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Introduction

After the discovery of nuclear reactions by E. Rutherford in 1917 (published
in 1919 [1]) and the precise measurements of atomic masses by F. W. Aston
in 1920 [2], almost immediately A. Eddington suggested that stars ob-
tain their energy from nuclear fusion of hydrogen to form helium. After
G. Gamow calculated the quantum mechanical probability for particles to
tunnel through potential barriers [3] R.d’E. Atkinson and F. G. Houterman
suggested that this quantum mechanical tunneling may explain the energy
generation of stars via fusion reactions [4]. Later H. Bethe analysed the
different possibilities for reactions by which hydrogen is fused into helium
[5]. The explanation of the origin of the heavy elements was presented later
by R. A. Alpher, H. Bethe, and G. Gamow [6]. Reviews of the origin of the
elements was given first in 1957, when E.M. Burbidge, G.R. Burbidge,
W. A. Fowler, F. Hoyle [7] and independently A.G.W. Cameron [8] sum-
marised the existing knowledge. From their work, Nuclear Astrophysics
was born. They described the main processes, through which the elements
were formed. Since then, many details of these processes were fine tuned
and described in textbooks [9-11]. However, many open problems remain
and experimental and theoretical physics efforts are needed to resolve them.

The aim of my work is to present improved methods to measure charged
particle induced reaction cross sections of astrophysical interest.

In chapter 1 I summarise the main path of the nucleosynthetic processes.
Most of them need further data to understand the element composition of
the universe, the structure and stability of stars, and time evolution and
material ejection by supernovae explosions. Most of these reactions occur
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2 Introduction

in such environment where — on nuclear physics scale — the reaction energies
are low resulting small cross sections. In case of charged particle induced
reactions — which are in the scope of this work — the reaction energies are
mainly below the Coulomb barrier, and the cross sections are dropping ex-
ponentially towards lower energies. Other scenarios, like the heavy element
synthesis, involves huge reaction networks mostly on radioactive nuclei.
These reactions are modelled theoretically. Each theory, however, require
experimental validation. The main topic of our work in the Nuclear As-
trophysics Group at Institute of Nuclear Research of Hungarian Academy
of Sciences (ATOMKI) is to perform this, to measure experimental cross
sections to pin down the theories.

It is experimentally cumbersome to measure these tiny cross sections.
In the following work I introduce methods, which are useful for experiments
if small signals related to v- or X-ray emission have to be measured. These
quantities are the keys to understand the chemical evolution of the universe.

In chapter 2 an introduction is given about the ”signal” and the "noise”
in ~-spectroscopy, and about their relation to mathematical statistics.

Two basic methods to measure cross sections via y-detection are re-
viewed in chapter 3. This chapter also contains the details of signal related
quantities.

Introduction about the laboratory background and general reduction
methods is given in chapter 4. I made laboratory background measure-
ments in several laboratories with different detectors to test the effect of
the overburden on the laboratory background. As a member of the LUNA
collaboration I had access to a deep underground physics laboratory, where
part of my measurements was done. Additionally I tested the effect of the
active shielding on the laboratory background at these different sites.

My own measurements related to the underground studies will be in-
troduced in chapter 5, where the used detectors, the studied sites, and the
observed effects are detailed. A feasibility study is given about possible
accelerator based cross section measurements at underground laboratories.
These are in the front line of nuclear astrophysics studies to understand the
energy production of stars and neutrino production in our Sun, but the rel-
evant energy range can be reached experimentally only at an underground
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location.

In chapter 6 I introduce the possibility of activation method combined
with the X-ray counting, a method where higher signal is expected than in
normal y-counting. At the beginning of this chapter details of the counting
systems and the derived sensitivities are presented. I designed and tested
a shield, which provides improved sensitivity in the X-ray region. Details
of the shield and the calculations are also presented in this chapter. In
section 6.3 the first application of X-ray counting for a-induced reaction
cross section measurements on '%°Tm is presented. Details of the target
preparations, irradiations, and countings are shown. In this mass range
there are no experimental data for low energy a-capture reactions, however,
the ~-process is very sensitive to these cross sections. The resulted data
can be used to test the theoretical cross section calculations. The X-ray
counting system opens the way to measure lower cross sections. At the
end of the chapter a few possible y-process related reactions, which turned
to be measurable with the new method and the new counting system are
shown.

Finally in the last chapter the summary of this work, both in English
and in Hungarian is given.
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Chapter 1

Nuclear Astrophysics

1.1 The main nucleosynthetic processes

In this chapter I introduce the synthesis of the elements based on the fol-
lowing textbooks [9-11]. The solar abundance of the elements is shown in
fig. 1.1. The main nucleoshyntetic processes are the following:

During the Big Bang nucleosynthesis 76 % hydrogen, 24 % helium and a
small fraction of heavier elements like "Li (less than 1072 %) were formed.
With few exceptions all the other elements were formed at different life
phases of the stars.

One exception is the region of Li, Be, B. Those nuclei are much rarer
than the neighbouring ones, because the binding energy of these nuclei
is low, and the stellar environment can easily destroy them. These light
elements are synthesised via spallation reactions in the interstellar medium
from heavier nuclei.

First step in the life of a star is the hydrogen burning' phase, where pro-
tons are converted to helium. The net reactionis 4 'H — 4He 4+ 2et + 2.
Because many body reactions have very low probability, this reaction pro-
ceeds through two body interaction chains like the pp—chain and the CNO
cycle. These processes are responsible for the energy production of the

In astrophysics, the burning means nuclear fusion, and not oxidation as in chemistry.
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Figure 1.1: Abundance of the elements in the solar system. (Si = 10°) [12].
The main nucleosynthetic processes are marked with different colors and
described in the text.

stars. The pp—chain has bigger share in the energy production in lighter
stars or it is unique in first generation stars, where no metals? are present.
If there are metals in the core of a star, and the temperature is high enough,
then carbon, oxygen and nitrogen can catalyse the hydrogen fusion. There
are some other cycles, which have no importance in energy production,
but in element synthesis. They require higher burning temperatures, and
are called higher order CNO cycles, and advanced hydrogen burning cycles
named by the involved catalytic elements, like Ne-Na cycle; Mg—Al cycle.

After the hydrogen is exhausted from the core, a contraction occurs
and the star becomes hotter. In this phase the helium burning starts. The
unstable ®Be can not be the next step in the element synthesis, however
it has sufficient half-life (10716 s) to form a 2a-®Be dynamical equilibrium.
The next step is fusion with a third « particle within this lifetime. In this
so called triple o process '2C is formed. With further a-captures 60 and
a small fraction of 2Ne are produced.

At stellar energies the a-capture rate of %0 is so low, that further
a-captures have small probability. However, the nucleosynthesis continues

?In astrophysics terms, all elements heavier than hydrogen and helium are called
metals.
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with carbon, neon, oxygen and silicon burning; and with the so called
nuclear statistical equilibrium phase, where photodisintegration breaks up
the nuclei before the fusion. The elements are built up to the iron region
forming a peak in the abundance distribution.

The isotopes beyond the iron peak are mainly formed by neutron cap-
ture reactions. There are two neutron capture process chains, where the
capture rate is very different.

The slow neutron capture process (s-process) has two sites: low mass
thermally pulsing asymptotic giant branch stars (TP-AGB) for the main
s-process (A >90) [13] and massive stars for the weak s-process (A =60—90)
[14]. The neutrons for this process are produced in few burning reactions
like 3C(a,n)'%0 and ??Ne(a,n)**Mg. The characteristic time of the neu-
tron capture is larger than the half-life of the S-decay of the radioactive
nuclei close to the valley of stability (fig. 1.2), therefore, the path of the
s-process follows that valley, and stops at 2°°Bi, where the further neutron
capture is followed by an a-decay, forcing the material into a loop.

The other reaction flow — the r-process — is named after the rapid neu-
tron capture. It occurs in an explosive environment, where the neutron
flux, therefore, the neutron capture rates, are higher than the rate of the
[B-decays. The path of the r-process goes far away from the valley of sta-
bility, close to the neutron drip line (fig. 1.2). This path is by-passing the
« unstable region, which stops the s-process. When the neutron density
drops, and the temperature decreases (”freeze out”), the material decays
back to the stability via long S-decay chains. Such a high neutron density
requires an explosive stellar environment. The exact r-process scenario is
still under discussion, but the presently favoured candidates are core col-
lapse supernovae [15] and merging neutron stars [16].

There are a few nuclei on the proton rich side of the valley of stability
(fig. 1.2), which can not be produced either by s- or by r-process. They
were formed by the so called p-process, which consist of several subpro-
cesses, mainly 7-induced reactions, on the s- and r-seed nuclei (y-process).
The needed high energy photons for the y-induced reactions are available
in explosive nucleonsynthetic scenarios like the Ne/O burning layer in type
IT supernovae, where temperatures of around a few GK [17-20] are reached.
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Figure 1.2: The main path of the s- and r-process (blue and green, re-
spectively) on the isotope chart. Colored and black boxes are the stable
isotopes. The p-isotopes are marked with red boxes.

With (,n) photodisintegration reactions, the material becomes proton rich,
at a certain point (,p) or (7y,a) becomes more probable, and the material
is pushed to the lower mass region [17, 18, 20, 21]. There are network
calculations modelling the y-process. They involve about 2000 nuclei and
10000 reactions, most of them on unstable nuclei, therefore, the reaction
cross section can be calculated only theoretically. To fine tune the theory
or to produce direct cross section inputs to the network calculations, exper-
imental data are highly needed. To find the related data, huge databases
[22] should be reviewed and arranged [23].

The ~-process in its own, can not reproduce the abundance of the ob-
served p-nuclei. Additional processes should exist, some of them are not
yet confirmed, like rapid proton capture process [24], neutrino induced
p-process [25]. To find out the share of the other processes, nuclear physics
input of the «-process should be well understood. In the heavy mass region
(140 < A <200) the reaction flow is strongly sensitive to (v,a) photodisin-
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tegration rates [20, 21]. If those rates are high, more material contributes
to the synthesis of lower mass p-isotopes, however, if the reaction rates are
lower, more material stays in the higher mass region. Consequently, to
reproduce the path of the v-process, experimental data are highly needed.

Photodisintegration cross sections can be directly determined by photon
induced reaction studies [26]. However, in such an experiment the target nu-
cleus is always in its ground state, whereas in stellar environment thermally
populated excited states also contribute to the reaction rate. This leads to
large corrections of the ground state rate, which can only be theoretically
modelled [27]. The radiative capture reaction rates are less affected by the
thermal population. So, it is advantageous to measure in the direction of
particle capture and convert the measured rate to the rate of the inverse
reaction by applying the principle of detailed balance [28, 29].

There are very few experimental cross section data related to the
v-process in the heavy mass region [30], because of the experimental diffi-
culties, mostly caused by the low reaction energies consequently low yields.

Most of the experimental techniques to measure cross sections of astro-
physical interest are based on detection of electromagnetic radiation (- or
X-rays). My work deals with the detection of these radiations.

1.2 Typical energy range and reaction rates

In my work I deal with charged particle induced reactions, therefore I con-
sider only these reactions in this section. The astrophysically relevant reac-
tions occur at low energies compared to the Coulomb barrier of the nucleus.
Naturally, these reactions are taking place in stars, where the ”accelerator”
is the thermal motion. At these energies, the Coulomb barrier has to be
penetrated by quantum mechanical tunneling, leading to very low cross
section values. In turn, this results in very low reaction rates.

The reaction rate is proportional to the product of two probabilities.
The Boltzmann distribution of the thermal motion, and the tunneling prob-
ability. The former is determining, how many particle has a given energy
at a certain temperature. The later comes from quantum mechanics, where
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particles can react with non zero probability, even if they have not enough
energy to overcome a potential barrier.

The Maxwell-Boltzmann distribution is proportional to exp(—kBLT)
(if B> kpT) where kp is the Boltzmann constant and 7" the temperature.
The tunneling probability is proportional to exp(—(E—EC)l/ 2) where E¢ is the
height of the Coulomb barrier. The product of these two functions results
in a peak, the so called Gamow peak (fig. 1.3). Recently, more detailed
studies showed that in most cases the Gamow peak is even lower in energy
than that of resulted by the simple equation [31]. The charged particle
induced nuclear astrophysical reactions take place in this energy region,
which lies higher than the average energy of the thermal motion, but not
as high where the penetration factor can be ignored. For proton capture
reactions on heavy elements at typical y-process temperatures (2—3 GK)
the Gamow peak lies between 1-5MeV, for the a-capture reactions be-
tween 5—13MeV. At these energies the reaction cross section is tiny, in
some cases in the picobarn range. For experiments it is a big challenge to
measure such tiny yields.

e \laxwell-Boltzmann distribution
=== Tunelling probability
e Gamow peak

Relative probability

/

B E, Energy

Figure 1.3: The so called Gamow-peak (strongly enlarged for clarity), the
energy region where the nuclear reactions are taking place in an astrophys-
ical object. Ejy is the Gamow-energy, at the maximum of the peak.



Chapter 2

Gamma-spectroscopy

This chapter summarises the statistics of counting, the behaviour of the
statistical errors in counting experiments, and introduces the main re-
sponse characteristic of y-detectors. Finally, the peak area determination
for y-spectroscopy, and statistical limits — which are used later in this work —
are given.

2.1 Counting statistics

In this section I shortly introduce the statistical behaviour of y-counting.
This is the summary of the relevant chapters from two textbooks, written
by Knoll [32, Chapter 3] and Gilmore [33, Chapter 5].

Radioactive decay is a random process. Therefore, some degree of sta-
tistical fluctuation is involved in any measurement based on observing radi-
ation emitted in a nuclear decay, therefore, mathematical statistics should
be used to derive the results.

Basically, radioactivity counting involves a source, a suitable detector
for the radiation emitted by the source, a scaler to count those decay events
that are detected and a timer. If we measure the rate of detection of events,
we can directly relate this to the number of radioactive atoms present in
the source. The basic premise is that the activity (=decay rate) of the

11



12 2 Gamma-spectroscopy

sample (R) is proportional to the number of atoms of radioactive nuclide
present (N), while the proportionality constant is the decay constant (\):

AN
——~=AN 2.1
o (2.1)

R =
Therefore, if the number of events (C) detected by the detector in a fixed
period of time (At) is counted, the decay rate can be estimated as follows
(if At < %)
e
eAt
where € is the absolute efficiency of the counting.
All scientific measurements are estimates of some unattainable true
measurement, this is particularly true of radioactivity measurements, be-
cause of the statistical nature of radioactive decay. This fundamental un-
certainty underlies all radioactivity measurements, and is in addition to the
usual uncertainties (random and systematic) imposed by the measurement
process itself. Several statistical models can be used in case of radioactivity
counting.
The statistics of radioactive decay is binomial in nature, because:

(2.2)

- there are two possible states for each atom (either decayed or still
present)

- the probability of an atom decaying during the count period is inde-
pendent of how many times we repeat the counting

- the decay of one particular atom does not affect the probability of
other atoms decaying

The binomial distribution is the most general model and widely appli-
cable to all processes where the probability of success (p) is constant. In
case of radioactive decay this is the probability that the atom decays during
the period of the measurement (At):

p= (1 — e_mt) (2.3)
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The binomial distribution predicts that, in any particular sample of n
atoms, the probability of x atoms decaying in a given time is:

n! n—x

(n— x)!x!px (1=p)

P(x) = (2.4)

Unfortunately, it is computationally cumbersome in case of radioactive
decay, where the number of nuclei is always very large.

The next used model is the Poisson distribution, which is the direct
mathematical simplification of the binomial distribution, when p is small
and constant (see fig. 2.1). Practically it applies when the observational
time is small enough, compared to the half-life. Then the number of ra-
dioactive nuclei remains essentially constant during the observation, and
the probability of recording a count from a given nucleus in the sample is
small. This model is used in the case of low count rate systems, where
the total accumulated counts are less than 20 or 30. The distribution is
asymmetric, therefore, the mean value and the most probable value (mode)
is not the same. Furthermore, the uncertainty of a given value following
this distribution is asymmetric.

Further simplification is the Gaussian distribution, if the average num-
ber of success is relatively large (see fig. 2.2). This condition is fulfilled when
more than a few counts is accumulated during the measurement. This dis-
tribution is symmetric, therefore, the mean value and the mode is the same.

Other important property of the distributions is the variance. Its square
root is the standard deviation, and with multiplying factors it can be used
as the uncertainty of the derived values.
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Figure 2.1: Black histograms are binomial distributions around mean of 10,
with p=0.6; 0.02; 0.001, respectively. Red full areas are Poisson distribu-
tion with mean of 10. With decreasing p the binomial and Poisson distri-
butions become similar.
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Figure 2.2: Red histograms and black curves are Poisson and Gaussian
distributions, respectively, for mean equal to 10; 100; 1000. They become
more and more similar.

Table 2.1: The most common statistical models, used in radioactivity count-
ing measurements.
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2.2 Gamma detection

2.2.1 Interactions between v-rays and detector material

In this work, I deal with electromagnetic radiation (y- and X-rays). To de-
tect them, it is essential to know about their interaction with material. The
~- and X-rays interact with the detector material mainly by the following
processes:

e Photoelectric absorption
e Compton scattering
e Pair production

e Coherent scattering

In the photoelectric absorption the full y-energy is given to an atomic
electron, and it is ejected from one of the bound shells of the atom. The
interaction can not take place with free electrons, because of the energy and
momentum conservation. The most probable origin of the photoelectron is
the most tightly bound shell. Through the interaction an ionised absorber
atom is also created with a vacancy. This vacancy is quickly filled, and one
or more Auger electrons or characteristic X-ray photons may be generated.
In most cases these X-rays are absorbed close to the origin through photo-
electric absorption involving less tightly bound shells. Their migration and
possible escape from the detector can influence their response (see Escape
peaks in sec. 2.2.3).

At Compton scattering the y-quantum interacts with a free or a less
tightly bound electron. In this scattering some energy is transfered to the
e, and the photon also changes its direction. Because all angles of deflec-
tion are possible, the energy transferred to the electron can vary from zero
to large fraction of the ~-ray energy, but it never reaches the full y-energy.

In case of pair production, energetic y-radiation (E, >1022keV) creates
e~ — et pair in the Coulomb-field of a nucleus. All the excess energy (car-
ried by the photon above the 1022keV required to create the pair) goes into



16 2 Gamma-spectroscopy

kinetic energy shared by the positron and electron. After slowing down, the
positron annihilates with an electron, and produces two 511keV photons.
The subsequent fate of this annihilation radiation has important effect on
the detector response (see Escape peaks in sec. 2.2.3).

During the coherent scattering the ~v-ray interacts coherently with all
the electrons of an atom. This scattering neither excites nor ionises the
atom, and the v-ray is re-emitted after the absorption with unchanged
energy but different direction. There is no energy transfer to the material,
therefore, the coherent scattering can not play role in generation of detector
signal, and there is no need to consider it later in this work.

2.2.2 Detector types used in this work

In each detector the ~-ray energy is transferred to electrons, and — in the
case of pair production — positrons with the above mentioned processes.
These particles lose their kinetic energy by scattering within the detector.
The difference between the detectors comes from this point, how to trans-
form this energy to a proportional charge signal, which can be read out by
the data acquisition system.

The typical energy range of the radiation is between 15keV and 15 MeV
in nuclear astrophysics related radiative capture measurements. The lower
border is usually in activation measurements, where the radiation follows
the decay of a radioactive isotope. The upper border is reached when the
prompt y-ray after a capture reaction with positive QQ value is detected. In
this work I deal with two main types of radiation detectors. Short general
introduction about their signal producing mechanism, and signal read out
is given in this section.

Semiconductors

In solids the electron energy levels form bands, each of which can contain
a fixed number of electrons. The uppermost occupied energy band called
valence band, one above called conduction band. In case of semiconductors
these bands are separated by a band gap of about 1eV. A few electrons
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from the valence band can move to the conduction band by thermal ex-
citation, resulting in a highly temperature dependent small conductance
compared to metals, in which there is no band gap. Cooling the material
reduces the number of electrons in the conduction band, thereby reduces
the background current.

In semiconductors the y-rays created primary electrons have much higher
energy than the band gap, so they can not directly take part in the charge
signal. During scatterings from its energy electron-hole pairs are created.
Electrons appear mainly in the bottom of the conduction band, the holes
on the top of the valence band. This population of secondary entities forms
the basis of the detector signal. By applying an electric field on the semi-
conductor crystal, the created secondary charge carriers are read out, and
a detector pulse is formed.

Scintillators

Scintillators are insulators, therefore they have a wider band gap. The
primary electrons raise secondary electrons to the conduction band, leav-
ing holes in the valence band, but in some cases the energy given to the
electron may not be quite sufficient to raise it to the conduction band.
Then, the electron and hole could remain electrostatically attached as an
entity called exciton. If the electrons de-excite by falling back to the valence
band, they will emit electromagnetic radiation, which is in (or near) optical
wavelengths. This light can be detected by a photomultiplier or other light
measuring device to provide a detector signal.

2.2.3 Features of v-spectra

The v-spectrum is the digitalised form of the accumulated detector pulses.
The output of a typical detector-preamplifier-amplifier system is a voltage
impulse. The height of this impulse is proportional to the absorbed photon
energy. This signal is digitalised, and according to its value, the number
of counts in the corresponding channel is incremented. In the ~-spectrum
these accumulated counts are shown as a function of the channel number
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Figure 2.3: Typical semiconductor detector response to a monoenergetic
~-radiation, if its energy exceeds 1024 keV.

or — if the x-axis is rescaled (calibrated) — as a function of the energy.

A typical y-ray spectrum is shown in fig. 2.3. Both semiconductors
and scintillators have similar spectra, but the former has better energy
resolution, and it has smaller probability to peak overlaps, therefore it
was chosen as the example. The marked features are corresponding to the
mentioned ~y-interactions in the detector or the unavoidable interaction with
the surroundings of the detector (shielding, cryostat, detector cup, source
mount, etc.). In fig. 2.3 from right to left the features are:

Pile-up
The continuum above the full energy peak is due to random coinci-
dences, when more than one -rays hit the detector within the signal
processing time, and their energy add up. These events are deter-
mined by the statistical probability, in fact, by the sample count
rate. The energy of the two absorbed y-quanta do not summed up
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fully, only part of the energy of the second pulse is added to the first
one depending on their time overlap. (The second pulse sits on the
tail of the first one.) Several standard main amplifier has a so called
”pile-up rejection”, which is the following: the amplifier produces
an anti-coincidence gate for the ADC to reject the subsequent pulse
within the shaping time of the amplifier, thus reduces pile-up events.
The disadvantage of such a rejection system is the increased deadtime.

Full energy peak

The v-ray hitting the detector volume releases its energy with the
three mentioned processes. If the detector is big enough then the
history of the Compton scattering, pair production and annihilation
up to the photoelectric absorption have no importance, because the
full y-energy is converted to moving electrons (charge impulse), re-
gardless in which process they are created. Because the ~-rays are
identical, the detector response is the same, forming a peak at the
incident y-energy. If the detector were infinite thick, and a monoen-
ergetic y-radiation hit it with smaller rate than the signal processing
rate, then just this peak would be in the spectrum, nothing else.

Sum peak

This feature is not shown in the example spectrum. In this case the
source emits a number of y-rays, and possibly X-rays practically si-
multaneously, and there is a certain probability that more than one
of these is detected, and a peak is formed at the sum of their en-
ergy (sum—in). These counts are missing from the full energy peak
(sum—out). The probability of the so called true coincidence sum-
ming depends on the nuclide decay scheme and the full energy peak
as well as the total efficiencies of the detector. These events cannot
be vetoed by the pile-up rejection, since the energies of both ~-rays
absorbed withing the charge collection time of the detector, and only
one pulse arrives to the input of the signal processing system.
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Compton continuum, Compton edge and multiple Compton events

If y-rays are Compton scattered in the detector volume, and release
some energy, but after the event they escape, a count appears in the
Compton continuum. The continuum has special shape, with a sharp
edge on the high energy side (Compton edge). This is the highest
energy which can be transferred with a single scattering event (when
the ~-ray backscatters in 180°). Taking into account the mass of an
electron (m.), and the full energy of the y-ray (F), the maximum
possibly transferred energy within one scattering, thus the position
of the Compton edge is at 2E2/(m.c? + 2F). Between the Compton
edge and the full energy peak there are the multiple Compton events.
These signals occur, when the y-ray scatters more then once before
it escapes from the detector.

Escape peaks

After the pair production, the et annihilates with an e~ in the detec-
tor volume forming two 511 keV ~-rays. If the detector is big enough,
these ~-rays are absorbed by the detector, and the signal appears in
the full energy peak. However there is a certain probability, that one
or both of these y-quanta escape, and two peaks are formed in the
spectrum exactly 511keV and 1022 keV below the full energy peak.

Another type of escape peak can appear, which is not marked in
the example spectrum. After the photoelectric absorption the de-
excitation of the atom of the detector can occur by releasing a char-
acteristic X-ray, if this X-ray escapes from the detector, a peak is
formed a few keV below the full energy peak in the spectrum. This
is the so called X-ray escape peak.

511 keV annihilation peak

If the radionuclide emits positrons as part of its decay process, then
it is natural to observe the annihilation peak. However, it is worth
remembering, 511 keV photons can also be expected in other cases.
One possibility, if the pair production by the high energy -rays from
the source appears outside the detector (e.g. in the shield), and one
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of the annihilation ~-s reaches the detector. Pairs can be produced
in the shield also by energetic cosmic rays.

Backscatter
The ~-rays from the source can backscatter from the shielding. The
relationship between the energy of the scattered y-rays and scatter-
ing angle reveals that, whatever the initial energy is, the energies of
backscattered y-rays (all those scattered through more than 120°) are
within the broad range 200 - 300 keV. The result is that backscattered
radiation appears as a broad, ill-shaped peak in the spectrum.

X-ray peaks
These peaks may appear below 90keV. Those are the X-ray fluores-
cence of the shield, the source, the source impurities, if the source or
cosmic rays excite them.

Bremsstrahlung

Bremsstrahlung is electromagnetic radiation produced by the inter-
action of fast electrons (S-particles) with the Coulomb field of the
nucleus. The electron energy loss appears as a continuum of photons,
largely apparent in the X-ray region, although in principle the maxi-
mum energy is that of the S-particle. Any source emitting S-particles
will have a bremsstrahlung spectrum superimposed on the y-ray spec-
trum. In practice, this is only significant if the S-particle energy is
much greater than 1MeV. The presence of this radiation causes a
considerable increase in continuum background at low energy.

2.3 Peak area determination

In this section short introduction of the peak area determination is given
following the textbook written by Gilmore [33, Chapter 5.

In ~-ray counting experiments, the signal is the peak area, that is pro-
portional to the number of the v-rays released by the source. The pro-
portionality factor is the peak detection efficiency. In principle, the actual
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distribution of counts in a peak is irrelevant; measurement of the peak area
should require no more than a simple summation of the number of counts in
each of those channels that we consider to be part of the peak, and subtrac-
tion of the background counts beneath the peak. This background usually
represents the Compton continuum of other ~-ray interaction within the
detector.

The number of gross counts (G) within the peak region can be precisely
calculated, but only an estimation can be derived about the background
counts (B). Usually the background level is estimated by using the channel
contents at the upper and lower edges of the peak region. The net peak
area (A), is the difference of the gross area and the background (A = G—B).
In certain circumstances, when small peaks lie on large backgrounds, the
uncertainty in the background estimate can dominate the total uncertainty
of the peak area measurement.

The uncertainty of the peak area (o 4) is the quadratic sum of the uncer-
tainty of the gross area (o) and that of the background (op). Because of
Poisson statistics the variance (02) is numerically equal to the count itself,
therefore,

O'A:\/U?;+GQB:\/G+B:\/A+2B (2.5)

This expression is certainly correct for peak plus background counts
in a single channel, but not valid for peak area calculations, where the
variance of the background depends on how many channels are used in its
estimation. If the regions used to estimate the background contains equally
m channels on the left and on the right side of the peak region, then the

exact expression is:
oa=\/A+B+-——B (2.6)
2m

where n is the number of channels used for the peak area integration.
If the background regions have not the same size, the variance of the back-
ground estimation is even more complicated. Considering B as average
background on the left side of the peak estimated from m; channels, while
B average background estimated from ms channels on the right side of the
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peak, then the uncertainty of the peak area is:

2
n

where B is the background under the peak: B = n(By/m; + Ba/ma)/2
In the following calculations I will use eq. 2.5 to have simpler formulae.

2.4 Statistical limits

Because of statistical behaviour of counts, statistical uncertainty of results
can be derived only within a confidence limit, and there are numerous
decision limits. A short introduction will be presented on them.

2.4.1 Critical limit (L¢)

After the peak area has been measured, it is important to determine its
statistical significance. The background and its uncertainty should be taken
into account, not just the peak area. If there were no any background, then
a single count in the peak would be significant anyway.

If the background has been measured repeatedly many times, a series
of counts will be obtained which is distributed in a Gaussian fashion above
and below the mean value, with standard deviation of oy.

About any particular measurement which has near zero net count, it
should be decided if those counts are truly zero or represent a true positive
value. There must be some level, which we can call the critical limit, above
which we can be confident, to a degree, that a net count is valid. If the net
counts are above a certain number (k) of standard uncertainties of the distri-
bution of background counts, we would be confident that the peak existed.
This multiplying factor would be selected to provide a predetermined de-
gree of confidence in the conclusion. In case of critical limit determination,
which is a one-tailed confidence, for 84.13 %; 90 %; 95 %; 99 % confidence
levels the multiplying factor is k = 1; 1.282; 1.645; 2.326, respectively.
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In practice the standard deviation of the background count distribu-
tion is not known, however, it is needed to the critical limit determination
(Lc = kop). Only the background estimate (B) is known, and because of
its Poisson statistics, the variance of it is itself B. The variance of the net
counts is the sum of the net counts, the background counts, and the vari-
ance of the background. In case of critical limit calculation the net counts
equals to 0, and therefore the critical limit is:

Lc = kV2B (2.8)

So, if the peak area exceeds L¢, it is significant.

2.4.2 Upper limit (Ly)

If the net count is below or equal to L, then the activity must be declared
"not detected” and an upper limit should be quoted. So a level should be
set, which exceeds the actual peak area, if any. The limit can be related to
the distribution of counts, if the sample were measured repeatedly a large
number of times. Accordingly Ly = A + ko4, where o4 is the uncertainty
of the actual measured value, and k is again the multiplicity factor of the
one-tailed confidence. If A is less than zero then, although statistically
reasonable, it does not represent a true situation, and A should not be
included in the calculation. Using the eq. 2.5, the upper limit can be
calculated as follows:

r { kVA+2B ifA<0
U:

A+ kvA+2B itA>0 (29)
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2.4.3 Detection limit (Lp)

This is an other kind of limit than the previous. Those are a posteriori
estimates based on actual measured counts. The detection limit answers
an a priort question.

The detection limit should be above the critical limit, because if the
activity is exactly the critical limit, than owning the fact of a symmetric
distribution only 50 % of the counts are significant (above the limit). It is
clear that Lp must be some way above L¢.

If the sample would be measured many times, the standard deviation
of the detected counts is op. Then the detection is certain, to a degree
determined by k, if the net counts are more than the detection limit:

Lp=Lc+kop (210)

Using eq. 2.5 the standard deviation of the detected counts is:

op=+Lp+2B (2.11)

Substituting eq. 2.8 and eq. 2.11 to eq. 2.10 using equal k factors, it results:

Lp :kv23+k§\/LD+QB (2.12)

Solving this quadratic equationon for Lp, the detection limit is given as

follows:
Lp = k*+2kV2B (2.13)

To see graphically these limits, artificial spectra are shown in fig. 2.4.
In most cases, if the peak area is above the detection limit it is visible by
eye, meanwhile if it is less then Lp but significant, it is not clearly visible.
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Figure 2.4: Artificial spectra with various peaks on different backgrounds.
The average background levels (10; 100; 1000; 10000) are marked with grey
dotted lines. The positions of the simulated peaks are marked with brown
arrows and dashed lines. The full width at half maximum of the simulated
peaks is 5 channels, and the peak areas were chosen to mach the indicated
relations (for 95 % confidence) on the top.
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2.4.4 Determination limit (Lg)

The determination limit answers also an a priori question similar to the
detection limit.

If the aim is to reach ¢ % statistical uncertainty, then the standard
deviation of the peak area (og) should be i% of Lg. In equation form
Lg = kgog, where kg is the inverse of the required relative standard
deviation. Using eq. 2.5, this turns to Lo = kg+/Lg + 2B. The solution of
this quadratic equation is:

k2 8B
Lo = 7‘9 (1 + 1+ ké) (2.14)

Assuming a counting system where the background rate (b) and also
the signal rate (s) are constant. Then the total background (B) and net
peak area (A) counts during a given counting time () are the following:

B=0bt and A=st (2.15)

To calculate how long counting is necessary to reach a given statistical
uncertainty, combination of the last equations can be used, assuming that
the peak area is equal to the determination limit.

k2 8bt
_ kg
st=— (1 + .1+ ) (2.16)

Solving for ¢ this quadratic equation results:

k? 2b
t=-2 (1 + ) (2.17)
S S

the time requiring to reach given statistical uncertainty with constant signal
and background rates.
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2.5 Figure-of-merit

For us, the signal is the peak area, everything else is background. The error
of the peak area is sensitive also to the background and not only to the net
peak area as shown in eq. 2.5. The relative error is

VATY2B |1 2B

The traditional S?/B criterion for the figure-of-merit is coming from
this expression.

It is seen that to improve the figure-of-merit the signal need to be en-
hanced or the background should reduced. The signal enhancement is more
effective than the background reduction. In chapter 3 the sources and the
enhancement methods of the signal, while in chapter 4 the sources and the
reduction methods of the background are summarised.



Chapter 3

Signal in y-spectroscopy

In this chapter an introduction about the signal in a counting experiment
and its possible enhancement in different methods are given. The signal
related quantities are also introduced.

3.1 Methods to determine reaction cross sections

For nuclear physics cross section determination, two main types of measure-
ment are used, where electromagnetic radiation is observed: the in-beam
~-spectroscopy, and the activation method. Both of them have advantages
and disadvantages, a short description is presented below.

3.1.1 In-beam ~-spectroscopy

After a particle capture reaction usually the product compound nucleus
is formed in an excited state. During the rearrangement of its structure it
can emit neutrons, protons, a-particles, depending on the excitation energy.
During and after the particle emission the nucleus also loses its energy by
~v-emission before it reaches the ground state. In most of the cases this pro-
cess goes through several excited levels, and produces a bunch of v-quanta.
Detection of this radiation is the basis of the in-beam ~-spectroscopy.

29
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In order to determine the total reaction cross section, the decay scheme
of the produced nucleus with the intensities of the transitions must be
known. If these parameters are not known, and some transitions remain
undetected, an underestimation in the reaction cross section may occur.
Ideally, the angular distribution of all transitions must be determined or
known from other experiment. If a single detector setup is used, it should
be placed at 55° or 125° with respect to the beam axis to minimise the
effect of the angular distribution. The second-order Legendre polynomial
approximately vanishes for these angles so that angular correlation effects
are weakened at these angles. Other possible source of uncertainty is the
Compton continuum of the high energy peaks, which give a background
in the low energy region, and the weakest transitions can be buried. Usu-
ally very complicated ~y-spectra have to be analysed for heavy nuclei. The
extension of the method is using large detector arrays instead of a single
detector (e.g. [34]) to cover as large solid angle as possible.

An alternative of this approach can be the angle-integrated y-yield mea-
surement using 47 summing scintillators [35]. The working principle of this
method is the almost 100 % detection efficiency of the large volume scintil-
lator crystal. All radiation emitted by the product nucleus is fully absorbed
in the crystal, and since the transitions occur within the time resolution of
the detector, they will result in an energy signal equal to the full energy of
the compound nucleus decay, which is given by the reaction Q value plus
the center of mass energy. Every count in the full energy peak corresponds
to a capture reaction. This method is free from the necessity of measuring
all transitions, and the angular distributions. However, the energy reso-
lution of the scintillator is poor, care must be taken to avoid background
reactions having similar Q values as the investigated one, since they may
produce a similar energy sum peak in the spectrum. For example, highly
enriched targets are needed, because the difference between the Q values
of reactions on different isotopes of a heavy nucleus can be less than few
hundred keV, consequently the full energy peaks could overlap.

The big advantage of the in-beam method is the wide applicability,
because in principle every cross section of capture reactions followed by
~v-emission can be measured with this method.
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3.1.2 Activation method

Although the activation method is limited to those reactions where the
product nucleus is radioactive, it has many advantages. The biggest ad-
vantage is the separation of the irradiation from the ~-detection. Thus,
most of the problems encountered in in-beam cross section measurements
can be avoided. There is no need to measure the angular distribution, be-
cause usually there is no effect which orders the activated atoms, therefore
they are randomly distributed in the sample, and the angular distribution
of the emitted radiation is isotropic.

The method is the following. The sample is irradiated by the ion beam
provided by an accelerator, after this the activated sample is transported to
a shielded detector, where the counting occurs. From the detected activity,
the reaction cross section can be derived.

This approach was used in several experiments to measure proton- or
a-induced cross sections at astrophysical energies in recent years [36—49].
In most of the cases the activation experiments have been carried out by
the detection of v-radiation following the -decay of the reaction product.
The exception is the 1*4Sm(a,7)'*®Gd reaction, where the a-decay of 148Gd
has been measured [36].

Although the activation method proved to be very fruitful, it has some
serious limitations. In order to have reasonable count rate in the ~-spectra,
reactions leading to a final nucleus with long half-life (typically more than
a few weeks) were usually excluded. Furthermore, the product nuclei must
decay via the emission of at least one high intensity ~y-transition. Moreover
high efficiency detection is necessary to compensate the low cross section,
long half-lives or low branchings. For this purpose a detector with high
intrinsic efficiency, and/or close counting geometry must be used. The
laboratory background can be reduced using a passive shielding, but the
beam-induced background on the impurities of the target and/or the back-
ing can still be present. Furthermore, if the reaction product decays via
~v-cascades, in close geometry the true coincidence summing effect has to
be also taken into account.
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3.2 Variable quantities

In the following factors and their limitations are discussed, which are related
to the signal in the two mentioned methods.

The detected counts (C) in the spectra is the product of the absolute
detection efficiency (€), the intensity of the investigated transition (I), and
the number of decays (n) during the counting.

In case of in-bean spectroscopy every produced radioactive atom is de-
caying almost immediately except isomers. Taking into account the angular
distribution of the radiation in the intensity factor the detected counts are
given by:

C =elopDt; (3.1)

where o is the reaction cross section, ¢ is the incident particle flux, D is the
areal number density of the target, and ¢; is the duration of the irradiation.

In case of activation method the active atoms are produced during the
irradiation, and their number are decreasing following the exponential decay
law. Thus, the detected counts are given by:

1 — e Me
C=elopD (1 — e_)‘t") e_’\t‘”f (3.2)
where A is the decay constant of the reaction product, t,, and t. are the
waiting time between the end of the irradiation and the beginning of the
counting, and the duration of the counting, respectively. The other factors
are the same as in eq. 3.1.
The factors and the dependence of the total counts on them are shown
in eq. 3.1 and eq. 3.2. The question arises, how can the total counts be
increased? In the following these factors are discussed one by one.
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3.2.1 Detection efficiency (¢)

Detection efficiency enhancement can be done by decreasing the distance of
detector and source, thus increasing the solid angle covered by the detector,
but this method has physical limitations. In case of activation method
the source can not be closer than the thickness of housing of the detector
crystal. In in-beam case the situation is even worse, because the beamline,
and the target holder also need space. In the case of activation method the
so called well type detector can be used. Thus, the sample is inside the
active volume of the detector, but this geometry can be used only in case
of small samples and small activities. Also a problem with high efficiency
is the higher probability of true coincidence summing effect.

In an in-beam measurement the covered solid angle can be increased by
using more than one detector or large detector arrays.

The above mentioned methods change the absolute detection efficiency.
There is a possibility to increase the intrinsic (relative) efficiency of a detec-
tor. Using a detector consisting of active volume of higher atomic mass, the
total absorption of the radiation has higher probability. Also radiation with
smaller energy has higher chance to get fully absorbed, thus every detector
has decreasing efficiency with the detected energy. From this point of view,
it is favourable to count y-rays with smaller energy. (From the background
point of view it is unfavourable, because the background counting rate is
also the highest in the low energy region.)

3.2.2 Intensity of the investigated transition (7)

The branching ratio of transitions from a level is determined by nature.
It is not always good to measure the transition with the highest intensity,
because the detection efficiency also depends on the energy. In general it is
favourable to count the radiation, where the product of the intensity and
the efficiency (e - I) is the highest.

It should be highlighted that both the absolute efficiency and the rela-
tive transition intensity have a maximum value of 1.00, the product of them
can never be higher than one.
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3.2.3 Beam current (¢)

Increase in the beam current is limited by the ion source, the accelerator
and the beam optics, but also by the target itself. The target can not resist
above a given released power without degradation, even if this process is
well understood and monitored, at a certain point the number of target
atoms becomes so low, that the measurement makes no sense any more.

3.2.4 Target thickness (D)

Increase of the number of target atoms has limitations, because the energy
loss of incident particles in the target. In nuclear astrophysics we are inter-
ested in excitation functions, in other words, the energy dependence of the
cross section. For this purpose, a good energy resolution is needed, because
at astrophysical energies the cross section is changing exponentially. The
beam energy can be well set with analysing magnets. Limitation comes
from the target in which the beam loses energy. Particles interact with
different energy in the front and in the back of the target. To minimise this
effect thin targets are usually used.

In case of thick targets energy integrated cross section can be measured.
Excitation function can be recorded also in this way, for this two yields
should be subtracted from each other. If those are close to equal then the
uncertainty of the derived value can be very large.

3.2.5 Measuring times (¢;, t. and t,)

In case of in-beam measurements with stable beam intensity the total ac-
cumulated counts are linearly proportional to the irradiation time, because
~vy-quanta are released only during the irradiation. Increasing the length of
the irradiation is usually limited by the availability of the accelerator.

In case of activation the time factors are in exponential relation with
the accumulated counts. To increase the number of detected counts, the
irradiation and the counting time can also be increased, but both have up-
per limits. It makes no sense to increase the irradiation time several times
longer than the half-life of the produced nucleus, because the accumulated
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activity reaches a maximum value. This maximum is a dynamic equilib-
rium depending on the beam current. Counting time also depends on the
half-life and the accumulated activity. After 10 times the half-life, the ac-
tivity decreases three orders of magnitude, and usually can not be counted
any more. The third timing factor is the waiting time, which should be
minimised to increase the number of counts in the detector. Here the limi-
tation often comes from the short lived parasitic activity created on target
and backing impurities. The other open reaction channels from the inves-
tigated isotope can produce also parasitic activity, which is unavoidable.
Those increase the background and the dead time of the detector, making
hard to measure before their activity reaches a sufficiently low level.
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Chapter 4

Background reduction

In this chapter the laboratory background and widely used reduction tech-
niques are summarised.

4.1 The origin of the laboratory background

To reduce the laboratory background, its source has to be known. To show
the typical features of the laboratory background spectrum, I measured it
with a high purity germanium (HPGe) detector without any shielding at
ATOMKI (fig. 4.1). Two different parts are clearly seen, which are different
both in counting rate and in structure.

In the low energy part there are many peaks with rapidly decreasing
average counting rate by increasing energy. As described in sec. 2.2, the
~-rays generate peaks in the spectrum. Most of the observed peaks come
from ~v-rays hitting the detector. All of them have Compton-continuum,
which are superposed on each other. This is the reason of decrease in
counting rate from the low to the high energy.

Above a certain energy, there are no more peaks observed. This part
of the spectrum shows a flat distribution with much smaller slope of the
average counting rate. The main source of this background is the energy
loss of cosmic rays passing through the active detector volume.
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Figure 4.1: Measured laboratory background spectrum of a HPGe detector
at Earth’s surface without any shielding.

In the following, both parts will be discussed in details. To see the
relative importance of the different background sources, the typical integral
counting rate from the given source in a low-level HPGe detector of 1kg
mass located in a 10 cm thick lead shield is shown in the brackets after the
titles. The values are adopted from [50].

4.1.1 Radionuclides in the environment (30—300s™)

In the environment there are many radionuclides. The y-rays following
their decay are clearly visible in laboratory background spectra. The high-
est peak is at 1460.822 6 keV originating from K, a long lived radioisotope
(t1/2=1.248 3-10% y [51]).> The natural abundance of this potassium iso-
tope is 0.012% [52], and it can be found everywhere in the environment.
Its Compton edge is also clearly visible at 1243 keV. This value is in agree-
ment with the maximum possibly transferred energy within one scattering
mentioned in sec. 2.2.

3In this work I show the error of a given literature value with an italic number after
the last digit(s). (For example in the above case 1460.822 6 = 1460.822 + 0.006)
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The sources of the other peaks are the so called natural decay chains.
Starting points of these chains are long lived transactinides like 2*Th, 233U
and 23°U for thorium, uranium and actinium series, respectively. These
isotopes are decaying with series of a- and ([-decays into stable elements.
Along the chains there are several isotopes emitting y-radiation with high
probability. The most common radioactive isotopes detectable in the lab-
oratory background are 22%Ac, 29T from the thorium series and 2'Bi
from the uranium series. The decay of 2°®T1 shows a strong ~-line at
2614.511 10 keV marked in the spectrum. Its Compton edge at 2382keV
is more prominent than that of the 4°K. Taking into account the natural
~-lines, 3 MeV is considered as border between low and high energy back-
ground regions, however, some peaks from true coincidence summing can
appear above this value. This terminology for low and high energy range
is used later in this chapter.

4.1.2 Cosmic rays (0.3—2s7!)

The composition of cosmic rays on the Earth’s surface and their typical
fluxes are the following [50]:

e the nucleonic part consists of energetic neutrons (97%), protons and
some heavier nuclei (66 m=2s~1)

e energetic muons, which are often called the hard component
(190m~2s71)

e clectrons, positrons which are called the soft components (46 m~2s~1)

The hard component has the biggest effect on the laboratory back-
ground. The main source of the high energy background in a germanium
detector is the direct ionisation energy loss of energetic muons, which are
passing through the shielding with practically no reduction. Slower muons
may stop in the detector, however their average energy (~4 GeV) is much
higher than what can be fully absorbed in the crystal [53, Chapter 3].
The energy loss of the muons in germanium has an average value between
6-8MeV/cm [54, 55]. Therefore, the detector response for the muons
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mostly depends on the geometry of the crystal, and not on the incident
muon energy. The angular distribution of the muons is proportional to
cos? § (where 6 is the zenith angle), so the most important quantity is the
vertical length of the detector. The muons produce a broad peak in the
spectra around 6—8 times the length of the crystal, considering the energy
in MeV and the length in cm.

Cosmic rays generate background not only via direct interaction, but
through production of radionuclides in the detector or in the shielding mate-
rial. Muons can be captured, the atomic number decreases by one, and the
nucleus radiates y-rays and fast neutrons when re-arranging its structure.
Energetic muons can also directly knock out nucleons from the nucleus.

4.1.3 Neutrons (0.03—0.2s71)

The main sources of neutrons are cosmic (cosmic neutrons), and secondary
production by the cosmic ray muons (terrestrial neutrons). Other sources
will be described in details along the shielding techniques in sec. 4.2.3.

Peaks can be formed in the laboratory background also by direct in-
teraction of neutrons with the detector and shielding materials. These
can be excited by inelastic scattering of neutrons. ~-rays following the de-
excitation can be detected. In case of neutron inelastic scattering on germa-
nium, sawtooth shape peaks are produced (fig. 4.2), which have the sharper
edge on the low energy side. The Ge nuclei de-excite almost immediately
compared to the time of the charge collection, therefore the de-excitation
energy is summed with the continuously distributed recoil energy of the
nucleus, including some quenching [57].

Another way of neutron interactions is capture reaction. After neutron
capture, energetic v-rays can be emitted depending on the reaction Q value.
On the other hand the neutrons can activate the detector and the shielding
material, producing radioactive isotopes. The decay of these isotopes may
produce detectable ~y-radiation, X-ray or bremsstrahlung.
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Figure 4.2: Sawtooth shaped peaks, highlighted by red lines produced by
neutron inelastic scattering on germanium nuclei, in a laboratory back-
ground spectrum recorded by a HPGe detector at Earth’s surface in a
15cm thick lead shield lined with copper. Peak produced by neutron in-
elastic scattering on Cu also marked with red label [56]. Peaks produced
by environmental radionuclides are marked with black labels.

4.1.4 Radioimpurities in the shield and in the detector ma-
terial (0.013—-0.23s71)

The shield and the detector itself can contain radionuclides depending on
the primordial radionuclide content of the ore the material is made of, or
on the cosmic ray exposure of the material, and on the production method.

The most common contamination in the lead shielding is 2'°Pb from the
uranium series, and from cosmic ray production. The half-life of this isotope
is 22.20 22y [58]. Because it is a radon daughter, it can be attached on the
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surface of every detector part. 2!°Pb itself usually does not contribute
significantly to the background of Ge detectors as its very soft g-radiations
(Emax of 16.5keV and 63keV) and ~-ray (46.5keV) hardly escapes self-
absorption. The main problem is the bremsstrahlung continuum with end
point of 1162.1 8keV [58], due to the [S-particles emitted by its daughter
210Bi. The hard f-radiation also generates Pb X-rays with energies of
72.8keV, 75.0keV, 84.9keV and 87.4keV. 219Pb can be present also in
the solder of the crystal connection [59, 60]. Alpha particles emitted by
its other daughter (2!°Po) can reach the active volume of the crystal, and
produce there high energy signals around 5.3 MeV.

Activated contaminations can sometimes be also important beside the
residual primordial contaminations. Most important mechanisms of activa-
tion are secondary neutrons (at shallow depths or higher altitudes), and neg-
ative muon capture or fast muon interactions (at underground laboratories).
For example %7Zn can be produced by neutron activation on germanium, or
57.60Co isotopes can be formed by activation of copper or nickel parts [56].

4.1.5 Radon (0.01-0.1s"!)

Radon is also part of the environmental radioactivity, however, it should
be treated separately because it is a noble gas. Every decay chain includes
one radon isotope. One of them — ??2Rn from the uranium series — has a
few days long half-life (t,/ =3.82353d [61]). It emanates from the walls
and ground, therefore, its daughters can be found everywhere. Air always
contains radon, its equilibrium content depends on the ventilation of the
room and the building material used. (The average indoor concentration is
about 40 Bq/m? [62].) The admixture of ?2°Rn from thorium series varies
strongly, due to the much shorter half-life (t; » = 55.6 1 s [63]) makes its con-
centration more sensitive to barometric pressure changes and other factors
influencing the emanation.
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4.1.6 Secondary radiation of the shield

Cosmic rays and the ~-radiation can excite the detector and the shield-
ing materials. Usually the deexcitation is followed by X-ray production.
These are recorded in the spectra as peaks below 100keV. Cosmic rays
can produce bremsstrahlung and neutrons in the shielding too, enhancing
the average background continuum. This background source is strongly
attached to the others and does not exist in its own, therefore its counting
rate is included in the integral counting rate of its parent sources.

4.2 Laboratory background reduction methods

4.2.1 Shielding against environmental radioactivity

In order to reduce background from natural radioisotopes, a massive shield
should be applied. Materials with high atomic number are the best way to
attenuate ~y-radiation. The most common shielding material is lead, be-
cause of its high atomic number, reasonable cost, and mechanical properties.
Furthermore, it has low neutron capture cross sections and a favourably low
interaction probability with cosmic rays, including the formation of radionu-
clides by activation. Unfortunately, its intrinsic radioactivity is generally
not negligible, as described in sec. 4.1.4.

The continuum in the spectrum is attenuated almost independently of
the energy [64]. It could be expected that the photons of lower energies
would be absorbed more efficiently than those with higher energies. The
reason that this does not occur is, that lower energy photons are contin-
uously replenished by Compton-scattered photons of higher energies when
passing through the thick layer of material. In this way the continuous
spectrum reaches an equilibrium shape with a general attenuation coeffi-
cient. Unfortunately very thick shielding can not be applied because from a
certain thickness (about 150 g/cm? [50, 65], which is about 13 cm in case of
lead) the internal radioactive contaminations, and the secondary radiation
(mainly neutrons produced by muons) does not allow further reduction of
the background at Earth’s surface.
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4.2.2 Shielding against cosmic rays

Protons from the nucleonic component have low intensity compared to neu-
trons, moreover, they are converted to neutrons in nuclear reaction with
construction materials of the building and with a metallic shield. The
weak component and the charged nucleonic part are directly absorbed by
the shield (10—20cm of lead or 20—40cm of iron). This absorption can
be followed by secondary radiation, as described in sec. 4.1.6. To shield
against the hard component of the cosmic ray, two main possibilities are
widely used:

Active shield

The direct effect of the muons can be reduced with a veto detector. This
is usually a scintillator or a proportional chamber on the top of the HPGe,
or surrounding it. The signals from this guard detector are used as anti-
coincidence gate. Every count from the germanium is excluded, when in a
short time period the veto detector produces a signal as well. For example
penetrating muons produce this kind of coincidence events. The advantage
of proportional chamber is their small count rate, and hence negligible cor-
rection for dead time. Plastic scintillator veto detectors are more effective
at sea level and shallow depth than gas counters. In order to keep the count
rate of the scintillator at a rate that allows longer veto times (> a few us)
an additional layer of lead should be used to shield against environmental
~-radiation.

If the veto detector is close to the other one, it also can be used as a
Compton suppressor. Scattered y-radiation can produce a signal in the veto
detector, too. From this signal with suited electronics a veto gate signal
can be formed, and the signal processing of the ADC can be disabled, thus
counts from the Compton region can be excluded.

The indirect effect of the muons can not be suppressed in this way. The
muon induced neutrons inside the shielding still contribute to the back-
ground even if a veto detector is applied.

Disadvantages of the active shield are the more complicated signal pro-
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cessing chain, and the increased deadtime due to the random coincidences.
In these cases the veto gates are also produced and the ADC is disabled. In
case of a measurement where a cascade of v-rays is emitted, the efficiency
of the counting system may be decreased due to true coincidences events
(if one «-ray from the cascade hits the veto detector).

Passive shield

Cosmic rays can be attenuated by placing the setup in an underground
location. In this case muons have to penetrate a big amount of material.
Muons with lower energy are stopped, so that the spectrum becomes less
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Figure 4.3: Dependance of intensity of muons and neutrons on depth.
Adopted from [62] and extended with equations from [69]. The neutron
background rate from (a,n) reactions at Gran Sasso [67, 68] is also in-
cluded.
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intense but harder (higher in average energy) when going deep underground
[53, Chapter 4]. In fig. 4.3 behavior of the intensity of different components
of cosmic rays is shown. Just the hard component and secondary neutrons
caused by it survive more than 15m of water equivalent (m.w.e) depth.
As it is shown the muons can survive huge depths, it leads also to the
presence of muon induced neutrons. Until a certain depth — depending on
the composition of the laboratory walls and the surrounding rock [66] —
these neutrons dominate the neutron background, which can not be sup-
pressed with a veto detector as mentioned before. Considering the typical
(c,n) neutron rate at Gran Sasso laboratory [67, 68] (further details of this
deep underground laboratory can be found in sec. 5.2.3), these neutrons
starting to dominate below 600 m.w.e. Therefore, the typical proposed un-
derground laboratories for nuclear astrophysics are more than 1000 m.w.e.
depth [70, 71].

4.2.3 Shielding against neutrons

Neutrons do not have charge, so they lose energy only by scattering on nu-
clei. The best way to moderate them is using materials with low effective
Z or a lot of hydrogen (like water, polyethylene or paraffin). Because of
the similar mass of the involved particles, the neutron can lose almost its
whole energy in one scattering. Subsequent capture on lithium, boron or
cadmium may eliminate the neutrons. The first two are preferable, because
they use the (n,a) reaction. Cd captures the neutrons with radiative cap-
ture followed by y-quanta with 558 keV energy. Unfortunately the other
captures are also followed by soft v emission, therefore, the neutron cap-
ture should occur outside of the lead shield to attenuate the ~-radiation.
Unfortunately, this means that neutrons produced inside the shield mainly
survive.

A better way to reduce the flux of the neutrons is to shield the whole
experimental area. It can be done by reducing natural neutron production.
A good way to make this, is placing the experiment underground. At
different depths the source of the main fraction of the neutrons is very
different.
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Energetic neutrons are coming directly from cosmic rays. These are
attenuated to negligible level with a shield of around 15m.w.e. [72]. At
shallow underground (/100 m.w.e.) the most probable source of the neu-
trons is knock out reactions by the energetic muons, or neutron emission as
deexcitation after a muon capture. At deep underground (>1000m.w.e.)
the muons are highly suppressed, therefore, muon-induced neutrons become
negligible. At this depth the main source of the neutrons are spontaneous
fission of uranium and thorium, and (a,n) reactions occurring in the rock.
The 238U and 2*?Th decay chains are the sources of these a particles. The
simplest way of eliminating this background source is to shield the U and
Th containing walls with a neutron shielding material of sufficient thickness
(at least 20 cm), or to put in cement depleted in uranium and thorium.

4.2.4 Avoiding radioactive contaminations

The typical contamination of the lead shield (*!°Pb) was mentioned in
sec. 4.1.4. It can be suppressed by using old lead — which was produced
several half-lives of 2'°Pb ago — as the internal part of the shield. However,
the availability of such lead is limited, since it is produced from water
pipes more than 200 years old, sunken shiploads, or ballast of sailing ships.
Furthermore, the age of the lead is not enough, if uranium was not removed
at the beginning of lead production, then 2'°Pb is in secular equilibrium
with the uranium decay series.

Other possibility is using old iron plates or rods, but it always has to
be tested, to avoid possible ¥7Cs contaminations (from the atmospheric
nuclear weapon tests), or ®°Co (usual contamination during the production
of steel in a furnace).

Electrolytic copper is less likely to be contaminated, because the redox
potential is generally an important factor influencing the degree of radio-
purity that can be achieved. However, it is much more expensive and atten-
uates the ~-radiation less then the above mentioned materials. The other
problem is that Cu has a high cross section for capture of thermal neutrons
and for cosmogenic production of radioactive nuclei. It is also inferior to
higher Z material such as Pb in the interaction with cosmic ray muons.
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4.2.5 Shielding against radon

Daughters of radon are solids, which can be attached to aerosols, the in-
ternal side of the shielding, or directly to the detector endcap. The con-
taminated surface should be cleaned by acid, during the build up of the
shielding. To prevent further contamination, the most common way to re-
move radon from the detector is the so called radon box. This is usually
a plastic box surrounding the whole shielding, flushed with nitrogen gas.
The slightly overpressured nitrogen prevents the air (and its radon content)
to reach the internal part of the shielding. More sophisticated systems use
shield cavities that can be evacuated and filled with radon-free gas, e.g.
nitrogen or old air [73]. Plastic materials should not be placed inside the
shield as their surfaces draw radon progenitors by electrostatic attraction.
Radon outside of the box is less problematic, because the lead shield is
suppressing its radiation.

4.2.6 Attenuate X-rays and bremsstrahlung

To attenuate X-rays and bremsstrahlung a special lining can be used on
the inner side of the lead shield. This should consist of materials with de-
creasing atomic numbers from outside to inside. Each material captures
the X-ray of the outer neighbor, and radiates its own which have lower
energy and lower intensity, at least because of the isotropic angular distri-
bution. Therefore, smaller fraction of the radiation is penetrating towards
the detector. After the closest material, the detector would not be sensi-
tive enough to count the radiation, or simply the lower cut of the spectra
should be set above the lowest X-ray energy. For example cadmium, copper
and aluminium (from outside to inside) can be used. The cadmium is also
suited to suppress the neutron background. The production mechanism
and the suppression techniques of the neutrons are described in sec. 4.2.3.



Chapter 5

Background studies

In this section I introduce my own measurements which concentrate on the
high energy background in a ~y-detector, and its reduction. This energy re-
gion is important for many in-beam experiments for nuclear astrophysics.
I combined two shielding methods, the underground location, and the ac-
tive shielding with a veto detector. The goal of my investigations was to
check how low the laboratory background can be in a shallow underground
laboratory, and find out whether it is suited for accelerator based nuclear
astrophysics studies. Until my work only deep underground sites were con-
sidered as suitable sites for these kind of studies. The background mea-
surements were performed at different underground locations, both shallow
and deep underground. Several spectra were taken at Earth’s surface as
comparison, and also to test the efficiency of the veto detectors.

49
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5.1 Detectors used

Several detectors were used in all examined laboratories. Two of them had
active shields, the others were used to compare the effect of the depth.

5.1.1 Nal

One of the scintillators used for the studies is a long box-shaped sodium
iodide (Nal) detector, 43 cm long with a square area of 10.5cm - 10.5 cm.
The spectra were taken in horizontal geometry, and no active shield was
applied for this detector.

5.1.2 60% HPGe

The other detector without active shielding is a p-type coaxial HPGe detec-
tor of 60 % relative efficiency®. The crystal is 60 mm long and has a diameter
of 71mm. The detector was used in vertical geometry. This detector was
not transported to the deep underground site, but for comparison spectra
were taken at Earth’s surface and at shallow underground with dynamic
range up to 80 MeV.

5.1.3 HPGe Clover

The first actively vetoed detector used in our studies is the Clover detector
[74] of ATOMKI. It consists of four coaxial n-type HPGe detectors arranged
like a four-leaf clover (fig. 5.1). Each crystal is 70 mm long and has a tapered
circular area of originally 50 mm diameter; they are supplied with a common
high voltage on the inner contacts and are mounted in the same cryostat.
The spacing between the crystals is only 0.2 mm, leading to a closely packed
geometry. A single crystal has 20 % relative efficiency. The analog signals
can be summed leading to a virtual large detector of 122 % relative efficiency
(add-back mode) [75]. This is more than four times one crystal efficiency,

4compared to a 76 mm in diameter and 76 mm long cylindrical Nal crystal, for the
1.33MeV %°Co photo-peak, at a source-detector distance of 25cm in the symmetry axis
of the cylinder [32, Chapter 12].
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Figure 5.1: Schematic view of the Clover-BGO system. Three crystals
(green, blue, red) and the BGO escape-suppression shield (yellow) are
shown, the fourth crystal is left out from the figure for clarity.

because of such vy-rays which produce a signal in more than one detector
(e.g. Compton scattering in one crystal and secondary 7-ray absorbed
by the neighboring one). In the add-back spectrum these events produce
one count in the full energy peak, instead of Compton events in a single
crystal. The sum of the active volume of all four crystals is 470 cm3. This
kind of summing can be done just with n-type detectors, because they have
much thinner (few tenths of a micrometer) dead layers than normal p-type
detectors (several hundred micrometers). The disadvantage of the n-type
detector is the high production price, because the p-contact is made by ion
implantation, and in case of n-type detectors it is much bigger (since it is
on the outer surface of the crystal). Nowadays, special p-type detectors
with thin entrance window exist (e.g. Canberra Extended Range Coaxial
Ge Detector /XtRa/), but composite detectors still can not be produced
from them.

In our studies the Clover was additionally equipped with a surrounding



52 5 Background studies

bismuth germanate (BGO) scintillator. It is 24 cm long, has a truncated
pyramidal shape, and at its front end there is a ”heavy met” collimator.
This alloy consists of tungsten (> 90 %), nickel and copper. The collimator
is used in case of in-beam measurements to avoid a direct hit of the BGO
by the -rays from the target. In my studies it has no particular impor-
tance, because the laboratory background ~-rays are not coming from one
defined direction. The BGO has high density (7.13 g/cm?), therefore, it al-
ways acts as a passive shield, and with anticoincidence electronics, it can be
used as a Compton suppression veto. The BGO material contains radioac-
tive 207Bi, whose 7-lines are visible in the recorded laboratory background
spectra. This contamination does not disturb the high energy region, I con-
centrate on. For comparing background studies, the detector system was
used in horizontal geometry, so the BGO shield can act as a veto against
penetrating muons passing the germanium detector volume.

The electronic chain of the signal processing system is shown in fig. 5.2.
Signals from the four individual crystals are split after the preamplifiers.
One part is fed into four main amplifiers, and the signals are then digitized
and recorded in selftriggered, histogramming mode. These four individual
histograms were gainmatched and added channel by channel, to form just
one histogram. This histogram has typically 2.5 keV resolution at 1.33 MeV.

Clover Detector
Signal Processor

BGO signal [[TFA [ cFD Hlnverter

AND
[ TFAs |-|cFDs || OR
. GATE
Ge signals
Summing |{ Amplifier ADC
ADC Computer
Amplifiers | ADCs l ......

Figure 5.2: Box view of the signal processing chain of the Clover-BGO
system. Four independent signal lines are marked by dashed line.
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It helps to identify the peaks and multiplets, but was not used in this work
in the further analysis.

The second part of the signals are fed into an analog summing unit im-
plementing the gain-matching and summing of the four signals. The analog
sum signal is then passed to a fifth main amplifier and digitized. The signal
can then be recorded either in free-running, self-triggered mode, or in anti-
coincidence with the signal from the BGO escape suppression shield. In this
case the typical resolution was 8 keV at 1.33 MeV, but this bad resolution is
compensated by higher efficiency, and for checking — e.g. whether a peak
doublet appears — we had the individual spectra with 2.5keV resolution.
For producing the gate signal, the so called Clover detector signal proces-
sor unit (made by the ATOMKI electronic department) was used. It con-
sists of timing filter amplifiers (TFA), and constant fraction discriminators
(CFD) selected and adjusted to the time characteristics of this particular
Clover-BGO system.

5.1.4 LaBr;

Another actively shielded detector used in our studies is a lanthanum bro-
mide (LaBrs) scintillation detector. In recent years, LaBrs detectors have
become increasingly popular due to their higher intrinsic efficiency and bet-
ter energy resolution when compared with Nal detectors. The disadvantage
is a significant contamination from **La (t;/o =1.021-10'y [76]) that is
intrinsic in the detector material, preventing low-countrate applications at
least for low-energy ~-rays. Because this isotope is intrinsic in the active
volume, the 1436 keV v-ray following the decay of *®La is summed up with
the Ba X-ray from the daughter nuclide, and a peak appears at 1468 keV
with a shoulder peak at 1436 keV (fig. 5.3). This structure buries the natu-
ral K line at 1461 keV. Bremsstrahlung continuum is also summed up with
the 789 keV 7-line. Quenched a-lines of actinium series contaminants in the
crystal are also detectable [77]. This point, however, is less of a concern
when high-energy v-rays from a nuclear reaction are to be detected.

In order to study the effect of the depth and the active shielding on the
cosmic ray induced events with a completely different setup, a cylindrical



54 5 Background studies

10° 5
Bremsstrahlung :
| 1436 keV y-line
+ 32 keV X-ray
o 103
> ]
(0]
X
*\”‘) quenched
S | .
3 789 keV v-line o-lines
© 04 + bremsstrahlung
101 T T T T T r T i I . |
0 500 1000 1500 2000 2500 3000

Energy / keV

Figure 5.3: y-spectrum recorded by the LaBrs detector. The marked fea-
tures are the intrinsic activity of LaBrs. Rest of the peaks are from the
laboratory background.

Figure 5.4: Photo of the LaBr3 placed in the large BGO shield.
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LaBrs of 7.6 cm length, 7.6 cm diameter, and 350 cm?® volume was inserted
in the center of a large BGO anticompton shield of 23 cm length and 13 cm
internal diameter, that was originally designed to host a Cluster detector
(fig. 5.4). Since it was much longer than the LaBrs, the BGO shield formed
a muon veto.

The detector pair was transported to the same sites as the Clover-BGO,
and background spectra were recorded. The active shield was not trans-
ported deep underground, because no more reduction in the cosmic ray
continuum was expected (see sec. 5.4). The signal processing system is
similar, except in the LaBrs case, there is no need to have a gain matching.

5.2 Sites studied

Measurements were performed at laboratories with different depth to test
the effect of the rock shield, and also to test the efficiency of the veto
detector on the remaining cosmic radiation. In the following the different
sites are described.

5.2.1 Earth’s surface

Surface measurements which are presented here in the Clover case were
performed both at ATOMKI®, on the ground level in a one storey building,
and at Helmholtz-Zentrum Dresden-Rossendorf (HZDR)®, in the basement
of a three-storey building. In case of the other detectors surface spectra
were taken only at HZDR. Different ceiling thickness had no effect in the
high energy region, as it was tested for the Clover (fig. 5.5). The spectra
taken at the two surface locations were found to be consistent in the high
energy region. In the low energy background region, there were different
count rates observed, because of the different environmental radioactivity
in the surrounding materials. This fact does not affect the conclusions,
because my investigations concentrate on the high energy region.

“http://www.atomki.hu/
Shttp://www.hzdr.de/
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Figure 5.5: Laboratory background spectra taken at the two different sur-
face locations with the Clover-BGO. Black curve HZDR with disabled veto,
red line HZDR with active veto, green curve ATOMKI with disabled veto,
blue ATOMKI with active veto. In the high energy region (right) there is
no difference in the background rate at the two locations.

5.2.2 Shallow underground

The shallow underground study was performed in the Felsenkeller labora-
tory [78] in the Plauenscher Grund former quarry in Dresden. In the 1850’s,
a tunnel system was dug into the outside wall of a former quarry in order to
make ice cellars for a nearby brewery. Since 1982, the Felsenkeller low-level
counting facility is installed in one of the eight existing tunnels (fig. 5.6).
The depth of the laboratory is 47 m, equivalent to 110 m of water.

The rock of the Felsenkeller hill consists of hornblende monzonite, with
a relatively high 232Th and 2*®*U content of 200 Bq/kg and 120 Bq/kg, re-
spectively [79]. Fresh air is brought in from outside through a ventilation
system, reducing the radon content in the underground facility to 40 Bq/m?3.

The low level counting facility consists of two laboratories, called here-
after MK1 and MK2, respectively, for Messkammer 1 and 2. MKI1 dates
from 1982 and is shielded by pre-1945 steel and serpentinite rock [80]. MK2
has been constructed in 1995 and has 25 cm thick walls of iron and steel,
in part pre-1945 [79]. In addition, there is an unshielded workshop room
underground.
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Figure 5.6: Plan view of the Felsenkeller tunnel system, and cross section
of the rock hosting the low-activity laboratory.
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Figure 5.7: Laboratory background spectra taken in different rooms at
Felsenkeller with the Clover-BGO. Black curve unshielded workshop room
with disabled veto, red line: workshop with active veto, green curve: MK2
with disabled veto, blue: MK2 with active veto.
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All of the Felsenkeller spectra used in the calculations were recorded in
MK2. For comparison spectra were recorded in the non shielded workshop
room, too. In the high energy region (which is our region of interest)
a small difference is expected due to the different rock overburden (see
fig. 5.6) which is thinner around 55° respect to the horizon at the position
of MK2 [81], and the wall thickness of MK2 (~2m.w.e). Background rate
difference was found consistent with the expectations (fig. 5.7).

5.2.3 Deep underground

Deep underground experiments have been performed at the underground
facility of Laboratori Nazionali del Gran Sasso (LNGS)” (fig. 5.8) in As-
sergi, Italy. Excavation began in 1983 in conjunction with construction
of the freeway tunnel crossing the Gran Sasso Mountain. The first large
experiment started in 1989. At present the laboratory consists of three
large experimental halls and service tunnels with a total volume of about
180000m?3. The whole facility is shielded from cosmic rays by a 1400 m
thick dolomite rock overburden equivalent to 3800 m of water.

"http://www.lngs.infn.it/
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Figure 5.8: Schematic layout of the LNGS deep underground laboratory at
the side of the highway.
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LNGS is the only deep underground laboratory hosting an accelerator
The accelerator facility is called Laboratory for Underground Nuclear As-
trophysics (LUNA) [70]. Owing to this special opportunity the LUNA col-
laboration is pioneering in very low cross section measurements for nuclear
astrophysics. The collaboration measured many reaction cross sections re-
lated to stellar hydrogen burning reactions directly at the solar Gamow en-
ergy or at lower energy than ever reached before [70]. Our Clover detector
was used at LUNA for in-beam measurements [82-84] with astrophysical
motivation. Between the runs, the laboratory background reported here
was recorded. The dynamic range of the Clover was set up to 8 MeV for
the purpose of the measurements.

5.3 Effect of the rock overburden

First, the effect of the rock overburden was studied with the mentioned de-
tectors. In case of detectors equipped with active shield, the veto detectors
were inactive during the measurements but not removed.

For the Nal detector, the laboratory background in the 10-15MeV
range is lower by a factor of 46 in Felsenkeller as compared to the Earth’s
surface (see fig. 5.9 and table 5.1). Consistent reduction factors were found
for the two HPGe detectors. The slightly different reduction factors for the
scintillators can be attributed to different detector types reacting differently
to passing muons and to neutrons (table 5.1). At LNGS none of the count-
ing had enough statistics in this energy region for the ratio calculation. (In
Nal 6 counts, in LaBrs 3 counts were observed in the mentioned region.)

A second effect is apparent in both detectors, namely reduction in the
counting rate for E, <2.7MeV in Felsenkeller MK2. This reduction is
mainly due to the shielding offered by the thick and specially selected walls
of MK2 against natural radionuclides which are present in the surrounding
rock, and only in minor part to the muon flux reduction. At Earth’s surface
and at LNGS, rooms without specially shielded walls were used.

The effect of the passive shielding of the MK2 is clearly seen in all cases
in the low energy background region, except for the LaBrs. This detector’s
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Table 5.1: Reduction factors in the 10—15MeV region due to depth, cal-
culated from the spectra shown in fig. 5.9.

Earth’s surface/Felsenkeller

Nal

60% HPGe
LaBrs
Clover

46.4+£0.9
374+14
254+1.0
36.2+1.1
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Figure 5.9: Counting rate in four different detectors without escape suppres-
sion at Earth’s surface (black solid line), in Felsenkeller MK2 (red dashed
line) and at LNGS (blue dotted line). There was no measurement at LNGS
with the 60 % HPGe. In the Clover case at LUNA the spectrum was not
recorded above 8 MeV. The continuum counting rate in the high energy
region is decreasing with the depth.
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background is dominated by intrinsic ¥®La radioactivity at low energy, as
mentioned before.

Owing to the lower counting rate in Felsenkeller and at LNGS, also
some counts due to a-emitting contaminants can be discerned in the Nal
detector, around 3.0 MeV and 4.5MeV light-yield equivalent and in the
Clover around 5.2 MeV. At the surface of the Earth, these contaminant
lines are buried in the muon-induced background. Quenched a-lines are
most probably due to uranium and thorium chain contaminations inside
the crystal [85], or in the solder [60].

5.4 Effect of the active shield

The efficiency of the active shield to suppress the remaining muon contin-
uum was tested with the Clover-BGO at each site. At LNGS there was no
further reduction observed in the high energy region due to the active veto
detector (fig. 5.10). This was expected, because at this depth the (n,y) re-
actions dominate the high energy laboratory background [86], which cannot
be suppressed by a veto detector.

Counts / keV h

Energy / MeV

Figure 5.10: Free running (black solid line) and escape suppressed (red
dashed line) spectra at LNGS recorded with the Clover-BGO. There is no
difference in the high energy region.
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It can be clearly seen in the figure, that the veto detector only acts as
a Compton suppressor in this instance. In the low energy region, there is
a factor of 2 -3 difference in the average counting rate. In the high energy
region, there is no difference in the counting rate. As it was shown in
sec. 4.2.2 the (a,n) neutrons dominate the background deep underground,
therefore, the veto detector is not effective any more in the high energy
region.

A strong reduction is observed due to the active shield at Earth’s sur-
face and at shallow underground. In fig. 5.11 the measured spectra are
presented. It is clearly seen in table 5.2, that the reduction factor is in-
creasing with the depth, and also increasing in the higher energy region.

The increasing efficiency of the veto detector while going underground
can be attributed to the changing muon energy spectrum and angular dis-
tribution. The muon spectrum becomes harder at an underground location
as mentioned in sec. 4.1.2. The muons with higher energy would give signal
in the veto detector with higher probability, therefore can be vetoed with
higher efficiency. The muon signal in the detector mostly depends on the
muon track length in the active volume (see sec. 4.1.2). For higher energy
signals, the muons should penetrate more active material, thus the track
should be more parallel to the crystal sides. In this case the muon has
higher probability to go through the veto detector, too. This can be the
reason of the increasing veto efficiency with the increasing energy.

In the Clover-BGO system, the reduction is stronger, because this BGO
was designed to the Clover, and acts much more effectively, than that of the
LaBrs. As it was mentioned the BGO of the LaBrs was designed originally
to host a Cluster detector, with much larger diameter.
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Table 5.2: Reduction factor due to the active shield at different sites in
different energy ranges calculated from spectra shown in fig. 5.11.

10-15MeV | 15-20MeV | 20—-30 MeV
Clover, Earth’s surface | 31.440.8 7143 133+6
Clover, Felsenkeller 76+ 11 368 +117 N/A
LaBrs, Earth’s surface 20+1 35+3 42+3
LaBrs, Felsenkeller 2444 53+ 15 45+8
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Figure 5.11: Effect of the active shield at different sites. Black solid lines
show free running spectra, red dashed lines the vetoed spectra. Free running
Clover spectrum was recorded at Felsenkeller only up to 20 MeV. The active
shield reduces the continuum background through the whole spectra, but
it is more effective in the high energy region (see table 5.2).
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5.5 Muon peak

As it was mentioned in sec. 4.1.2, the passing muons form a peak in the
high energy part of the spectra. I checked the muon peak in the 60 % HPGe
and in the Clover-BGO spectra. The effects of the depth and the active
shield on the muon peak were studied.

Depth

To test the effect of the depth on the muon peak, spectra were recorded with
the 60 % HPGe with a dynamic range up to 80 MeV in vertical orientation
at Earth’s surface and at Felsenkeller (fig. 5.12).

The muon peak is visible in the spectra at 45MeV. This energy cor-
responds to the most probable muon track length of 6.1cm, taking into
account that the muons lose about 7.3 MeV /cm in germanium by ioniza-
tion [50]. The value is in good agreement with the 6 cm length of the crystal.
Choosing the region of interest between 30 and 70 MeV the reduction factor
due to the depth is 31, consistent with the expected muon flux reduction
in Felsenkeller.
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Figure 5.12: Spectra with high dynamic range recorded at the Earth’s sur-
face (black solid line) and Felsenkeller (red dashed line) with the 60 % HPGe
detector. The same spectra are shown with logarithmic (left) and linear
(right) scaled axis. An arrow shows the muon peak.
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Active shield

To test the efficiency of the active shield spectra with a dynamic range up
to 70 MeV were recorded with the Clover-BGO in horizontal and also in
vertical orientation at Earth’s surface (fig. 5.13).

One can clearly see the muon peaks in the spectra. In vertical ori-
entation, it is apparent at 52 MeV both in the escape-suppressed and in
the free-running spectrum, meaning a most probable muon track length of
7cm. This is in excellent agreement with the 7 cm length of the crystals.

In horizontal geometry, in the escape suppressed spectrum the peak ap-
pears also around 52 MeV. This proves that the active shield is so effective,
that less vertically coming muons can make signal in the detector than hor-
izontally arrived, regardless of the cos? @ angle distribution of the incoming
muons. In horizontal orientation, a structure is visible in the free-running
spectrum. There are two bumps, one at 30 MeV, the other at 59 MeV,

10°4

ool 30 MeV 52 MeV
MeV i : Y
i 30 Me 52 MeV | L 29 Mev
R 759 MeV ;
1075 ¢ e 0.08 ! i
(Y = ~ :
5 ! -
5 b 0.06 ! .
5 % ., ; \ :
L R AN ) |

Counts / keV h
“ Counts /keV h

0.010+4

i
1 rqlend!
F R S 1 Y
L A e

0.005+

PPN AL ety
10 T T T T T T  0.000 T U
0

Energy / MeV Energy / MeV

Figure 5.13: Spectra with high dynamic range recorded at the Earth’s sur-
face with the Clover-BGO system: Downlooking vertical orientation, free
running (black full line) and with active veto (black dashed line). Hori-
zontal orientation, free running (red dotted line) and with active veto (red
dot-dashed line). The same spectra are shown with logarithmic (left) and
linear (right) scaled axis. Arrows show the muon peaks.
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corresponding to 4 cm and 8 cm muon track length. The values are in fair
agreement with the 4.5 cm average width of a single crystal and the overall
width of 9 cm of the four-crystal assembly, respectively.

In vertical orientation, the BGO shield reduces the counting rate be-
tween 30—70MeV by a factor of 15, despite the fact that the zenith direc-
tion is not covered in this geometry. This can be explained by the angular
distribution of the muon flux, and the relatively small opening angle left
uncovered by the rather long BGO shield (fig. 5.1).

In horizontal orientation, there is a factor of 160 reduction in 30— 70 MeV
counting rate by the BGO anticoincidence. This improvement is due to the
relatively low muon flux incident at near horizontal angles.

5.6 Combination of active and passive shielding

The combination of the two shielding methods shallow underground is now
studied. In fig. 5.14 it is shown, that the actively shielded spectrum at
shallow underground is only a factor of 2.5 higher than that at deep un-
derground. Shallow underground laboratories also offer satisfactory back-
ground conditions, if a suitable active shield is applied, surrounding either
just the detector or the whole laboratory suppresses remaining muons. This
finding opens the way to consider shallow underground laboratories also as
a possible site for in-beam cross section measurements of astrophysical in-
terest, alongside the deep underground ones.
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Figure 5.14: ~-background recorded by the actively shielded detectors:
Earth’s surface, without (black solid line) and with (black dot-dot-dashed
line) active veto. Shallow underground, without (red dashed line) and with
(red dot-dashed line) active veto. Deep underground without active veto
(blue dotted line). Clover spectrum at LNGS ended at 8 MeV. In LaBr;
spectra at LNGS above 12 MeV upper limit is given.
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5.7 Feasibility of in-beam reaction cross section
measurements

In recent years, underground nuclear astrophysics experiments have helped
put the understanding of nuclear fusion in our Sun on firm experimental
ground [87].

After hydrogen burning, helium burning ensues. The relevant reactions
of helium burning are still not understood on a sufficient level of precision
[88]. This applies e.g. to the 2C(a,)'%0, 190(a,y)?°Ne, BO(a,y)*2Ne
reactions. The first two proceed mainly through direct capture (DC) at
astrophysically important energies (~300keV), which is at present not ac-
cessible experimentally. In massive stars these reaction rates together with
the triple-a reaction determine the '®0O abundance at the ignition of the
carbon burning phase in late stellar evolution. This abundance in turn,
strongly influences the subsequent hydrostatic burning stages, thus affect-
ing the pre-supernova stellar structure, the explosive nucleosynthesis, and
the nature of the remnant [89]. The end product of the third reaction, 2?Ne
is very important for the slow neutron capture process, because *2Ne(a;,n)
is one of the neutron source reactions supplying the neutrons for the s-
process. The ¥O(a,y)?2Ne reaction proceeds via resonant capture (Res),
but the relevant resonance strengths are not well known experimentally.

Table 5.3 is summarising the existing experimental data on the men-
tioned reactions. The measured points are far above the Gamow window,
and have big uncertainty. In this section the possibility to measure these
reactions at an underground location is discussed.

To see the opportunities in the combination of the two shielding meth-
ods, a feasibility study of accelerator-based experiments is shown. Each
mentioned reaction emits y-rays of £, > 3 MeV, where ~-lines from environ-
mental radionuclides do not play a role, and a lead shield is not expected to
further improve the background. The feasibility of in-beam ~-spectroscopy
experiments is discussed based on the Clover-BGO system used here. The
detector endcap is considered to be at 9.5 cm distance from the targets, as
it was already used for in-beam measurements at LUNA [82-84]. A typical
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value of 6 - 10'7 active target atoms/cm? is assumed, with the composi-
tion given in table 5.4. For the fixed-energy ~-ray from the 80(a,y)??Ne
reaction, the width of the ~-ray region of interest (ROI) is taken as two
times the full width at half maximum (FWHM) ~-energy resolution. For
the other cases, the ROI widths were determined from the energetic target
thickness, folded with the resolution. The S-factor or resonance strength
and branching ratio are adopted from the given reference (table 5.4). A
beam intensity of 250 particle-yA is assumed.

It should be noted that the given background levels are lower limits,
neglecting ion beam induced background. However, this latter problem
usually did not limit experiments at LUNA. In principle, an experiment is
also possible when the signal is much lower than the background. How-
ever, the time required to reach a given statistics scales with the ratio of
background to signal. The running times in months to reach 10 % statis-
tical uncertainty, assuming full availability of the accelerator for the type
of experiment discussed here in table 5.4 has been computed according to
eq. 2.17, and are shown in table 5.5. It is clearly seen that an experiment
cannot be performed in a realistic time with these counting rates when
the background is much higher than the signal. As a rule of thumb the
signal counting rate should be higher than or at least comparable to the
background in order to find experiments to be feasible.

When adopting this criterion, it is apparent that for the two reactions
proceeding through mainly DC, an experiment at the surface of Earth is
impossible. For the 80(a,v)??Ne reaction, recent experiments at Earth’s
surface were still limited by background [91].

For all the cases studied here, already the shallow underground location
offers a background that is a factor of 25—55 lower than at Earth’s surface,
sufficiently low so that experiments are feasible. Deep underground, the
background is even lower than shallow underground by a factor of 2—2.5.
It is also clearly seen, that shallow underground site gives reasonable mea-
suring time, close to the deep underground ones.
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Table 5.3: Experimental data on the three reactions of helium burning
used in the feasibility calculation. Gamow windows at 0.15 GK are given.
In DC cases the uncertainty is the error of the measured S-factor, in case
of resonance the error of the resonance strength.

Reaction Ref. | Main reaction GW / keV | Lowest meas. point | Uncertainty
mechanism (T=0.15GK) Ec. /| keV

2C(a,y)1%0 | [88] DC 190-330 940 >75%

160 (a,)®Ne | [90] DC 250-400 1200 upper limit

180(a,y)*Ne | [91] Res 250-400 385 33%

Table 5.4: Signal counting rate for capture to the ground state of the final
nucleus, at the astrophysically relevant center-of-mass energy F. Adopted
S-factors or resonance strength from the given references are also shown.
For '2C in Au, an atom number ratio of 5:1 [92] is assumed. Background
counting rate at different depths with active veto is given.

Reaction Ecor. Adopted | Ref. ~v-ray ROI | Target Full energy peak

/ keV | S-fac. or wy / keV efficiency of Clover
2C(a,)™%0 800 45keVb | [88] | 7929-7968 | 2Cin Au 89-1071
160 (a,y)?Ne | 1300 1900keVb | [90] | 5991-6035 | AlyO3 1.2-1073
180 (a,y)?*Ne 385 0.48 eV | [91] | 1004510058 | Aly 803 6.7-1074
Reaction Signal Laboratory background counting rate / h™1

/h! Earth’s surface | Shallow underground | Deep underground
2C(a,7)1%0 0.018 0.59+0.05 0.024 £0.008 0.006 £ 0.004
160(a,y)?Ne | 0.025 1.39£0.05 0.039 £ 0.007 0.021£0.006
B0(a,y)?*Ne | 0.045 0.082+0.005 0.0015 +0.0006 0.0006 £ 0.0004*

8Rescaled from the LaBr; background.

Table 5.5: Time required to reach 10% statistical uncertainty with the
Clover detector, based on the signal and background counting rates in ta-
ble 5.4 computed with eq. 2.17.

Reaction Required time / months

Earth’s surface | Shallow undergr. | Deep undergr. | Without background
2C(a,7)150 507 £ 42 2847 13£8 7.6
160(a,y)?°Ne 615+ 22 2343 15+4 5.5
B0 (a,y)?2Ne 14.140.7 3.2540.08 3.13+0.05 3.0
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5.8 Conclusions

Presently there is only one underground accelerator worldwide used for nu-
clear astrophysics studies (the LUNA 400keV machine). The aim of my
work was to check how much additional reduction can be reached in the lab-
oratory background counting rate in the high energy region (E, >3MeV),
if an active shield is applied in an underground settings. For this pur-
pose I measured the laboratory background with the same Clover-BGO
detector system at LNGS (deep underground), at Felsenkeller (shallow un-
derground), and at ATOMKI (surface of Earth). Additionally, comparisons
were done with other detectors as well.

It was shown, that although the active shield causes a big reduction in
the high energy background at the surface of Earth, this reduction is still
not sufficient, for many in-beam cross section measurements for nuclear
astrophysics.

Deep underground, the active shield works only as a Compton-suppres-
sor, because there the sources of the high energy background are not the
muons any more, but neutrons from (a,n) reactions and/or fission. (Related
publications from my publication list: Scientific paper: 1; Poster: 1.)

It was proven that the combination of a shallow underground loca-
tion and an active shield offers satisfactory background conditions for a
number of in-beam ~-spectrometry experiments, owing to the fact that
nuclear reaction experiments require low but not ultra-low [94, e.g.] back-
ground. (Related publications from my publication list: Scientific paper: 4;
Proceedings and other publication: 1, 2, 4; Talks: 1, 2; Posters: 2, 3, 4, 6.)

This finding opens a new way for a complementary approach to place our
understanding of stellar nucleosynthesis on a firm experimental foundation.
The easy access to shallow underground facilities and standard detectors
should be exploited to quickly gain low-energy data near the Gamow peak,
while large detector arrays at deep underground sites push the data limit
even lower, in some cases to astrophysical energies.

Based on my measurements, a plan of an accelerator facility in the
Felsenkeller tunnel system was born. As a consequence a workshop on un-
derground accelerators for nuclear astrophysics was held in Dresden [95],



72 5 Background studies

and this plan was supported by the scientific community. The possible
underground accelerator facility was also supported at two follow up work-
shops [96, 97], and was discussed at several conferences [98, 99].



Chapter 6

X-ray counting to determine
nuclear cross sections

In the previous section the background reduction was studied. The other
way to get higher sensitivity is the signal enhancement. Some of the quan-
tities mentioned in sec. 3.2 can be enhanced by detection of characteristic
X-rays following the decay of a nucleus.

In heavy mass region radioactive isotopes on the proton rich side of
the valley of stability decay totally or partially by electron capture. After
electron capture a vacancy is produced most probably at inner atomic shell,
since it has the biggest overlap with the nucleus. This vacancy will be filled
by an electron from the outer shells. The process is dominantly followed by
X-ray emission. X-rays can also be produced after the nucleus de-excitation
by internal conversion. The goal is to detect this radiation to measure the
activity, instead of counting v-rays.

X-ray detection has many advantages. Usually X-rays have higher
branching than ~-rays, (if those exist at all) since X-ray emission is an
atomic process. The energy of the X-rays is below 100 keV where most of
the detectors have the highest efficiency.

Unfortunately there are disadvantages, too, which are limiting the ap-
plicability of the method. The X-ray counting is not able to distinguish

73
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between the decay of the different isotopes of the same element. If both the
(ayn) and («,y) channels are open (which is very often the case for heavy
p-isotopes in possibly investigated energy range), then two isotopes of the
same element are produced. More than one isotope of the same element is
inevitably produced if the target consists of more than one isotope, too.

Some way should be found to separate the produced isotopes. The dif-
ferent half-lives of the reaction products help. Following the decay-curve
of the X-ray yield and fitting two (or more) exponentials, the activity of
the two isotopes can be separated. If the products have extremely different
half-lives there is no need to follow the decay-curve. X-ray counting can
be carried out more than once. In every counting those isotopes produce
predominantly the X-ray peak, which are still in the source, and did not
decay out. With subtraction the number of active atoms can be derived.
Other possibility is, if some of the reaction products have sufficiently high
intensity v-rays, combination of the X-ray and y-counting can help the dis-
entanglement. Activity of one isotope can be measured via y-ray counting,
and this can be subtracted from the activity derived from X-ray counting.

Other possible difficulty can be the X-ray self absorption in the target.
If the resulted nucleus emits X-ray with higher energy than the K-edge
of the target, increased self absorption in the target should be taken into
account. In our studies the strongest X-rays (K,) of the product nucleus
is always lower in energy than the K-edge.

Usually for X-ray detection measurements (X-ray fluorescence (XRF),
Proton Induced X-ray Emission (PIXE), etc.), lithium drifted silicon
(Si(Li)) detectors are used. The resolution of them at typical X-ray en-
ergy of 5.9keV is around 140-170eV. X-ray escape peak of the silicon is
1.8 keV below the full energy peak, which complicates the spectra, because
the typical energy difference of the X-ray peaks are also close to this value.
Disadvantage of these detectors is the very fast dropping of the efficiency
above 50keV, and they are totally unusable above 100 keV [100].

To overcome this problem thin HPGe crystals started to be used. Im-
provements in fabrication processes reached the level, that these detectors
are competitive in resolution with the Si(Li). The efficiency of HPGe does
not drop so fast in the higher energy region, and X-ray escape peak of Ge
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occurs 10keV below the full energy peak, much easily distinguishable from
the peak, and does not overlap with other close peaks.

6.1 Detectors

For the X-ray measurements a dedicated detector should be chosen. For
this I compare two HPGe detectors available at ATOMKI.

100 % HPGe

The first detector is an n-type coaxial HPGe detector with 100 % relative
efficiency. The high intrinsic efficiency and the carbon fiber entrance win-
dow is making this detector suited for measurement of radiation at both
low and high energies. Recently, this detector was used for activation mea-
surements for nuclear astrophysics by the ATOMKI group [49, 101].

LEGe

The other detector suited to low energy radiation counting is a low energy
germanium detector (LEGe). This detector has a 15.5mm thick HPGe
crystal with 2000 mm? active area. The p-type front contact leads to just
a few tenths of a micrometer dead layer. Entrance window is 0.5 mm thick
beryllium, allowing us to take the full advantage of the low energy response
of intrinsically thin window detector. The rear n contact is smaller than the
full area of the crystal leading to smaller capacitance. Since preamplifier
noise is a function of detector capacitance, this detector affords lower noise
and consequently better resolution.

6.2 Sensitivity

To compare the two counting systems the efficiency in its own is not enough.
For example the LEGe efficiency is less than that of the 100 % HPGe, but
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it is more suited to count low energy radiation because of its background
conditions and resolution.

The minimum detectable activity (MDA) [33, Chapter 5] is a good mea-
sure to compare different counting systems. It is inversely proportional to
the detection efficiency (¢€), and proportional to the square root of the back-
ground (B) times the full width at half maximum of the peaks (FWHM).

v B -FWHM

MDA o Y2 =0 (6.1)
€

The inverse of this equation is sometimes used as ”figure-of-merit” for
a counting system, because it is the square root of the traditional S?/B
criterion (sec. 2.5).

Eq. 6.1 is only valid if we consider only one region of interest under
the peak (eq. 2.5), rather than the correct peak area (eq. 2.6), because
that involves an other ROI to estimate the background. Using the exact
equation results an MDA expression, where FWHM is not square rooted:

MDA o VB FWHM (6.2)

€

For comparison, the ratio of two MDAs can be calculated as follows:

MDAl_ Bl €9 FWHM1
MDA, \ By ¢ FWHM,

(6.3)

In the following the different factors for the two mentioned detectors
are discussed.

6.2.1 Laboratory background and shieldings
100 % HPGe

The 100 % HPGe is equipped with commercial 47 lead shield (10 cm) lined
by 1 mm cadmium and 1 mm copper. This shielding causes a big reduction
in the background counting rate (see fig. 6.1), because it suppresses the
radiation from the natural long lived radioactive isotopes.
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Figure 6.1: Measured laboratory background of the 100 % HPGe without
(black curve) and with (red curve) the shielding. The lines and Compton
continuum of 4K, 29T, and 2!Bi natural radioactive isotopes are highly
suppressed.

LEGe

Because of the thin crystal the LEGe is naturally insensitive for the high
energy « radiations. In addition a graded shield was also applied to suppress
environmental radioactivity. I designed a shield consisting of inner layers of
4 mm copper, 2 mm cadmium, 5 mm aluminium and an 8 cm thick outer lead
shield which covers almost 47. The aluminium is used only to hold the inner
two, and has no importance in the background reduction. On the bottom
of the shield the lead is just 1 cm thick, and there is a small opening at the
neck of the detector where the cold finger is passing through. (see fig. 6.2).

In fig. 6.3 laboratory background spectra from the LEGe detector with
different shieldings are shown. First the bare detector without any shield-
ing, then only the lead is applied. As it was mentioned in sec. 4.1.6, lead
shielding is good only in the higher energy region. It also applies to our case,
as it is clearly seen in the figure, lead shield suppresses the background, but
X-ray fluorescence becomes dominant. To overcome this problem a lining
made of copper and cadmium was applied. The full shield causes a factor
of about 70 reduction compared to the unshielded case around 50 keV.
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Lead: 5+ 3 cm
Cadmium: 2 mm
Copper: 4 mm

HPGe crystal

Cold finger

}

Figure 6.2: Schematic view of the home made shield of the LEGe detector.

10'4
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Figure 6.3: Measured laboratory background spectra of the LEGe detector,
without shielding (black line), with 8cm of lead without the lining (red
line), and with the full shield (blue line). The reduction is about a factor
of 70 in the energy region of X-rays.
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6.2.2 Efficiencies

The detector efficiencies were measured using calibrated ®"Co, 133Ba, ?Eu,
241 Am 60Co, 137Cs, ®Mn, %°Zn, and "Be y-sources. The absolute efficiency
was measured at 10 cm source—detector distance.

In fig. 6.4 the absolute full energy peak efficiencies of the detectors
are shown. Below 100keV the efficiency difference is less than a factor
of two. For the lowest energies the 100 % HPGe efficiency drops faster,
because the absorption of the carbon fiber entrance window is higher than
the absorption of the Be window. To the higher energy range the LEGe
efficiency drops much faster because of the thin crystal can absorb much
less v-s with high energy.

1.0

Full energy peak efficiency / %

0.1

T T T LN B B I | T T I‘IIIIII
10 100 1000

Energy / keV

Figure 6.4: Measured absolute full energy peak efficiency at 10cm
source—detector distance. (Black squares: 100 % HPGe; Red dots: LEGe.)
The points are fitted by third order logarithmic polynomials.
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6.2.3 Calculated sensitivity ratio

The sensitivity calculation was done to compare the LEGe and 100 % HPGe
detectors. The following ratio was calculated:

MDAppge _ [Bupge  €LeGe FWHMppge (6.4)
MDALEGe Birce €npce FWHMpgce '

The elements of the MDA ratio are shown in fig. 6.5. The x axes show
the energy from 20 keV to 600 keV. The lower boundary was chosen, because
below in the HPGe spectra noise appears, which can be misleading. The
other boundary was set because of the LEGe efficiency drops very rapidly,
and it makes no sense to expand further the measurements.

In case of background, a spline was fitted to the average continuum,
regardless the peaks and it was used in the calculation. In addition to the
background ratio, its square root is also shown with green line, because this
is the quantity which is used in the calculation. It is around 3 in the X-ray
region, slightly increasing up to 300 keV, but never higher than 5.

The fitted lines to the efficiencies are third order logarithmic polynomi-
als. These fits were used in the calculation. In the X-ray region the ratio
is always higher than 0.5, and only decreases below it above 100keV.

The resolutions were fitted by square root of a second order polynomial
[33, Chapter 6]. In the low energy region for the LEGe it is better than a
factor of 2, and remains better up to 550 keV.

The calculated relative MDA (eq. 6.3) is shown in fig. 6.6. The sen-
sitivity of the LEGe is more than a factor of 3 higher than that of the
100 % HPGe. The line crosses the one around 350keV. This means now
the LEGe is more suited even for y-counting too, if the energy of the inves-
tigated radiation is below 350 keV. Therefore we used the LEGe detector
for the X-ray counting, and consider it to use for low energy v counting in
the future.
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Figure 6.5: From up to down: Background, efficiency, FWHM. In first
column always the measured quantities and fitted curves are presented. The
ratio of the fitted values are in the second column. Black points and curves:
measurements with the 100 % HPGe. Red points and curves: measurements
with the LEGe. Blue curves are the ratios, green curve is the square root
of the ratio. For details see text.
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Figure 6.6: Sensitivity ratio of the 100 % HPGe and LEGe. The LEGe is
more suited to count radiation with energy up to 350keV.

6.3 «a-induced reaction cross section measurement
on Tm

6.3.1 Investigated reactions

To demonstrate the applicability of the X-ray counting method I have cho-
sen to measure a-induced reactions on '*Tm at low bombarding energies.
This reaction is well suited for the present study, and these data can be
used to test and improve the theoretical cross section calculations for the
astrophysical «-process in this mass region, where no experimental data
exist,.

Gamow window for these reactions at a typical ~-process temperature
of 2—-3GK is between 6.3 MeV and 10.7 MeV [31]. Thulium has only one
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stable isotope (1%Tm), therefore enrichment is naturally guaranteed, and
there is no need to take care on the reactions on other thulium isotopes.
However, above E, = 10.4MeV the 'Tm(a,n)!"?Lu channel is also open
beside 1%Tm(a,y)!™Lu, making separation of the two reaction products
necessary. Decay parameters of the two reaction products are shown in
table 6.1.

The half-life of 17Lu is about 75 times longer than that of "?Lu. Thus,
separation can be done with the following procedure. The X-ray counting
has to be carried out at least two times for each sample. Shortly after
irradiation the decay spectrum is totally dominated by the decay of '"?Lu.
The reason is the shorter half-life and higher cross section of the (a,n)
channel, which above threshold becomes dominant, and exceeds by orders of
magnitude that of the («,7y) channel. In this case, X-rays belong dominantly
to "?Lu. Countings have to be repeated after many half-lives of 1"2Lu,
when its activity decreases to a negligible level and the measured X-ray
yield belongs solely to the decay of '">Lu. Thus, with two countings of the
same target separated by a suitably long period, both cross sections can be
determined from X-ray counting.

Table 6.1: Decay parameters of reaction products from (a,n) and (o)
reactions [102, 103].

Residual Decay mode Half-life/d  Energy/keV Relative intensity

nucleus per decay / %
et € 100 % 6.704+0.03  51.35 (Kq,) 31.5+0.9
52.39 (Kq,) 54.9+1.5
810.06 16.640.7
900.72 29.8+1.3
912.08 15.3+0.7
1093.63 63.0£3.0
R € 100 % 500 + 4 51.35 (Ka,) 43.8+1.4
52.39 (Kq,) 76.3+2.4

272.11 21.2£0.8
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6.3.2 Target preparation

Targets were made by evaporating metallic thulium onto thin (2 um) alu-
minium foils with the Leybold Univex 350 vacuum evaporator of ATOMKI.
The foils were weighted before and after the evaporation and from the differ-
ence (assuming the evaporated layer is uniform) the number of target atoms
was calculated. Thickness of targets varied between 100 and 380 ug/cm?
(see table 6.2). To prove the uniformity, and to check the absolute number
of target atoms, they were also determined by PIXE method [104] using
the Nuclear Microbeam Facility of ATOMKI. A 2MeV proton beam with
a beam spot area of 3 um x 3 um provided by the Van de Graaff accelerator
scanned over a surface of 500 ym x 500 pm at several different positions
of the target. The precision of the determination of the number of tar-
get atoms was better than 3 %, and the thickness was found to be uniform
within 2 %. The agreement between derived thicknesses from the two meth-
ods are within 4 %. A detailed list of the used targets is shown in table 6.2,

Table 6.2: Investigated energies, target thicknesses, used detectors in count-
ings. Irradiations marked with * were carried out on two different targets.

. detector used detector used
B [ MeV Thickness / 2y for (o,n) channel for (cv,y) channel
11.5 346 £13 LEGe -
11.85 353+13 LEGe -
12.2 32612 LEGe -
12.5 204+11 LEGe -
12.6 377+15 LEGe LEGe
13.0 331+13 LEGe LEGe
13.5% 357+13 & 167£38 LEGe & 100% HPGe LEGe & LNGS
14.0* 322412 & 225+9 LEGe & 100% HPGe LEGe
15.0% 356+ 13 & 106 +4 LEGe & 40%HPGe LEGe
15.5 225+8 40% HPGe LEGe
16.0* 305+11 & 77£3 LEGe & 40%HPGe LEGe
16.5 232+9 40% HPGe LEGe
17.0 303+11 LEGe & 40%HPGe LEGe

17.5 185£7 40% HPGe LEGe & LNGS
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where the weighted average of the derived thickness from the two different
methods are shown. At lower energy irradiations thicker targets, at higher
energy irradiations thinner targets were used.

6.3.3 Irradiations

The '%°Tm targets were irradiated with o beams from the MGC-20E cy-
clotron of ATOMKI. At the entrance of the activation chamber there is a
tantalum collimator and a secondary electron suppressor with voltage of
—300V. Rest of the chamber is insulated. Current both on beam defin-
ing aperture and the target can be measured in order to help adjusting
the beam and to measure the number of particles arrived on the target.
To monitor the target stability Rutherford backscattering (RBS) technique
was applied. RBS spectrum was followed on-line by using the built-in ion
implanted silicon detector of the chamber (fig. 6.7). «-particles backscat-
tered from thulium form a peak in the spectra. The peak area per incident
particles (proportional to the measured charge on the target) is constant,
if the number of target atoms is constant. No target deterioration during
the irradiations was observed.

electron suppression —» target watgr
collimator*ﬂj Jj cooling
I

eam
]
@a@“
I [
detector signaI*»Lf target current——

Figure 6.7: Schematic view of the activation chamber. Green parts are
insulators.
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The energy of the o beam was between E, =11.5-17.5MeV, covered
with 0.5—-1MeV steps (detailed list in table 6.2). Each irradiation lasted
between 8h and 24h, and the collected charge was between 50 mC and
250 mC. Current integrator counts were recorded in multichannel scaling
mode, stepping the channel every one minute to take into account the
possible changes in the beam current.

6.3.4 Countings

Countings were performed with four different detectors offering different
efficiency and background conditions. Some of the targets were measured
with more than one detector (detailed list in table 6.2) to avoid systematic
errors, and check the reliability of X-ray counting.

Detectors

~-spectra of targets irradiated at higher bombarding energies (at and above
15MeV) were recorded with an n-type coaxial HPGe detector with 40 %
relative efficiency. This detector was used in several activation measure-
ments at ATOMKI in the past (e.g. [28, 41, 48]). A 10 cm thick lead shield
was applied during the countings with an opening at the rear side of the
detector where its neck is.

In case of targets irradiated at 14.0MeV and 13.5MeV the already
mentioned 100% HPGe detector was used. (see sec. 6.1)

In order to investigate further the effect of background on detection
limit, a HPGe detector providing almost the lowest possible background
was also used. This p-type HPGe detector with 86 % relative efficiency is
located in LNGS (sec. 5.2.3). Strong reduction of cosmic radiation provides
a unique possibility for ultra low background ~-detection. The detector
was shielded from the environmental radioactivity by 10 cm Cu+ 20cm Pb
shield and radon removal system was also applied [105]. The sample was
placed directly on the relatively thin entrance window of 0.5 mm copper on
the endcap to reach the highest possible efficiency.

X-ray countings were carried out with the LEGe detector. (see sec. 6.1)
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Efficiencies

For cross section measurements, knowledge of the absolute efficiency of the
detectors is necessary.

In case of the 40 % HPGe calibrated sources (°"Co, 33Ba, 152Eu, and
24 Am, %0Co, 137Cs) were used. For the 100 % HPGe additional single line
sources (**Mn, %7Zn, "Be, ?2Na) were used. The efficiency for these detec-
tors was measured at 10 cm source—detector distance. For the cross section
measurements it is enough to know the absolute efficiency in the region
of investigated ~v-lines. In case of y-counting at ATOMKI this region is
between 800keV and 1100keV (table 6.1). Energy dependence of the effi-
ciency on log-log scale appears to be linear in this region (fig. 6.4), therefore
a fitted logarithmic straight line was used as calibration curve (fig. 6.8).

Efficiency of the low background detector at LNGS was determined by
running a Monte Carlo simulation program based on GEANT4 [106]. The
program was validated with calibrated point and volume -sources.

The absolute efficiency of the LEGe detector was determined using
53.16keV, 79.61keV and 81.00keV lines of !33Ba and 59.54keV line of

0.65

[ E— =

0.55 4

Full energy peak efficiency / %
Full energy peak efficiency / %

.
E2N
=
T T ) 0.50 T T T
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Figure 6.8: Used efficiency curves in case of the three ATOMKI detectors.
Black solid and red dashed lines are log-log straight lines fitted to the
measured points at 10 cm source—detector distance with the 100 % and 40 %
HPGe, respectively. Blue dotted line is a fitted linear on the LEGe data
measured at 16 cm source—detector distance.
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241 Am calibrated radioactive sources at 16 cm source-detector distance. As
it is shown in fig. 6.4 the efficiency does not vary so much in this energy
range, therefore a linear fit was applied as efficiency calibration (fig. 6.8).

To increase the absolute efficiency, some of the countings were performed
in so called ”close geometry” (means 3 cm, at both measurements). At this
distance true coincidence summing is not negligible, therefore, peak areas
should be corrected, sometimes with more than 50%. This applies also
for the calibration sources. To avoid this complication the efficiencies were
measured just in "far geometry” (In case of HPGe detectors it is 10 cm,
at LEGe measurements 16 cm). For all measured transitions a conversion
factor was calculated between the far and close geometry efficiencies. For
this purpose, spectra of strong sources were recorded at both close and far
geometry. Taking into account the decay between the two measurements,
the conversion factor — containing both the ratio of efficiency at the two
geometries and the true coincidence summing effect — for all transitions
between the two geometries could be determined.

The self absorption of the targets was calculated by the LISE code [107],
and found to be less than 0.2 % assuming the used target thicknesses.

6.3.5 Results

Several '9Tm(a,n)!"Lu cross sections were measured above E,, > 13.5 MeV
both via X-ray and y-counting, for E, < 13.5 MeV only via X-ray counting,
because the v yield was not sufficient for the analysis. Typical spectra are
shown in fig. 6.9. The cross sections obtained from X-ray and ~y-counting
found to be in agreement within 4 %.

Because of high laboratory and beam-induced background (compared
to weak signals from the reaction) 7-lines belonging to '°Tm(a,y)!"™Lu
reaction were not observable in the «y-spectra recorded at ATOMKI at any
of the studied energies. Therefore, cross section of it was deduced only
from X-ray counting, except targets irradiated with E,=13.5MeV and
E, =17.5MeV. In these cases vy-countings were performed at LNGS in order
to validate the X-ray counting method by the commercial vy-counting. In
fig. 6.9 the peak from decay of !™Lu is clearly seen, which can be used to
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Figure 6.9: Top panel: Typical ~-ray spectra from the (a,n) channel
recorded by the 40 % and 100 % HPGe detectors (black and red lines, re-
spectively). The a-beam energy is also shown. Middle panel: X-ray spectra
recorded by the LEGe at two bombarding energies. Bottom panel: ~-ray
spectra from the (a,y) channel at two bombarding energies recorded at

LNGS. Peaks used for the analysis, are marked.
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derive the cross section. Cross sections measured via X-ray counting and
via y-counting are in agreement within 3.5 %.

Table 6.4 and fig. 6.10 summarise the derived cross sections. Consistent
results were found, regardless the detection method, the source-detector
distance and the irradiation (where more than one target were irradiated
at the same energy). It was proved, that the X-ray counting provides the
same result as the widely used ~y-counting. The X-ray counting can be
the substitution of the y-counting for several cross section measurement of
astrophysical interest where the activation method can be used. The effec-
tive center-of-mass energies indicated in the second columns were calculated
taking into account the beam energy loss in the target. From the known
target thickness the energy loss was calculated with the SRIM code [108].
Since the cross section is a smoothly varying function of the energy in the
studied energy range and it does not change much within the thicknesses
of the target, the effective energy was chosen to correspond to the middle
of the target. For the uncertainty of the effective energy the quadratic sum
of half of the target thickness and the uncertainty of the beam energy was
taken. The quadratic sum of partial errors shown in table 6.3 was used as
final uncertainty of the cross sections.

The experimental cross section was compared to predictions of the sta-
tistical model code NON-SMOKERWFEB [109]. This can be seen in fig. 6.10,
where the (a,n) cross section is overestimated by a factor of 3, and the («,y)
by a factor of 5. The theoretical cross section for these reactions are mainly
sensitive to the calculated average o widths which, in turn, mainly depend
on the optical potential used. It is clearly seen that the standard optical
o+ nucleus potential by [110], widely used in astrophysical calculations,

Table 6.3: Error budget of the derived cross sections
efficiency of HPGe detector 6 %
efficiency of LEGe detector 4%

the number of target atoms 4%
current measurement 3%
decay parameters <5%

counting statistics 0.5-7%
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Table 6.4: Derived experimental cross sections of 1%Tm(a,n)!"™Lu and

169 m (7)™ Lu reactions.
B Tm(a,n)™Lu  Tm(an) Ly ¥ Tm(ay)™Lu  Tm(a,y)Lu

Eo / MeV  Eca. / MeV o / pbarn o / pbarn o / pbarn o / pbarn
via X-ray via y-ray via X-ray via vy-ray
11.5 11.21£0.06 0.57+0.06
11.85 11.55£0.06 1.49+£0.16
12.2 11.90 £0.06 4.1+0.5
12.5 12.19£0.06 8.0+0.7
12.6 12.28 £0.09 9.8+0.9 0.60+0.15
13.0 12.68 £0.07 28+3 0.85+£0.13
13.5 13.16 £0.07 94+£8 1.20+0.12 1.31+0.13
13.5 13.17£0.08 96 +10 99+8 1.35+£0.13
14.0 13.65+£0.07 259 £21 265 £ 22 2.6+£0.2
14.0 13.66 £0.07 261420 2.6+0.2
15.0 14.63£0.08 1874+ 146 1780 £ 196 8.1£0.8
15.0 14.63 £0.08 1759+£110 1962 £ 169 8.2+0.8
15.5 15.12£0.08 4471 + 366 14.6£1.5
16.0 15.59£0.08 8778+ 685 8385+ 931 21.9+£1.7
16.0 15.64£0.08 7963 £+ 488 7911 +704 221+1.7
16.5 16.10 £0.08 17075 £1246 30£2
17.0 16.59£0.08 33434+1929 31675+2597 41+3
17.5 17.08 £0.09 56436 +4176 61£5 59+4

o/ pbarn

10" 4 T T T T T T T T T T T T 1
1" 12 13 14 15 16 17

E.,, /MeV

Figure 6.10: Cross sections listed in table 6.4, and theoretical curves [109].
Dots and triangles are values measured via X-ray and ~-ray, respectively.
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may not be optimal at « energies close to or below the Coulomb barrier.
The results underline the importance of measurements at energies as close
as possible to the astrophysically relevant energy window, to construct re-
liable theoretical predictions.

The optimal shielding configuration was found out during the mea-
surements, and was finished after the publication of most of the points.
With the final shielding, the LEGe become suited to measure even lower
cross section values. In case of thulium («,y) reaction cross sections at
E,=13.0MeV and 12.6 MeV turned to be measurable. Publication of these
points is in progress [111].

6.4 Feasibility of other a-induced reactions

Applicability of the activation technique based on X-ray counting was
demonstrated by the cross section measurement of '*Tm(a,n)!"Lu and
169Tm ()73 Lu reactions. This is a powerful method for some cases where
traditional y-counting based activation measurements fail.

To see the opportunities in the activation method combined with X-ray
counting, a feasibility study of some ~-process related cross section mea-
surements is shown. One day long irradiations are assumed with typical
1 particle-uA beam current. A typical value of 100 pg/cm? active target
thickness is considered (except the ?4Xe where tenth of this is assumed
since it is a gas). Isotopic composition is assumed to be the maximum

Table 6.5: Several (a,7y) reactions related to the astrophysical ~y-process,

which lead to radioactive products. Some decay parameters are also listed.
Target  Enrichment Half-life Decaying  Strongest y-ray Strongest X-ray

nucleus / % /d nucleus E/keV I/% E/keV 1/% Ref.
121Sh 99.7 59.41 1257 35.49255 6.6815 27.472 73.119 [112]
1217 100 9.7 1BlCs no y-ray 29.782 3899 [113]
124Xe 99.99 2.43 128Ba 273441 145 30973 38810 [114]
13013 11.8 3.16 1348 604.7212 5.0420 33.442 3889 [115]
136Ce 30.6 3.37 140py 1596.12 049  36.026  39.09 [116]
162y 28.2 2.36 166y 82292 15552  50.742  69.015 [117]
168y 85.0 683 I2Hf 2393312 20317 5407 636 [102]
175 99.8 665 179Tq no y-ray 54.07  21.95 [118]
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enrichment available at the market shown in table 6.5. With this enrich-
ment and the assumed waiting times, the (a,n) reaction on the investigated
isotope, and the other open channels on the other isotopes would not dis-
turb the X-ray counting. Table 6.5 also summarise the used parameters
of the reactions (half-lives of the produced nucleus, and the intensity of
the strongest 7- and X-ray transitions). Cross section was assumed to be
tenth of the theoretical value from [109]. Usually this theoretical calcula-
tion overestimates the cross section by a factor of 5 (as in the *9Tm(a,y)
case). With my assumption I can be sure that the yield in the detector
would not be overestimated. The detector efficiency is considered to be 10
times the measured values (see fig. 6.4), which is approximately the real ef-
ficiency for both detectors at 1 cm source—detector distance. The counting
times are assumed to be 30days or one half-life if that is less. 10days is
accounted as waiting time (if the half-life of the isotope exceed this time),
and 5 times the laboratory background rate is assumed (this was the typical
background in the thulium source measurements). For the shorter living
isotopes 1 day waiting time and 400 times the laboratory background rate is
supposed. (Typical beam induced background from measurements.) Two
times the measured resolution of the detectors (see last part of fig. 6.5) was
used as ROI width for the background estimation.

Table 6.6 shows the minimum energies where experimental cross section
data exists, and the calculated energy where the counts in the detector from

Table 6.6: Minimum reaction energies, where the cross section can be mea-
sured with the mentioned detectors via -ray or X-ray counting, for («,y)

reactions mentioned in table 6.5.
Target GW / MeV  Epin / MeV

Ref, Emin / MoV Enin / MoV Epin / MeV

nucleus (T=2-3GK) Measured o HPGe LEGe ~ LEGe X-ray
1215h 5.1 — 8.7 in progress 10.3 9.7 8.4
1271 52 — 8.6 in progress not possible 9.2
124%e 5.1 —10.1 in progress 114 11.3 9.0
130Ba 5.3 —10.2 11.6 [101] 11.1 12.3 8.6
136Ce 5.5 — 10.2 14.7 - 9.6
1625 6.2 —11.5 12.3 11.7 10.1
168yH 6.3 — 11.6 in progress 13.4 13.0 12.2

5Ly 4.7 — 9.6 not possible 12.5
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the reactions would be equal to our detection limit (see sec. 2.4.4). With
the X-ray counting the upper edge of the effective energy window (GW)
[31] turned to be reachable for most of the reactions, or experimental data
can be obtained for reactions where v-rays can not be counted.

6.5 Conclusions

One of the main topics of the ATOMKI nuclear astrophysics group is to
measure (a,7y) cross sections of astrophysical interest with the activation
method. The accumulated activity is usually determined from the counting
of ~-rays emitted by the product nuclei.

Recently, the possibility was investigated to determine the activity from
X-ray counting. For this purpose a LEGe detector was used. I designed
and built up a multi-layer shielding around the detector. To prove the
applicability of this new counting system, I made sensitivity calculations.
The LEGe was compared to a coaxial HPGe detector with 100 % relative
efficiency in a commercial low background shielding made of 10 cm thick
lead. It turned out, that the LEGe in its home made shielding is more
suited to count y- and X-rays up to 350keV energy.

During the fine tuning of the shielding of the system, the cross sec-
tion of a-induced reactions on '%Tm was measured via X-ray detection.
This measurement proves the applicability of the activation method com-
bined with X-ray counting. (Related publications from my publication list:
Scientific papers: 2, 3; Other publication: 3; Talk: 3; Poster: 5.)

I calculated the feasibility of several (a,7y) cross section measurements,
related to the ~v-process, both via counting the +- or the X-rays with the
LEGe detector. It turned out that most of the considered cross sections can
be measured closer to the Gamow window via the X-ray counting, opening
the way for more precise stellar reaction rate determinations. Based on
my calculations, some of these reaction studies have already started at
ATOMKI.



Summary

In this chapter a summary of my thesis is given both in English and in
Hungarian. It includes the motivation, the experimental work, results, and
new possibilities opened up using the findings of this work.

Summary

This dissertation summarises my work between 2008 and 2012 at ATOMKI
in the subject of low cross section measurement methods, and my laboratory
background measurements in Dresden at the Research Centrum (HZDR)
and at the underground laboratory (Felsenkeller) during my half year long
fellowship in 2009. I also performed some laboratory background measure-
ments deep underground at Gran Sasso National Laboratory (LNGS).
The cross section of astrophysically relevant charged particle induced
reactions in stellar environment is usually very low, sometimes in the pi-
cobarn range or below. Usually the parameters of the reactions are well
known at higher energies (above the Coulomb barrier), but the extrapo-
lation from these data are very uncertain. One aim of the experimental
nuclear astrophysics is to measure these reaction cross sections in the en-
ergy range in which they occur in stars (Gamow window), much below the
Coulomb barrier, where the cross sections drop exponentially with decreas-
ing energy. Therefore, towards the Gamow window very low experimental
yields should be detected. In my thesis I am dealing with background re-
duction and signal enhancement techniques to get higher sensitivity, thus

95



96 Summary

smaller measurable cross sections closer to the Gamow window. I made
feasibility studies for both subjects to determine which is the lowest en-
ergy, where a reaction cross section is still measurable under the explained
conditions.

Background reduction

The laboratory background measurements were performed at the surface of
Earth, and at underground laboratories with different depths. The aim of
my measurements was to check the effect of the active shielding on the high
energy (E,>3MeV) laboratory background. The surface locations were
the ATOMKI and the HZDR. The shallow underground (47 m depth) lo-
cation was the Dresden Felsenkeller laboratory in Germany, while the deep
underground (1400 m depth) place was the Gran Sasso laboratory in Italy.
The same actively shielded HPGe Clover detector was used subsequently
at each sites, to avoid the differences not attributed to the laboratory. In
addition, I measured the laboratory background with three other detectors
at the mentioned sites, too. The effect of the active shield was tested at
the surface and at Felsenkeller by a LaBrs detector too, while the effect of
the depth was also tested by a Nal scintillator and a HPGe detector with
60 % relative efficiency.

My measurements proved, that at deep underground the active shield
causes no substantial reduction in the high energy background region, while
at shallow underground it is more efficient than at the surface. Because the
underground location by itself already reduces the high energy laboratory
background, the additional active shield results in a counting rate compa-
rable to that at the deep underground site, within a factor of 2-3 difference.
The reason of this effect is that the background is dominated by the direct
effect of the muons from the cosmic-rays at shallow underground, which
can be vetoed very effectively by the active shield, however, at deep un-
derground the main background sources are the (n,7y) reactions, since the
muons are highly suppressed (their flux is reduced by a factor of 10°). The
naturally occurring neutron background cannot be reduced further by an
active shield.
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With the measured laboratory background rates, I calculated the feasi-
bility of some astrophysically relevant reactions, which are producing high
energy ~-rays, considering the Clover detector in a geometry that has al-
ready been used for in-beam cross section measurements of astrophysical
interest. I calculated the time requirement for the reactions at different
sites, in the projectile energy range which was not considered to be mea-
surable at a surface laboratory. It should be emphasised, that using an
active shield at a shallow underground location provides reasonably low
laboratory background to these reactions. They turned to be measurable
in realistic time already at shallow underground. This finding opens the
way to a complementary approach, where shallow underground laborato-
ries can first quickly gain low-energy data near the Gamow peak, and deep
underground laboratories with even better background conditions push the
data limits even lower for the selected important reactions.

Signal enhancement

The second part of my thesis deals with the improvement of cross section
measurement for the y-process based on the widely used activation tech-
nique. Higher signal is expected when the accumulated activity is measured
via detection of the X-rays released after the decay of the radioactive re-
action product nuclei instead of detecting the ~-rays. This is possible,
because in this mass range the produced radioactive isotopes decay totally
or partially via electron capture, followed by X-ray emission. The relative
intensities of these X-rays are usually much higher than that of the y-rays,
and also the efficiency of the detectors is the highest in the energy range
of the X-rays. The disadvantage of the X-ray detection is that one can not
separate different isotopes of the same element. Care has to be taken to
circumvent somehow this problem. It can be done if the half-lives of them
are different. Following the decay-curve of the X-ray peak and fitting it by
several exponentials, the produced partial activities can be derived.

For the X-ray counting a LEGe detector was used, for which I designed
and built up a multi layer shield. I compared the sensitivity of this detector
to a HPGe detector with 100% relative efficiency in a commercial 10 cm
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thick lead shielding. It was proved, that the sensitivity of the LEGe detector
is a factor of 3.5 higher in the X-ray region than that of the HPGe, and the
LEGe is more suited to count - or X-rays up to 350 keV energy.

To demonstrate the applicability of the X-ray detection method, I mea-
sured a-induced reaction cross sections on '®*Tm. This element has only
one stable isotope, therefore the enrichment was naturally granted. In the
energy range where the expected yield from the reaction is higher than
the detection limit (above 12MeV) both the (a,n) and (a,7) reactions take
place. The resulted two lutetium isotopes can be separated with two count-
ings, owing to the very different half-lives (6.7 days and 500 days). Right
after the irradiation the activity of isotope from the much stronger (a,n)
channel can be measured and several months later only the other isotope
from the (a,y) channel produces the X-ray peak. Several cross sections
were also measured via the conventional ~-counting. Consistent results
were obtained. With this I proved that the X-ray and y-ray countings are
identically usable for deriving the accumulated activity, and with X-ray
counting lower cross sections are measurable. The method opens the way
to cross section measurements with the activation technique, which were
not measurable before via y-ray counting, and/or can push the measurable
energy range down, closer to the Gamow window. In this mass range there
is no experimental data for a-capture reactions, however the ~y-process is
the most sensitive to them. The experimental data reported in this work
can be used to test and improve the theoretical cross section calculations
for the astrophysical ~-process.

I also performed a feasibility study of different («,y) cross section mea-
surements relevant to the y-process. In most cases the measurable energy
range reaches the Gamow window. Based on my calculations the cross
section measurement of some reactions has already started at ATOMKI.
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Osszefoglalés

Dolgozatom 0Osszefoglalja az ATOMKI-ben 2008 és 2012 kozott végzett kis
hataskeresztmetszetek mérési mddszereinek tovabbfejlesztését célzd vizsga-
lataimat, valamint az olasz Gran Sasso-i mély foldalatti laboratériumban
(LNGS) és 2009-ben féléves Osztondijam alatt a drezdai kutatéintézetben
(HZDR) és foldalatti laborban (Felsenkeller) végzett laboratériumi héttér
méréseimet.

Az asztrofizikai szempontbol fontos toltott részecskékkel lejatsz6dé mag-
reakcidknak altalaban kicsi a hatdskeresztmetszete a csillaghémérsékletnek
megfelel6 alacsony energidk mellett, sokszor a pikobarn tartoméanyba vagy
az ald esik. A reakcidk paraméterei altaldban jol ismertek nagy reakcié-
energidk mellett (a Coulomb gat felett), de az ezen mérésekbdl végzett
extrapolécié bizonytalansiggal terhelt. A kisérleti nukledris asztrofizika
egyik célja, hogy minél kozelebbi energian mérje meg a reakcidk hatéske-
resztmetszeteit a csillagokban uralkodé energidkhoz (Gamow ablak), jéval
a Coulomb gat alatt, hogy csokkentse az extrapoldcié bizonytalansidgit.
Gamow ablak kozeli energidkon a hataskeresztmetszetek exponencidlisan
csokkennek az energia csokkenésével, igy nagyon kis reakcidhozamokat kell
detektalni. Dolgozatom a v-detektorokban fellépd laboratériumi hattér
csokkentési modszereivel és a jel nagysdgat novelo lehetéségekkel foglalkozik
részletesen. Mindkét mddszerrel az érzékenység novelése volt a célom, hogy
minél kisebb hatdskeresztmetszetek mérhetévé valjanak, ezzel a Gamow
ablakhoz kozelebbi kisérleti adatokat nyerhessiink. Megvaldsithatésagi sza-
mitdsokat végeztem mindkét eljardshoz, megbecsiilve azt a minimalis
energiat, ahol még egy-egy reakciét meg lehetne mérni adott koriilmények
kozott.

Hattércsokkentés

Laboratoriumi hattér méréseket végeztem foldfelszinen és kiilonbozd mély-
ségekben.  Méréseim célja a mélység és az aktiv pajzs nagyenergids
(E, >3MeV) hattérre gyakorolt egyiittes hatdsanak tesztelése volt. Fold-
felszinen az ATOMKI-ben és a drezdai HZDR-ben végeztem méréseket.
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A sekély (47m mély) foldalatti helyszin a drezdai Felsenkeller labor volt,
mig a mély (1400 m) foldalatti méréseket az olaszorszagi Gran Sasso labo-
ratériumban végeztem. Ugyanazt az aktiv pajzzsal ellaitott HPGe Clover
detektort hasznaltam mindegyik laboratériumban, hogy elkeriiljem a hely-
szinnel Gssze nem fiiggd eltéréseket. Osszehasonlitasképp harom mésik de-
tektorral is végeztem méréseket az emlitett helyszineken. Az aktiv pajzs
hatasat a felszinen és a Felsenkellerben egy LaBrs detektorral is tesztel-
tem, mig a mélység hatasat egy Nal és egy 60 %-os relativ hatasfoki HPGe
detektorral is ellendriztem.

Megallapitottam, hogy az aktiv arnyékolas a mély féldalatti helyszinen
nem jelent tovabbi laboratoriumi hattércsokkentést a nagyenergids tar-
tomanyban, viszont a sekély foldalatti laborban még a felszini hatdsandl
is hatékonyabbnak bizonyult. Mivel a foldalatti elhelyezés 6nmagaban is
csOkkenti a kozmikus hétteret, igy a sekély foldalatti elhelyezkedés és az
aktiv pajzs egyiittes alkalmazdsa a mély foldalattival azonos nagysagrendbe
esO belitésszamokat eredményez a nagyenergids laboratériumi hattértar-
toméanyban (2-3-szor magasabb beiitésszam). Mindez annak koszonhetd,
hogy a sekély foldalatti kozmikus miionok domindlta hattér nagyon ha-
tékonyan csokkenthetd az aktiv arnyékoldssal, mig mélyen a fold alatt a
kozmikus miionok hatésa elhanyagolhatd, itt mér az (n,7y) reakcidk uraljak
a nagyenergias hattértartomanyt, melyekre az aktiv pajzs nincs hatéssal.

A mért laboratériumi héttér beiitésszamokkal megbecsiiltem néhéany
asztrofizikailag fontos, nagyenergias y-sugarzast kibocsaté magreakcié mé-
résének megvaldsithatosagat. A becsléshez a kordbban hasonlé in-beam
hataskeresztmetszet méréshez alkalmazott Clover elrendezést vettem alapul.
Megbecsiiltem a reakciék mérési idejét a kiilonboz6 helyszineken, olyan
energidkon, ahol kordbban a foldfelszinen nem taldltak a reakcidkat mér-
hetének. Megmutattam, hogy egy sekély foldalatti laborban megfeleld
aktiv arnyékolast alkalmazva elegendéen alacsony hatteret nyeriink e re-
akcidk redlis id6 alatti méréséhez. Ezzel megteremthetjiik az utat egy
tobblépcsts mérésnek, amelyben mar a sekély foldalatti laborok is alacsony
energids, asztrofizikailag fontos hatdskeresztmetszeteket szolgaltatnak, és
csak a nagyobb pontossag eléréséhez, illetve a méréshatarok még lejjebb
szoritasdhoz sziikségesek a nehezen hozzaférheté mély foldalatti laborok.
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Jelnovelés

Dolgozatom masodik fele az asztrofizikai y-folyamat modellezéséhez fontos
hataskeresztmetszetek méréseihez hasznalt aktivacids technika egy 1j, to-
vabbfejlesztett valtozatat mutatja be. Nagyobb jelet varunk, ha a létre-
hozott aktivitast nem ~y-sugdrzas detektaldsa alapjan, hanem a bomlést
kovetd karakterisztikus rontgensugarzas detektalasa utjan hatarozzuk meg.
Ez azért lehetséges, mert a p-folyamat tomegtartomanyaban a keletkezo ra-
dioaktiv végmagok nagy valészinliséggel elektronbefogdssal bomlanak, amit
karakterisztikus rontgensugdrzas kibocsatasa kévet. A rontgenfotonok in-
tenzitasaranya altaldban nagyobb, mint a gamma&ké, emellett a legtobb de-
tektor hatasfoka a rontgen energiatartomanyban a legnagyobb. Hétrdnya a
karakterisztikus rontgensugarzas detektdlasanak, hogy ugyan az elemekre
jellemz6, de izotopok kozt nem tud kiilonbséget tenni, igy valamilyen més
modszerrel el kell vilasztanunk a keletkezett reakciétermékek aktivitasat.
Ezt konnyen megtehetjiik a rontgencsiics bomléasi gorbéjének kovetésével.
A gorbét tobb exponencialis fliggvény Gsszegével illesztve a rész-aktivitasok
egyenként meghatarozhatok.

A rontgenmérésekhez egy LEGe detektort hasznaltunk, amihez tobb
rétegli arnyékolast terveztem és épitettem. Hasznalhatésdganak bizonyita-
séra Osszehasonlitottam érzékenységét egy 100 % relativ hatdsfoki HPGe
detektorral, amit 10 cm 6lomarnyékolds vett kortil. Megmutattam, hogy az
altalam osszedllitott arnyékolasban a LEGe detektor 3,5-szor érzékenyebb
a rontgen energiatartomanyban, és 350 keV y-energidig alkalmasabb az ak-
tivitds mérésére, mint a 100 %-os HPGe detektor.

A rontgendetektdlasi moédszer alkalmazhatésdgdnak bizonyitasara
169Tm izotépon mértiink o indukalt hatdskeresztmetszeteket. Ez az elem
egyetlen stabil izotéppal rendelkezik, igy a disitds természetesen megoldott.
A detektalasi kiiszobot meghaladé hozamot eredményezdé o energidkon
(12MeV felett) az (a,n) és (a,y) reakciok is lejatszodnak. A két keletkezd
lutécium izotépot nagy felezési idé kiilonbségiik segitségével (6,7nap és
500 nap) vélasztottuk szét. A besugdrzéas utdn megmértiik az (a,n) csatorna
aktivitdsat, mig hénapokkal kés6bb méar csak az (a,7y) aktivitds maradt a
mintgban. Osszehasonlitdsul néhany hataskeresztmetszetet hagyoményos
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moédszerrel v-sugdrzas detektdlasanak segitségével is meghataroztunk. Kon-
zisztens eredményeket kaptunk, ezzel bizonyitva, hogy a karakterisztikus
rontgensugarzas és y-sugarzas detektdlasa egyarant alkalmazhaté az ak-
tivitas meghatarozasara nukledris asztrofizikai aktivaciés mérésekben, ezen-
feliil a rontgensugarzas detektalasdval kisebb hataskeresztmetszetek is mér-
hetok.

A moédszer utat nyit a y-szamlalast haszndlé aktivacids hataskereszt-
metszet mérésekkel nem elérhetd reakcidk vizsgdlatdhosz, illetve a mérhetd
energiatartomany kiterjesztéséhez a Gamow ablak felé.

Végiil a dolgozat kiilonb6z6 « indukalt reakcidk detektalasi hataranak
becslésével foglalkozik a LEGe detektor esetén. Megmutattam, hogy szinte
minden esetben lejjebb vihet6 a mérhetd energia tartomany — kozelebb az
asztrofizikailag fontos tartomanyhoz — néhany reakciora elérve a Gamow
ablakot is. Szamitasaim nyoman a megbecsiilt reakciok koziil néhanynak a
kisérleti vizsgdlata mar el is kezd6dott az ATOMKI-ben.
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