𝑅S,0 in 4𝜋 steradian at the date of reference with corresponding
emission lines 𝐸𝛼 and emission probabilities 𝐼𝛼 of the isotopes.

Calibration source Identification 𝑅S,0 Isotope 𝐸𝛼 𝐼𝛼
Date of reference [s−1] [keV] [%]

Triple alpha source Amersham 3540± 170 239Pt 5105.5 11.94± 0.07
QCRB2500, EC 221 5144.3 17.11± 0.14

1994/10/14 5156.6 70.77± 0.14
241Am 5388.0 1.66± 0.02

5442.8 13.1± 0.3
5485.6 84.8± 0.5

244Cm 5762.6 23.1± 0.1
5804.8 76.9± 0.1

Single alpha source Eckert & Ziegler 5380± 110 241Am 5388.0 1.66± 0.02
AMR23, AJ-5470 5442.8 13.1± 0.3

2018/03/29 5485.6 84.8± 0.5

For an evaluation of the spectra, an energy calibration has to be performed for the silicon surface
barrier detector. Since the depletion area is thick enough to stop all particles entirely, the relation
between channel to energy can be assumed as linear with an additional offset [Leo94]. The
linear calibration of the measured channel number (𝐶𝐻𝑁) to the energy of the emitted particle
𝐸𝛼,p is calculated by the peak positions of the emission lines 𝐸𝛼. The linear energy calibration
becomes necessary when estimating the emitted proton of the 2H(3He,p)4He - reaction at energies
of 𝐸p> 10MeV.

𝐸𝛼,p = 2.505keV · 𝐶𝐻𝑁 + 14.113keV (3.1.1)

The upper panel of Figure 3.1.1 shows the measured spectrum of the triple alpha source, cali-
brated by its peak positions. Also a long term measurement of the silicon surface barrier detector
without an applied source is given for comparison purpose.
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Figure 3.1.1.: Counting rate spectra of the triple alpha source, consisting of 239Pu, 241Am,
244Cm (red) and the single alpha source of 241Am (blue). Grey: background of the silicon
surface barrier detector without an applied radiation source. For energy calibration purpose, the
peak position of the triple alpha source is used. The spectra are normalized to the livetime of
the measurement. The differences in the counting rates of the left and right spectra are assigned
to changings of the binning of the histograms.

Ω is calculated by the 𝛼 - surface emission rate 𝑅S,𝑡 and the counting rate 𝑅C,𝑡 at the date of
measurement 𝑡, see Eq. 3.1.2.

Ω =
𝑅C,𝑡

𝑅S,𝑡
· 𝜂 (3.1.2)

The intrinsic efficiency of the silicon surface barrier detector can be assumed here as 𝜂= 1,
because the particles are stopped fully in the active region of the detector.
For the single alpha source, the activity can be determined from the initial 𝛼 - surface emission
rate 𝑅S,0 when the source was calibrated. However, the activity of the triple alpha source is
given by the total surface emission rate of the containing isotopes, but without their original
composition. Accordingly, the relative isotopic ratio at the time of measurement has to be
estimated from the counting rate spectrum. The original composition at the day of reference is
calculated backwards by the law of radioactive decay. From this isotopic ratio, a nominal activity
of the individual isotope and thus the activity at the time of measurement is deduced for the
triple alpha source.
According to the estimation of the counting rates, the number of peak entries from the corre-
sponding individual emission lines are determined. Since the background of the silicon surface
barrier detector does not contribute to the entries in the region of interest, the lower - energetic
tail of the counting rates is assigned to the nuclei of the calibration sources. For example, the
isotope of 244Cm is affecting the counting rates of 239Pt and 241Am, which makes a separate
peak fitting necessary. The estimated counting rates, calculated surface emission rates and the
solid angle are shown in Table 3.1.2.
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At energies between 𝐸= 1000 keV - 5000 keV, an additional plateau arises for the calibration
spectra which can not be explained by the background. In addition, at energies above the
expected peaks from the 𝛼 - counting rate spectrum, further events were measured. These can
not be described by summation effects. A number of measurements were performed to rule out
an influence of the collimator as well as the pressure inside the target chamber, resulting in
comparable background spectra. For a qualitative analysis of these effects, a simulation of the
detection by the silicon surface barrier detector would have to be performed. Due to the fact
that their influence on the calculation of the peak area is negligible, the simulation was inferred
to be justifying the amount of effort, which would have been needed within the scope of this
master thesis.

Table 3.1.2.: The 𝛼 - surface emission rates 𝑅S,𝑡 are given in 4𝜋 steradian for the date of
measurement. The estimated rates 𝑅C,𝑡, the solid angle Ω are given, as well as the systematic
and statistical uncertainties for the single - and triple alpha source.

Radiation source Date 𝑅S,𝑡 𝑅C,𝑡 Ω
ΔΩsyst

Ω
ΔΩstat

Ω
[s−1] [s−1] [ 10−3 ] [%] [%]

Triple alpha source 2019/10/16 2733± 140 6.284± 0.009 2.30 6.5 0.23
Single alpha source 2019/10/14 5375± 110 11.951± 0.032 2.22 2.0 0.26

The resulting solid angle of both sources are in agreement with each other. For further analysis,
the solid angle as result from the single alpha source is used due to its lower given systematic
uncertainty.
With the known solid angle, the content of deuterium in the layer of titanium can be estimated
by using the nuclear reaction of 2H(3He,p)4He. For the analysis, the differential cross section at
the specific angle of Θ3= 144.5° has to be known. By that, the cross section 𝜎Wiel from [Wie+16]
is used. They measured the proton energy spectra of the 2H(3He,p)4He - reaction and determined
the energy dependent cross section in a range of 𝐸3He= 0.25MeV - 6MeV where also a broad
energy resonance region around 𝐸3He= 630 keV is reported in the publication.
In the present work, the proton spectra were measured at energies of 𝐸3He= 1987.4 keV and
𝐸3He= 2188.0 keV. Since the measurement is performed outside the resonance, the cross section
does not show such a strong energy dependence as at lower energies. When comparing the
consequences at resonant and non - resonant energies, the uncertainty induced by the proton
energy to the cross section is smaller than it would be at the resonance energies. The uncertainty
of the cross section due to the energy 𝐸3He is estimated to 1% and additionally the uncertainty
by literature, which is reported to be Δ𝜎Wiel= 4.3%.
The energy of the emitted proton 𝐸p′ is calculated by the kinematics of a two body reaction at
an angle of 144.5° with the 𝑄 - value of the 2H(3He,p)4He - reaction to identify the peak within
the proton spectrum.
The proton spectra for the irradiation of the deuterated target with an applied ion beam of
3He2– are shown in Figure 3.1.2. The broadened peak widths are resulting from two different
processes. On the one hand, interaction processes of the incoming projectiles of 3He2– with the
target material take place, just as with the emitted protons. These statistical processes lead
to an energy loss of the interacting particles and therefore to a reduced energy of the emitted
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proton in the respective spectrum. To take this effect into account, a simulation was carried out
by the software SRIM.
Secondly, since the protons are measured at the center as well as on the edges of the silicon
surface barrier detector, the different angles contribute to an energy broadening due to the
Doppler effect. These angles were determined geometrically by the assumption of a 3He2– beam
width of 𝑑Beamspot= 6mm on the target. The geometry given in section 2.1.3 was used for
calculations. Hence, the energy 𝐸p′ was determined by the opening angle of Θ3,min= 138.2° and
Θ3,max= 151.9°. The described broadening of the peak is shown by the boundaries within the
proton pulse - height spectra in Figure 3.1.2.
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Figure 3.1.2.: Proton pulse - height spectra from the irradiation of the deuterated titanium
sample TiD2 - 4 with a beam of 3He2– . The reaction 2H(3He,p)4He was measured two times at
𝐸3He= 1987.4 keV (two upper panels) and once at 𝐸3He= 2188.0 keV (lower panel). The number
of peak entries is estimated in the shown ROI at 𝐸p′,min to 𝐸p′,max. For further description, see
text.
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Here, the formation of a second peak at higher energies can be observed. With the precise energy
calibration of the proton spectra and the determination of the highest possible proton energy by
calculating the maximum broadening angle of the silicon surface barrier detector, it can be ruled
out that the measured events originate from the 2H(3He,p)4He - reaction and thus must not be
taken into account when calculating the deuterium areal density. A similar behaviour has been
found at other campaigns, studying the reaction of 3He(4He,𝛾)7Be (personal communication
Steffen Turkat, IKTP TU Dresden, 18/02/2019), showing the here occurring peaks at the same
energy. It can be concluded that this is most probable due to a target contamination.
The deuterium areal density 𝜌2H of the titanium layer is calculated by using the number of
measured peak entries from the proton spectrum 𝑁p, the total applied charge on the target
𝑄Targ, the solid angle by the calibration sources Ω, a correction of the life - to realtime correction
𝑇live/𝑇real and the cross section 𝜎Wiel by [Wie+16]:

𝜌2H =
𝑁p

𝑄3He · 𝑒−1 · 𝑇live/𝑇real · Ω · 𝜎Wiel
(3.1.3)

The resulting areal densities of the three measurements are summarized in Table 3.1.3.

Table 3.1.3.: Deuterium areal densities 𝜌2H for the target of TiD2 - 4. The experimental cross
section data 𝜎Wiel, measured at the reaction angle of 144.5° are taken from [Wie+16].

𝐸He 𝐸p′ 𝜎Wiel 𝜌2H Δ𝜌2H,syst Δ𝜌2H,stat

[keV] [keV] [mb(sr)−1] [1017 at. cm−2] [%] [%]

1987.4 10 427 12.7± 0.5 2.14 4.9 1.5
1987.4 10 427 12.7± 0.5 2.17 4.9 2.6
2188.0 10 491 10.7± 0.5 2.31 4.9 2.6

The deuterium areal density can be deduced before and after the irradiation by
the proton beam. Here, the first measurement shown in Table 3.1.3 is given by
𝜌2H=(2.14± 0.03stat± 0.10syst)× 1017 at. cm−2, corresponding to the non - irradiated sample
of TiD2 - 4. This can be compared to the deuterium areal density, which was measured
at 𝐸He= 1987.4 keV and 𝐸He= 2188.0 keV after performing 2/3 of the investigations for the
2H(p,𝛾)3He - reaction. Here, the calculated areal densities are normalized to the respective ap-
plied charge to 𝜌2H=(2.23± 0.06stat± 0.11syst)× 1017 at. cm−2.
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3.2. Elastic Recoil Detection Analysis

Elastic Recoil Detection Analysis (ERDA) is a commonly used technique for profiling light el-
ements in surface regions of solid materials. The principle of ERDA is based on ion beam
irradiations of a sample with projectiles at energies in the range of MeV. Both, scattered pro-
jectiles and recoiled target atoms are emitted in the forward direction and can be distinguished
and characterized, depending on the known reaction kinematics. In addition, the recoil spectra
can be transformed to a corresponding depth - concentration profile [FB11].
After the campaign was performed at the 3MV Tandetron accelerator, each target was analysed
using this technique. This time, the HZDR 6MV Tandetron accelerator was used to study
the composition of the TiD2 samples by ERDA. The four samples, used for the study of the
2H(p,𝛾)3He - reaction, were analysed by a beam of 43MeV 35Cl7+ ions. The angle between the
sample normal and the incoming beam was 𝜃= 75° and the angle for detecting scattered particles
𝜃= 31° with respect to the sample normal. The recoiling sample ions were detected using a
Bragg Ionization Chamber (BIC), which enables the measurement of the respective energy and
the 𝑍 identification of the recoils. In addition to that, a solid state detector was applied at a
scattering angle of 𝜃= 41° with respect to the sample normal to measure the recoils of hydrogen
and deuterium. A 18 µm thick layer of aluminium foil was placed in the front of the solid state
detector surface in order to stop scattered heavy recoils during the beam irradiation.
An advantage of the ERDA technique is given by the accurate beam guidance to the ROI of the
examined sample. The analysed area was approximately 𝐴ERDA=(1.5 x 1.5)mm2. Hence, the
small irradiated area in comparison to the beam spot of 6mm diameter during the 2H(p,𝛾)3He -
experiment, allows a separate measurement inside and outside of the beam spot by ERDA. Each
target of TiD2 was analysed at the "on" - spot area to study target disintegration and changes
during long - term irradiations by proton beams and can be compared to the "off" - spot area.
The raw ERDA data were evaluated using the software NDF v9.3g [BJW97]. In order to estimate
the depth profiles, the measured data were convoluted with the system resolution and physical
effects like straggling were taken into account by the software. The data evaluation by the BIC
is discussed as an example using the target sample TiD2 - 4 (Figure 3.2.1) at the "on" - spot area.



3.2. Elastic Recoil Detection Analysis 37

0 100 200 300 400 500 600 700 800

∆

0

100

200

300

400

500

600

700

800

5

10

15

20

25

 

Cl (Z=17)Ti (Z=22)

C (Z=6)

O (Z=8)

E
 [C

H
N

 ]

E [CHN ]

Figure 3.2.1.: Δ𝐸(𝐸) histogram of the target TiD2 - 4, measured by the Bragg Ionization
Chamber (BIC), "on" - spot. The energy loss with respect to the total particle energy separates
the elements according to their atomic number. The target backing of titanium (Ti) is seen
with impurities of carbon (C) and oxygen (O), also the chlorine (Cl) from the beam is marked
in the plot. The signal for hydrogen and deuterium can not be measured by the BIC. For light
elements, the solid state detector was used instead.

The main branch at the two - dimensional histogram of Δ𝐸(𝐸) represents the number of counted
chlorine and titanium atoms, whose energy loss strongly depends on the energy. Here, a split-
ting can be seen for high energies. The separation of the titanium from the target and the
backscattered chlorine becomes difficult at lower energies, corresponding to greater depths. The
branches of carbon and oxygen can be identified in the Δ𝐸(𝐸) - plot. The high background
at lower energies is caused by long term measurements with extremely low beam currents of
𝐼 = 200 pA - 350 pA which are needed because of the target backing of tantalum.
The solid state detector monitored the number of hydrogen and deuterium recoils in parallel to
the measurement by the BIC. Ejections of scattered light elements were measured by this second
detector. The results of the measurement are shown Figure 3.2.2 for the four targets used.
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Figure 3.2.2.: Spectra of the solid state detector of the four target samples used, each measured
at the irradiated "on" - spot area and outside, "off" - spot. The peaks of hydrogen (1H) and
deuterium (2H) are labelled within the spectra.
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At low energy regions of the spectra, corresponding to low channel numbers, a peak arises from
hydrogen in the layer of titanium. As it can be seen, the number of measured hydrogen atoms is
comparable for the target samples of TiD2 - 2 to TiD2 - 4 at the "on" - spot and "off" - spot area.
In contrast, the target TiD2 - 1 shows a significantly lower quantity of hydrogen.
The higher - energetic peak is accompanied by recoiled deuterium from the chlorine irradiation
of the target sample. A lower - energetic tail at the hydrogen and deuterium peaks suggests,
that there is also hydrogen below the titanium film within the tantalum backing, resulting to
the signal beneath the peak due to scattering effects within this layers. The tails are not used
by the NDF software to estimate the areal densities of the deuterium. This is due the fact,
that the analysis compares a simulated, assumed spectrum to a measured one which does not
include deeper layers of tantalum. The peak contents of hydrogen and deuterium are determined
by a Gaussian fit function. For the determination of the peak area, the overlap region of the
deuterium to hydrogen peak additionally causes a systematic uncertainty to the hydrogen areal
density due to the fitting.
The data measured by the BIC and the solid state detector are used to calculate the areal densities
of hydrogen and deuterium as well as the resulting depth profiles for the target samples, using
the software of NDF. Figure 3.2.3 shows the "on" - spot depth profile of TiD2 - 4 as an example
of the eight target characterisation measurements.
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Figure 3.2.3.: Depth profile of the surface layer of the target sample TiD2 - 4, "on" - spot with
depths up to 22× 1017 at. cm−2. The depth resolution of hydrogen and deuterium is worse in
comparison to heavier elements due to the application of another detector system for light element
recoils.

The depth profiles by ERDA show the expected deuterium within the surface layers of the target
sample. Here, comparable results are obtained for all analysed target samples.
In addition to deuterium, also a significant amount of hydrogen was measured within the surface
layer. The fact that the deuterium and hydrogen are showing the same trend of concentration
with respect to the depth of the target, indicates an effect due to the target production. It
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might be mentioned that the sudden jump of the hydrogen and deuterium concentration at the
interface between titanium and the backing material of tantalum is an artefact accompanied to
different stopping powers between the film and the substrate.
In addition to the considered light elements of hydrogen and deuterium as well as the target
material, also other elements were detected, namely, carbon and oxygen by the BIC. The highest
amount of carbon is located on the surface of the sample. This might be the result of contacts
with the target sample at the day of mounting and dismounting. Also, oxygen was detected as
target impurity. At deep layers beyond depths of 15× 1017 at. cm−2, a huge steep step towards
a higher concentration of tantalum is measured, indicating the transition of the evaporated layer
of titanium to the backing material of the target sample.
The uncertainties for elements heavier than deuterium are resulting from the irradiation by low
beam currents and the associated low number of measured recoils by the BIC. In addition to the
depth profiles of the target samples, also the areal density of light elements was evaluated, using
ERDA. The results of the hydrogen and deuterium areal densities are shown in Table 3.2.1.

Table 3.2.1.: Areal densities of hydrogen 𝜌1H and deuterium 𝜌2H of the targets used. The
values are given by a systematic uncertainty of Δ𝜌/𝜌= 10%. The results by NRA are given for
comparison purposes.

Target tag 𝜌1H, ERDA 𝜌2H, ERDA 𝜌2H, NRA
[1017 at. cm−2] [1017 at. cm−2] [1017 at. cm−2]

TiD2 - 1 "on" 3.38± 0.34 2.75± 0.28 -
"off" 2.93± 0.29 2.45± 0.25 -

TiD2 - 2 "on" 1.58± 0.16 2.32± 0.23 -
"off" 1.42± 0.14 1.82± 0.18 -

TiD2 - 3 "on" 2.98± 0.30 3.16± 0.32 -
"off" 2.66± 0.27 2.70± 0.27 -

TiD2 - 4 "on" 3.31± 0.33 2.84± 0.28 2.23± 0.06stat± 0.11syst
"off" 2.90± 0.29 2.50± 0.25 2.14± 0.03stat± 0.10syst

The areal densities are given by a systematic uncertainty due to the evaluation by the software
NDF in the range of 10%. By comparing the result of the target sample of TiD2 - 4 by NRA
and ERDA, a discrepancy between the estimated areal densities 𝜌2H is given. This may not
be explained by the given uncertainties of both methods. Hence, there is a call for further
measurements of the other target samples of TiD2 by NRA.

3.3. Sputtering effects

Since the targets are irradiated by high - intense proton beams, the deterioration due to sputtering
effects has to be considered. At sufficiently high projectile energies (which have to be higher than
the surface binding energy), close - surface atoms can be removed due to sputtering. It is common
to define sputtering processes by the ratio of sputtered target atoms to the number of incident
projectiles [Her99].
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This number of sputtered deuterium atoms is calculated using a SRIM simulation, applying a
full damage cascade regarding to the titanium layer thickness of 100 nm, a stoichiometric ratio
by NRA (see subsequent Table 3.5.1) and a density of 𝜚Ti= 4.506 g cm−3 as an upper estimation.
The decrease in the deuterium areal density is estimated for the target sample TiD2 - 4, using
the charges 𝑄Targ to the respective energies 𝐸eff , given in Table 2.4.2.
The maximum relative degression is calculated conservatively by a beam spot with the diameter
of 𝑑Beamspot= 5mm (𝐴Beamspot= 20mm2). Here, the total relative change during irradiation
was estimated to Δ𝜌2H/𝜌2H≤ 0.3%, even with assuming conservative parameters. The effect
of sputtering is considered as negligible since there is no significant reduction in target atoms
approximated, proportional to the uncertainty to the relative systematic uncertainty on the total
charge Δ𝑄/𝑄= 1%,

3.4. Thermal decomposition

The work by Malinowski [Mal79] and Checchetto [Che+98] reported different stages of deu-
terium outgassing, depending on the applied temperature. The release of deuterium atoms from
the metal compound is reported at initial temperatures of 150 ∘C with a subsequent complete
deterioration at 𝜗 = 340 ∘C. The publication by Malinowski is based on a gaseous evaporated
sample of deuterium onto a thin layer of titanium. This work reported a strong rise of the deu-
terium release rates at 𝜗= 260 ∘C [Mal79]. Similar results are obtained by sputtered deuterium to
a layer of titanium [Che+98]. Here, Checchetto reported a fully adsorption at 𝜗 = 277 ∘C, related
to structural changes in the titanium. Both works were performed at high vacuum and were using
a comparable thickness of the titanium layer as for the present study of the 2H(p,𝛾)3He - reaction.
Since the target composition of the deuterium - titanium compound is reported as stable at high
vacuum, alterations in the deuterium density can be attributed to heating. Considering the local
irradiation, the target material heats up to a temperature 𝜗. This resulting heat should almost
completely dispense from the beam spot over the targets surface.
The heat power �̇�𝑄 is given by beam power of the ion beam 𝑃 :

�̇�𝑄 = 𝑃 = 𝑈 · 𝐼 =
𝐸 · 𝐼
𝑞 · e

(3.4.1)

The power of the proton beam is calculated using the proton energy 𝐸p, and the current 𝐼

with the charge of the incoming beam of protons 𝑞= 1 and e as the elementary charge. Here,
the target sample TiD2 - 4 is considered as a concrete example for the calculation of the heat
development, given by an upper estimation. Further calculations are adapted and compared to
the work by Reinicke [Rei18].
The target sample of TiD2 - 4 was irradiated with 𝐸p= 807 keV applying a current of
𝐼max= 8.1 µA, giving the highest power to the target sample. This results in a maximum heat
output of �̇�𝑄= 6.5W.
To avoid an overheating of the titanium - deuterium layer, the target backing of tantalum was
almost completely connected to a water cooling, dissipating the heat from the backside. To
calculate the maximum reached temperature, the stopping of the protons and the heat conduction
in the tantalum have to be considered. Here, the energy deposition is approximated by assuming
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a full - energy depletion at the interface between titanium to tantalum. This gives an upper
limit of the path for the heat transfer from the point of the reaction to the water cooling at the
backside. The temperature gradient to the backside is calculated by:

Δ𝑇1 =
�̇�𝑄 · 𝑑Target

𝜆 ·𝐴
(3.4.2)

with the thickness of the tantalum backing 𝑑Target= 0.22mm, a visible beam spot at the target
sample 𝐴Beamspot= 28mm2 and the thermal conductivity of tantalum 𝜆= 57.6Wm−1K at room
temperature [SS08]. The gradient in temperature is calculated to Δ𝑇1= 0.9K. It is assumed
that the target sample is irradiated by a homogeneously distributed proton beam.
The total temperature difference between the irradiated target surface and the water cooling at
the backside of the target Δ𝑇2 is given by:

Δ𝑇2 =
�̇�𝑄

ℎ ·𝐴Beamspot
(3.4.3)

The overall conductance to the cooling system is given by the heat transfer coefficient
ℎ= 1670WK−1m−2 [KL18]. Thus, the heat difference is estimated to Δ𝑇2= 138 ∘C for an
applied proton beam with 𝑃 = 6.5W.
The target temperature during beam irradiation 𝜗Beamspot is calculated using:

𝜗Beamspot = 𝜗Cooling +Δ𝑇1 +Δ𝑇2 (3.4.4)

With Δ𝑇1, Δ𝑇2 and a temperature of the water cooling 𝜗Cooling = 20 ∘C, the irradiation of the
target sample leads to a maximum heat development of 𝜗Beamspot= 159.0 ∘C. The corresponding
results are summarized for the other three target samples used, see Table 3.4.1.

Table 3.4.1.: Thermal evolution of the target samples by an upper estimation, given by the
maximum applied heat power �̇�𝑄. For calculation, see text.

Target sample 𝐸p 𝐼max 𝑃max 𝜗Targ,ABeamspot
𝜗Targ,ATarget

[keV] [µA] [W] [∘C] [∘C]

TiD2 - 1 2017 6.4 12.9 295 35
TiD2 - 2 1150 5.8 6.7 162 28
TiD2 - 3 1553 10.4 16.2 364 39
TiD2 - 4 807 8.1 6.5 159 28

The calculation of the heat difference was ensued by an upper estimation. The spatial heat
conduction was considered to be perpendicular to the target material. Thus, the contact surface
to the water cooling is given by 𝐴Beamspot= 28.3mm2, resulting in the maximum heat evolution.
Practically, a greater surface area of the backing material was connected to the water cooling at
the backside. This contact area is given by 𝐴Target= 573mm2. Also, since the beam intensity
is not homogeneously distributed and the heat propagates not perpendicular to the depth of
the target, the calculation would include a greater area for heat dissipation and hence a heat
development from the beam spot.
Nevertheless, with the conservative assumption where the resulting temperatures above
𝜗= 260 ∘C could be reached locally (see Table 3.4.1, target samples TiD2 - 1 and TiD2 - 3), a deu-
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terium out gassing can not be excluded. For comparison purpose, the work by [Rei18] was also
performed at the IBC at HZDR using a comparable experimental setup to study the 12C(p,𝛾)13N -
reaction in inverse kinematics with targets of the solid compound TiH2. Here, a mean power of
the proton beam of 𝑃avg = 70W was reached, resulting in a black spot on the backside of the
target sample. The blackening was located at the center of the surface of the target backing and
most probable assigned to a vaporization of the cooling water. According to this explanation,
temperatures 𝜗≥ 100 ∘C would be reached, where impurities of the water cooling could be added
to the backing material. The investigation on the 2H(p,𝛾)3He - reaction was not indicating com-
parable changings in the visible appearance of the target backing. This may be an evidence that
temperatures 𝜗≥ 100 ∘C were not reached. Nevertheless, the samples of TiD2 - 1 and TiD2 - 3
may show a decreasing number in the deuterium areal density before and after the irradiation.

3.5. Discussion

The analysis by ERDA provides an exclusive set of target characterization measurements for
the estimation of the deuterium areal density. Still, the uncertainties are dominated by higher
systematic uncertainties in comparison to NRA. By that, the deviations of the target samples
among each other (see Table 3.2.1) are inconsistent to an equal treatment of the areal densities
due to the production process. Furthermore, the origin of the hydrogen content in target samples
is still not fully understand. This amount of hydrogen will not show an effect on the measurement
of the 2H(p,𝛾)3He - reaction. But it contributes to the energetic width of the target Δ𝐸p, which
is taken into account in the reaction kinematics at section 2.2.
Furthermore, the ratio of the areal densities 𝜌2H to 𝜌1H can be calculated and compared to the
"on" - spot area to the "off" - spot ones, shown in Figure 3.5.1. This ratio is consistent for the
"on" - spot as "off" - spot measurement for each target respectively. When comparing this ratio
among each other for the target samples TiD2 - 1 to TiD2 - 4, this shows a discrepancy. Since
𝜌2H to 𝜌1H does not change when considering the "off" - and "on" - spot analysis, it indicates
that hydrogen was introduced into the titanium during the target production, as assumed in the
previous section. A possible explanation is given that the chamber, which is otherwise used for
hydrogen evaporation, still contained residual gas, that was introduced into the targets.
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Figure 3.5.1.: Evaluation of the deuterium to hydrogen areal density. "On" - spot: measurement
of the areal density at the visible beam spot by ERDA. "Off" - spot: measurement outside the
beam spot. Left panel: Ratio of the deuterium - to hydrogen areal density, given for conclusions
on the target production process. Right panel: Ratio areal density "On" - and "Off" - spot, given
for hydrogen and deuterium respectively to check for target stability due to beam irradiation.
For further details, see text.

The ratio of the "on" - and "off" - spot areal density provides is contributes to the stability of the
target due to beam irradiation. Since no trend towards a reduction of the areal density is given
by 𝜌”on”/𝜌”on”> 1, a deuterium disintegration can be excluded (see right panel of Figure 3.5.1).
Since the ratio is greater than one for all considered targets, a higher amount of deuterium was
measured at the beam spot area compared to the outside one. From personal conversations with
Dr. Jaakko Akseli Julin (HZDR, IBC 16/08/2018), who evaluated the ERDA measurement,
a mix - up of the samples can be excluded. Due to the mentioned discrepancy in the areal
density of the respective targets, the samples are considered differently for the evaluation of
the 2H(p,𝛾)3He - reaction. For further cross section analysis, the data by NRA and ERDA is
evaluated separately. The deuterium density is assumed to be constant over time, see Table
3.5.1. The deuterium areal density by ERDA is given by the arithmetic mean of TiD2 "on" and
TiD2 "off" with a relative uncertainty of 10%. The data by NRA is evaluated using the weighted
mean of the applied target current 𝑄Targ by the three measurements.

Table 3.5.1.: Areal density of deuterium 𝜌2H and hydrogen 𝜌1H, used for further calculations.
The respective isotopic ratios TiDx and TiHx (x≤2) are given by the evaluation of ERDA.

Target tag 𝜌2H, ERDA 𝜌1H, ERDA TiDx TiHx 𝜌1H, NRA
[1017 at. cm−2] [1017 at. cm−2] [1017 at. cm−2]

TiD2 - 1 2.60± 0.26 3.16± 0.32 0.46 0.56 -
TiD2 - 2 2.07± 0.21 1.50± 0.15 0.37 0.27 -
TiD2 - 3 2.93± 0.29 2.82± 0.28 0.52 0.50 -
TiD2 - 4 2.67± 0.27 3.11± 0.31 0.47 0.55 2.19± 0.04stat± 0.11syst
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4. Evaluation of the 2H(p,𝛾)3He - reaction

4.1. Laboratory 𝛾 - ray background

The knowledge of the 𝛾 - ray background at the IBC is essential, enabling a comparison to the
later recorded spectra and showing that there are no additional 𝛾 - ray sources which might affect
in - beam measurements. In addition, the prominent natural emission lines provide information
about the stability of the energy calibration. During the campaign at the Ion Beam Center, six
measurements of the laboratory 𝛾 - ray background, with a livetime of at least one hour, were
performed (see Table 4.1.1).

Table 4.1.1.: List of the measured 𝛾 - ray background spectra. These spectra were used to
confirm the detector stability despite the power failures of the IBC during the campaign.

Label Date started 𝑇live

[h]

BG 1 2018/01/12 15.2
BG 2 2018/01/13 39.8
BG 3 2018/01/20 26.1
BG 4 2018/01/22 19.9
BG 5 2018/01/23 14.5
BG 6 2018/01/27 52.9

Sum 168.4

Figure 4.1.1 shows the summed and energy calibrated counting rate spectrum of the laboratory
𝛾 - ray background, measured by the 60%HPGe and the 90%HPGe detector.
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Figure 4.1.1.: Pulse - height spectrum of the laboratory 𝛾 - ray background for the 90%HPGe
(above) and 60%HPGe (below) detector without an active veto. Typical emission lines are
marked within the spectrum. The six recorded background measurements are summarized and
scaled to the total livetime of 168.4 h.

40K, 214Bi, 208Tl are among others the most prominent radio nuclides, found in the 𝛾 - ray
background at laboratories overground. The isotope of bismuth is the long - lived daughter nuclei
of the radon decay, the isotope of thallium originates as long - lived daughter nucleus of the
thorium decay. Both occur with their emission lines as well as the potassium in the non -
beam induced background. The peak at 𝐸𝛾 = 511 keV is the e+e− annihilation peak. By the
annihilation of a positron from the 𝛽+ - decay or from pair production by high - energy 𝛾 - rays
with an electron, two photons are emitted with an energy of 𝐸𝛾 = 511 keV each.
The counts at energies 𝐸𝛾 > 3000 keV are mostly assigned to the interaction of secondary muonic
and hadronic interactions of cosmic rays. From the 2H(p,𝛾)3He - reaction, a resulting peak at
𝐸𝛾 ≃𝑄+𝐸cm≃ 6000 keV is expected (for further details see section 2.2). This belongs to range
of the cosmic ray induced background in all cases. Furthermore, the beam induced 𝛾 - ray back-
ground has to be mentioned. Additional contaminations in the target and the rest gas impurities
in the vacuum may result in 𝛾 - rays in the high energy region. For further details on the beam
induced background, see section 4.5.
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The different detector counting rates are the consequence of a different geometry and response
of the semiconductors. Furthermore, the described lead shield around the 90%HPGe has been
used, which additionally results in a reduction in the counting rate of the background spectrum.

4.2. Energy calibration

The measured channel number 𝐶𝐻𝑁 by the detectors is proportional to the 𝛾 - ray energy
deposition 𝐸𝛾 with an additional offset. For the BGO and the HPGe detectors, the energy of
the measured radiation is calculated by:

𝐸𝛾 = 𝑎+ 𝑏 · 𝐶𝐻𝑁 (4.2.1)

The linear energy calibration becomes necessary when estimating the emitted radiation of the
2H(p,𝛾)3He - reaction at prompt 𝛾 - ray energies of 𝐸𝛾 ≃ 6000 keV.
The parameters of the calibration can be determined by two methods. Either a measurement
with calibration sources can be performed, setting the calibration for further measurements.
Therefore, the reaction of 27Al(p,𝛾)28Si was also used to determine the full - energy peak efficiency
with emission lines in the range of MeV. However, a global energy calibration requires a steady
relation over the time of the campaign. During the experimental campaign, two so called "shut
downs" occurred, with the consequence that the detectors switched off and later on had to be
restarted. This resulted in new adjustments to the detector acquisition setup and as possible
consequence in different parameters of the energy calibration.
Secondly, two reference points from the spectrum can be selected separately for each measure-
ment. For this, the 𝛾 - ray emission lines of 40K at 𝐸𝛾 = 1460.8 keV and 208Tl at 𝐸𝛾 = 2614.5 keV

of the natural background are suitable. By the position of the two peaks, the parameters 𝑎 and
𝑏 can be estimated separately for each measurement to calibrate the spectra. Figure 4.2.1 shows
an example of the determination of the peak position of the background emission lines, estimated
by a Gaussian fit. This method is used to calibrate further 𝛾 - ray spectra shown.
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Figure 4.2.1.: Pulse - height spectrum of the laboratory 𝛾 - ray background, measured by the
90%HPGe detector (left panel) and 60%HPGe detector (right panel). The peak position is
determined by a Gaussian fit for energy calibration purposes.
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4.3. Full - energy peak efficiency

The full - energy peak efficiency 𝜀 (𝐸𝛾) of a detector is defined by the ratio between detected
counts of in full - energy peak of the spectrum compared to the decay - corrected emission rate
of a radiation source. This depends on an intrinsic efficiency of the respective detector and on
the setup geometry (e.g. the distance between source and detector or scattering and absorption
processes from the radiation source along its path) [Gil08]. This full - energy peak efficiency varies
with the energy of the photon. Therefore, the full - energy peak efficiency has to be determined
over the energy range used. To achieve this, radioactive calibration sources can be used, which
typically enable a calibration up to 𝐸𝛾 = 1836 keV. For a calibration up to higher energies,
well - known transition rates of e.g. resonant reactions are used to expand the considered range.
In this experiment, three radioactive point - like sources of 60Co, 88Y and 137Cs were used with
their characteristic emission energies at 𝐸𝛾 = 661.7 keV - 1836.1 keV, an overview is given in Ta-
ble 4.3.1. The sources were mounted at the position of the target samples on top of a blank
tantalum backing to reproduce the 𝛾 - ray attenuation in the backing for the detectors, which
were positioned in the forward direction.

Table 4.3.1.: Overview of the calibration sources [BT13; MS14; BT07] to determine the full -
energy peak efficiency. The activity 𝐴t is calculated to the day of measurement 𝑡. The counting
rates 𝑍i,𝑡 are given by the ratio of the number of counts within the impulse - height spectra,
scaled to the livetime of the measurement.

Calibration source 𝐴t 𝐸𝛾 𝐼𝛾 𝑍60%HPGe,𝑡 𝑍90%HPGe,𝑡

[Bq] [keV] [%] [s−1] [s−1]
60Co 1636± 6 1173.2 99.85 2.198± 0.032 1.027± 0.019

1332.5 99.98 2.122± 0.024 0.975± 0.015

88Y 1540± 8 898.0 93.7 2.184± 0.014 1.009± 0.008
1836.1 99.2 1.511± 0.016 0.877± 0.005

137Cs 8362± 44 661.7 85.1 11.19± 0.10 4.72± 0.06

The determination of the full - energy peak efficiency is divided into two parts. First, the efficiency
is measured and fitted in the range of 𝐸𝛾 = 661.7 keV - 1836.1 keV by using the emitted radiation
of the point - like calibration sources.
Secondly, the resonant reaction of 27Al(p,𝛾)28Si is used to determine the full - energy peak ef-
ficiency up to energies beyond available radioactive sources. For this, a disc of aluminium on
a tantalum disc was placed at the target position and irradiated by a beam of protons. The
energy of the reaction resonances was found by scanning the yield with increment of the proton
energy. Here, the proton energy with the greatest observed yield at 𝐸p= 992 keV was used. The
transition of the resulting excited nuclei of 28Si into the ground state is detected within the 𝛾 - ray
spectra of both HPGe detectors. The rate of the 27Al(p,𝛾)28Si emission line at 𝐸𝛾 = 1778.9 keV is
then normalized to the fit by using the so called "two - line method" [Zij+90]. Then, the emission
lines of higher energies are normalized by their angular correction and relative intensities from
the literature [Ant+77]. The angular correction was determined using the equation 2.3.1 (see
section 2.3).
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Usually, the full - energy peak efficiency 𝜀 (𝐸𝛾) is illustrated in a double logarithmic plot and
commonly given by polynomials in the termed scale [Gil08]:

𝜀 (𝐸𝛾) = exp

(︃
𝑏0 + 𝑏1 · ln

𝐸𝛾

𝐸1
+ 𝑏2 ·

(︂
ln
𝐸𝛾

𝐸1

)︂2
)︃

(4.3.1)

with 𝐸1 as the considered respective energy. Using this approach, the uncertainty Δ𝜀 (𝐸𝛾) can
be immediately derived by:

Δ𝜀 (𝐸𝛾 = 𝐸1) = e𝑏0 (4.3.2)

The resulting fitting function of the full - energy peak efficiency is shown in Figure 4.3.1.
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Figure 4.3.1.: 𝛾 - ray full - energy peak efficiency of the 90%HPGe (red) and 60%HPGe detector
(blue). The calibration sources are given by a tag within the plot.

Since the fit is given by systematic and statistical uncertainties of the calibration sources,
the detection efficiency is resulting to Δ𝜀syst/𝜀≃ Δ𝜀stat/𝜀≃1.5% in the region of interest at
𝐸𝛾 = 5700 keV - 6100 keV. The systematic uncertainty is dedicated to the given uncertainty on
the activity and the emission rate of the calibration sources. The statistical uncertainty is given
due to the estimation of the peak area within the 𝛾 - ray counting rate spectrum.

4.4. Anti - Compton veto

The 𝛾 - ray spectra of the 2H(p,𝛾)3He - reaction at the ROI are become mainly affected by the
background induced due to cosmic rays. Here, an anti - Compton veto (ACV) was applied for
the 90%HPGe detector to reduce the 𝛾 - ray background. This should not affect the number of
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entries in the full - energy peaks of the observed reaction.
To achieve this veto, the detector data was recorded with a time stamp in the listmode data and
later on read out. To measure coincident events in the HPGe and BGO detector, an appropriate
time window has to be set to identify coincidences. By that, the most convenient approach
to determine a coincidence time window is given by a reference measurement, considering the
time delay of the measured entries by both detectors. This interval can be set generally for a
non - changing experimental setup. The upper panel of Figure 4.4.1 shows the time difference of
coincident events within the BGO - and the 90%HPGe detector.

[ticks or 2.5ns]
BGO
t- 

90% HPGe
t

1000− 800− 600− 400− 200− 0 200 400 600 800 1000

C
ou

nt
s

1

10

210

3
10

410

5
10

[keV]γE
0 1000 2000 3000 4000 5000 6000 7000

]
-1

C
ou

nt
s 

[(
2k

eV
*s

)

5−
10

4−10

3−
10

2−10

1−10

1

10

90% HPGe

ACV

Without ACV

Incoherent scattering (HPGe    BGO) Incoherent scattering (BGO    HPGe) + external radiation

Figure 4.4.1.: Upper panel: Time difference of events, measured by the BGO and the
90%HPGe detector. For further analysis, the time of coincidence was set to an range of
𝑡90%HPGe - 𝑡BGO=−700 ticks to 300 ticks. These counts are rejected subsequently in the 𝛾 - ray
spectrum. Lower panel: Pulse - height spectrum of the laboratory 𝛾 - ray background, measured
by the 90%HPGe detector. Blue: Raw energy calibrated spectrum, Red: Same spectrum with
anti - Compton veto. The affected peaks are assigned to either annihilation peaks or single escape
peaks.

To describe the characteristic shape of the coincidence measurement, the time difference his-
togram can be divided into two parts. At time differences 𝑡90%HPGe - 𝑡BGO> 0 s: These events
were firstly measured by the BGO detector, secondly by the semiconductor one. This events are
assigned to external radiation, e.g. natural occurring 𝛾 - ray sources or cosmic muons. At time
differences 𝑡90%HPGe - 𝑡BGO< 0 s, the detection behaves vice versa. These events are induced by
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scattered radiation which was first detected in the HPGe detector. The double peak structure
is explained due to twofold measurements at the BGO detector, as a result of scattering within
the active detector material of the scintillator.
The lower panel of Figure 4.4.1 shows the application of the anti - Compton veto on the laboratory
𝛾 - ray background spectrum. The ROI of the 2H(p,𝛾)3He - reaction at 𝐸𝛾 > 5500 keV shows a
reduction of a factor of four. Also, the low - energetic part of the spectrum is significantly reduced.

4.5. Interpretation of the beam induced 𝛾 - ray speactra

This section gives a brief overview to the analysis of the beam induced 𝛾 - ray spectra and
the evaluation of the HPGe detectors. Figure 4.5.1 shows a representative measurement at
𝐸eff = 701.8 keV by the two HPGe detectors used.
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Figure 4.5.1.: In - beam counting rate spectra at 𝐸eff = 701.8 keV, normalized to the livetime of
the measurement. Upper panel: 90%HPGe detector with applied ACV. Lower panel: 60%HPGe
detector. A region of interest for the prompt 𝛾 - rays of the 2H(p,𝛾)3He - reaction is given by the
hatched area.

For the interpretation of the 2H(p,𝛾)3He - reaction, the expected 𝛾 - ray energy is given by the
reaction kinematics, shown in section 2.2. For the calculation of the cross section, the number
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of peak entries in the ROI has to be determined. The peak areas are considered by a net area
with an additional estimated linear background at the lower - and upper edge of the peak region
(for further explanations, see section 2.5).
Beneath the emitted 𝛾 - ray by the 2H(p,𝛾)3He - reaction at the ROI shown, additional beam
induced peaks appear within the spectra. Here, the irradiation by the high - energetic protons
gives a rise to a number of nuclear reactions, which are mostly assigned to target contaminations
and residual gases within in the target chamber. Nevertheless, the ROI of the prompt 𝛾 - rays of
the 2H(p,𝛾)3He 𝛾 - ray does not overlap with the considered additional peaks.
Close to the ROI, a peak arises, which can be attributed to the 19F(p,𝛼𝛾)16O - reaction. Fluorine
is usually given as a contamination in the tantalum backing used. In the present work, this peak
does not contribute to the peak area of the 2H(p,𝛾)3He - reaction. At higher proton energies of
𝐸p= 900 keV - 1000 keV, both peak areas are overlapping.
Furthermore, peaks due to the reactions 13C(p,𝛾)14N and 15N(p,𝛼𝛾)12C are apparent, as shown
in Figure 4.5.1. Nitrogen can be a fraction of the residual gases within the target chamber
or originate from a target contamination. The analysis by ERDA also suggested a fraction of
oxygen within the close - surface layer of the target samples. At beam energies 𝐸p≥ 800 keV,
also a single and double escape peak are seen within the 𝛾 - ray spectra.

4.6. Experimental angular distribution of the 2H(p,𝛾)3He - reaction

The peak detection analysis of the prompt 𝛾 - rays is accomplished for the 90%HPGe detector
at the detection angle of Θ1= 55° and by the 60%HPGe detector at Θ2= 90° with respect to the
beam axis as shown in Figure 2.5.1. For further proceedings it is appropriate to define a detection
yield 𝑌 , given by the number of full - energy peak entries 𝑁 and the number of incoming particles
(hence, the applied charge on the target 𝑄Targ):

𝑌 =
𝑁

𝜀 (𝐸𝛾) ·𝑊 (Θ) · 𝑇live/𝑇real ·𝑄Targ · e−1
(4.6.1)

with the detector - specific corrections of the full - energy peak efficiency 𝜀(𝐸𝛾), the angular dis-
tribution 𝑊 (Θ) and the dead - time correction 𝑇live/𝑇real, given for each detector respectively.
Further calculations are aiming to combine these experimentally determined yields for both de-
tectors.

Due to the fact that the yield depends on an angular distribution 𝑊 (Θ), a plot of an adjusted
yield ratio 𝑌 *

60%HPGe/𝑌
*
90%HPGe of both detectors, where the yields 𝑌 *

𝑖 were not corrected for
the corresponding 𝑊 (Θ), gives an insight on the validity of this parameter. The reported angular
distribution 𝑊 (Θ) was previously shown in section 2.3 and is given by [Gir+10].
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Figure 4.6.1.: Ratio of the adjusted yields 𝑌 * of both detectors. The adjusted yields are
calculated as shown in equation 4.6.1 but are not corrected by the angular correction 𝑊 (Θ).
Therefore, the experimental angular distribution can be compared to the theoretical prediction
by [Gir+10]. The data points are given by the uncertainties Δ𝑁stat and Δ𝜀stat(𝐸𝛾).

As shown in Figure 4.6.1, the experimentally determined yield ratios are in agreement with the
predicted angular distribution. Since no systematic trend towards a higher - or lower angular
distribution is given, this theoretical angular correction is used for the further evaluation.
The results of both detectors can now combined, using the method of the weighted mean. The
weighted mean 𝑌 is associated to the detection yield, accounting the corresponding statistical
and systematic uncertainties of the particular 𝛾 - ray measurement. The respective uncertainties
are calculated by the squared inverse uncertainty of the data points [Gil08]:

𝑌 =

∑︀
𝑌𝑖/ (Δ𝑌stat,𝑖 +Δ𝑌syst,𝑖)

2∑︀
1/ (Δ𝑌stat,𝑖 +Δ𝑌syst,𝑖)

2 (4.6.2)

Δ𝑌syst =

√︃
1∑︀

1/ (Δ𝑌syst,𝑖)
2 (4.6.3)

Δ𝑌stat =

√︃
1∑︀

1/ (Δ𝑌stat,𝑖)
2 (4.6.4)
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Δ𝑌syst,𝑖 accounts for the respective systematic detection uncertainties, namely Δ𝑊syst,𝑖(Θ) and
Δ𝜀syst(𝐸𝛾). However, the systematic uncertainty Δ𝑄Targ has to be considered independently
and does not contribute to the normalization by the weighted mean. This guarantee that the
systematic uncertainty Δ𝑄Targ/𝑄Targ = 1% will not be taken into account twice by the weight of
the 60%HPGe - and the 90%HPGe detector. Therefore, this uncertainty is taken into account
after the weighted mean is calculated.
The statistical uncertainties are given by Δ𝑁stat,𝑖 and Δ𝜀stat,𝑖(𝐸𝛾) for the respective detectors.

4.7. Cross section and astrophysical 𝑆 - factor

Attendant to the definition of the weighted yield 𝑌 , the cross section is given by:

𝜎 (𝐸eff) =
𝑌

𝜌2H
(4.7.1)

The areal density 𝜌2H is given in Table 3.5.1, determined by ERDA for all target samples and
by NRA exclusively for TiD2 - 4. The subsequent evaluation will use both data sets to calculate
the cross section and hence the astrophysical 𝑆 - factor.

The definition of the 𝑆 - factor is given in section 1.3 with the parametrization by 𝐸cm. Since
the calculation of the center of mass energy is related to the proton energy 𝐸p and hence to the
energy loss in the target Δ𝐸p, it had to be guaranteed that the cross section does not change
sufficiently during the propagation through the target. Here, the fit curve by [Ade+11] was used
to calculate the cross section 𝜎Adel(𝐸p) and the cross section for proton energies after propagating
through the target 𝜎Adel(𝐸p − Δ𝐸p). The ratio between these estimated cross section is given
by:

𝜎Adel (𝐸p)− 𝜎Adel (𝐸p −Δ𝐸p)

𝜎Adel (𝐸p)
≤ 3% (4.7.2)

This estimated variance of the cross section is compared to the experimental systematic error
budget of the 2H(p,𝛾)3He - reaction, given by 𝜎(Δ𝐸p)/𝜎(𝐸p)> 5%. Since the cross section does
not vary significantly by considering the energy loss of the protons in the target, it is represen-
tative for the average energy 𝐸eff .
For the calculation of the astrophysical 𝑆 - factor, one can write the equation in natural units
[Ili07]:

𝑆 (𝐸eff) = 𝐸eff · 𝜎 (𝐸eff) · exp
(︂
0.989534 · 𝑍1 · 𝑍2 ·

√︂
𝜇

𝐸eff

)︂
(4.7.3)

with the charge of the interacting nuclei 𝑍1=𝑍2= 1 and the reduced mass 𝜇. Since the 𝑆 - factor
is correlated to the deuterium areal density and hence to the evaluation by ERDA and NRA,
the discussion is given separately for both techniques. The conclusions are listed in Table 4.7.1
providing also the statistical and systematic uncertainties. The results are shown in Figure 4.7.1
and 4.7.2, with respect to the deuterium areal density, given either by NRA or ERDA. The error
bars within the graph represent the resulting systematic and statistical uncertainty combined.
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Table 4.7.1.: Results of the cross section 𝜎(𝐸) and the astrophysical 𝑆 - factor for the average
proton energy 𝐸eff . The rounding of the respective results was performed on the same digit for
clarification.

Target tag Target analysis 𝐸eff 𝜎(𝐸) 𝑆 - factor
[keV] [µb] [eV b]

TiD2 - 1 ERDA 535.4 3.15± 0.22stat± 0.32syst 5.11± 0.36stat± 0.52syst

TiD2 - 2 ERDA 400.4 1.79± 0.18stat± 0.18syst 2.58± 0.27stat± 0.26syst

TiD2 - 3 ERDA 278.7 2.07± 0.36stat± 0.21syst 2.68± 0.46stat± 0.27syst
400.4 2.94± 0.35stat± 0.30syst 4.24± 0.51stat± 0.43syst
461.3 3.46± 0.27stat± 0.35syst 5.27± 0.41stat± 0.54syst
535.3 4.61± 0.20stat± 0.47syst 7.48± 0.32stat± 0.76syst

TiD2 - 4 ERDA 265.1 1.99± 0.24stat± 0.20syst 2.55± 0.31stat± 0.26syst
332.8 3.34± 0.23stat± 0.34syst 4.54± 0.32stat± 0.46syst
399.8 3.56± 0.23stat± 0.36syst 5.13± 0.33stat± 0.52syst
467.8 3.70± 0.30stat± 0.37syst 5.66± 0.46stat± 0.57syst
535.3 3.60± 0.25stat± 0.36syst 5.84± 0.40stat± 0.59syst

TiD2 - 4 NRA 265.1 2.44± 0.30stat± 0.12syst 3.12± 0.38stat± 0.16syst
332.8 4.08± 0.30stat± 0.21syst 5.54± 0.40stat± 0.28syst
399.8 4.35± 0.29stat± 0.22syst 6.27± 0.43stat± 0.32syst
467.8 4.52± 0.38stat± 0.23syst 6.92± 0.58stat± 0.35syst
535.3 4.40± 0.32stat± 0.22syst 7.14± 0.51stat± 0.36syst

In the high - energetic region of the 𝑆 - factor (𝐸cm> 200 keV) the shape of the Adelberger curve
[Ade+11] is mainly motivated by the experimental data set by Griffiths [GLR62]. Therefore, a
comparison to the fit by Adelberger in this energy regime is always a comparison to the data set
by Griffiths.

As shown in the upper panel of Figure 4.7.1, the results of this campaign confirms the expected
trend by former experiments. Nevertheless, using the areal density by NRA, there is a discrep-
ancy to the fit curve by Adelberger for each of the data points. For a better comparison, the
experimental data sets are normalized to the fit and shown in the lower panel of Figure 4.7.1,
using the following equation:

𝑆rel =
𝑆 (𝐸eff)

𝑆Adel (𝐸eff)
(4.7.4)

Compared to the fit by Adelberger, the particular data points of the present campaign are
resulting in higher 𝑆 - factors, given with a discrepancy of 2𝜎 - 3𝜎. This discrepancy can not
be explained with the given uncertainties. In comparison to the target analysis by NRA, the
evaluated deuterium areal density determined by ERDA result in lower 𝑆 - factors but is also
accompanied with higher systematic uncertainties.
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In the case of the data set TiD2 - 2 (𝐸eff = 400.4 keV), the 𝑆 - factor revealed a 2𝜎 lower 𝑆 - factor
in comparison to other respective measurements at the same energy. This may correlate to the
beam induced background at the region of interest, normalized to the applied charge. For this
target, the peak to background ratio was lower in comparison to other respective measurements,
which can not explained by different deuterium areal densities, given by ERDA. A possible
explanation is that this target was tagged as "Test target" and therefore settings on the signal
processing were adjusted at this time. Here, further evaluations of this target samples at higher
proton energies might provide an insight whether there is a systematic trend.
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Figure 4.7.1.: Upper panel: Astrophysical 𝑆 - factor of the 2H(p,𝛾)3He - reaction with respect
to the center of mass energy 𝐸cm. The present data (red) is shown for the evaluation of the
deuterium areal density given by NRA. Blue data points: previous experimental data sets, used
to fit the astrophysical 𝑆 - factor by Adelberger [Ade+11], shown by the blue curve together with
the upper and lower limit, shown in black. Framed data points: experimental measurements of
the 𝑆 - factor, not included in the fit curve by Adelberger. Lower panel: all data sets normalized
to the fit for comparison purpose.
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Figure 4.7.2.: Upper panel: Astrophysical 𝑆 - factor of the 2H(p,𝛾)3He - reaction with respect
to the center of mass energy 𝐸cm. The present data is shown for the evaluation of the deuterium
areal densities given by ERDA (green: TiD2 - 1, violet: TiD2 - 2, orange: TiD2 - 3, red: TiD2 - 4).
Blue data points: previous experimental data sets, used to fit the astrophysical 𝑆 - factor by
Adelberger [Ade+11], shown by the blue curve together with the upper and lower limit, shown
in black. Framed data points: experimental measurements of the 𝑆 - factor, not included in the
fit curve by Adelberger. Lower panel: all data sets normalized to the fit for comparison purpose.
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5. Summary

In the present work, a study on the cross section and the astrophysical 𝑆 - factor of the
2H(p,𝛾)3He - reaction was performed, which is of particular interest for the synthesis of light
elements during the Big Bang. To investigate this reaction, a measurement of its cross section
was conducted in January 2018 at the HZDR Ion Beam Center. Therefore, a proton beam
of 𝐸p= 400 keV - 2000 keV was provided by the 3MV Tandetron accelerator, irradiating solid
deuterated titanium targets with a current in the order of a few µA. These targets were
characterized using the Elastic Recoil Detection Analysis (ERDA) and an in situ technique of
the Nuclear Reaction Analysis (NRA) (performing the 2H(3He,p)4He - reaction) to estimate the
deuterium areal density. The target analysis and the analysis of the prompt 𝛾 - ray measurements
were evaluated at proton energies of 𝐸p= 400 keV - 800 keV.

Compared to a measurement by Griffiths [GLR62] which provides the only available data set in
this energy regime, the obtained 𝑆 - factor of this work is systematically higher. As a consequence,
the destruction of deuterium would be enhanced during the BBN, resulting in a lower abundance
after the freeze out of the light elements.
To get an insight on the impact of these results, the current fit by Adelberger [Ade+11] was
applied to the new data set, disregarding the data set of [Ma+97] and [GLR62]. This fit is based
on a second order polynomial, also taking into account the 𝑆 - factors by [Sch+97] and [Cas+02],
as shown in Figure A.0.1 of the appendix. It is explicitly emphasized here, that this fit was not
performed in order to claim an updated 𝑆 - factor, but to illustrate the possible impact on the
BBN. Additionally, it shows that this data set can also be fitted in good agreement with the
low - energetic experiments.

However, the precision of the present results is affected by different statistical and systematic
uncertainties. The dominating systematic uncertainty is associated to the evaluation of the
deuterium areal density by ERDA for the four target samples and by NRA, for one of the target
samples. The results of both independent techniques also show a discrepancy which is improba-
ble to be explained by the given uncertainties. Due to the fact that the estimated areal density
by the ERDA results in a larger statistical uncertainty of the determined 𝑆 - factor in compar-
ison to NRA, there is an effort to remeasure the other targets also with NRA to verify the results.

The largest relative uncertainty is given by the number of measured reactions. To improve the
statistics, higher beam currents and an increased number of target atoms are most valuable,
since they are directly related to the number of occurring reactions. These conditions could be
provided by the new shallow - underground accelerator of the Felsenkeller laboratory where the
non - beam induced 𝛾 - ray background is suppressed by 45m rock overburden.
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Further investigations on the 2H(p,𝛾)3He - reaction are currently ongoing, namely by the analysis
on a recently performed experiment at the LNGS. This measurements are evaluated by Klaus
Stöckel and will connect the present data set with the solar Gamow -window at 𝐸cm= 30 keV -
300 keV [Stö18]. A more quantitative study on the impact of the recent experimental campaigns
will be carried out by the theoretical work of Conrad Möckel [Möc19].
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A. Appendix

Updated fit of the astrophysical 𝑆 - factor
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Figure A.0.1.: Upper panel: Astrophysical 𝑆 - factor of the 2H(p,𝛾)3He - reaction with respect
to the center of mass energy 𝐸cm. The present data (red) is shown for the evaluation of the
deuterium areal density given by NRA. Blue data points: previous experimental data sets, used
to fit the astrophysical 𝑆 - factor adapted to Adelberger [Ade+11]. Lower panel: data sets and
fit by Adelberger normalized to the renewed fit for comparison purpose.
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In - beam spectra for yield determination
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Figure A.0.2.: In - beam counting rate spectrum of the target TiD2 - 1, measured by the
90%HPGe with anti - Compton veto (left) and 60%HPGe detector (right). The peak esti-
mation is given for the ROI with a background estimation using two linear fits for the low - and
high - energetic region next to the ROI.
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Figure A.0.3.: In - beam counting rate spectrum of the target TiD2 - 2, measured by the
90%HPGe with anti - Compton veto (left) and 60%HPGe detector (right). The peak esti-
mation is given for the ROI with a background estimation using two linear fits for the low - and
high - energetic region next to the ROI.
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Figure A.0.4.: In - beam counting rate spectra of the target TiD2 - 3, measured by the
90%HPGe with anti - Compton veto (left) and 60%HPGe detector (right). The peak esti-
mation is given for the ROI with a background estimation using two linear fits for the low - and
high - energetic region next to the ROI.
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Figure A.0.5.: In - beam counting rate spectra of the target TiD2 - 4, measured by the
90%HPGe with anti - Compton veto (left) and 60%HPGe detector (right). The peak esti-
mation is given for the ROI with a background estimation using two linear fits for the low - and
high - energetic region next to the ROI.
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Bermerkungen

Die Auswertung des Experiments zu der experimentellen Bestimmung des Wirkungsquerschnittes
der 2H(p,𝛾)3He -Reaktion am 3MV Tandetron Beschleuniger des HZDR im Januar 2018 erfolgte
parallel durch die Arbeit von Eliana Masha [Mas18].
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