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Abstract

Deuterium Z-pinches are efficient sources of pulsed soft and hard x-rays, fast ions,
and neutrons. Many phenomena related to an acceleration of ions and neutron
production on the Z-pinches have not yet been explained. Detailed understanding of
these phenomena could be multidisciplinary important. Therefore, these phenomena
are investigated in joint Czech-Russian experiments on the terawatt class GIT-12
device with the generator output voltage of 600 kV and current at stagnation of
about 3 MA. These experiments are interesting since by using the novel experimental
load composed of the deuterium gas-puff with outer plasma shell, the neutron yields
were significantly increased from the order of 10! to the order of 10'2. Such relatively
high neutron yields were earlier observed on the devices with significantly higher
current as the Saturn generator with the pulsed current of about 10 MA. At the
same time, in our experiments, hydrogen ions with an energy above 38 MeV were
detected. Such results are unique in experiments on the generator with the above-
mentioned maximum current and voltage.

The work reported in this thesis is focused on the diagnostics of Z-pinch plasma
by neutron detectors and interpretation of the experimental results. The precise
neutron diagnostics is in our experiments necessary because the produced neutron
pulses carry the information about the deuterons which produced them. In this
thesis, the extensive neutron detection system is presented. This system is based
on several principally independent methods: neutron bubble detectors, scintillation
neutron time-of-flight diagnostics, neutron activation diagnostics with the modera-
tor (silver activation counter), and fast neutron activation diagnostics with various
energy threshold. This diagnostic system was used to evaluate neutron yields, energy
spectrum, and neutron fluences at different distances and directions. The influence

of non-dd neutrons on the experimental results is discussed.
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Abstrakt

Deuteriové Z-pince jsou uc¢innymi zdroji mékkého a tvrdého rentgenového zatend,
rychlych iontu a neutronu. Mnoho jevi spojenych s urychlovanim iontu a produkei
neutronu na Z-pincich neni stale objasnéno. Detailni porozumeéni témto jevum muze
byt dulezité i v tadé jinych oboru. Proto jsou tyto jevy zkoumény ve spoleénych
¢esko-ruskych experimentech na terawattovém zatizeni GI'T-12 s vystupnim napétim
generatoru 600 kV a proudem v dobé stagnace 3 MA. Tyto experimenty jsou zajimavé,
nebot pouzitim nové experimentalni zatéZe tvoiené deuteriovym “gas-puffem” ob-
klopenym vnéjsi vrstvou plazmatu bylo dosazeno vyznamného zvyseni neutronového
zisku z fddu 10" na tad 10'2. Takto pomérné vysoké neutronové zisky byly difve
pozorovany jen na zafizenich s mnohem vysSim maximem proudu, jako je naptiklad
zafizeni Saturn s maximem proudu okolo 10 MA. Souc¢asné byly v nasich experi-
mentech pozorovany vodikové ionty s energii prevysujici 38 MeV. Uvedené experi-
mentalni vysledky jsou na zatizeni s vyse zminénym maximalnim proudem a napétim
unikatni.

Tato doktorska préace je zaméfena na diagnostiku z-pincového plazmatu pomoci
neutronovych detektoru a interpretaci experimentdlnich vysledku. V téchto expe-
rimentech je nezbytnd precizni neutronovd diagnostika, nebot vzniklé neutronové
impulzy v sobé nesou informaci o deuteronech jejichz reakci neutrony vznikly. V
této doktorské praci je dukladné popsana rozsahld soustava neutronové diagnostiky,
ktera je tvorena detektory zalozenymi na nezavislych principech detekce: neutro-
nové bublinkové detektory, scintilacni neutronové detektory doby letu, aktivacni
diagnostika s moderaci neutronu (detektor zalozeny na aktivaci stiibra) a rychld
neutronova aktivacni diagnostika s energetickym prahem. Tato soustava neutronové
diagnostiky byla pouzita k urc¢eni neutronovych zisku, energetického spektra a ne-
utronovych toku v ruznych vzdalenostech a smérech. V préci je rovnéz diskutovan

vliv neutronu jiného puvodu nez z dd reakce.
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Chapter 1
Introduction

This thesis is devoted to the experimental research of the high energy density (HED)
plasma. This is a plasma with an energy density above 10° J/cm? [1]. It is possible
to reach such extreme energy density only at pulsed devices. A lifetime of the HED
plasma varies from a few picoseconds to several tens of nanoseconds. A density of
the HED plasma experiments ranges typically from 107 to 10* particles per cm?
and the energy of the plasma particles can reach up to tens of MeV [2, 3]. However,
in some individual cases, we can meat even higher values. Typical representatives of
the HED plasma are Z-pinch plasma, laser-produced plasmas, and plasma produced
by particle beams. Nevertheless, this thesis deals with Z-pinch experiments only.
The Z-pinch experiments reported in this thesis are performed on the terawatt-
class GIT-12 generator with an output voltage of 600 kV and a current pulse maxi-
mum of 5 MA. In comparison with other Z-pinch experiments, our experiments are
different in the novel Z-pinch load composed of a deuterium gas-puff with the outer
plasma shell generated by coaxial plasma guns. The neutron yields on the order of
102 and very broad neutron energy spectra from 0 to 20 MeV in the radial direction
are unique at the device with the mentioned output voltage and current. Because
of high neutron yields and unprecedented neutron spectra, it seems natural to put

emphasis on the neutron diagnostics.



2 CHAPTER 1. INTRODUCTION

1.1 Aim of Thesis

The main aim of this thesis is to use neutron and gamma-ray detectors for diagnostics
of HED plasmas produced by the GIT-12 device. It is well known that the produced
neutron pulses carry important information about deuterons accelerated in Z-pinch
plasmas. For instance, an energy distribution of deuterons in HED plasma could be
derived from an energy spectrum of neutrons produced by dd reactions. For this
purpose, the neutron spectra are evaluated by time-resolved signals of a neutron
time-of-flight (nToF) detector at the distance of 25.8 m from the pinch. However,
the neutron spectra in our experiments are very broad and therefore the energy-
dependent pulse response on neutrons has to be taken into account. For this reason,
the nToF detectors have to be calibrated. The calibration of the nToF detector is
achieved with a help of several material samples with different energy thresholds of
a neutron induced activation. The induced activities of the activation samples are
measured post-shot by gamma-ray spectrometers with Nal(T1) and HPGe gamma-
ray detectors. The samples can be activated not only by fast neutrons but also by
photons produced by our Z-pinch. It is the reason why the influence of the strong
bremsstrahlung on the activation samples is experimentally examined.

Finally, in order to calculate deuteron spectra from neutrons, we have to know
that the observed neutrons are really produced by the dd reaction. Therefore,
another goal of our experiment is to measure the contribution and influence of
neutrons produced by non-dd reactions. If and when all these effects are taken into
account, we will be able to derive the deuteron energy distribution functions and to

make conclusions on energetic processes in Z-pinch plasmas.

1.2 Layout of Thesis

This thesis is divided into 10 chapters. Chapters 2 —5 are devoted to the introduction
to the Z-pinch research and theoretical background. Basic principles of Z-pinches,
various types of Z-pinches, history, and state of the art are introduced in chapter 2.
The basic Z-pinch models are described in chapter 3. The dd reactions and energy
and angular distribution of dd neutrons are presented in chapter 4. Interactions of
photons and neutrons which are crucial for our diagnostics methods are described

in chapter 5.
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The following chapters 6 and 7 are focused on the description of our experiments.
The GIT-12 generator and the experimental load are described in chapter 6. In
section 7, the principles of our neutron and gamma-ray diagnostics are explained
and diagnostics setup, arrangement, and calibration are reported.

Results of the neutron diagnostics and gamma-ray analysis of the neutron ac-
tivation samples including the total neutron yields, yields of the neutrons with an
energy above 12 MeV, radial neutron spectra, neutron fluences in different direc-
tions and distances, and an influence of non-dd neutrons and strong bremsstrahlung
on the neutron diagnostics are presented in section 8. The overall experimental re-
sults, comparison with other experiments and hypothetically possible applications
are discussed in chapter 9. Chapter 10 is the conclusion of this thesis.

A personal contribution of the author of this thesis to the experiments on the
GIT-12 device is summarized in appendix A. Appendix B contains a list of publica-
tions where the author of this thesis is a main author or coauthor. In appendix C,
a list of author’s conference contributions is presented. Appendix D is a list of in-
ternships in which the author of this thesis actively participated. The last part of
this thesis is a bibliography.



Chapter 2

Z-Pinches

2.1 Basic Principles of Z-Pinches

At the beginning, we briefly introduce Z-pinches. The Z-pinches are pulsed power
electric discharge devices. The high pulsed current is achieved using a generator with
capacitor energy storage. The discharge is of a cylindrical form with the current in
the direction of the z-axis (prefix “Z” means the current direction). During such
discharge, the plasma is compressed by the pinch effect. This phenomenon is caused
by the Lorentz force

dF =1B x dl, (2.1)

where dF is the element of the force which compresses the element of the discharge
length dl, I is the discharge current and B is the self-magnetic field generated by
the discharge. The pinch effect is illustrated in fig. 2.1. This kind of pinch is the
most common and it is the focal point of this thesis. Maximum of the current pulse
of the Z-pinches can reach from several tens of kA at small devices to several tens of
MA as at the Atlas device at LANL! [5]. It should be noted that we can also meet

different pinch configurations as 0-pinch or toroidal pinch.

2.2 Various Types of Z-pinch Loads

The basic various types of Z-pinch loads are illustrated in fig. 2.2. Most of the ear-

liest experiments were performed with compressional Z-pinch loads (see fig. 2.2(a)).

'Los Alamos National Laboratories, USA
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Figure 2.1: The pinch effect principle

This load is created by two electrodes surrounded by a cylindrical vessel. The space
between the electrodes is filled with a gas. The pressure of the gas varies usually
from a thousandth of atm to tenths of atm [9, 10]. Applying a high voltage in the
range from tens of kV to hundreds of kV, a breakdown occurs near the insulating
wall and a current shell is formed [20]. The pinch effect compresses the current
shell towards the Z-axis. If the diameter of the vessel is reduced from the order of
centimeters to the order of millimeters or less, we talk about the capillary Z-pinch
(see fig 2.2(b)). The capillary discharge has been very successful in producing a
plasma uniform enough to form a lasing medium [20].

The load shown in fig. 2.2(c) is an exploding wire Z-pinch. A wire of the diameter
of tens or hundreds of micrometers connects the anode with the cathode. The
distance between the electrodes is typically 1-2 cm. Applying a high voltage pulse
to the electrodes the wire explodes. The exploded material is ionized and implodes
onto the axis by the pinch effect. The material of the wire may be of various nature.
Typically it is carbon, tungsten, aluminum, and for the nuclear fusion research, the
wire can be made of deuterated polyethylene or cryogenic deuterium [7]. Single-wire
experiments have been almost abandoned, but multi-wire pinches are still in use.

A special configuration arises when we create an X-shape crossing of two wires.
This configuration is shown in fig. 2.2(d) and it is called an X-pinch. The X-pinches

are very efficient sources of x-rays. Due to the fact that the x-rays are produced
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in a small spot where the wires are crossed, the X-pinches are used for soft x-ray
imaging as a point source of radiation [11, 12]. At this point, it should be noted
that the X-pinches can be formed not only with two wires, but it can be created by

crossing a lot of wires as is shown in fig. 2.2(e).

Another multi-wire configuration, which is presented in the fig. 2.2(f) is called
a planar wire-array. The number of wires in the wire array can range from a few
units to a few hundred. Some experiments, show that the planar wire-arrays could
be more efficient for K-shell x-ray production than more common and historically
older cylindrical wire-arrays (see fig. 2.2(g)). For example, in the experiments
described in [13], the maximum K-shell yield from an Al planar wire array at the
current of 2.2 — 3.7 MA on the microsecond generator GIT-12 achieved of 6 kJ/cm.
This radiation yield was about 1.5 times higher than in the comparable experiments
with the cylindrical wire array implosions on the GIT-12. The experiments with
cylindrical wire-arrays were popular especially in the 1990s and 2000s for their K-
shell and black body radiation efficiency and great reproducibility. The cylindrical
wire-array can contain more than one wire-array cylinder [34] or can be combined
with another load. In principle, the cylindrical wire-array could be replaced by a
thin metal shell liner, but to keep the mass per unit length the same as is typical
for wire-array, e.g. 240 wires of 4 um diameter on an array radius of 12 mm, would

mean a shell thickness of only 40 nm [20].

A very important kind of the Z-pinch load is so-called gas-puff (see fig. 2.2(h)).
Currently, the gas-puff load appears to be the most efficient for Z-pinch nuclear
fusion experiments [39, 2]. The principle of the gas-puff is based on a supersonic jet
of the gas injected into a vacuum chamber. The gas is injected by a nozzle through
one electrode in the direction of the z-axis. The high voltage pulse is applied at the
time when the gas still stays in a cylindrical or a conical shape. The geometry of
the nozzle is often optimized for a multi-shell gas-puff creation [45, 47]. The shells

can be created from different gases.

A special configuration of Z-pinch is a plasma focus. It was invented by Nikolai
Vasilievich Filippov and Tatiana I. Filippova [14] and independently by Joseph W.
Mather [15] in the 1960s. These two first devices differ in geometry. Therefore,
today we distinguish between so-called Mather-type (fig. 2.3(a)) and Filippov-type
(fig. 2.3(b)). However, most of the plasma focus devices are of the Mather-type.
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Figure 2.3: Plasma focus device

Inside a chamber, there is a coaxial electrode system with a cylindrical anode? in
the center and several coaxial cathodes around. The chamber contains a gas with a
pressure of tens or hundreds of Pascals. After applying a high voltage, a breakdown
is formed near the insulator. The current shell formed is accelerated in the coaxial
system by the Lorentz force. This part is called the coaxial accelerator. At the end
of the coaxial accelerator, the current shell is pushed above the electrodes. Near the
center of the anode the current shell pinches in the radial direction.

The plasma foci are very popular because of their neutron yield efficiency at

currents up to 2 MA. They usually allow higher shot repetition rate than the classical

2We note that, the cathode may be in center and the anodes around. Such device is called the

“inverse plasma focus”.
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Z-pinches. In addition to that, plasma foci do not impose such strict requirements
on the rise time of the pulse generator, because the shape of the pulse is formed
during the accelerating in the coaxial part. However, they have a few disadvantages
as well. Namely, neutron yield stops growing at the discharge current of about 2
MA because a fraction of the current is not flowing through the pinch, but on a
periphery [16, 17]. The pinch current limitation is caused by a high inductance of
the pinch in comparison with an inductance of the plasma focus pulsed generators
which operate usually with the voltage on the order of tens of kV [18, 19].

A lot of other loads and their combinations are used at the present. For example,

the magnetized liner inertial fusion (MagLIF) which is described in subsection 2.4.

2.3 Brief History of Z-pinches

Probably the first Z-pinch device was constructed in Amsterdam by the British
engineer John Cuthbertson for Martinus van Marum in 1790. This device stored
the energy in 100 Leyden jars of 0.5 uF of total capacitance. These capacitors
could be charged up to the voltage of 60 kV (1.8 kJ of maximal capacitive energy).
Discharges were performed with an exploding wire up to 1 m length. The maximum
of the current pulse reached about 60 kA [7, 8, 20]. The device is illustrated in fig.
2.4. However, this device was not called Z-pinch in those days.

The following significant milestone is the later discovery of James Arthur Pollock
and Samuel Henry Egerton Barraclough in 1905 in Australia. They explained the
distorted compression of a copper tube used as a lightning conductor by the effect
of J x B magnetic force generated by the lightning current [8, 21]. Soon, in 1907 in
the USA, Edwin Fitch Northrup proposed a continuous flow liquid metal Z-pinch
exploiting the J x B force [8, 22]. In Northrup’s paper “Some Newly Observed
Manifestations of Forces in The Interior of an Electric Conductor” the term “pinch”
is first mentioned. It was used for the symmetrical instability of a liquid-metal
conductor in induction furnaces [22, 24].

In 1934 when Willard Harrison Bennett derived his theoretical model of the pres-
sure equilibrium of charged particle streams and published the paper “Magnetically
Self-Focussing Streams” [24, 23]. This model is described in subsection 3.1.1. Three
years later, in 1937 Lewi Tonks used term “pinch effect” to describe self-constricted
plasma [24, 7].
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Figure 2.4: The first Z-pinch-like device built in Amsterdam in 1790 [20].

The first systematic research of Z-pinch discharge configurations began in the
second half of the 1940s when the interest was driven by the vision of easily achiev-
able thermonuclear fusion. It turned out that during the discharges in deuterium a
lot of dd reactions were observed. In 1946 George Paget Thomson and Moses Black-
man from Imperial College patented a toroidal pinch as the nuclear fusion reactor
[25]. During the 1950s, several USA, UK and USSR laboratories simultaneously
investigated Z-pinches which operated with currents on the order of hundreds of kA
[26]. At the 1958 Geneva Conference on Peaceful Uses of Atomic Energy, many pa-
pers concluded that the measured neutrons were not of the thermal origin but were
rather generated by the beam-target mechanism driven by instabilities [26]. It led
to a significant reduction of Z-pinch experiments in the frame of the thermonuclear

fusion research programs of most of the laboratories in the 1960s [24, 20].

In the 1960s, Z-pinches were used as efficient UV, XUV and soft x-ray sources
[7]. Such Z-pinch experiments were performed with exploding wires with a diameter
of 10-100 pum [7].

In the mid-1970s the interest in Z-pinches revived since the modern pulsed-
power technologies made it possible to achieve higher currents on the order of mega
amperes and shorter rise times on the order of hundreds or tens of nanoseconds. The

experiments were performed with various configurations of the load. The research
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was focused especially on wire array [27] or thin-foil [28] implosions for the lower
initial impedance which allows better coupling with a generator than the single wires
[6]. In the late 1970s, the experiments with gas-puff were prepared (see Shiloh’s,
Fisher’s or Stallings’s papers [29, 30, 31]).

The interest in gas-puff Z-pinches increased during the 1980s and 1990s. The
gas-puff experiments were performed with the heavier gases e.g. Ne, Ar, Kr, Xe,
etc. in order to achieve efficient x-ray source. For example, such experiments were
performed on the Proto-II and the Z machine in SNL, [32, 34] and in Czechoslovak
Academy of Sciences [33]. In order to produce neutrons, the deuterium gas-puff was
used in the Irvine experiment [35], on the Angara device [37], and on the Saturn
device [38]. These experiments show that the deuterium gas-puff is very efficient and
cheap source of the intensive neutron pulses in comparison with laser systems. It
led to numerous experiments with deuterium gas-puffs in the two following decades
the 2000s and 2010s [39, 40, 44, 45, 46, 42, 43, 41].

Very successful experiments were performed on the Z machine in SNL where the
record dd neutron yield of 3.9 x 10'® from a single Z-pinch shot was achieved at
the current of 20 MA in 2007 [39]. This research was followed by experiments in
Kurchatov Institute at the S-300 device [40] and at ITHCE? on the GIT-12 generator
in Tomsk [44].

Currently, various Z-pinch configurations are used. The applications and the

current state of the Z-pinch research are presented in the following section.

2.4 State of the Art and Applications

This section is focused on the present Z-pinch research in the world-class laborato-
ries. Generally, the main goal of the Z-pinch research is not to develop some indus-
trially applicable device or even commercial product. The main goal is to study the
fundamental physics such as physics of the hot dense plasma, mechanisms of particle
acceleration in high energy density conditions, interactions of high-energy particle
and radiation fluxes with the matter, neutron physics, laboratory astrophysics, ma-
terial research and so on. In order to show an importance of the Z-pinch research,

we will outline some scientific applications.

3Institute of High Current Electronic of the Siberian Branch of Russian Academy of Sciences

in Tomsk.



12 CHAPTER 2. Z-PINCHES

2.4.1 Magnetized Liner Inertial Fusion

At the time of writing this thesis, the magnetized liner inertial fusion (MagLIF')
is the most important Z-pinch project in the world. The aim of this project is to
inhibit the heat losses by the escape of charged particles in the radial direction by
the strong magnetic field during the magnetically driven implosion of the cylindrical
liner and achieve thermonuclear fusion [49]. The MagLIF concept is illustrated in

fig. 2.5. The liner is composed of a thin metal foil which encapsulates the gaseous D,

4 laser beam i
S T
/0 d
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preheate:
fuel

metal
4 cylindrical liner
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‘ drive current
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Figure 2.5: The MagLIF concept: (a) axial pre-magnetization phase, (b) laser pre-

heat phase, and (c) magnetically driven liner implosion phase [50].

or Dy-Ty mixture fuel. Such liner is placed in the initial axial magnetic field with
a strength of 10 T generated by the Helmholtz coils. When the liner driven by
the magnetic field starts to move, the gaseous fuel is preheated by the Z-Beamlet
laser (Nd:YAG, second harmonic, 2.5 kJ, 1 TW) to the temperature of 100-200
eV. Consequently, the gaseous fuel is ionized, becomes very conductive and the
magnetic field is effectively frozen there [49, 51]. The magnetic field is compressed
by the liner implosion and achieved a few kT at the stagnation [49]. In accordance
with the theoretical predictions and simulations, during the experiments the ion and
electron temperature achieves approximately 3 keV and up to 2 x 10'? thermonuclear
dd neutrons is produced at the current of 19 MA and 100 ns rise time [51]. Such
neutron yield is equivalent to approximately 2 J of the fusion energy yield. Higher
fusion yield could be achieved when the D-T mixture is used, the initial magnetic

field achieves 30 T, and the peak current achieves to the 7Z machine maximum
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of 25 MA. Then the predicted neutron yield should exceed 3.5 x 10!, which is
equivalent to the nuclear fusion yield of 100 kJ [50, 52]. The maximum peak current
of 25 MA was not achieved at the MagLIF experiments due to the Helmholtz coils
which require an extension of the power feeds and it leads to increase of the load
inductance. The enhancement of the experimental parameters could be achieved by
the auto-magnetized MagLIF liner [53]. The auto-magnetization is achieved using
a composite liner with helical conduction paths separated by an insulating material
to provide fuel magnetization from the early part of the drive current (see fig. 2.6).

Breakdown of the insulators at the end of the magnetization phase allows the drive

cathode

Figure 2.6: The auto-magnetized MagLIF concept [53].

current to flow in the axial direction and implode the liner by the conventional
Z-pinch mechanism [53]. In this approach the Helmholtz coils are not used, thus
the Z-pinch is more compact, power feeds significantly shorter and the initial load
inductance reduced from 6.3 nH to 3.7 nH in comparison with the MagLIF with
the Helmholtz coils. By the numerical simulations, it will increase the peak current
from 18 MA to 22 MA [53].

Much higher fusion yields of 18 MJ and 440 MJ are predicted for the MagL.IF
liner driven by peak currents of 48 MA and 65 MA generated by the Z 300 and
Z 800 conceptual petawatt-class pulsed power generators, respectively [54]. The
Z 300 concept stores 48 MJ of the electrical energy in its LTD capacitors and by
the 2D magnetohydrodynamic (MHD) simulations delivers the energy of 4.3 MJ to
the MagLIF liner. The greater concept Z 800 stores 130 MJ of electric energy in
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the capacitors and delivers the energy of 8.0 MJ to the MagLIF liner [54]. Thus,
in both conceptual generators, the fusion energy theoretically exceeds the energy
delivered to the liner and the thermonuclear fusion will be ignited. In the case
of the Z 800 concept, the fusion energy should exceed the energy stored in the
capacitors [49, 52, 54]. If such experiments will be successfully performed, it will
be the first ignition of the controlled nuclear fusion on Earth. In [49] Slutz noted:
“Even without commercial application, fusion yields with gain greater than unity

would be interesting for the study of fusion physics in laboratory”.

2.4.2 Sources of Intensive X-Ray Pulses

The Z-pinches are the most intense and efficient laboratory sources of the keV x-
ray radiation [48, 50]. At the same time, the Z-pinches are cheaper in comparison
with the concurrent high-power pulsed x-ray sources — lasers. These x-ray sources
are important for the radiation-matter interaction studies, radiation absorption and
transmission measurements, astrophysical research, shock physics experiments, etc
[48].

The highest x-ray yield was reached at the Z machine in SNL. Using the cylin-
drical tungsten wire array, almost 2 MJ (200 TW) of x-ray pulse with Planckian-like
spectrum with a temperature below 1 keV was achieved [50, 55]. Since the total
stored electrical energy at Z machine was 11.4 MJ, the efficiency of conversion of
electrical energy into x-rays was about 17%. Nowadays, such research continues at
several laboratories with various wire-array modifications. For example, in Russia,
the wire array implosions and x-ray emission are studied at the peak current up to
4 MA on the Angara-5-1 generator [56, 57, 58]. In France, the wire-array experi-
ments are performed on the SPHINX generator with the peak current up to 5 MA
[59, 60]. We should mention also the tungsten wire-array experiments in China on
the JULONG-I device at the maximum current peak up to 8 MA [61]. As far as the
planar wire-array implosion is concerned, it is studied for example at the ZEBRA
generator with the peak current up to 2 MA [62].

Simultaneously with the study of x-ray production by wire-array implosions,
the gas-puff x-ray sources are studied. The advantages of gas-puff in comparison
with the wire-array are following. First, there is no need for the complicated and

expensive wire array assembly. Second, the initial density distribution is axially
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symmetric, whereas at the wire arrays the azimuthal variation is given by the finite
number of the wires [63]. Third, at the small generators with a current of about
1 MA, the gas-puff load allows much higher shot rate, often without any need to
open the vacuum chamber. On the other hand, it is complicated to evaluate the
initial density distribution of the gas-puff, whereas at the case of the wire-array it
is determined very precisely. As far as the chemical content is concerned, for x-ray
generation usually the Ny, Ne, Ar, Kr, and Xe or their mixtures are used. At the
recent experiments at the Z machine, using the Ar gas-puff doped by Xe, the x-
ray yield of 1.14 MJ was achieved [64]. Thus, the x-ray yield is lower than at the
case of the wire-array. On the other hand, the gas-puff is more promising for the
applications. The gas-puff x-ray production is studied also at the SPHINX device
[65] and on the Weizmann Institute of Science at the small 0.5 MA Z-pinch [66].

2.4.3 Sources of Intensive Neutron Pulses

The neutron radiation is necessary for many research activities or technological
tasks. Obviously, the neutrons are generated in nuclear reactors, but usually it
is inconvenient or impossible to use the nuclear reactor. Therefore, the neutrons
are also produced by the laboratory sources. The neutron sources could be based
on the spontaneous fission. The common such source is 2*2Cf, however, it is very
expensive (hundreds of thousands € [117]) and its half-life is 2.65 years only. The
widespread sources are also the sources based on (o,n) reactions, typically 2 Am-
Be, or 2%Pu-Be. Their half-lives of 433 years and 24 000 years, respectively are
significantly longer than the half-life of the #2Cf, but their costs are also higher.
Moreover, it is not possible to simply “switch-off” these radioisotopic sources and
a safe storage and ecological liquidation are complicated. Another possibility is
to use sources which produce neutrons by the nuclear reactions of an accelerated
particle beam with an appropriate target. For example, often used reactions are
D(d,n)*He, ?Be(d,n), “Li(p,n), etc. Such an approach is close to the mechanism of
neutron production in Z-pinches with deuterium or deuterated liners. The significant
difference between the neutron radiation produced by the accelerator neutron source
and Z-pinch is that the accelerator source usually produces the neutrons continuously
whereas the Z-pinch is inherently a pulsed device. However, in such relatively short

neutron pulse, the Z-pinch is able to generate tremendous amount of the D(d,n)*He
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neutrons (3.9 x 10" during tens of nanoseconds [39]). The short and very intensive
neutron fluxes are required for many laboratory purposes. For example, it could
be used for the study of the multiple neutron capture reactions which are known
as the r-processes. Another laboratory application which requires the intensive
neutron pulse is the production of isotopes with a high radioactivity and a short
half-life. In such a case, the irradiation of a material sample should not be longer
than the half-life of the produced isotope, since the decay during the irradiation
limits the maximum radioactivity of the sample. The short and intensive neutron
pulses generated by Z-pinches allow obtaining the radioisotopes with a practically
unlimited half-life (assuming that the neutron pulse duration is on the order of
nanoseconds)?. In practice, it could be used for example in the neutron activation
analysis®. As far as the long-duration neutron production is concerned, we note that
some Z-pinch modifications, namely small plasma foci with a peak current up to 100
kA could operate in a repetition regime with a frequency up to 10 Hz and produce
the neutron bursts continuously [67].

As far as the single shot Z-pinch is concerned, the extensive experimental re-
search of the Z-pinch neutron production is being carried out on the GIT-12 genera-
tor (see [68]) at the Institute of High Current Electronic (IHCE) of Siberian Branch
of Russian Academy of Sciences in Tomsk in collaboration with the Department of
Physics of Faculty of Electrical Engineering of Czech Technical University in Prague
(CTU). This doctoral thesis is based on these experiments. The first deuterium gas-
puff shots on the GIT-12 device were performed in 2011 (see [44]). During this
experimental campaign, the GIT-12 generator was operated in the fast regime with
a rise time of 200 ns and also in the slow regime with the rise time of 1700 ns.
Both in the fast and slow regime, the maximum load current varied between 2 and
3 MA. This experimental campaign was unique since the previous deuterium gas-
puff experiments at MA current were performed at the 100-ns generators only. Any

significant difference between the neutron yields at the fast and slow regime was not

4The production of radioisotopes with a very short half-life on Z-pinches could be achieved also

by the interaction of the pulsed ion beams with a material sample.
5The neutron activation analysis lies in the activation of a sample and subsequently the ra-

dioisotopic content is determined by the gamma-ray analysis. The original chemical content is
evaluated by the known nuclear reactions, their cross-sections and natural isotopic content of the
chemical elements. The advantage of this method is that it is nondestructive, thus it is often used

for analysis of works of art and historical artifacts.
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observed, in both cases, the average neutron yield was of about 2 x 10''. The sig-
nificant increase of neutron yield occurred at the campaign in 2013, when the outer
plasma shell surrounding the deuterium gas-puff was used. The dd neutron yield of
the shots with such “hybrid” gas-puff achieved up to 3 x 10'2 [2, 4]. By the opti-
mization of the “hybrid” gas-puff, the maximum dd neutron yield achieved a value
of 6 x 102 in the experimental campaign in 2016. Moreover, the neutron energy
spectrum was very broad. The energy of a significant number of neutrons exceeded
20 MeV. Considering the neutron energy distribution and substantial anisotropy it
is apparent that practically all neutrons are of the beam-target origin. Notwith-
standing, the neutron production is uncommonly efficient. It could be caused by
relatively high energies of the deuterons. The D(d,n)*He reaction cross-section is
much higher at deuteron energies on the order of hundreds of keV. Using the com-
prehensive set of the ion diagnostics on the GIT-12, a significant number of such
hydrogen ions was observed, even the hydrogen ions with energy above 38 MeV were
detected [2, 123]. This hypothesis particularly explains the broad neutron energy
spectrum and strong anisotropy. Nevertheless, the mechanism of deuteron acceler-
ation is not entirely clear. The GIT-12 generator delivers the electric pulse with a
maximum voltage of 600 kV only (considering 50 kV capacitor charging). On the
other hand, the multi-MeV deuterons® should be accelerated by the corresponding
voltage. Thus, such voltage must have been related to some effects of the Z-pinch
plasma. The explanation of this phenomena is important not only for the Z-pinch
neutron sources research but it could be important for high-energy density physics
generally. Therefore, this thesis is devoted to the precise neutron diagnostics which
allows the evaluation of neutron yields, spectra, anisotropy, etc., and interpretation
of the obtained experimental data in order to contribute to the explanation of the

phenomena of the ion acceleration and neutron production.

6 At the shots with natural hydrogen gas-puff the multi-MeV protons were observed too.



Chapter 3

Basic Z-Pinch Models

This chapter is devoted to the theoretical background. This background includes
the basic models and physics of the Z-pinches.

3.1 Equilibrium Z-Pinch

3.1.1 Bennett Equilibrium

The Bennett equilibrium is one of the basic theories of Z-pinches. It describes the
situation when a current flows axially through the steady-state plasma cylinder (Z-
pinch) which is in the pressure equilibrium. At the real Z-pinch, such a situation
usually occurs only for a very short time.

The following derivation is based on paper [20]. If the plasma is in the pressure
balance, the forces induced by the thermodynamic and magnetic pressure are equal,
thus

VP =jxB. (3.1)

The relation between magnetic field B and current density j is given by the Ampere’s

law. Assuming a constant current we neglected the displacement current:
V x B = ju, (3.2)

where g is the permeability of vacuum. Using the cylindrical coordinates and

assuming only j, the axial component of the j we obtain

10 .
o (rBy) = poje- (3-3)

18
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Obviously, the azimuthal component of the magnetic field By is given by integration

of (3.3)

By(r) = @/ g’ dr'. (3.4)
rJo
Combining (3.1) and (3.4) we obtain
aP ,Usz " - /
—=— dr'. .
o . /0 J.r'dr (3.5)

The ion linear density' N; of the plasma cylinder is defined by
R
N; = / 2mn,r dr, (3.6)
0

where R is the radius of the plasma cylinder and an n; ion density. Then, the

equation of state is following
R
Nikg (ZT.+T;) = / 2 Prdr, (3.7)
0

where kg is the Boltzmann’s constant, Z is the atomic number, and 7T, and T; are
the electron and ion average temperatures, respectively. Integration by parts of

equation (3.7) gives

21 R R
P
Niky (ZT, +T;) = {%PT—} o / 298 4, (3.8)
2], 0 or

Assuming that the magnetic pressure on the surface and axis of the plasma cylinder
(pinch) is equal to zero (P(R) = 0 and P(0) = 0) equation (3.8) becomes

r,opP
Nikg (ZT,+T;) = —77/ r?—dr. (3.9)
0 (97”

Employing equation (3.5) in equation (3.9) we obtain

R T
Nikg (ZT.+T;) = mm/ (jzr/ jzr’dr'> dr. (3.10)
0 0

Equation (3.10) can be modified, as follows:

R T
Nikp (ZT,+T;) = Z—i/ (27rrjz/ 27r7"jzd7"') dr. (3.11)
0 0

'In this case, the linear density is in number of particles per length unit and density in number
of particles per volume unit. Perhaps a more exact word is concentration, but in this case the

density and linear density are the established terms.
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Consequently, we obtain

R
Nikg (ZT.+T;) = Z—;/ 271y, [mﬂjz}gdr, (3.12)
0
wo [F
Nikp (ZT, + T}) = ﬁ / 21223 dr. (3.13)
0

Integration of formula (3.13) gives

Nikg (2T, +1}) = 22 [w%i%j = Z—;%ﬁﬁm (3.14)

Nk (ZT, + T)) = Z—;(jZWRQ)Q. (3.15)

Since for constant j, the total current is I = j,mR?, we obtain the Bennett relation
ONikp (ZT, + T)) = Z—;P, (3.16)

Thus, the average temperature of the equilibrium Z-pinch could be calculated know-

ing only the line density and current [20].

3.1.2 Pease-Braginskii Equilibrium

Whereas the Bennett equilibrium describes the pressure stability, the Pease-Braginskii
equilibrium is related to the radiative energy losses. The Z-pinch is in steady-state
equilibrium if the total radiative energy losses are equal to the energy released by the
ohmic heating [6]. If the ohmic heating exceeds the radiative cooling, the Z-pinch
will expand, and vice versa. In the hydrogen and deuterium plasma (this is the case
of this thesis) the dominant energy losses are caused by the bremsstrahlung [6, 20].

The bremsstrahlung loss rate Pg per unit volume V' is given by [20]

% = ByZn2\/T,, (3.17)
where 3, is a constant equal to 1.69x 1073 Wm? (eV)'/? and Z is the atomic number.
The ohmic heating per unit volume is given by

% =157, (3.18)
where 77, the plasma conductivity transverse to the magnetic field is given by the

Spitzer formula:

1 7TZ2\/W6
N~ (dmeo)? (hpT,)7 In(A), (3.19)
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where m, is the electron mass and A is the Coulomb logarithm defined as
A= <)\D/’I"0>, (320)

where rg is the minimum of the distance between two colliding electrons. Assuming
the uniform current density j, the equilibrium occurs if the Z-pinch current I is
equal to the Peas-Braginskii current Ipp defined as [20]

_ 8VBkp 14+ 7 _ 1+ (Z)

where
1

a=(103x10"*ZIn(A)) . (3.22)

3.2 Dynamic Z-pinch

In this section, snowplow and slug models of the Z-pinch implosion are described.
These models consider an implosion of plasma or gas cylindrical column with ini-
tially uniform density distribution like the gas-puff load in experiments presented in
this thesis?. In both models, we assume that the current flows in an infinitesimal
skin layer which acts as a piston [20, 24]. The fundamental difference between the
snowplow and slug models is that in the case of snowplow model a strong plasma
radiation is considered, whereas in the case of slug model a plasma radiation is
neglected [24].

Therefore, the slug model is relevant for Z-pinch loads with a low atomic number,
especially for deuterium or tritium gas-puffs. In the case of Z-pinch loads with a
higher atomic number, the snowplow model is more suitable [24]. Since in the
experiments presented in this thesis the deuterium gas-puff is used, the slug model
is more important. For example, it is used for estimation of the mass of the imploding

gas-puff. For clarity, the earlier and simpler snowplow model is described as well.

3.2.1 Snowplow Model

The snowplow model is the earliest zero-dimensional model which describes an im-

plosion of strongly radiating plasma. This model was firstly published by Rosenbluth

2The snowplow and slug models could be used not only for gas-puffs bud also for various Z-pinch
implosions with initially uniform density distribution like gas-embedded Z-pinches, foam cylinders,
etc. [20, 24]
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in 1955 in [69]. In the snowplow model, we assume a gas or plasma column of a
cylindrical shape and a current which flows in an infinitesimal cylindrical skin layer
with infinite conductivity. The layer radially implodes toward the z-axis due to the
pinch effect and during the implosion, it swept up and accumulate the gas or plasma
like a piston. Thus, the mass of the imploding layer is increased. The equation of

motion is following

d d dR@}:_ﬂﬂxB@. 3.2

£(t) = — Im(Ov()] = - {,M o = FEO] =3~

Where f is the force acting on the length element of the Z-pinch, m;(t) is the linear
mass of the layer, v(t) is the layer velocity, po is the mass density of the gas or
plasma cylindrical column, R(t) and R, are the radius and initial radius of the
layer, respectively, j is the current density, B is the magnetic field, and [, is the
pinch length. Assuming that the layer is moving only in radial direction, the current
flows only axially, and the magnetic field is only azimuthal, the equation of motion
(3.23) could be simplified:

a {Wf o= B0 =37 =~ LRy

The general analytic solution of this second-order nonlinear ordinary differential
equation has not been found. To solve equation (3.24), we will assume the linearly
rising current, which is the approximation of a capacitor-inductor circuit discharge
current [20]:

I = Iysin(wt) ~ Iywt = At, (3.25)

where A is a constant. Using substitution

x = R(t)/Ro, (3.26)
y =1/, (3.27)

where
T0 — (47T2p0Ré/M0A2)1/4, (328)

we obtain the dimensionless equation of motion

d 2 dx(y) o _y_2
a;{“‘x<”} }_ | (3.29)
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The equation (3.29) can be integrated for the boundary conditions z = 1 and
dz/dy = 0 at y = 0. The assumed form of the solution is

r=1-> any™, (3.30)
n=1

where ay = 1/v/12, ay = 11/360, etc, and a solution of the series (3.30) can be found
[20]. The different solution of the snowplow model could be found in literature, for
example, the constant current assumption is used in book [6], or approximation
of the Z-pinch current by I & I, (7t/27)? is presented in Ryutov’s review [24].
Despite the fact that the snowplow model is very simple, instabilities, etc., in many

cases gives sufficient information.

3.2.2  Slug model

The slug model is zero-dimensional model devised by Potter [70]. In this model,
the magnetic piston is also assumed in position R,(t) and at the same time, a very
thin shock is in position Rs(t) < R,(t). The shock velocity vy is higher than the
piston velocity v,. As well as in the case of the snowplow model, the uniform initial
density po and pressure py are assumed. The relationship between the states on
both sides of a shock wave in a one-dimensional flow in fluids is described by the

Rankine-Hugoniot conditions [70]:

2
vy = Vs, 3.31
P+l (3.31)
v+1
= , 3.32
P v — 1,00 ( )
2 2
s = 2, 3.33
Ps =P (3.33)

where 7 is the Poisson constant (heat capacity ratio), ps and ps are the density and
pressure immediately behind the shock, respectively. Between the moving shock
and piston, there exists a compressed finite volume of hot plasma [70]. The time of

sound propagation between the shock and piston given by formula

r,—T r,—T
Tsound ~ b ® = i 2 (334)

1Ps 2y(y = 1)
Ps (7_{_ 1)2
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is much smaller than the Z-pinch implosion time given by

Ry
Timp ~ <—

o (3.35)

Thus during the implosion, the sound waves propagate between the shock and the
piston. Therefore, in this compressed region with volume V'(¢), the spatially uniform
pressure pg(t) could be assumed [70]. During the implosion, the pressure is changing

in accordance with the adiabatic law:
psV7 = const., (3.36)

or,

vps dV + Vdp, = 0, (3.37)
where the pressure p; is defined by the condition (3.33), thus

do,

S

dp = 2—ps,. (3.38)

Obviously, the volume of the compressed region V' bordered by shock and the piston
is given by
V=m(R,— R L, (3.39)

where [, is the discharge length. A differential dV' is given by consideration pre-
sented in Potter’s paper [70]: “In considering the change of volume according to
the adiabatic law (3.37), we must instantaneously refer to a fixed mass of gas. The
plasma velocity relative to the piston is zero so that the piston position R, is fixed
in the Lagrangian frame. This is not true at the shock R, through which the plasma

moves. Thus, for a fixed mass instantaneously
dV =2 (R,, dR, — R, cuizs) L.. (3.40)

where dR, is the change in the radius of the plasma evaluated at the shock. This is
defined by the plasma velocity us at the shock relative to the shock velocity”3:

2

AR, =
v+1

dR, (3.41)

3The mathematical symbols in the cited text are changed to be consistent with other formulas

in this thesis.
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Using the formulas (3.38)-(3.41) in equation (3.37) we can express the boundary
conditions at the shock [70]:

2R, 1
dRs +

R,dR, —
PEP 441 Y Vg

(R2 — R?) du, = 0. (3.42)

As mentioned above, the uniform pressure between the shock and piston is assumed.
Thus, the pressure behind the shock given by formula (3.33) must be equal to the

magnetic pressure of the piston which carries the current I:

2 2 ,LL()]Q
= 3.43
v+ 1% 7 8x2R2’ (343)
thus,
S by g (3.44)
£o 47TRp

As well as in the case of the snowplow model the general solution of the slug model
equation (3.44) has not been found. Considering the constant current I, a combi-

nation of equations (3.42) and (3.44) gives:

v—1 1R§} 2 R,
Lo 28R, = — 22 4R, 3.45
{ v AR P y+1R, (3.45)

Solving the equation (3.45) with the initial radius Rs(t = 0) = R,(t = 0) = Ry, we
obtain following formula [70]

v/(v=1)
Y

R,=Ry | ———
'y+1—g—§

(3.46)
If any shock reflections are not assumed, the final (minimum) pinch radius R,, is

achieved when the shock radius is equal to zero, using (3.46) we obtain:

~ v/(v=1)

Thus, the minimum pinch radius is defined only by the initial radius Ry and ratio
of specific heats v. We note that for the ratio of specific heats of ideal monoatomic
gas is 7 = 5/3, the final radius achieves R,, = 0.3 Ry, thus the compression is very
weak [70]. Different consideration is presented by S. Lee in [83, 84] where the shock
reflection is assumed and the final pinch radius R,, is achieved when the piston

meets the reflected shock. In such a case the predicted minimum pinch radius is
R,, =0.14 R,.



Chapter 4
Nuclear Fusion Neutrons

The key topic of this thesis is the diagnostics and study of the neutrons produced by
the nuclear fusion reactions which occur in the dense Z-pinch discharges. Therefore,
the nuclear fusion reactions are briefly introduced in this section.

As far as the definition of the nuclear fusion is concerned, we could find sev-
eral definitions. For example, in [71] the definition says “Nuclear fusion, process by
which nuclear reactions between light elements form heavier elements (up to iron).
In cases where the interacting nuclei belong to elements with low atomic numbers
(e.g., hydrogen [atomic number 1] or its isotopes deuterium and tritium), substan-
tial amounts of energy are released.”. A very good example of exoenergetic fusion
reactions can be found in stars. In stars with the size of the Sun or smaller, the
reactions from the proton-proton chain which produces deuterium and helium dom-
inate [72]. In bigger stars, the dominant energy-producing process is the carbon
cycle (carbon-nitrogen-oxygen or CNO) [72]. Other elements are produced during
the final stages of stars and their explosions. The heavier elements are formed by
the supernova explosions. As far as the nuclear fusion on Earth is concerned, in
laboratories, we can meet various reactions usually based on interactions of isotopes
of hydrogen, helium, lithium, boron, etc. In plasma physics, probably the biggest
emphasis is put on the D(d,n)3He, D(d,p)T and T(d,n)*He reactions®

D+ D —? He +n(Q = 3.27MeV), (4.1)

D+D — T+p(Q=4.03MeV), (4.2)

!The established formulation of the nuclear reactions is generally A(a,b)B where A is a target

nucleus, a is a projectile particle, b is an ejectile particle, and B is the final nucleus.

26
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D+ T —*He+n(Q = 17.59 MeV). (4.3)

The total cross-sections of the reactions (4.1)-(4.3) are displayed in fig. 4.1. This
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Figure 4.1: The total cross-sections of the D(d,n)*He, D(d,p)T and T(d,n)*He reac-

tions.

thesis is mostly devoted to the measurement of neutrons produced from the reaction

(4.1), this reaction is described in more detail in the following sections.

4.1 Energy of dd Neutrons

In D(d,n)*He reaction, the energy of the ejectile neutron is dependent on the reac-
tion energy @ (“Q-value”), projectile deuteron velocity vy, and angle between the
trajectory of the ejectile neutron and direction of the projectile deuteron (see fig.
4.2). The kinetics of the reaction (4.1) in the laboratory frame of reference is illus-
trated in fig. 4.2. In the laboratory system (see fig. 4.2(a)), where the zero target
particle velocity is assumed and vy is equal to the projectile deuteron energy, the

energy balance of the reaction (4.1) is

E;+Q=FE,+ Ey.. (4.4)
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(@) (b)

Figure 4.2: Kinetics of the D(d,n)*He reaction in the laboratory frame of reference.

The energy of helium nucleus Ey,. is possible to express by its momentum py.:
P
En—l—i_Ed_Q:Oa (45)
2mHe
Where my,. is the mass of the helium nucleus. The law of the conservation of
momentum gives

Pd = Pn T PHe;, (46)

where pq, Pn,, and pge are momenta of the projectile deuteron, neutron, and helium
nuclei, respectively. In accordance with fig. 4.2(b) we express equation (4.6) by the

cosine law
Pite = P + D — 2Papa cos(V). (4.7)
Substituting helium nucleus momentum in (4.5) by (4.7) we obtain

P2 + p?2 — 2pupa cos(V)

E,
+ 2mHe

" 2mpem,  2mpemy V22 mpe /Tn /T4

2 2
n 277, n
By Lo M Pd T o ZPaPd VT VI gy g0 =0, (4.9)

MHe mpge

E, (1 4 in ) — 2V E;mdm”\/E_ncos(ﬁ) — E, (1 _ ) —Q=0, (4.10)
He
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where m,, and m, are the ejectile neutron and projectile deuteron mass, respec-
tively. The solution of the quadratic equation (4.10) with the variable \/E,, gives

the neutron energy

VvV Eqgmgmy,
A

E,.(E =
Bl ) = | L0

os(V) £

2

E e e n e n e
+ \/(3052(19) | Ba(mue = ma)(mu E*;;Zg; Qmze(mn + mu) C o (4.12)
Edmdmn
E,(Ey, =_—ddm [ +
[En(Ea, V)12 (e + 110 cos(¥)
2
E e e n —F n e n e
n \/0082(19)—|— dMe(Mie +m md)Edm;:;dm + Qmpe(ma + M) (4.13)
Edmdmn
E,(Ey, =_—ddm [ +
[En(Ea, 9)]12 (e + 110 cos(¥)
2
E e e n - e n e
+ \/ cos2(9) — 14 Zame(mae +m E;ZL:F Qmze(1mn + i) (4.14)

The sign 4 before the square root does not mean that there are two possible energies
of the ejectile neutron. The sign + is the consequence of the derivation, where the
energy Fy; without any knowledge about the orientation of the collision has been
used. Assuming that the deuteron before the collision flies in the direction towards

the direction of the neutron detection, the sign + is valid [88].
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Using formula sin®(¢9) + cos?(¥) = 1 we obtain

Eymgmy,

En(Edaﬁ) = (mHe + mn)2

[ cos(V) +

El J—
N \/ dee(mH6 + my md) + QmHe(mn + mHe) . SinQ(ﬁ) ] (4'15)

Esmgqm,,

The dependence of neutron energy (4.15) is displayed in fig. 4.3 and fig. 4.4.

4.2 Angular Distribution of dd Neutrons

The angular distribution of the neutron fluence produced by the deuterium Z-pinch
is depended on the differential cross-section of the D(d,n)*He reaction and on the
angular and energy distribution of the deuterons. The differential cross-sections
of D(d,n)?>He reaction are displayed in fig. 4.5. These cross-sections are exported
from the DROSG-2000 database [73]. The distribution of the neutrons with energy
of about 2.5 MeV is close to the isotropic distribution, since such neutrons are
produced by the deuterons with a significantly lower energy than the Q-value of
the D(d,n)*He reaction (see fig. 4.3), where the cross-section is weakly dependent
on the ejectile angle (see fig. 4.5). At the same time, the low-energy deuterons
are deflected to all directions by the magnetic field of the Z-pinch. In contrast, the
emission of the fast neutrons with an energy considerably higher than 2.5 MeV is
significantly anisotropic. Such neutrons are produced by the collisions of the fast
deuterons with an energy above 1 MeV. In such a case, the reaction cross-section
is strongly dependent on the ejectile angle. Moreover, the deuterons are not so
much affected by the magnetic field. Thus, it is assumed, that the most of such fast
deuterons move more directly or they are affected just weakly in dependence on the
magnetic field strength. At the experiments described in this thesis a large number
of the neutrons with an energy significantly higher than 2.5 MeV are produced, thus

their anisotropy should be taken into account.
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Neutron Energy [MeV]

T T T T T T T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Deuteron Energy [MeV]

Neutron Energy [MeV]

T T —7tr r r 1+ T1 1 1 1.1 11 T 17
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Deuteron Energy [MeV]

Figure 4.3: The dependence of dd neutron energy on the deuteron energy for several

deuteron ejectile angles.
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Neutron Energy [MeV]
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Figure 4.4: The dependence of dd neutron energy on the neutron ejectile angle for

several deuteron energies.
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Figure 4.5: The differential cross-sections of D(d,n)3He reaction for several deuteron

energies in the laboratory system of coordinates [73].



Chapter 5
Radiation Interactions

The subject of this thesis is devoted to the diagnostics of high energy density plasmas
using neutron and gamma-ray detectors. Knowledge of the radiation interactions
and their principles are crucial for design and setup of the diagnostics, process-
ing of the measured data, and physical interpretation. In this chapter, the basic

interactions of photons and neutrons with a matter are briefly described.

5.1 Interactions of Photons

The photons detected in a frame of this work are of the gamma-ray, annihilation
or bremsstrahlung origin and their energy is in the range of approximately (0.2-
2) MeV!. In such a case the only photon interactions which we take into account
are the photoelectric effect (photoelectric absorption), Compton effect (Compton
scattering), pair production and photonuclear excitation, although other photon

interactions are known.

5.1.1 Photoelectric Effect

In the photoelectric effect, the photon is completely absorbed by one electron bounded
in an atom. The electron is ejected from its shell and escapes the atom. The energy

of this emitted electron (photoelectron) is given by difference between the original

'Sometimes all photons in such energy range are considered as the gamma-ray photons, but

correctly the gamma photons are only the photons emitted by a nucleus.

34
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photon energy hv and the binding energy Eg of the electron in its original shell
Ee = hv — EB. (51)

The vacancy in the shell of the original electron is filled by the capture of a free
electron from the medium or rearrangement of electrons from other shells. Therefore,
one or more characteristics X-ray photons may be emitted [92]. The photoelectric
effect predominates up to the photon energy of a few hundred keV in dependence

on an atomic number of an absorber material (see fig. 5.1).

5.1.2 Compton Effect

The Compton effect occurs when the incoming photon is deflected and part of its
energy is transferred to a recoil electron. In accordance with the law of conservation

of energy, Ej. kinetic energy of the recoil electron is given by
Eye = hv — h/, (5.2)

where hv is the incoming photon energy and hr/ is the energy of the photon after

the collision. The total energy of the recoil electron is represented by the relativistic

E. = \/m3c* + p2c2, (5.3)

where my is the rest mass of the electron, c is the light velocity, and p, is the recoil

energy-momentum relation:

electron momentum. At the same time, the total energy of the recoil electron is
given by its rest energy before the collision E.q = mgc? increased by the Ej. kinetic

energy transferred from the incoming photon. Thus, combining the above-mentioned

E. = \/m3c* + p2c2 = moc® + hv — h/'. (5.4)

Square and modification of this equation [93] give:

formulas we obtain:

p2c® = () + (h/')? — 2(hv)(hv') + 2(hv)moc® — 2(hv)moc?. (5.5)
The p? is possible to express with help of the scalar product

Pg = Pe * Pe- (56)
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In accordance with the conservation of momentum, the momentum of electron p, is
given by difference of the incoming photon momentum pp, and momentum of the

photon after the collision pp,/
Pe = Phv — Phy/- (57)
Thus,

Pe =Pe Pe = (P — Pr) * (Phw — Phor) = Diy + Dhur — 2PhPhur cos (9),  (5.8)

where 1} is the photon scattering angle. Multiplying this equation by square of the
light velocity we obtain

pic® = p},c+ i, — 2ppph et cos (V). (5.9)

Since p,c = hv and p,.c = h/', the equation (5.9) becomes
pc® = (hv)* + (h/')? — 2(hv)(h') cos (99). (5.10)
The combination of the equations (5.5) and (5.10) gives
(hv) (M) — (hv)moc® + (hv'Ymoc® = (hv)(h') cos (). (5.11)

Modifying the expression (5.11) we obtain the scattered photon energy [92]:

hv' = hw (5.12)

hv
1+ e (1 —cos(9))

As far as the probability of the Compton collision per atom is concerned, the
differential scattering cross-section do/d2 is predicted by the Klein-Nishina formula
[92]:

CR )

a? (1 — cos (19))2
<1 + (14 cos? () (1 + a(1—cos (0)))) , (5.13)

where o = hv/moc? [92] and ry = (1/4meg)(e?/moc?) = 2.81794 x 107 m is the

classical electron radius [94].




5.1. INTERACTIONS OF PHOTONS 37

5.1.3 Pair Production

The production of the electron-positron pair is energetically possible if the interact-
ing photon exceeds twice the electron rest-mass energy (2 x 0.511 = 1.022 MeV).
However, the pair production is significant if the photon energy Av is much higher
than the energetic threshold. This interaction occurs in the field of nuclei?, the
photon is completely absorbed and its energy is converted into the rest mass energy
(2moc?), kinetic energy E,, of the electron-positron pair, and energy of the recoil
nuclei. The energy and momentum transfer to the recoil nuclei is necessary to satisfy
the law of conservation of the energy and momentum. However, the recoil nuclei
energy and momentum is small. Thus, if we neglect recoil nuclei energy transfer,

the kinetic energy of the electron-positron is [99, 100]
E,, = hv — 2mqc®. (5.14)

The produced positron is subsequently annihilated and two 511 keV annihilation
photons are emitted. Also, the interaction of the annihilation radiation with matter
is the important effect in the gamma-ray spectroscopy.

As far as the probability of the pair production per nucleus is concerned, no
simple and exact formula exists [92]. We note only that this probability rises with
the square of the atomic number of the interacting nuclei and also sharply rises with

the original photon energy [92].

5.1.4 Interactions within Detector

All the introduced photon interactions (photoelectric effect, Compton effect, and
pair production) occur in the photon detectors which are presented in this thesis.
The relative importance of these effects is dependent on the photon energy and the
absorber (detector) material.

The intensity of incident radiation is
I =¢hv, (5.15)

where ¢ is a number of primary photons per time unit (radiation flux) and hv their

energy [101]. In passing a distance dz within the absorber, the number of primary

2The pair production could occur also in the field of an electron, but the probability is much
lower [99, 100]



38 CHAPTER 5. RADIATION INTERACTIONS

photons suffering collisions is

dp = ¢ pde, (5.16)
where p is the total linear attenuation coefficient [101]. Solution of this equation is
as follows

¢ = e M (5.17)
and

I=Iye " (5.18)

where ¢ is the initial radiation flux, I is the initial intensity of the radiation, and d
is a passed distance in the detector. The total linear attenuation coefficient consists

of all above-mentioned interactions of photons with matter [92, 99, 101]:
U=T+0+kK (5.19)

where 7 is the photoelectric linear attenuation coefficient, o is the Compton linear
attenuation coefficient and « is the pair production linear attenuation coefficient
[101]. The Compton linear attenuation coefficient is given by ¢, and o5 Compton
linear absorption coefficient and Compton linear scattering coefficient, respectively
[101]

o =0,+ 0, (5.20)

As shown in fig. 5.1, each of linear attenuation components depends on the energy
of the photons and material of the detector [101]. At low energies of the photons the
photoelectric linear attenuation dominates, but it decreases rapidly with increasing
energy and grows with the atomic number Z. However, at heavy elements, 7 may
be still significant up to photon energy of a few MeV. For photon energies of more
than a few hundred keV and less than several MeV, the Compton effect component
o predominates. We note that the o is significant at all energies of photons observed
in this work. The coefficient x predominates at the many-MeV photon energy [92,
100, 101].

In the photoelectric collisions, the energy of the photoelectrons is (hv — B,),
where B, is the average binding energy of the atomic electron [101]. In the Compton
collisions, the average kinetic energy of the Compton electrons is (hvog/o), and the
Compton linear absorption coefficient o, is of the order of /50 for (1 — 2)-Mev

photons [101]. In the pair-production collisions, the total kinetic energy of the
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Figure 5.1: Relative importance of the three major photon interactions with a de-

tector [101].

positron-electron pair is (hv — 2mgc?) [101]. Combining these considerations with

equations (5.16) and (5.19), we find the energy absorption in a thickness dz [101]:
dl =n [T(hl/ — B.) + ohv?® + k(hv — 2moc?) | da. (5.21)
o

In the case of usual detector materials, B, and 2mgc? could be neglected® [101].

Thus, the approximate expression of energy absorption becomes
dl = I(7 4+ 0, + k) dz = Lp.dz, (5.22)

Where p, is the linear absorption coefficient. Obviously, p, is smaller than the total
linear attenuation coefficient u, since p includes the linear absorption coefficient p,

and the linear scattering coefficient ps [101]:

[t = fla + fis (5.23)

The linear absorption coefficient p, represents the photon energy which is converted
into the kinetic energy of secondary electrons. The linear scattering coefficient p
represents the total energy of all secondary photons (Compton, x-rays, and annihi-
lation radiation) [101].

3At the light elements, the electron binding energy is much smaller than the photon energy
at the region in which the Compton effect is significant and 2mgc? = 1.02 MeV is very small in

comparison with photon energy in the region in which the pair production is significant [101].
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In the real detector, all the mentioned photon interactions could contribute to
the full-energy peak formation which is the most important in the gamma-ray spec-
troscopy, but especially the Compton collisions could lead also to the formation of
continuum background or “false” peaks in the measured spectrum. Hypothetically,
if the detector will be so large that each secondary photon has an opportunity to
interact by any effect which we have mentioned, the total energy of entered photons
will be completely converted into kinetic energy of electrons. Because a time scale
of such process is much shorter than the response of the practical detector, each pri-
mary photon of a monoenergetic radiation will produce identical detector response
and the full energy peak will be formed by all mentioned interactions. In the real
detector with limited dimensions, some of scattered or annihilation photons may
escape. Thus, the energy of an original photon is not always fully absorbed. The
random losses of energy lead to the formation of continuum background, meanwhile,
the precise losses lead to the formation of peaks in the measured spectrum.

The most significant continuum is caused by the Compton interaction of primary
photons when the secondary photons are not absorbed. The Compton continuum
is spread out between the zero energy (when the primary photon is scattered to
the infinitely small angle) and the Compton edge (when the primary photon is
backscattered to 180°) [99]. Substituting hv = E,, Ecg = hv — ht/, and 9 = 180°
in formula (5.12) we obtain the Compton edge energy
2E3

= 5.24
mec? + 2F, ( )

Eck

where E., is the energy of the primary photon, m, is the rest-mass of electron and ¢
the speed of light (m, ¢? = 0.511 MeV). It should be noted that the second Compton
edge may be formed by the Compton edge of double Compton scattering to 180°:
2
4B

_ 5.25
me c? + 4F, ( )

Eocr =

Between the Compton edge and the full energy peak is the continuum of multiple
Compton events. The background with an energy above the full-energy peak is
caused by pile-up effects which rest in false coincidence summing (detecting of two
photons at the same time from different decays) and true coincidence summing
(detecting of photons from the same decay). If both coincidence photons are fully

absorbed, a “false” peak is formed. Other “false peaks” could be associated with the
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electron-positron pair production interaction of the primary photons. The resulting
positron is immediately annihilated emitting two photons. If one annihilation photon
is not absorbed so-called single escape peak is formed [99]. If both annihilation
photons are not absorbed so-called double escape peak is formed [99]. Obviously,

the energy of single escape Fsgr and double escape Fpg peak is determined as
Esg = E, — moc® (5.26)
EDE = Ety - 2m002 (527)

where mgc? = 0.511 MeV is the annihilation photon energy.

Moreover, the detector shielding and other surrounding matter could contribute
to the background too. In the surrounding matter the Compton scattering, pair
production, and photoelectric absorption are followed by emission of characteristics
x-rays®. The Compton effect in the surrounding matter may lead to the formation
of a backscatter peak. The energy of this peak is equal to the maximum energy of
the photons backscattered to 180° by the surrounding matter. In accordance with
formula (5.12) we obtain the energy of the backscatter peak [107]:
EA,mec2

Epg = ——2meC
BS mec? + 2E,

(5.28)

Another contribution to the spectrum continuum could be caused by the brems-
strahlung of (-particles. This effect is practically significant if the energy of 3-
particles exceeds 1 MeV [99)].

Last but not least, we should mention the contribution of ubiquitous natural
radioisotopes (**2Rn and “°K and others) and cosmic radiation. Such background

could be efficiently reduced using suitable shielding.

5.2 Interactions of Neutrons

The most important forces which cause interactions of a neutron with matter are the

nuclear forces® [108]. Many kinds of neutron interactions with matter are known.

4The shielding is usually made of lead which produces a number of x-ray peaks in the region of
70-85 keV [99]. Therefore, it is not disturbing the measurement presented in this work since the

energy of detected photons is significantly higher.
5Neutron, of course, could interact also by gravitation force since it has a mass and electromag-

netic force since he has a magnetic moment [108]. However, in the experiments presented in this

thesis, these interactions are insignificant.
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The probability of all these interactions is strongly dependent on a neutron energy.
In the case of a stationary target, the original energy of the dd fusion neutron is
always higher than 1.7 MeV (see figs. 4.3 and 4.4). However, due to the scattering,
the neutrons with a significantly lower energy may enter detectors. Obviously, the
neutron scattering is often undesirable. For example, the measurement could be
affected by neutrons scattered by the experimental chamber and surrounding hard-
ware, laboratory walls and floor, etc. Nevertheless, in some diagnostic systems (for
example Silver activation counter or Bonner spheres) the neutrons are moderated
deliberately because many interactions are more probably at the lower neutron en-
ergies. In our Z-pinch experiments, we assume the occurrence of neutrons with an
energy significantly lower than the original fusion neutron energy (due to the neu-
tron scattering) and at the same time neutrons with an energy up to several tens of

MeV. Interactions of such neutrons are described in this section.

5.2.1 Elastic Scattering

The neutron elastic scattering is an interaction in which a total kinetic energy of the
projectile neutron and target nucleus before the collision is equal to the total kinetic
energy after the collision. During the collision, part of the projectile neutron energy
is transferred to the kinetic energy of the target nucleus and the remaining energy
is carried by the scattered neutron. If the target nucleus is hydrogen 'H (a proton),
all the neutron energy could be transferred. For heavier nuclei, only a partial energy
transfer is possible [92]. For the non-relativistic kinetic energies, the conservation of
momentum and energy gives the energy of the recoil nucleus Eg in the laboratory

coordinate system [92]
Y

Er = m(cos2 0)E,, (5.29)

where A is the mass number of the target nucleus, # is the scattering angle of the
recoil nucleus, and F, is the neutron energy. The recoil nucleus interacts with the
matter primary through the Coulomb forces between its positive charge and negative
charge of the electrons in the material atoms [92]. The energy of the recoil nucleus
is transferred to the electrons in accordance with the specific energy loss —dE/dz
(linear stopping power). Depending on the energy transferred to the electron, the

excitation or ionization occurs.
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5.2.2 Neutron-Induced Nuclear Reactions

Neutron-induced nuclear reactions are reactions in which a new nucleus is formed or
the original nucleus is excited. The cross-sections of all these reactions depend on the
neutron energy. In this section, only the basic reactions which are important for the
diagnostics used in this work are presented. We note that generally very important
group of neutron reactions is also the nuclear fission, however, its description is

beyond the scope of this thesis.

5.2.2.1 Radiative Capture

Neutron radiative capture (n,y) is a nuclear reaction in which the projectile neutron
is absorbed by a target nucleus forming a heavier nucleus of the same chemical
element as the original nuclei. Subsequently, the formed nucleus decays to its ground
state by gamma emission. Notwithstanding the neutron radiative capture could
occur at all neutron energies, usually the probability of this interaction drops rapidly
at the neutron energies above 1 MeV. The cross-section of neutron capture reaction
usually contains the resonance region. The resonances are related to the energy levels

of the nucleus. In these resonances, the neutron capture cross-section is highest.

5.2.2.2 Nuclear Excitation

Nuclear excitation (n,n’) is the inelastic scattering in which a part of the incident
neutron energy is transferred to the nucleus which remains in the higher energetic
level (excited state). In contrast to the neutron radiative capture, the nuclear exci-
tation is a threshold reaction. The energy of the incident neutron must be higher
than the energy difference between the ground and excited state. The half-life of the
excited state could be very short (less than a nanosecond) bud also we can found
the reactions in which the nuclei remain in a metastable state with a half-life on the

order of hours.

5.2.2.3 Charged Particle Ejection

This category of the neutron-induced reactions are the collisions in which the inci-
dent neutron is absorbed and a charged particle is ejected. The most common such

reactions are (n,p) and (n,x). However other reactions, for example (n,d), (n,t),
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(n,3He), etc. are also possible. The formed nucleus may or may not exist in an ex-
cited state. This group of collisions includes both endo-energetic and exo-energetic

reactions.

5.2.2.4 Neutron Multiplication

The neutron multiplication reactions as (n,2n), (n,3n), etc are the threshold nuclear
reactions. The energy threshold of these reactions may reach tens of MeV. If the
produced nucleus is unstable or excited with a half-life in order of minutes or hours,

the reaction is useful for the fast or ultrafast neutron activation diagnostics.



Chapter 6
Experimental Apparatus

Since 2011, the Czech-Russian join experiments have been performed on the GIT-
12 device in Tomsk. The main aims of these experiments are the investigation of
the nuclear-fusion plasma, production of nuclear-fusion neutrons, and principles of
acceleration of ions up to the energy of tens of MeV. The GIT-12 device is supposed
to work with various loads. However, all experiments which are presented in this
thesis are performed with a gas-puff load with an outer plasma shell. The GIT-12
generator and experimental load used in the experiments presented in this thesis are

described in the following sections.

45
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6.1 GIT-12 Generator

The GIT-12 is a terawatt-class pulsed power device at the Institute of High Current
Electronics (IHCE) of the Siberian Branch of the Russian Academy of Sciences (SB
RAS) in Tomsk. The overall view of the GIT-12 device is shown in fig. 6.1. The

Figure 6.1: Overall view of the GIT-12 device

device contains 12 modules with Marx generators!. The modules are placed around
a circle having an external diameter of 22 m. Outputs of the modules are coupled to
the central node with the help of magnetically insulated transmission lines (MITL).
In the central node, the MITL outputs are connected in parallel and coupled to a
load. Charging the capacitors of Marx generators to the voltage of 50 kV, the total
stored energy corresponds to 2.6 MJ and the maximum short-circuit current achieves
4.7 MA in 1.7 ps [68]. The rise time of the current in a load could be reduced to 200
ns using plasma opening switches (POS). The comparison of the generator current
with and without the POS is in fig. 6.2.

In fig. 6.1 we can see 16 containers. However, 4 containers do not contain any modules with

Marx generators.
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Figure 6.2: The comparison of the generator current with and without the plasma

opening switches.

6.2 Experimental Load

The experimental load is composed of a gas-puff and an outer plasma shell generated
by plasma guns. This type of experimental load was developed at the THCE [81].
The deuterium gas was firstly used in such a load on the GIT-12 device in 2013 [2, 4].
The scheme of the experimental load is shown in fig. 6.3. The electrode system is
composed of the anode and cathode meshes with a transparency of about 70%. An
anode-cathode gap? varied typically between 23 and 27 mm. Above the anode mesh,
the single-shell or multi-shell supersonic nozzle is placed [47]. The gas-puff injected
by this nozzle spreads in the direction of the z-axis through the anode and cathode
meshes. The gas flow formed by the nozzle was simulated with a help of ANSYS
Fluent software by Jiff Stodulka [82]. By these simulations, a temporally depended
spatial distribution of the injected gas was evaluated. The gas-puff is surrounded
by the outer plasma shell. The outer shell is generated by 48 coaxial-type plasma
guns which are placed on the circle with a center on the z-axis. The diameter of
the circle is 35 cm. As far as the outer-shell plasma composition is concerned, it
consists of hydrogen (H") and carbon (CT,C*™*) ions [81].

2Shots with the anode-cathode gap up to 4 cm have been performed. However, for this work,

the crucial shots have been performed with the anode-cathode gap of 23-27 mm.
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Figure 6.3: Scheme of the experimental load

During the shot, firstly the gas-puff valve opening mechanism is triggered at the
time of about 350 us before the main trigger of the GIT-12 generator. After the valve
trigger, the plasma guns are triggered (1.7 — 1.9) us before the GIT-12 trigger. The
masses of the gas-puff and outer plasma shell are depended on the trigger delays.
It makes us possible to vary the masses. The linear mass of the gas-puff is usually
(60-100) pg/cm and the linear mass of the outer plasma shell is about 5 pug/cm.

We note, that the anode and cathode meshes are always damaged by the dis-

charge and we mount the new electrode meshes before every shot. For illustration,
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photos of the vacuum chamber and cathode mesh before and after the experimental

shot are displayed in fig. 6.4.

(a) Vacuum chamber

(b) Before shot (c) After shot

Figure 6.4: (a) Photo of the vacuum chamber, (b) cathode mesh before the experi-

mental shot, and (¢) cathode mesh after the experimental shot.



Chapter 7

Diagnostic Techniques and

Arrangement

The experiments on the GIT-12 device include a comprehensive set of diagnostics.
Standard diagnostic instruments are used, for example, voltage and current probes,
B-dot probes, an optical streak camera and an extensive system of extreme ultra-
violet (EUV) and soft x-ray (SXR) diagnostics including the pinhole camera with
four-channel gated microchannel plate. An emphasis is also put on the ion diagnos-
tics. The ion emission is studied using pinhole cameras with stacks of radiochromic
films (RCF) and CR-39 nuclear track detectors and ion absorbers [4]. The descrip-
tion of the whole diagnostic system which is used in the experiments on the GI'T-12
device is beyond the scope of this thesis. The detail description of the neutron diag-

nostics which is the focal point of this thesis is presented in the following sections.

7.1 Neutron Bubble Detectors

The bubble detectors are a passive time-integrated neutron measurement method
practically insensitive to other radiations such as hard x-rays (HXRs) and electro-

magnetic pulses (EMPs).

7.1.1 Bubble Detector Personal Neutron Dosimeters

In the experiments presented in this thesis, the neutron bubble detectors are mainly
based on the Bubble Detector Personal Neutron Dosimeters (BD-PNDs) [90]. The

20
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BD-PND consists of 10* — 10° droplets of superheated liquid dispersed throughout
8 cm? of clear, elastic polymer medium. A diameter of the droplets is on the order
of tens of microns. A pressure of the surrounding medium suppresses the normal
boiling. If the BD-PND is exposed to a neutron flux, recoil ions are produced by
reactions of the neutrons with atom nuclei within the detector volume (see fig. 7.1).

The recoil ions are slowed down in accordance with the stopping power (dE;/dx).

Overheated
liquid droplet

Figure 7.1: Formation of the bubbles in the neutron bubble detector.

These energy dissipations give rise to the production of highly localized hot regions,
so-called “thermal spikes”. If some recoil ion traverses the overheated liquid droplet,
the “thermal spikes” with a temperature above the superheat limit lead to the
formation of microscopic vapor cavities. If a radius of some such cavity exceeds the
critical value (typically a few tens of nm [90]) then the cavity will rapidly expand to
a form of a macroscopic bubble which fills the whole droplet [90]. If the cavity radius
is bellow 7, the cavity will be compressed by external pressure and disappears. If
the cavity radius is equal to the r¢ the pressure equilibrium occurs [90]:

Pe + i_a = Di (7.1)

C

where o is the surface tension of the liquid, p; is the internal thermodynamic pressure
of the cavity, and p,. is the external pressure. Rearranging (7.1) and substituting

Pi — Pe = Ap we obtain:
20

=% (7.2)

Te
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In accordance with the classical thermodynamic theory, the minimum amount of

energy required to form a vapor cavity of a radius r is approximately [90]:

4 H
Erin = 47Tm“z + —ﬂrfpv

STripT (7.3)

where p, is the density of the vapor, H is the molar heat of vaporization and M is

the molecular mass. Combining equations (7.2) and (7.3) we obtain:

o’ 2 p, H
Ein=16m—— |1+ = — 4
- 67T(Ap)2 { i APM] (74)

To exceed the critical radius of the cavity, the energy deposited by an ion over the
effective length L.y must achieve E,,;,. Assuming that L.s; is much shorter than

a total particle track length, the deposited energy is given by [90]:

dFE;
Ea= Leyy < = >7 (7.5)

) is the mean stopping power over L.ss. The effective length is propor-

dE;
dx

tional to the critical radius [90]. Thus,

dE;
Ed:k’TC < dr >, (76)

where (

where k is a constant. Equating (7.4) and (7.6) we obtain a threshold of the mean

dE; T o? 2 p, H
S S O :
<dx >Th k:Ap{ +3ApM:| (7.7)

The mean stopping power increases with the ion energy and the initial ion energy

stopping power:

increases with the energy of the neutron which interacts with this ion. Thus, the
stopping power threshold is related to the neutron energy threshold. We should
mention that the dimensions of the bubble are not dependent on any property of
the incident neutron.

As far as the detection efficiency of the bubble detector is concerned, it is given

by following formula [90]:
N(En0) =V Y N; Y 0F(E,.0), (7.8)
=0 j=0

where V' is the total volume of the superheated droplets, n is the number of isotopes

in the superheated liquid, NV; is the atomic density of each isotope, m is the number
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of considered reactions, o0;; is the relevant cross-section, Fj; is the probability that
the ij interaction leads to the formation of a bubble, E, is the neutron energy,
and 1 is the detector temperature. The dependence of the BD-PND efficiency on

the neutron energy is shown in fig. 7.2 where the data are used from [90]. The

1.0
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0.1 0.2 03 1 2 3 10 20
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Figure 7.2: Detection efficiency of the BD-PND detector. Data used from [90].

neutron energy threshold of the BD-PND is of about 100 keV and the upper energy
limit of the sensitivity is approximately 20 MeV. From the formula (7.8) it is clear
that the efficiency is dependent on the temperature. (The threshold is as well
dependent on the temperature.) However, the dosimeter has built-in compensation
for temperature effects on the response of bubble detectors [90]. The temperature
compensation is accomplished by a material with appropriate thermal expansion
properties. This material is separated from the medium by a thin rubber membrane.
The temperature range of the correct detector function is (20 — 37)°C [91]. The
BD-PND detectors are equipped with a temperature indicator (see fig. 7.3). The
screw cap servers to increase the external pressure, then the bubbles are compressed,
removed, and the BD-PND could be used again.
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As far as the calibration is concerned, it was found that the factory calibration
is rough, moreover, the BD-PNDs are rapidly aging. The aging is dependent on
the time elapsed from fabrication and also on the number of recompressions. This
phenomenon must be taken into account in the experiments with duration of sev-
eral weeks. Therefore our BD-PNDs have been calibrated in-situ using an Am-Be

neutron source.

Temperature
indicator
aor.
* LR
(0.0 :3‘
* liing
Detection
volume

Figure 7.3: Buble Detector Personal Neutron Dosimeter

7.1.2 BDS Detectors

The BDS (Bubble Detector Spectrometer) represents a series of detectors with neu-
tron energy thresholds from 10 keV to 10 MeV. However, if the factory calibration is
used the result neutron spectra are coarse only. To use this type of diagnostics as a
precise neutron spectrometer, several detectors of each threshold for better statistics

should be used and their accurate calibration is required.
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In the experiments on the GIT-12 generator, the BDS-10000 detector has been
used in order to detect high-energy neutrons. The detection principle of the BDS-
10000 is the same as in the case of BD-PND, but they are designed for the 10 MeV
threshold. In contrast to the BD-PND, the BDS-10000 is strongly temperature
dependent. The correct function is guaranteed only if the temperature is (20.5 £
0.5)°C. For the recompression of the bubbles, the external compression chamber is

required.

7.1.3 Bubble Detectors Arrangement

| BD-PND 4 \BD'PND 6

BD-PND 3

GIT-Module

Figure 7.4: Arrangement of the Neutron Bubble Detectors

During the experiments on the GIT-12, six BD-PNDs and one BDS-10000 were
used. The sensitivities of the BD-PNDs were in the range of (2 —7) x 10* bubble/
neutron/cm? and sensitivity of the BDS-10000 was 3.1 x 10* bubble/neutron/cm?.
The BD-PNDs were arranged in order to include almost all neutron radiation direc-
tions to take into account an anisotropy. The BDS-10000 was placed in the radial

direction, where an average neutron flux was assumed. The arrangement of the
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BD-PNDs and BD-10000 is shown in fig. 7.4.
During the in situ calibration by the ?*!Am-Be source with a strength of 10°
neutrons per second, the detectors were placed at the same positions as during the

experimental shots to include a neutron scattering.

7.1.4 Advantages of BD-PND detectors

For clarity, the advantages and disadvantages of the BD-PNDs are summarized in
the following list.
Advantages:

+ The BD-PNDs are sensitive only to neutrons (insensitive to HXRs and EMPs).
+ They are sensitive to neutrons in the broad neutron energy range.
+ They are suitable for the measurement of short neutron pulses.
+ Detector versions with various sensitivities are available.
Disadvantages:

The rapid aging must be taken into account during the experimental campaign.

The factory calibration is rough, thus a precise calibration is needed.

The sensitivity is dependent on a neutron energy.

- An exact counting of the bubbles is time-consuming.

7.2 Neutron Time-of-Flight Diagnostics

In the experiments described in this thesis, the neutron time-of-flight (nToF) detec-
tors are based on the conversion of a neutron flux into an electrical signal using a
plastic scintillator and photomultiplier or photodiode. The nToF detectors provide
information about the neutron flux with a temporal resolution of a few nanoseconds.
The original nToF signal, which is a function of the time, could be transformed into
neutron energy spectrum if we know the distance from the neutron source to the
detector, time of the neutron generation, time of the neutron detection, and energy

response of the nToF detector. Obviously, some other effects as neutron scattering
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could affect the neutron measurement. This section is focused on the implementa-
tion of the nToF detectors, their properties, experimental set-up, and transformation

of the time signal to the energy spectrum.

7.2.1 Neutron Time-of-Flight Method

As mentioned above, the time-resolved signal of the neutron time-of-flight (nToF)
detector is possible to transform into the neutron energy spectrum. Now, we show
how to find and provide this transformation. We will describe the nToF method

with a help of illustration in fig. 7.5. The nToF detector with a detection surface

Neutron source

<

Figure 7.5: The nToF detector with a detection surface S is placed at the distance

d from the neutron source with a distribution function f(¢,v, ¢, 0).

S is placed at the distance d from the neutron source with a velocity distribution
f(t,v,¢,0). The probability, that the emitted neutron will have a velocity v is
possible to calculate if we know the time of neutron emission ¢ and emission direction
defined by ¢ and 6 angles (see fig. 7.5). Then, the number of neutrons detected by
the nToF detector Np(7,d) is given by the integral

d
ND(T’CD:/t/v/A@ Mf(t,v,go,@)&(t%—;—T) de df dv dt, (7.9)

In the experiments reported in this thesis, the duration of neutron production is neg-
ligible in comparison with neutron time-of-flight. Therefore, in the calculations, we

use the infinitesimal duration of the neutron emission in the time ¢,. This approach
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is called the basic time-of-flight method [88]'. In this method, the velocity distri-
bution in (7.9) is approximated as f (¢, v,¢,0) = f(9,0,0)8 (t —to). Integrating

equation (7.9) with respect to ¢ we obtain

) q
ND(T,d)://A Aef(@,¢,e)5<t0+5—7> dpdf do, (7.10)
o JAp

Now, we will integrate the equation (7.10) with respect to ¢ and 6 angles. The
integration limits are defined by the detector distance and dimensions (see fig. 7.5).
The dimensions of the detector are on the order of centimeters and the distance of
the detector is on the order of meters or tens of meters. Thus, Ay and A6 are very
small. Therefore, we assume that due to such very small changes in the angles the

f distribution function is constant and the formula (7.10) becomes to
A d S
ND(T,d):/f(U)5 t+—-—71 ﬁdv, (7.11)
6 0

where S = d?ApAf. To integrate the formula (7.10) we will use the following

substitution [85, 89:

Mmm)zéw—vﬁ?%ﬂ, (7.12)

where g(0) = to + ¢ — 7 and v is the root of the g. Thus,

d . v?
5(t0+5—7) :6(0—1))5. (7.13)
Therefore, we can express (7.11) as
A ) 9 S
Np(r,d) = Af(v)é(v—v)v Edv. (7.14)

After the integration, we can express the neutron velocity spectrum

~ dN, 1
fo) =8 = No(rd) S

(7.15)

'If we assume a significantly long duration of neutron emission with respect to neutron time-
of-flight, for example in plasma foci, we will need to use the extended ToF method presented in
[86, 87, 88, 89]. However, in the experiments on the GIT-12 device the neutron production is very
short in comparison with neutron time-of-flight. Moreover in the extended ToF method a lower
deuteron energy than in our experiments (below 300 keV) is assumed. Therefore, we use the basic
time-of-flight method.
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where N, is a number of the emitted neutrons with velocity in the interval of
(v,v 4 dv). The neutron velocity in (7.15) could be written using the neutron time
of flight (7 — ty) and the detector distance d:

;o AN,

flo) = S0 = Np(r,d)d (r — o)

g.

(7.16)

The neutron velocity spectrum is very closely related to an energy spectrum. In
the case of the non-relativistic energy of neutrons, the neutron energy is equal to
E, = %mnvz, where m,, is the neutron mass?. Thus, the neutron energy can be
expressed by formula

_dN,
- dE,

dv
dFE,

= flo)——. (7.17)

my, vV

8 = G5t = o)

Combining the equations (7.16) and (7.17) we obtain the neutron energy spectrum:

F(Ew) = Npf(r, d)(T;L—tO)% (7.18)

Thus, if we assume the instantaneous neutron emission, the detection time 7 cor-
responds exactly to the neutron energy F,. As mentioned above, the scintillator
is coupled with the photomultiplier. Assuming that, the multiplier is in the linear
regime with an amplification A (including the attenuating optical filters mentioned
above), the nToF detector output signal s(7,d) is given only by Np(7,d), A, and
the scintillator neutron response n(E,). Therefore, we can evaluate f(F,) neutron

energy spectrum from the nToF detector output signal s(7,d):

A (7' — to)d 1

FUB) = () s

(7.19)

|

As far as the time of neutron emission t; is concerned, we assume that it corresponds
to the time of HXRs emission. The determination of ¢, significantly influences the
accuracy of the neutron energy by the basic time-of-flight method. Generally, the

uncertainty u of some determined value Y = y(z1, za, ..., x;, ..., xpr) is defined as [74]:

u(Y) = f: (gi)Z u®(z;), (7.20)

=0

2The non-relativistic approximation causes neutron energy error of 3% at the highest considered

neutron energy of 18 MeV in our reconstructed nToF spectra.
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where u?(z;) is the uncertainty of the measured value x;. In the case of nToF method
Y =FE, = %mnvﬂ = %mn (al/zf;rop)2 where tr,r = T — t( is the neutron time-of-flight.
Obviously, the neutron mass m,, is exactly known, the detector distance d is also
possible to measure relative precisely. Thus, an uncertainty of neutron energy AFE,
is mostly given by the uncertainty of the determination of neutron time-of-flight

Atp,r. Using 7.20 we obtain the uncertainty of energy AFE,:

o |1 d \?
Otror 2" tror

Thus, the uncertainty of the time-of-flight method is dependent on the time res-

2FE,

ToF

AFE, =

ANZa

Atpop. (7.21)

olution of the nToF detector and duration of the neutron emission At which is
corresponding to the duration of HXR pulse. As mentioned above, the time resolu-
tion of the nToF detector is about 5.7 ns. The full width at half maximum (FWHM)
of the HXR pulse is about 10.5 ns. In accordance with (7.20) the Atg = 12 ns. Us-
ing formula (7.21) we obtain the neutron energy uncertainty displayed in fig. 7.6.

The uncertainties in fig. 7.6 are plotted for the nToF detectors at the distances of
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Figure 7.6: The uncertainty of the neutron energy evaluation by the basic time-of-

flight method dependent on the detector distance.

2.0 m, 4.8 m, 5.6 m, 10.1 m, and 25.8 m. Such distances correspond to the nToF
diagnostics set-up in the GIT-12 experiments (more in the following section). The

neutron spectrum is usually evaluated from the signal of the furthermost detector at
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the distance of 25.8 m. From fig. 7.6 is apparent that the energy resolution for the
dd fusion neutron energy 2.45 MeV is of about 0.05 MeV and for the high-energy
neutrons with the energy of 20 MeV, the resolution is of about 1 MeV. Such a reso-
lution is sufficient and the extended time-of-flight method is not necessary. We note
that the resolution of the real nToF diagnostics is slightly worse than the calculation

in fig. 7.6 due to an EMP interference.

7.2.2 nToF Detectors

During the experiments presented in this thesis, two kinds of neutron time-of-flight
(nToF) detectors were used. The first one is the nToF detector with the photomul-
tiplier and the second one is the nToF detector with the vacuum photodiode. The
simplified scheme of these detectors is displayed in fig. 7.7. The detection principle
is based on the elastic scattering of neutrons on nuclei of the plastic scintillator. In
the case of plastic scintillators, the scattering nuclei are represented by protons. The
elastic interaction transfers a part of the neutron kinetic energy into a recoil proton?
[92]. The energy of a recoil proton is fully deposited in the scintillator because the
recoil proton free path length is negligible in comparison with dimensions of the
scintillator. The deposited energy is converted into light flashes (scintillations) by
excitation of the scintillator atoms and subsequent fluorescence.

In our nToF detectors, we use the Sant Gobain BC-408 polyvinyltoluene scintil-
lators. The maximum of scintillation spectrum corresponds to a wavelength of 425
nm (visible violet light) and pulse duration (FWHM) is about 2.5 ns [95].

The scintillations are usually detected by the photomultiplier (see fig. 7.7(a)).
We use the Hamamatsu H1949-51 assembly with the Hamamatsu R1828-01 fast
photomultiplier tube (PMT) with a bialkali photocathode. The wavelength of max-
imum sensitivity of this PMT is 420 nm and an anode pulse rise time is 1.3 ns (at
a supply voltage of 2.6 kV) [96]. The PMT response is linear with deviation up to
5% at anode currents below 500 mA [96]. The photomultiplier is coupled with the
scintillator using neutral density optical filters to avoid a saturation of the photo-
multiplier by an intensive neutron flux and HXRs produced during the GIT-12 shot.
The optical transparency coefficients of the filters vary from 1/512 to 1/15155 at

3The neutron scattering may occur also on another nucleus, but the proton is by far the most

important nucleus [92].
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(b) Neutron Time-of-Flight Detector with Vacuum Photodiode

Figure 7.7: Simplified scheme of the neutron time-of-flight detector (a) with a pho-
tomultiplier, (b) with a vacuum photodiode. Description: 1 — Plastic scintillator
BC408, 2 — Silicon emulsion, 3 — Neutral density optic filter, 4 — Photomultiplier,
5 — Photocathode, 6 — Electron multiplier dynodes, 7 — Anode, 8 — Photodiode, 9
— Solid state amplifier, 10 — Electrical output matched to 75 €2 coaxial cable, 11 —
Lead shielding.

the furthest and nearest nToF detector, respectively. A photo of the nToF detector

with the photomultiplier and its components is shown in fig. 7.8.

The high optical attenuation of the scintillations at the nearest detector led

to the construction of the nToF detector where the photomultiplier was replaced
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(d)

Figure 7.8: Photo of the neutron time-of-flight detector with a scintillator and a
photomultiplier. (a) Scintillator with anti-reflective layer, (b) Scintillator BC-408,
(¢) Photomultiplier, (d) Assembled detector

by the vacuum photodiode coupled with a broadband solid-state amplifier (see fig.
7.7(b)). Such a detector is cheaper than the nToF detector with the photomultiplier.
Moreover, no high-voltage power supply is required.

To avoid the saturation of both types of the nToF detectors by extreme intensive
bremsstrahlung radiation which accompanies the neutron production, the detectors
are shielded by 20 cm of lead on the front side and by 5 cm of lead from the other
sides to eliminate backscattering and secondary radiation.

An example of the nToF detector output signal is displayed in fig. 7.9. The first
short intensive pulse corresponds to the bremsstrahlung and the rest of the signal
corresponds to the neutrons.

As far as a temporal resolution of the nToF detector is concerned, it has been
investigated by Klir in [97]. The nToF detector with the identical scintillator and
photomultiplier as in the experiments on GIT-12 was placed at the distance of 83.7 m
from the pinch on the PF-1000 plasma focus at IPPLM in Warsaw. At such relatively
great distance, it was possible to distinguish pulses corresponding to individual
neutrons and obtain a single neutron response of the detector. A comparison of the
measured single neutron response with the response predicted by the convolution of
the PMT response and scintillator decay is displayed in fig. 7.10. The FWHM of
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Figure 7.9: Signal of the N2 radial nToF detector at the distance of 5.6 m from the
z-axis (shot no. 1844).
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Figure 7.10: Response of the nToF detector to single neutron [97].

the neutron signal in fig. 7.10 is 5.7£0.6 ns. The rise time and fall time are 2.94+0.2

ns and 8 £ 1 ns, respectively. It allows us to distinguish two single neutrons when
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the temporal shift is at least 5.7 ns [97].
Because the detectors operated in an environment with very harsh radio fre-
quency EMPs, double shielded coaxial cables were used to transfer nToF detector

signals to the Faraday cage with oscilloscopes.

7.2.2.1 Design of nToF Detector with Solid-State Amplifier

The nToF detector with a solid-state amplifier was developed in the frame of this
thesis. A block scheme of this detector is shown in fig. 7.11. The detector is
compatible with standard cylindrical scintillators with (44 — 45) mm in diameter and
(40 — 57) mm in length which scintillate in the range of wavelengths from 200 nm to
600 nm. The range of the wavelengths of the scintillations which can be registered
is limited by the vacuum photodiode used. The photodiode used is Hamamatsu
R727 with a Sb-Cs photocathode and a UV-glass body (see fig. 7.12, curve 8).
The parameters of Hamamatsu R727 are shown in table 7.1. The photodiode signal
is amplified by the amplifier constructed from one or two integrated circuits with
the current feedback. The complete electrical schemes of one-stage and two-stage

amplifiers are shown in fig. 7.13 and 7.14, respectively.

Photodiode
Scintillator [ay~ @ ArTj;:]l;Iler *Sétr?glt

A

Power

supply
unit

Figure 7.11: Conception of the probe

Description of the electrical schemes of the solid-state amplifiers is as follows. The
charge of the cathode is drained by the Rp; resistor to the ground. The Cp inter-
electrode capacitance of the photodiode is about 2 pF [96](see table 7.1). Therefore
the characteristic time of the detector 7 is limited by the product of interelectrode

capacitance Cp and resistance Rri:

7=Cp Ry =2-107"F - 10000 = 2ns (7.22)
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Photocathode material Sh-Cs

Diameter of the photocathode 15 mm

Maximum anode supply voltage 100 V

Recommended operating voltage 15V

Typical luminous sensitivity 40 pA/lm
Maximum peak cathode current 6 LA
Average cathode current 2 HA
Interelectrode capacitance 2 pF

Table 7.1: Parameters of the Hamamatsu R727 vacuum photodiode (Data from [96])
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Figure 7.12: Spectral response characteristics of the Hamamatsu photodiodes [96]

At the same time, the sensitivity of the probe depends on the Rr resistor. Because
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Figure 7.13: Electrical scheme of a one-stage amplifier
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Figure 7.14: Electrical scheme of a two-stage amplifier

the voltage at the input of the amplifier is proportional to the photocurrent and to

the value of the Ry resistor

Vin = Ip Ry (7.23)

Hence, the sensitivity and time resolution are contradictory requirements. The
characteristic time of 2 ns according to the FWHM of the scintillation pulses of the
fast plastic scintillators [95] seems to be an optimal compromise.

The voltage of the Ry resistor is amplified by a one-stage ore a two-stage ampli-
fier composed of AD8001 integrated amplifiers in a noninverting configuration [98].
The theoretical voltage amplification Ay of the one-stage amplifier is

R

A — +1=11. 7.24
Vi = R + ( )
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The voltage amplification of the second stage Ay is
Ayo = —+1=11. (7.25)

Note that the total voltage amplification Ay is two times lower because the Rpo
adapting resistor (or Rp; in the case of the one-stage amplifier) forms a 1/2 divider
with a 50-2 load. Therefore the total voltage amplification Ay of the one-stage
amplifier is

A
Ay = % =5.5. (7.26)

If we count the interstage divider from the Rp; and Rps resistors and if we neglect
the input impedance of the integrated circuits, the total voltage amplification Ay

of the two-stage amplifier is

Rio

=——=" Ay Ayy = 45. 7.27
Rpo + Roy vieve ( )

Ay

The power amplification of the solid-state amplifier can be determined by the ratio
of the electric power of the amplifier output and the electric power delivered to the
amplifier input:
Pout RTl
Ap = = A 7.28
TP Y'Ro + Ry, (7.28)

where Ry is the resistance of the load, which is represented usually by the 50-€ line.

By substituting to (7.28) we obtain the power amplification of 250 for the one-stage
amplifier and amplification of 20 250 for the two-stage amplifier.

The symmetrical power supply of the integrated circuits is filtered by blocking
ceramic capacitors of capacitances of 100 nF and 1 uF (the capacitors: Cpy, Cpa,
Cps, Cpy, Cps, Cpe, Cpr, Cps) which are placed very close to the integrated circuit
package (as close as possible). The power supply of the vacuum photodiode is filtered
in the same way as well (capacitors: Cy1, Cys).

The very important properties of the amplifiers are frequency characteristics
since they influent a temporal resolution of the detector. The frequency character-
istics of voltage amplification of the one-stage and two-stage amplifiers are shown
in fig 7.15.

The measurements of frequency-depended amplification were done with the 50-2
matching. The high-frequency generator output and the oscilloscope input were set
to the 50-2 coupling mode. From fig. 7.15 it is clear that in the range from 10 to 400
MHz the amplification change is negligible. The amplifier is able to work without
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Figure 7.15: Measured frequency characteristics: (a) one-stage amplifier, (b) two-

stage amplifier.

any significant distortion of the output signal up to the output voltage swing of 3
V. That means that the amplifier in this form can amplify unipolar pulses with a
height of up to 1.5 V.

O IN  OUT] O 45V
- "-’l % GND
r---\ op IC5
S 7805
| 3 + g
OB cs c5
. e
oo T470n 100nT o
| = O
I _L470n C7_L
Lok | = =
| ] O C6 100n
! .
| IC6
[ Y w0 7809
- —— [%5] o
g GND
i £ N ouT] o -5V

Figure 7.16: Electrical scheme of the power supply

As far as the symmetrical power supply unit is concerned, it is formed using two
9-V batteries and 7805 and 7905 integrated stabilizers for the positive and negative
supplying branch, respectively. The electrical scheme of the power supply is shown

in fig. 7.16. We should mention that the power supply is not ideal because of
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the power losses. For a lower energy consumption, the DC/DC converter is more
suitable. However, the simple power supply used is more reliable and does not
generate any noise?. Therefore the prototype which is designed to test the new type
of detector is equipped with the battery power supply displayed in fig. 7.16. When
it was tested, the batteries showed a lifetime of many hours of a continuous detector
operation.

The computer model of the scintillation probe prototype is shown in fig. 7.17.
For illustration, the photo of the made prototype is shown in fig. 7.18.

Figure 7.17: Model of the designed prototype of the scintillation probe

4The DC/DC converters contains AC generators which could be a source of noises if they are

constructed in an inappropriate manner.
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Figure 7.18: Photo of the scintillation photodiode probe

7.2.3 nToF Detectors Set-up

During the experiments on the GIT-12 device, we used four radial detectors and one
axial nToF detector in the downstream direction (below cathode). The placement of
the nToF detectors is shown in fig. 7.19. We note that fig. 7.19 is schematic and the
dimensions are not in scale. The neutron source represented by the Z-pinch discharge
is assumed on the z-axis between the anode and cathode inside the experimental
vacuum chamber. All detector distances are related to this neutron source. The
nearest nToF detector labeled N1 was placed at the distance of 2 m because this
is the shortest distance where the HXRs pulse does not interfere with the neutron
pulse. The N4 nToF detector is placed at the largest possible distance of 25.8 m
which is limited by the facility building dimensions. To minimize a distortion of
detected neutron energy by the scattering, there were no objects in the line of sight
from the Z-pinch to the radial nToF detector except a stainless steel flange with a

thickness of 0.5 cm.
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Figure 7.19: Arrangement of the neutron time-of-flight detectors displayed in top
view and side view cross-section of the GIT-12 device. Description: 1 — Experimental
vacuum chamber, 2 — Twelve modules of Marx generators, 3 — Magnetically insulated
transmission line (MITL), 4 — nearest radial detector N1 (2 m), 5 — N2 radial detector
(5.6 m), 6 — N3 radial detector (10.1 m) in 2015, 7 — N3 radial nToF detector (10.1
m) in 2016 and 2017, 8 — N4 radial detector (25.8 m), 9 — N5 axial detector (4.8 m),

10 — Concrete floor, 11 — Underground concrete floor.



7.3. SILVER ACTIVATION NEUTRON DIAGNOSTICS 73

7.2.4 Advantages and Disadvantages of nToF Diagnostics

Advantages:
+ The time-resolved signal is possible to transform to spectrum.

Disadvantages:

Absolute calibration is complicated.

Dependence of the scintillator response on neutron energy in the range impor-

tant for the experiments reported in this thesis (up to 20 MeV) was estimated

theoretically only.

The nToF detector is sensitive to HXRs®.

Problems with the EMP interference.

7.3 Silver Activation Neutron Diagnostics

The silver activation counter is the established time-integrated neutron diagnostic
method. The method is based on the activity of silver induced by neutron flux.
A decay radiation of the produced unstable isotopes is detected. Since the activation
process is very fast, this method is suitable for the detection of short neutron pulses.

The detailed principle of the silver activation diagnostics is explained below.

7.3.1 Principle of Neutron Activation Diagnostics

During the exposure of an activation sample to a neutron flux, nuclear reactions
might occur. Since we consider an activation sample with the thickness on the order
of millimeters and the neutron energy on the order of MeV, the mean free path of
the neutrons is much higher than the sample thickness. Thus, the reaction rate R
is given by

R = ¢Ni(o) (7.29)

5The sensitivity of the nToF detectors to HRXs is particularly also advantage, since the HXRs

pulse in the nToF signal carries information about the time, when the neutrons were emitted.
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where ¢ is the neutron flux (number of neutrons per unit area per unit time), V; is

the number of the target particles, and (o) is the mean cross-section averaged over

>* do(F)
<>:/ETh 15 o(E)dE

< AB(E)
—dFE
/Em dE

where FErpj, is the reaction threshold energy and @ is the time-integrated neutron

the neutron spectrum:

(7.30)

fluence o
P = / odt. (7.31)
0

The produced radioactive isotopes undergo decay from the beginning of the expo-
sure. The rate of decay is given simply by AN(t), where A is the decay constant
of the radioisotope and N(t) is the number of the unstable nuclei at the time ¢.
Thus the total rate of change N(t) is given by the difference between the rate of
radioisotope production and rate of decay [92]:

%t(t) =R — AN(t) (7.32)
Assuming a constant R, constant IV, (neglecting any “burn-up”), zero radioactivity

before the exposure N(0) = 0, and the begin of the exposure at the time ¢ = 0, the

solution of the equation 7.32 is following
R
N(t) = 5y [1 — exp (—At)] (7.33)
and the activity A(t) is given by
Aty=R(1—e™). (7.34)

Thus, the maximum activity of the sample is limited. The saturated activity is given
by limit
Ao = 1tlim A(t) = R = ¢N(o) (7.35)
—00

If the exposure finishes at the time ¢y, the initial activity is given by
Ag(to) = A (1 =) = R(1 — e ™). (7.36)

The time dependence of the activity during and after the exposure is shown in

fig. 7.20. The temporal dependence during the exposure is important for a calibra-
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Figure 7.20: Activity of the activation sample.

tion by the 2! Am-Be neutron source. Since a length of the neutron pulse produced
by the Z-pinch is on the order of tens of nanoseconds and the half-life of activated
silver is on the order of tens of seconds or higher, we neglect a decay during the

exposure®. Thus, the initial activity is approximated by the formula

where @ is the time-integrated neutron fluence.
After the exposure, we begin to measure or analyze the decay radiation of the

sample. The rate of detected events for ¢ > ¢, is given by
Rp(t) = € A(t) + Cp = eAge 710 4 Ry (7.38)

where € is the overall detection efficiency depending on the energy, self-absorption
within the activation sample, geometric factors, and probability of the decay particle
emission and Rp is the rate of counts caused by detection of a background radiation.

The number of events counted between t; and t, for t1,ty > tg is given by

to A
C= / Rp(t)dt = 670 eMo (e_M1 — e_’\”) + Rp(ty — t1) =

t1

(e—)\h _ e—A(tH-At)) +Cpg, (7.39)

where At = ty — t; is the duration of the counting and Cp = Rp - At is the number

of counts caused by detection of a background radiation.

5Tn the case of the tokamaks, continuous accelerators or repetitive plasma foci the decay during

the exposure must be taken into account.
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7.3.2 Silver Activation Counter

The silver activation counter (SAC) uses the natural silver with isotopic content
52% of 7Ag and 48% of 19 Ag. The significant nuclear reactions of neutrons with

the natural silver are represented by neutron radiative captures:
YTAg(n,v) ®Ag (Th o = 142.95) —'% Cd + B~ (97.2%) (7.40)

and
9Ag(n, ) "Ag (T1 )0 = 24.65) —"1° Cd + B~ (99.7%) (7.41)

The neutron radiative captures by 1“Ag and "°Ag result in the production of 1%®Ag
and 19Ag unstable isotopes with half-lifes of 142.9 s and 24.6 s, respectively. The to-

tal cross-sections of the corresponding reactions are shown in fig. 7.21. From fig. 7.21
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Figure 7.21: The total cross-sections of the radiative neutron capture reactions of

natural silver isotopes

it is clear that the activation cross-section for the neutrons with dd fusion energy of
2.45 MeV is relatively low in comparison with the cross-section at the energies on
the order of keV or lower. Therefore to detect the high-energy dd fusion neutrons, a
polyethylene moderator is used to achieve higher reaction probability (see fig. 7.22).

The moderator is designed for the energies of the dd fusion neutrons. It is assumed,
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Figure 7.22: Scheme of the silver activation counter

that it works correctly up to neutron energies of 4 MeV. The moderated neutrons
are captured by the silver foil with a thickness of 1 mm. The silver foil is surround-
ing the Geider-Miiller tube (G-M Tube) CBEM-19 (SBM-19) which detects the 3~
decay radiation. In accordance with (7.38), assuming ¢ > t, and superposition of

108 Ag and 19Ag decay radiation, for ¢t > ¢, the count rate is given by
RAg<t> = 611401 G_Al(t_to) + EQAOQ G_AQ(t_tO) + RB, (742)

where index 1 corresponds to '“®Ag and index 2 corresponds to '°Ag isotope. In

accordance with (7.39), for ¢; > ¢y the number of counts is

CAg = Elﬂ 6)\1t0 (G*Altl _ e*Al(tlﬁ*At))
A1
b D2 Mt (¢t it 4 (7.43)

A2

where ¢ is the start of counting and At is the duration of counting. A signal of the
G-M tube is amplified by the preamplifier and analyzed by the counter in control
room.

The silver activation counter has been placed in the radial direction at the dis-
tance of 4.55 m from the z-axis.

We note that the G-M tube could be saturated by the radiation of activated
silver if the neutron yield from the GIT-12 shot exceeds 10'? neutrons per shot.
Such saturation could be corrected by extrapolation of the decay exponential curve

if the neutron yield is below 5 x 10'2. Theoretically, this range could be increased by
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placing the SAC at a greater distance, but it is complicated due to bulky oil tanks

with Marx generators which surround the experimental chamber”.

7.3.3 Calibration of SAC

The silver activation counter (SAC) has been calibrated by Dr. Padalko using ' Am-
Be neutron source with the strength of 10° neutrons per second and neutron energy
spectrum displayed in fig. 7.23%. The calibration counting was performed after the
exposure to avoid some influence of gamma-rays produced by 2! Am-Be to the G-M
tubes. During the exposure, the saturation of SAC was achieved. Consequently,
the neutron source was removed and the decay radiation was detected with At =
1 s. Obviously, Ag; = Ay and Ags = As. Substituting the saturated activities
Ao, As2 In equation (7.43) by formula (7.35) we obtain

$o1 Ny _ _
CAg =€ )\ e)\lt() (e At —e /\1(t1+At))
1

¢U/2\Nt2 6/\2150 (6_)\2t1 _ 6—)\2(t1+At)) + CB- (744)
2

€9

Where Cy, is the number of counts caused by the decay of the activated silver, Cp
is the number of counts caused by the background radiation, and ¢ is the neutron
flux given by the ! Am-Be source and its distance from the SAC. The SAC was
calibrated placing the *'!Am-Be source at the distances of 0, 20, 40, and 60 cm
from the SAC. The detection efficiencies €1, €9, cross-sections o1, o1 and numbers of
107 Ag and %9 Ag nuclei we assumed constant. Thus, we merge the constants in 7.44:

Ky = €1 Ny oy and Ky = €3 Nyg 09 and equation (7.44) becomes

CAg — Kl)\iil e)‘lto (efAltl _ e*Al(tlﬁ*At))

L, 2 o (e7deh — e=ha(t+80) | oy (7.45)

where K and K represent the calibration coefficients. Fitting equation (7.45) to
the measured decay, we found the calibration factors K; and Ks.

Moreover, the SAC has been in-situ cross-calibrated with the BD-PNDs.

It is possible to place the SAC to narrow gaps between the oil tanks, but in such a case the

SAC will be strongly affected by neutrons scattered by oil.
8The energy spectrum of the 24! Am-Be neutrons was measured by Thompson and Taylor [109].
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Figure 7.23: Neutron spectrum of the 2! Am-Be source [109].

7.3.4 Advantages and Disadvantages of SAC detectors

Advantages:

+ SAC is well known and established method.
+ SAC is not affected by HXRs or EMP?.

+ It is suitable for the measurement of short neutron pulses.
Disadvantages:

- The calibration by a suitable neutron source is needed.

- Design and calibration of the SAC for a broad neutron energy spectrum are

complicated.

7.4 Fast Neutron Activation Diagnostics

In most of similar Z-pinch and plasma focus deuterium fusion experiments, the

neutron diagnostics is designed for the energy of 2.45 MeV. However, as mentioned

9In the experiments described in this thesis, the SAC is not affected by EMP and HXRs since

the measurement result is evaluated by processing of the post-shot decay counting.
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above, the energy spectrum of neutron emission in the experiments presented in
this work is very broad. In the spectrum we found sub-MeV energies corresponding
to scattered neutrons [111] and at the same time neutron energies above 20 MeV
2, 4]. Therefore, the diagnostics which is dedicated to detection of neutrons with
the energy in a specific energy range, should not be affected by neutrons with the
energy out of this range. This requirement is met by the fast-neutron activation
diagnostics based on nuclear reactions with an energy threshold.

The fast neutron activation diagnostics is based on similar principles as the silver

activation counter with following differences:
There is an energy threshold at the activation reactions.
The neutrons which activate a sample of some material are not moderated.

In the experiments described in this thesis, we detect only the gamma-rays emitted

by the activated sample.

Gamma-ray spectrum analysis is necessary.

7.4.1 Used Neutron Activation Samples

The energy threshold of the nuclear reaction is given by an isotopic content of the

sample. For the choice of the sample element, the following requirements are given:
e suitable reaction energy threshold,
e sufficiently high reaction cross-section,
e reasonable half-life of the reaction product,
e product gamma-ray energy in a measurable range,
e sufficient probability of the gamma-ray photon emission,
e isotopic content,
e chemical purity,

e availability and cost.
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Obviously, the fundamental requirement is the suitable energy threshold of the
nuclear reaction. Another very important parameter is the dependence of the re-
action cross-section on the neutron energy. The slope of the cross-section from
the threshold energy to the cross-section maximum should be sharp for the better
neutron energy resolution. There are also requirements on the value of the reaction
cross-section, product half-life, intensity of the gamma-ray lines, isotopic abundance,
chemical purity, etc. These requirements are only approximate and typical in the
practice (see examples in [92, 112, 113, 114, 117, 118]). For example, a very high
cross-section of some reaction could compensate a low isotopic abundance, etc. The
sufficient value of the cross-section is dependent on the assumed fluence of neu-
trons above the energy threshold. Usually, it shouldn’t be much less than 0.1 barn.
In our experiments, it was shown that the cross-section of about 0.09 barn of the
27Al(n,p)?*"Mg with the threshold of 3.8 MeV is sufficient. As far as a product of
the reaction is concerned, it must be unstable. In the experiments described in this
thesis, at least one minute is needed to transport the irradiated activation samples
to the gamma-ray spectrometer which is in a different room than the GIT-12 device.
Therefore, a half-life of the activated samples should not be less than a minute to
make the gamma-ray spectrum analysis possible. At the same time, its half-life
shouldn’t be longer than a few days due to the weak radioactivity of long-lived iso-
topes. The energies of gamma-ray photons of the decaying product must allow the
gamma-ray analysis by available Nal(Tl) and HPGe gamma-ray spectrometers. The
energy of the observed gamma-lines is usually higher than 200 keV. The intensity
of these gamma-ray lines in terms of the gamma-ray emission probability is usually
higher than 20%. As far as the isotopic abundance is concerned, in our case, the
samples were always of the natural content. Usually, the abundance of the isotope
acting in the observed nuclear reactions is higher than 20%. At the same time,
the natural element mustn’t contain any unstable isotopes which affect the gamma-
ray spectrum analysis. To prevent any other disturbing reactions we use chemical
purity of the samples as high as possible. Since material samples with a chemical
purity better than 99% are commercially available we used the samples with such
high purity. Of course, the essential requirement is also the cost and availability of

samples.

To obtain information about the substantial part of the neutron spectrum, based

on these requirements, indium, aluminum, niobium, and copper samples were used.



82 CHAPTER 7. DIAGNOSTIC TECHNIQUES AND ARRANGEMENT

The total cross-sections of reactions corresponding to these samples are shown in
fig. 7.24. The basic features of the fast neutron activation samples are summarized

0

10
— P S o
iy
4 ~
——— /. B
/[ ~ /
— / N\
< 1 A
I T TN
— | /. N
c | N —
g N -
3 [ ] —
2 I
o 2
6 10 |
’,, 115In(n,n‘)115mln
n —"Al(n,p)"'Mg
| —— % Nb(n,2n)"*"Nb
, I —— *cu(n,2n)*cu
10 t

T T T T T T LA L BN B B
0 2 4 6 8 10 12 14 16 18 20 22 24 26
Neutron Energy [MeV]

Figure 7.24: Total nuclear reaction cross-sections of the used fast-neutron activation
samples: black — indium [119, 120], blue — aluminium [115, 116], green — niobium

[115, 116], and red — copper [115, 116].

in table. 7.2.

We will describe the neutron detection from the highest energy threshold to the
lowest threshold. In order to evaluate the number of the neutrons with the energy
above 12 MeV Yi,, the natural copper sample was used. Such a method has been
used also on the Z Accelerator at SNL [112] and on the National Ignition Facility
(NIF) at LLNL [113, 114]. The copper sample was placed in the radial direction at
the distance of 36 cm from the z-axis. The natural copper contains 69% of the %3Cu
isotope and 31% of the %°Cu isotope. The only significant reactions of the neutrons
with the natural copper which produce unstable isotopes are %Cu(n,2n)%*Cu and
%5Cu(n,2n)%Cu. The copper ®2Cu undergoes the B+ decay into ®2Ni with the half-
life of 9.67 minutes [122]. The half-life of the unstable %Cu product of the second
reaction is 12.7 hours and the decay occurs in two ways: B+ decay into ®*Ni or 3~

decay into stable ®4Zn with the probabilities of 31.5% and 68.5%, respectively [122].
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Therefore, the annihilation radiation of the irradiated copper sample includes the
decay radiation of %*Cu as well as the decay radiation of ®?Cu. However, the con-
tribution of %*Cu could be neglected due to 79 times longer half-life and 5.6 times
lower relative intensity of the 511 keV annihilation line. As is shown in fig. 7.24,
there is the threshold of 11.9 MeV for the %*Cu(n,2n)%*Cu reaction. The thresh-
old of the ®Cu(n,2n)%Cu reaction is 10 MeV [115, 116]. Consequently, the copper
sample could be activated only by the neutrons with the energy above 10 MeV and
neglecting the second reaction, it is above 11.9 MeV or rounded up to 12 MeV. In
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Figure 7.25: Comparison of the cross-section of 5In(n,n’)5"In nuclear excitation
reaction (dotes) [119, 120] and "°In(n,y)" %" In neutron radiative capture (crosses)
115, 116].

the same manner as Yy, the yields Yig and Y, of neutrons with the energy above
10 MeV and 4 MeV were determined using the niobium and aluminum activation
sample, respectively. The only natural isotope of niobium is **Nb and the observed
reaction is ®*Nb(n,2n)°*™Nb. In the case of natural aluminum, there are two re-
actions which lead to a significant neutron induced activity, namely 2”Al(n,«)*Na
and ?"Al(n,p)*"Mg reactions. Because the half-life of the ?*Na isotope is 15 hours,

its initial activity is much smaller than the activity of the resulting 2’Mg with the
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half-life of 9.5 min. Thus, the 2" Al(n,«)?*!Na reaction was neglected and we took into
account only the reaction 2”Al(n,p)?’Mg. We should mention that the interference
of gamma radiation from the decay of ?!Na to gamma-ray lines on 2"Mg decay is
excluded because the spectrum of the gamma rays is strongly different. Finally, the
indium sample is used to measure the yield of the neutrons with the energy above
0.5 MeV. The indium sample is also applied in order to measure the neutron yield
on the PF-1000 plasma focus [117, 118] and at the NIF laser facility [113]. Because
the natural indium contains almost 96% of 1*5In, our diagnostics is based on the re-
actions with this isotope only. In such a case, there are two significant reactions: the
neutron-induced nuclear excitation to the metastable state "°In(n,n’)*™In and the
neutron radiative capture *5In(n,y)%™!n. Since a half-life of the *™In metastable
nuclei is 4.5 hours [122], there is sufficient time to perform the gamma-ray spectrum
analysis. The deexcitation is accompanied by the gamma photons with the energy
of 336.2 keV with the relative intensity of 48% [122].

The product of the radiative capture "°In(n,y)"®™In with the half-life of 54
minutes is decaying into 1%Sn [122]. The gamma-ray spectrum accompanying this
3~ decay is more complicated than the previous one. It consists of many lines
with different relative intensities. The dependences of the total cross section on
the neutron energy of these nuclear reactions are shown in fig. 7.25. The cross-
section data plotted in fig. 7.24 of the 'In(n,n’)!**™In reaction are evaluated by
Lapenas and Bondars [119, 120] and exported from the EXFOR nuclear data li-
brary. The cross-section of 5In(n,y)"%™!In is exported from the TENDL-2014:
TALYS-based Evaluated Nuclear Data Library [115, 116]. As we can see in fig.
7.24, there is not any energy threshold at the M°In(n,y)"®In reaction. Therefore,
the 15In(n,y)" %1 n reaction is not used for our measurement. To prevent the inter-
ference of 1™ In gamma-rays, the indium samples are analyzed the next day after
a shot, when the activity of 16!In is negligible in comparison with *®In with the
quintuple longer half-life. It might be interesting to mention the initial activity of
the irradiated samples. The initial activity of the samples is always below 20 kBq.
For example, the activity of the sample “In-Big”, which is given by a sum of the
activities of '®®In and ''%™m!In is approximately 2 kBq in a typical shot with the
neutron yield of about 10*2. Therefore, the manipulation of the samples is harmless
to our health. As far as the gamma spectrometer is concerned, the 150 mm x 100

mm cylindrical and 10 x 10 x 40 cm?® cuboid NalI(T1) scintillation crystal detectors
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Sample  Material Shape Dimensions  Thickness Mass
name [mm] [mm] g]

In1 Indium Disk 215.0 4.0 4.849
In 2 Indium Disk Z15.0 4.0 4.822
In 3 Indium Disk Z15.1 4.0 4.848
In 4 Indium Disk 2Z15.1 4.1 4.994
In 5 Indium Disk Z15.1 4.1 4.977
In 6 Indium Disk #15.1 4.1 4.849
In7 Indium Disk Z15.1 4.1 5.000
In A Indium Disk 226.0 1.6 5.257
In B Indium Disk 226.1 1.6 5.283
In C Indium Disk 230.0 1.0 5.113
In D Indium Disk 230.0 1.0 5.174
InV Indium Rectangle 50.2 x 35.3 3.0 35.4
In VI Indium Rectangle 50.3 x 35.5 3.0 36.2
In Big Indium Rectangle 103.1 x 69.2 3.0 108.7
Al Aluminum  Rectangle 101.2 x 81.0 2.8 31.7
Cu Copper Rectangle 103.0 x 69.2 3.1 215.7
Nb Niobium  4x Cylinder 4 x @12 x 50 - 34.1

Table 7.3: The used neutron activation samples.

and HPGe detector Canberra are used. The experiments showed that for the analy-
sis of the copper, aluminum and indium samples, the Nal(T1) spectrometers with a
lower spectral resolution than the HPGe are sufficient. However, we used the HPGe
detector always when it was possible. As far as the analysis of the niobium sample
is concerned, the HPGe detector must be used every time, because of the 10-days
long half-life of the “*Nb.

The list of all activation samples with their geometry and mass is presented
in table 7.3. The various indium samples were placed at different distances and
angles with respect to the Z-pinch discharge in order to evaluate an anisotropy of
the neutron production and other features like the point of neutron production, the

influence of the photo-activation of the indium sample, etc.
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The indium samples V, VI, Big, Aluminum sample, and Copper sample were
placed outside the vacuum chamber in the radial direction at the distance of 37 cm
in each experimental shot. The Niobium sample was placed outside the chamber in
the radial direction at the distance of 32 cm. The layout of the activation samples

which are placed outside the chamber is displayed in fig. 7.26. As far as the indium
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Figure 7.26: Layout of the activation samples which are placed outside the vacuum

chamber and other diagnostics.

samples A-D and 1-7 are concerned, their arrangement often differs in dependence

on the experimental shot settings. Their layout is described individually in the
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following sections.

To have a better information about the experiment, other diagnostics as vacuum
x-ray diodes (XRD1 and XRD2), a Hard x-ray solid-state diode (HXRD), time-
integrated x-ray pinhole camera, and gated 4-frame soft x-ray and ultraviolet MCP

pinhole camera are displayed in fig. 7.26.

7.4.2 Gamma-ray Spectrometers

Gamma-rays of the irradiated activation samples are analyzed by gamma-ray spec-
trometers. The gamma-ray spectrometers are systems composed of the detector,
electronic circuits, and data acquisition software. The first stage in this chain is
the gamma-ray detector. In the experiments reported in this thesis, the HPGe
and Nal(Tl) detectors are used. Such detectors are the most common detectors in
the gamma-ray spectroscopy and they are described in more detail in the following
sub-subsections.

The next part of the spectrometer is a preamplifier, however, in the case of
Nal(Tl) with PMT, it could be omitted. While in the case of Nal(Tl) spectrom-
etry, if it is used, the preamplifier could be voltage-sensitive or current-sensitive,
in the case of HPGe the preamplifier is always charge-sensitive. Essentially, the
charge-sensitive preamplifier is an integrating amplifier (integrator). After every
collision of a photon with the detector, the integrator collects the charge carried
from the detector. The height of the preamplifier output pulse is proportional to
the charge. Usually, the integrator is composed of low-noise voltage amplifier with
passive resistor-capacitor feedback. The capacitor is collecting the charge during the
integration and resistor slowly discharges the capacitor and reset the integrator to be
ready for the next integration (detected photon). In the case of high rate spectrom-
eters, the integrator is reset by active feedback with a transistor. A rise time of the
passive feedback preamplifier is on the order of tens or hundreds of nanoseconds and
decay on the order of tens or hundreds of microseconds [99]. Obviously, due to the
long decay of the preamplifier output, a pile-up of pulses may occur. Therefore, the
preamplifier output pulses must be shaped before the pulse height analysis. Earlier
it was achieved using analog shaping circuit with differentiation-integration circuit
embedded in an amplifier module. It should be noted that to conserve the linearity,

the circuits had to be very precise. We can still meet such shaping amplifiers at
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Nal(Tl) spectrometers. The modern high-resolution HPGe spectrometers use for
pulse shaping a digital signal processing [99]. Besides amplification and shaping,
the amplifier module also detects the pile-up pulses and restores the output baseline
[99].

The signal processed in amplifier module is coupled to the pulse height analyzer.
In the multichannel analyzer, the pulses are sorted by height and the number of
pulses within the individual pulse height intervals is counted [92, 99]. Afterwards,

this histogram is processed with a help of computer software.

All types of detectors are characterized by the following basic parameters.

Energy Resolution

Obviously, the most fundamental parameter of the detector is the energy range and
energy resolution. The energy resolution of the detector characterizes its ability to
resolve two energetically close peaks. It is closely related with FWHM of the full-
energy peak in the spectrum [92, 99, 107]. Usually, it is assumed, that the peaks
are clearly separated when the centroids of Gaussian peaks are 3 x FWHM apart.
However, using a spectrum analysis software it is usually possible to resolve peaks
only 1 x FWHM apart, see fig. 7.27 [99].

. : 1 x FWHM
;1—3 x FWHM —>: ;":
FWH FWHM
1 1 '
T =7 —
i«—3 x FWHM —»ie—3 x FWHM —»!
(a) (b)

Figure 7.27: (a) Gaussian peaks 3 x FWHM apart, (b) Gaussian peaks 1 x FWHM
apart [99].
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Total Efficiency

The equally important feature as the energy resolution is the detection efficiency.

The fundamental definition of absolute photon detection efficiency is [107]:

Nrgpp  Nrpp
of = = AT 7.46
TNy T AL (7.46)
where Npgp is a number of counts in the full-energy peak, Ng is a number of the
photons emitted by the source, A is its activity in Becquerels, I, is the probability
of the gamma-photon emission, and AT is the duration of the counting (analysis).

The total efficiency is composed of the following components [107]:

€tot = €geomCabspEsample€int (747)

The first term €geom represents the geometric factor. For a point isotropic source,

€geom 1S given by
S

€geom = -7 (7.48)
where S is an area of the detection surface projection and d is the distance from the
source to the detector [107].

The absorption efficiency €4, includes the absorption of the radiation by matter
between the radiation source and the detector. The absorption could be undesirable
(detector housing, air, etc.) but also desirable (absorbers, filters, etc.) The undesir-
able absorption is usually significant in the case of the low-energy photon detection.

It can be evaluated as
€absp = €XP [_ Z Ni(Eq/)pzwz} (7.49)

where p; is the mass absorption coefficient, p; is the density, and x; is the thickness
of the i-th absorbing material [107].
The sample efficiency €gqmpie Tepresents the self-absorption of the sample. In the

simple case of an area source, the self-absorption efficiency is approximately

Esample = Lzemmm (7.50)
HsPsTs
where p, is the mass absorption coefficient of the sample, p, is the density of the
sample, and x, is the thickness of the plate source [107].
The last term in (7.47) is the intrinsic efficiency €;,; specifying the probability

that a photon entering the detector will contribute to the full-energy peak [107]. It
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is very complicated to determine this parameter because it is dependent on many
factors such as geometry, chemical content, crystal structure, temperature of the
detector, energy of the photon, noise of the detection and electronics, etc. However,
in practice it could be approximated experimentally with a help of empirical power
law [107]:

Eimt O E;b (7.51)

It should be noted that currently, the very precise evaluation of all efficiency
components is using Monte Carlo codes, especially in the cases of geometrically
complicated configurations. Nowadays, all manufacturers of the detectors usually
provide simulation software based on Monte Carlo codes with models of the detec-

tors.

Relative Efficiency

The relative efficiency is a practical comparison of efficiencies of various detectors
with the standard Nal(Tl) scintillation detector. It is defined as the percent ratio
of total efficiency €, of a detector to the total efficiency €nq;_s0r Of the Nal(TIl)
cylindrical scintillation detector with dimensions & 3 x 3 inches (& 7.62 x 7.62 cen-
timeters) for the photon energy of 1332 keV from the standard °Co radiation source

at 25-cm source-to-detector distance:

etot(1332/{;eV)
ENalftot<1332kev)

€rer = 100 (7.52)

Maximum Count Rate

The maximum count rate is related to a dead time of the detector. This is the
time needed for relaxation (decay) of the detector and signal processing, thus it is
dependent on the whole detecting system. In practice, if the maximum count rate
is exceeded, two situations may occur. The first one occurs if a gamma-ray photon
enters the detector in the dead time when the detecting system is insensitive. In
such a case, the photon will not be detected and the dead time will not be extended.
Another situation is if the photon enters the detector at the dead time when the
detecting system is sensitive. In this case, the pile-up will occur and the dead time

will be extended.
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Other parameters

Many other parameters are defined for the detection of ionizing photon radiation.
However, their description is beyond the scope of this thesis. We can shortly note the
full-energy-peak /Compton-peak ratio, full-energy-peak/Compton-continuum ratio,

spatial resolution, shape of the output pulse, etc.

Comparison of Nal(Tl) and HPGe

From point of view of the energy resolution, the HPGe detectors are much bet-
ter than the Nal(T1), see table 7.4. However, the Nal(Tl) detector has also some
advantages. It is much cheaper, therefore in applications where high energy resolu-
tion is not needed the Nal(Tl) detector could be an economically preferable choice.
The second advantage of Nal(T1) is the availability of much larger dimensions than
HPGe. The next advantage of Nal(Tl) is that the cryogenic cooling is not needed.
It allows a simple construction of portable “hand-held” gamma-ray spectrometers.
Nevertheless, in most of the applications of gamma-ray spectrometry the HPGe
detectors are much better than Nal(T1).

Detector type FWHM FWHM Relative
at 0.661 MeV | at 1.332 MeV efficiency

Nal(T1) cylinder 3x3 inch. 30 — 50 keV*® 80 keV® 100 %

HPGe standard p-type coaxial | 0.794 keV® | 1.75 — 2.30 keV® | 10 — 150%°

Table 7.4: The usual parameters of detectors used in gamma-ray spectrometry.
These parameters could somewhat differ in various literature. Obviously, it is mostly
dependent on the quality of the crystals and electronics (photomultipliers, mul-
tichannel analyzers, etc.) which is continuously improving. “Knoll and Gilmore
92, 99], *Gilmore [99] and “Web-sites and data-sheet of Ortec company[104].

7.4.3 HPGe Gamma-ray Spectrometer

The gamma-ray spectrometer with HPGe detector is a very important diagnostic

instrument in the experiments reported in this thesis. Therefore, in this subsection,
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the HPGe gamma-ray spectrometer is described. At the beginning, we shortly intro-
duce the general principles of the detection of ionizing radiation by semiconductors.
It is well known, that there is a band-gap of the order of eV between the valence and
conduction band in the electronic band structure. The probability that an electron

will be promoted to the conduction band is dependent on the temperature [99]:

E
p(T) o< T%% exp (— 2/{:9T> (7.53)

where T' is the temperature, E, is the band-gap energy and & is the Boltzmann
constant. Thus, in semiconductors which are absolutely pure (intrinsic semiconduc-
tors), the thermal excitation could promote a certain number of electrons from the
valence band to the conduction band [99]. However, it is impossible to make such
absolutely pure semiconductor and the impurities lead to significant conductivity
and current flow. Such current is more significant than current related to collisions
of gamma-ray photons with the semiconductor material [99]. Therefore the following
structure is used. Adding a trivalent dopant (for example gallium or boron) to the
tetravalent semiconductor, a hole able to maintain an electron arises in the crystal
lattice. The hole is free and it behaves as a positive charge carrier. Such semicon-
ductor is the positive-type or p-type. Similarly, adding a pentavalent dopant, for
example, arsenic or phosphor, a free electron — negative charge carrier arises. Such
semiconductor is the negative-type or n-type. If some piece of semiconductor con-
tains both types of dopants, the type of semiconductor will be determined by the
major charge carrier. Using a suitable technology, a semiconductor with p-n junction
could be prepared and a diode is formed. Due to thermal diffuse, some of the holes
from the p-side move to the n-side of the junction and electrons from the n-side to
the p-side. Around the physical junction, the remaining holes meet the remaining
electrons and combine together. Consequently, this region will be free of all charge
carriers and across the junction the diffusion voltage arises (in germanium of about
0.4 V). It is called depletion region and it is the active region of the detector [99].
The number of hole-electron pairs produced in the depletion region is proportional
to the energy expended by the incident photons in this region [102]. The width of
the depletion region w can be approximated by following formula [92, 99]:

w A 2o+ V) (7.54)

en
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where ¢ is the permittivity, e is the elementary charge, n is a concentration of im-
purities in the bulk semiconductor material, Vj is the diffusion voltage and V}, is the
bias voltage. The positive bias voltage is connected to the n-type semiconductor,
therefore the junction is reverse biased. In accordance with (7.54), the width of the
depletion region is increasing with the reverse bias voltage. Since, as mentioned
above the depletion region is the active (sensitive) region, it is desirable to be as
wide as possible. Thus, also the bias voltage should be as high as possible, but
less than the breakdown voltage of the material. We note that a non-reverse bias-
ing will lead to narrowing of the depletion region. If the non-reverse bias voltage
exceeds the diffusion voltage, the depletion region disappears and diode current is
uncontrolled. As far as the width of the depletion region is concerned, the other
variable in (7.54) is the concentration of impurities n. In practice, the detectors
must be manufactured from a material with extremely high purity approximately
10" atoms per cm?® [92]. Such purity is achieved only in germanium!. It is called
high-purity germanium (HPGe)!!. As far as the reverse bias voltage are concerned
at the germanium detectors the reverse bias voltage is usually (1 — 3) kV.

In accordance with the equation (7.53), at the room temperature, some hole-
electron pairs will be produced by thermal excitation. Such hole-electron pairs allow
a current flow which at the mentioned high voltage bias will lead to the destruction
of the semiconductor structure. Therefore the germanium detectors must be cooled
by a liquid nitrogen'?.

The HPGe detectors are made in planar, semi-planar and coaxial configuration.
The coaxial configuration could be fabricated in n-type coaxial and p-type coaxial
(standard electrode) structure, see fig. 7.28.

When the semiconductor material is considered, both germanium and silicon are

10High-purity has not been achieved in the silicon, because of higher melting temperature
(1410°C versus 959°C for germanium). This difference makes the purifying by zone refine more

difficult.
HGSometimes the HPGe is called intrinsic germanium, this is incorrect, because the used semi-

conductor is not intrinsic [99)].
12The HPGe detectors must be kept in cryogenic temperature when the bias voltage is con-

nected, but earlier used lithium-drifted germanium detectors Ge(Li) must be kept at liquid lithium
temperature always, even if they are not in operation. In Ge(Li), lithium is used to compensate
p-type impurities in the germanium crystals. Violation of the cryogenic conditions a diffusion of
lithium in the crystal occurs and the carefully created balance of impurities will be destroyed. The
Ge(Li) detectors were fully superseded by the HPGe detectors [99].
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(a) p-type coaxial HPGe (b) n-type coaxial HPGe

Figure 7.28: Structure of the HPGe detector [92].

used for ionizing photon detection. However, due to the lower atomic number of
silicon (14 versus 32 of germanium), the absorption of gamma-ray photons is weaker
than in the case of germanium. This is another reason why the most common
gamma-ray spectrometer detectors are based on germanium!®. The modern tech-
nologies allow a preparation of the high-purity germanium and the HPGe detectors
have replaced the other types such as lithium-drifted germanium Ge(Li).

The HPGe gamma-ray spectrometer which is used in the experiments reported in
this thesis is equipped with Canberra GC5019 p-type coaxial detector. A simplified
scheme of the spectrometer with GC5019 is shown in fig 7.29. The HPGe detector
is shielded by lead with a thickness of 5 cm. The amplifier, bias voltage supply,
multichannel analyzer, and temperature diagnostic electronics are embedded in the
Canberra DSA 1000 digital spectrum analyzer compact module. This module was
connected to the personal computer by USB interface.

The scheme in fig. 7.30 describes the connection of detector to the electric circuit
of the bias, signal output, and temperature protection. As far as the high-voltage
bias is concerned, the output of the high-voltage source is filtered by the resistor-
capacitor (RC) low-pass filter with a very large time constant which ensures that
the voltage is gradually applied to the detector and protects the electronics from
high-voltage spikes. The detector element is sealed in cryogenic vacuum enclosure
together with a field-effect transistor (FET) and feedback elements of the charge-

sensitive preamplifier and the temperature sensor. The FET represents a first stage

13Various silicon detectors are commonly used for detection of x-rays, electron and ion radiation.
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Lead Shielding (5 cm)
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Figure 7.29: Scheme of the gamma-ray spectrometer with the HPGe Canberra

GCbH019 detector.
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Figure 7.30: Simplified electric diagram of the HPGe detector: D - detector, Cr
feedback - capacitor, Rp - feedback resistor, FET - Field effect transistor, TSE -

Temperature-sensing element(thermistor) [104].
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of the charge-sensitive preamplifier which is reset by the feedback!*. The cryogenic
temperature of these elements minimizes electronic noise [104]. If the temperature
exceeds the allowed range it is detected by the temperature-sensing element and the
protective circuit (usually embedded in the preamplifier housing) promptly unplugs

the detector from the high-voltage power supply.

7.4.4 Nal(Tl) Gamma-ray Spectrometer

Although for our purpose the HPGe spectrometers significantly surpass the scin-
tillation spectrometers (except the cost), sometimes the usage of the scintillation
spectrometer could be sufficient. It is advantageous especially when a set of the
activation samples with a short half-life is used and their simultaneous gamma-ray
spectrum analysis is needed. Of course, it is necessary to know, when it is possible
to use the scintillation spectrometer and at the same time, the accurate calibration
is needed.

In the experiments reported in this thesis, the sodium-iodine crystal activated by
thallium (Nal(T1) or shortly Nal) was used. These scintillators excel in the efficiency
of gamma detection. In accordance with the above-mentioned mechanisms of inter-
action of photons with a detector, the produced primary electrons raise secondary
electrons to the conduction band, leaving holes in the valence band of the atoms
of the detector. Because the band gap of sodium-iodine is large the de-excitation
photons are far outside the visible light. Moreover, the sodium-iodine is not trans-
parent to such photons. In order to make a detection of scintillation flashes easier,
a suitable activator is used. In the case of sodium-iodine, of about 10~3 mol frac-
tion of thallium activator creates defects in the crystal lattice and extra levels arise
within the band gap [99]. The de-excitation photons from such levels are in visible
range and the scintillator matter is transparent for them. If the transition from an
excited state to the ground is allowed, its lifetime is short (in the case of Nal(T1I)
on the order of 100 ns and in the case of organic scintillators it could be less than 1
ns). Such prompt emission is called fluorescence. If the transition from an excited
state to the ground is forbidden, the lifetime of the excited state is much longer.

The electron must be firstly promoted by thermal excitation to a level which allows

14The passive resistor-capacitor feedback is used up to rate of 75 000 collisions per second, for

higher rates the transistor-reset amplifiers with active feedback are used [104].
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the de-excitation. It is termed phosphorescence referred to as afterglow [99]. In the
case of Nal(T1) the decay time is 0.15 s and represents 9% of total light output [99].
It should be noted, that at Nal(T1) only of about 12% of the total absorbed energy
is converted to the visible light. Remaining energy is retained as lattice vibrations
or heat [99]. The visible scintillations are usually converted into an electrical signal

using a photomultiplier.

PMT Signal

PMT Power Supply

] CAMAC PC & SW
| [
= HV *D
=
O AMP I I
i (@)
rrCi
Nal(TI) MCA
[
n
] Y
Radioactive Amplified Signal
isotope

Figure 7.31: Scheme of the gamma-ray spectrometer with the Nal(Tl) detector.
PMT - Photomultiplier Tube with a voltage divider, HV - High Voltage power sup-
ply, AMP - Active filter amplifier, MCA - Multichannel Analyser, PCI - Peripheral

Component Interconnect

In the experiments reported in this thesis, two types of Nal(Tl) detectors were
used. In 2014 and 2015, we used the cylindrical crystal with the diameter of 15 cm
and height of 10 cm. This crystal was coupled to ®9Y-495 (FEU-49B) photomul-
tiplier with an antimony-potassium-cesium photocathode with the diameter of 15
cm. In 2016 and 2017 we used the cuboid crystal with dimensions 10 x 10 x 40 cm?.
We used the same electronics of both gamma-ray spectrometers. The output of the
photomultiplier was thousandfold amplified with a help of the POLON 1101 active
filter amplifier. The pulse height analysis was performed by AITIT-8K-TI1 (ACP-
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8K-P1) multichannel analyzer (MCA) manufactured by Amptek, Inc. The MCA is
in form of computer PCI card and its resolution is 8 192 channels. The scheme of
the gamma-ray spectrometer with the Nal(T1) scintillation detector is shown in fig.
7.31.

The obtained spectra were processed by the Spectraline software which allows

us to detect the peaks and evaluate their background radiation pedestal.
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7.4.5 Background Radiation

The natural background radiation is omnipresent and includes the cosmic radiation
and decay radiation of radionuclides. Whereas an energy of the cosmic gamma-ray
photons is usually random, the spectrum of radionuclide decay could interfere with
the gamma-ray spectrum of the analyzed activated sample. The origin of such ra-
dionuclides could be natural or artificial (anthropogenic). The natural radionuclides
fall into three categories: primordial radionuclides, secondary radionuclides, and cos-
mogenic radionuclides. The primordial radionuclides, for example, U, 233U, and
232Th have been produced in the stellar nucleosynthesis and supernova explosions.
Such radionuclides still remain on Earth due to their long half-life. The products of
the primordial radionuclides decay are the secondary radionuclides. The secondary
radionuclides are represented for example by the “°K, ?*Ra, 21°Pb, etc. The cosmo-
genic radionuclides, for example. *C, "Be, 3H, etc. are produced by the interactions
of cosmic rays with the atmosphere. As far as the artificial radionuclides are con-
cerned, they are produced by the nuclear accidents, weapon tests, nuclear research,

medicine, etc.

This radiation could be reduced, but even with a thick lead shielding (in our case
5 cm) we can not completely prevent the penetration of the background radiation
to the detector. Therefore, the background radiation spectrum was measured in
situ. The background radiation detected by the HPGe gamma-ray spectrometer is
displayed in fig. 7.32. The live time of this measurement was 32 hours because
the HPGe spectrometer was used also for the gamma-ray analysis of the relatively
long-lived samples with a low activity (for example **"Nb with the half-life of 10.15
days) where such long measurement times were assumed. The list of the detected
peaks with the numbers of counts and rates (number of counts per second) is shown
in table 7.5. Some of the peaks were easily identified since they correspond to the
decay of the common natural radionuclides like ??Ra and 1°K (the most significant).
Other peaks correspond to radionuclides of uranium decay chain (?'*Pb and ?!“Bi)
and thorium decay chain (*®Ac). The 511 keV peak corresponds to every BT decay.
Some peaks were not exactly identified. Such peaks correspond to the energy of
gamma-rays of decay of the known radionuclides, but their abundance in nature is
improbable. An explanation could be given by the used lead bricks with unknown

history. We know only that, it was used in the nuclear reactor laboratory and



7.4. FAST NEUTRON ACTIVATION DIAGNOSTICS 101

A5004—
4000-
3500-
3000-
2500
2000-
1500-
1000-

500
o1l I.I.IIJI.JI...J,..‘, o ’

I I
0 500 1000 1500
Energy (keV)

Counts

| T
2000 2500 3000

Figure 7.32: The background radiation of the Canberra GC5019 shielded by 5 cm

of lead (live time of the measurement 32 hours).

the non-natural radionuclides may be produced by the neutron capture during a
long exposition. The identification of these peaks is possible, nevertheless, for our
purpose, it is sufficient to know their energy and rate. As we can see in table 7.5,
the only possible interferences are at the energies 511 keV (interference with %2Cu)
and 911 keV (close to 934 keV 9>™Nb). In the case of 511 keV, the detection rate of
the activated copper sample is usually much higher than the background. As far as
the 911 keV peak is concerned, if the spectrometer is correctly calibrated it should
be easy to distinguished 911 keV peak from the 934 keV peak of “>™Nb since the
resolution of the HPGe detector is of about 1 keV at this energy region (see table
7.4). However, the peak at energy of 934 keV from the 2!Bi decay collides with the

peak of 92™Nb decay. This contribution must be corrected.
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As far as the background radiation of the Nal(Tl) spectrometers is concerned, it
is displayed in fig. 7.33. This background radiation was measured for 30 minutes.
We assume that the sources of the background radiation are the same as in the case
of the HPGe spectrometer. As we can see in fig. 7.33, the only significant peaks
are 352 keV (*'1Pb), 511 keV, 609 keV (*'Bi), 1120 keV (*'*Bi), strong 1460 keV
corresponding to 4K, 1764 keV (?'*Bi), and peak which raised by merging of peaks
with the energy of 911 keV, 934 keV and 969 keV.

800 ' - ' - ' - '
700-
600-
500-
400
300-
200-
100-

ol

Counts

| | -
1000 1500 2000 2500

Energy [keV]
(a) 815 cm x10 cm Cylindrical Nal(TI)

|
500

20001 ' : ' : ' : '

1500 =

1000 =

Counts

500 =

500 1000 1500
Energy [keV]
(b) 10 x10 x 40 cm® Cuboid Nal(TI)

2000 2500

Figure 7.33: The background radiation of the gamma-ray spectrometers with

Nal(Tl) detector (live time of the measurement 30 minutes).
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Energy [keV] | Counts [-] | Rate [1/second] | Radionuclide | Possible Interference
186 1774 1.54 x 1072 226Ra, no
238 1787 1.55 x 1072 214pp no
241 485 4.20 x 1073 214py, no
295 1204 1.04 x 1072 214py, no
328 560 4.86 x 1073 28 Ac no
352 2486 2.16 x 1072 214pp no
511 3522 3.06 x 1072 - 62Cu
529 492 4.27 x 1073 - no
583 1268 1.10 x 1072 - no
609 3192 2.77 x 1072 214p;4 no
728 399 3.46 x 1073 214B4 no
768 579 5.03 x 1073 214B4 no
911 1730 1.50 x 1072 28 Ac Close to Nb
934 579 3.75 x 1073 214p;4 92mNT,
969 1038 9.01 x 1073 28 Ac no
1120 1852 1.62 x 1072 214B4 no
1239 886 7.69 x 1073 214B; no
1377 o978 5.02 x 1073 214p;4 no
1407 304 2.64 x 1073 214p4 no
1460 22265 1.93 x 107! 40K no
1509 326 2.83 x 1073 214B; no
1729 465 4.04 x 1073 214p;4 no
1764 2696 2.34 x 1072 214p4 no
2103 447 3.88 x 1073 - no
2203 1058 9.18 x 1073 214B; no
2614 5430 4.71 x 1072 - no

Table 7.5: List of the detected peaks in the background radiation spectrum (Live

time of measurement 32 hours)
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7.4.6 Calibration of Gamma-ray Spectrometers

In the neutron activation diagnostics, the correct calibration of the gamma-ray spec-
trometer is crucial. The efficiency of the gamma-ray detection is dependent on the
photon energy, material of the activated sample, its thickness, shape, and mutual

position of the sample and detector.

7.4.6.1 Calibration of HPGe Spectrometer

The gamma-ray spectrometer with the Canberra GC5019 HPGe was calibrated with
the help of the Canberra LabSOCS (Laboratory Sourceless Object Calibration Soft-
ware). The LabSOCS uses the Monte Carlo modeling code for the determination
of the energy/efficiency /spatial response profile [105]. This software allows the very
precise calibration which includes the geometry and absorption (for illustration see

fig. 7.34). The influence of the lead shielding is not included in this model because

(a) Rectangle indium sample (b) Cylindrical niobium sample

Figure 7.34: Model of the geometry of the indium and niobium sample during the
analysis by the HPGe spectrometer.

we have access only to a limited version which did not allow to include it. Neverthe-
less, we assume that the influence of the lead shielding is negligible for our purpose.
The efficiency characteristics of the GC5019 HPGe detector for each used activa-
tion sample are displayed in fig. 7.35. The highest detection efficiency is evaluated

for the samples In-A, In-B, In-C, and In-D since they are much smaller than the
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Figure 7.35: Full energy peak efficiency calibration of the HPGe gamma-ray spec-

trometer Canberra.

detector surface and they are thin in comparison with the other indium samples.
The samples In-1-7 are also relatively small, but they are thicker than the samples
In-A-D, therefore a bigger portion of the gamma-rays is absorbed within the sample

volume and the detection efficiency is lower. Even smaller detection efficiency is
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obtained for samples In-V and In-VI since they are also thick and their dimensions
are close to the dimensions of the detector. The lowest detection efficiency of the
indium sample In-big is caused by the large sample dimensions which overlap the
dimensions of the detector.

To be sure, that there is not any systematic error in our calibration simulations,
we tested the fidelity of the simulations using the laboratory calibration radionuclides
with known activity. The calibration simulations were performed analogously to the
case of the activation samples. The testing was performed by the measurement of
the sample activity. We tested two geometries for each laboratory sample: when
the sample was tightly attached (at the distance of 0 mm from the detector surface)
and when the sample was placed at the distance of 80 mm from the detector. In
both cases, the sample was placed on the axis of the detector. The results of such

measurement are presented in table 7.6. The uncertainties of the measured activities

Measured Activity

Sample Nominal Activity
0 mm 80mm

Cs-137 no. N278 || (47.3+5.0) kBq | (47.241.0) kBq | (49.5+2.2) kBq
Co-60 no. V210 || (1.04 % 0.10) kBq | (0.99 = 0.10) kBq | (1.21 £ 0.10) kBq

Table 7.6: Verification of the LabSOCS software modeling.

were evaluated by the Genie 2000 software including the LabSOCS calibration and
peak surface error. The measured activities of the laboratory samples correspond
to the nominal values in limits of sample activity tolerance and the uncertainties of
the measurements. Therefore, we assume that the calibration is correct also for the

activation samples.

7.4.6.2 Calibration of Nal(Tl) Spectrometer

The dimensions of the used Nal(Tl) detectors were relatively large, namely: 10 X
10 x 40 ecm?® and @15 cm x 10 cm. The limited version of the LabSOCS calibra-
tion software which was available for our experiment did not allow the calibration
of Nal(T1) detectors with such dimensions and the full version of this software is
relatively expensive. Therefore the Nal(T1) spectrometers were calibrated with the

set of laboratory calibration sources and cross-calibrated with the HPGe detector.
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As far as the calibration sources are concerned, we used *2Eu, ¥7Cs, and %°Co es-
tablished gamma-ray sources. The surface of these sources was much smaller than
the surface of the Nal(T1) detector. The sources were encapsulated in a plastic foil
with a thickness of 50 pum. The calibration was performed for the tight position
of radioactive samples with the Nal(Tl) detectors because a weak activity of the
irradiated neutron detectors was assumed and any long gamma-ray analysis was
impossible due to the relatively short half-life of the activated samples. The calibra-
tion sources were placed in the center of the detection surface. The efficiency was
evaluated using the following formula
_ C(B,) — Cul(B)
Litrea ACi(Ey)

where C' is the total number of counts of a peak in the energy spectrum, A is the

¢ (E,) (7.55)

activity of the calibration source, C'g is the number of counts of a pedestal of the
peak, I, is the probability of the gamma photon emission, t,¢q is the real time of
the analysis and C.,; is a coincidence correction factor.

The coincidence occurs when two or more gamma-ray photons enter the detector
during a time shorter than a time resolution of the detector. In this case, the output
of the detector corresponds to the sum of the coincidence photon energies absorbed
by the detector. This effect may lead to increase or decrease of the peak area in the
energy spectrum. We can express the coincidence correction factor as [110]:

C(B,) - C(E,)
Coorrect (1)

where Ceorrect(E,) is the correct number of photons which was absolutely absorbed

Ceoi(Ey) =

= [1 = L(E,)][1 = S(E,)], (7.56)

by the detector, L(E.,) is the coincidence loose coefficient, and S(E,) is the coinci-
dence summing coefficient.

The loose occurs when the energy of one coincidence photon is absorbed abso-
lutely and energy of the other coincidence photon is absorbed particularly. Then,
the detector response does not contribute to the full energy peak.

The increase of the full energy peak occurs when an energy of two or more
coincidence photons are fully absorbed and the sum of their energies is equal to
the energy of a different transition. Then the full energy peak of this transition is
increased.

The coincidences are very significant at the decays with a high probability of the

gamma photon emission, for example in the case of %°Co radioactive cobalt. The
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decay scheme of °Co is shown in fig. 7.36. At °Co an emission probability of
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Figure 7.36: Decay scheme of %°Co radioactive cobalt, data used from [122]

1173.2 keV and 1332.5 keV photons is almost 100%. An emission probability of the
gamma photons with a different energy is on the order of thousandths of a percent.
Thus, the only considered coincidence is the real cascade coincidence of 1173.2 keV
and 1332.5 keV photons corresponding to transitions from 2505.7 keV energy level
to 1332.5 keV level and transitions to the ground state, respectively. The life-time
of the state between these transitions is 0.9 ps. Therefore, if both photons enter the
detector, we can’t distinguish them. It leads to the decrease of the peak area. The

coincidence loose coefficient of 1173.2 keV peak is defined as
L.(1173) = p. I,(1332) p,(1332), (7.57)

where p. is a probability that the transition related to the 1173.2 keV photon emis-
sion is followed by the transition related to the 1332.5 keV photon emission, 1, (1332)
is the probability that the 1332.5 keV photon will be emitted and p,(1332) is a prob-
ability that the 1332.5 keV photon will enter the detector and some part of its energy
which is bigger than the energy resolution will be absorbed. Analogously, the loose
coefficient of the 1332.5 keV peak is defined as

Le(1332) = p, I,(1173) pa(1173). (7.58)
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From the decay scheme in fig. 7.36 it is evident that the only transition from the
1332.5 keV state is related to the emission of the 1332.5 keV photon. Thus, the p.
probability is 100% (equal to 1). As mentioned above, the emission probabilities of
1173.2 keV and 1332.5 keV photons are also 100%. As far as the p, probability is
concerned, we could estimate it by following considerations. Because of a high vol-
ume of the used Nal(T1) crystals, we assume that always when a gamma-ray photon
enters the detector some part of its energy is absorbed. Further, the sample of °Co
which is tightly attached to the detector is very small. Thus, due to isotropy of the
gamma-rays, practically half of the emitted photons must enter the detector. There-
fore, the L.(1173) = L.(1332) = 0.5. Due to the very low emission probability of the
347.1 keV and 826.1 keV photons the full energy peak of the 1173.2 keV transition is
not increased. The full energy peak of 1332.5 keV is not increased because the sum
of energy of any photons is not equal to this energy. Thus, S.(1173) = S.(1332) = 0.
In accordance with formula (7.56) we obtain C,,; = 0.5.

In the same manner, the coincidence correction factor for '°2Eu was evaluated. In
the case of 37Cs and 1*®™In any coincidence does not occur. Using formula (7.55) we
obtained the efficiency calibration of the cuboid and cylindrical Nal(T1) detectors,
as shown in fig. 7.37.
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Figure 7.37: Full energy peak efficiency calibration of the gamma-ray spectrometers.
a) 10 x 10 x 40 cm?® cuboid Nal(T1) detector. b) @15 cm x 10 cm cylindrical Nal(T1)

detector.
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We assume that the small source detection efficiency is dependent on its position
due to geometric factors. This dependence is displayed in fig. 7.38, where the
origin of the xy-coordinates is in the center of the detector surface, z is the distance
from the detector surface, and normed efficiency is € (, ¥y, 2)/€0:(0,0,0). The
photomultiplier is coupled to the Nal(Tl) crystal in the center of zz-plane of the
Nal(Tl) crystal, therefore we assume, that the dependence on the x-coordinate is

symmetrical with respect to x = 0.
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Figure 7.38: The dependence of the 10x 10x40cm? cuboid NaI(T1) detector efficiency
on the point source position. The xy-coordinate origin is the center of the detector

surface and z is the distance from the detector surface.

As we can see in fig. 7.38(a,b), in the center of the detection surface we found the
rectangular area with dimensions approximately 4.4 x 28 cm? in which the normed
efficiency is in the range of 0.9 — 1.0. If we place the small source to this area,
the additional error in calibration will be better than 10%. Therefore, if a real
radioactive sample which is represented by many very small samples, is placed in
this area, we can use the calibration for the very small sample to evaluate the activity
of the real sample. Since the Al and Cu samples were not sufficiently narrow, they
were split into two identical samples. Additionally, such calibration of the cuboid
Nal(T1) detector was verified by cross-calibration with the HPGe detector. The
cylindrical Nal(T1) detector which was used in 2015 was not cross-calibrated with
the HPGe detector, but since it is bigger than the cuboid detector we assume that

the calibration with the help of the small sources is sufficient.
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7.4.7 Gamma-ray Spectra Examples

The gamma-ray spectra obtained by the Nal(T1) and HPGe spectrometers were
processed using the Spectraline 2010 and Genie 2000 software, respectively. The
examples of the gamma-ray spectra measured by the Nal(T1) and HPGe detectors

are displayed in fig. 7.39. The gamma-ray spectra of the indium sample shown
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Figure 7.39: Gamma-ray spectra measured by HPGe and Nal(T1) detector.

in fig. 7.39(a,b) were measured of about 15 minutes after the shot 1774 with the

analysis live time of 600 s. The gamma line with the energy of 336 keV corresponds
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to the decay of ®mIn and the other lines correspond to the decay of 1™!In. As
mentioned above, we evaluate the total neutron yield from the ''*™In decay with
the half-life of about 4.5 hours. Therefore, the neutron yield was usually evaluated
using the spectra which were measured a few hours after the shot to eliminate the
background radiation of 1'™'In with a half-life of about 54 minutes.

To be sure that we correctly identified the radioisotopes in the gamma-ray spec-
trum, the decay of the induced radioactivity of the fast neutron activation samples
was observed. The decays of activated indium, aluminum and copper samples mea-
sured by the Nal(Tl) spectrometer are plotted in fig. 7.40. The decays of the indium
detector were measured in shot no. 1834 with a neutron yield of 2.7 x 10'2. The
decay of the aluminum and copper detectors was measured in shot no. 1839 with
a neutron yield of about 6.3 x 10'2. As far as the half-life of a niobium sample is
concerned, it was not measured because of its long duration (10 days), instead of
that, the niobium was irradiated at every experimental shot. The remanent activity

from the previous shots was taken into account during the processing of the results.
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Chapter 8
Experimental Results

In this chapter, the results of diagnostics described in the previous chapter are re-
ported. Using the bubble detectors, silver activation counter, and neutron activation
samples, the neutron yields are evaluated and the number of neutrons produced by
reactions of deuterons with hardware (non-dd) is estimated. With a help of sev-
eral indium activation samples placed in different directions and distances from the
pinch, we investigate an angular distribution of the non-dd neutrons. The absolute
neutron energy spectrum is evaluated by the fitting of the nToF spectrum to the
spectrum measured by the set of activation samples (indium, aluminum, niobium,
and copper). These results and their evaluations are presented in the following

sections.

8.1 Neutron Yields

The neutron yields measured by the fast neutron activation detectors are presented
in this section. The neutron yield is a very important parameter which allows us
to evaluate the number of dd fusion reactions and compare the efficiency of the
neutron production for various experimental configurations. In the case of GIT-12,
an energy spectrum of the produced neutrons is very broad. The neutrons with an
energy above 20 MeV have been observed [2, 4]. Therefore the measurement of the
neutron yield is more complicated than at the experiments where the neutron energy
is not significantly different from the energy of 2.45 MeV. The energy dependence
of the neutron detectors must be taken into account and a few independent method

should be used to prove the measurement results.

114
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The measurement of the total neutron yields in experiments presented in this
thesis is based on the bubble detectors (BD-PNDs), silver activation counter (SAC)
and fast neutron activation diagnostics. The comparison of the neutron yields from
the campaign on the GIT-12 device in 2016 and 2015 measured by these detectors
is presented in fig. 8.1.
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Figure 8.1: Neutron yields from the experimental campaigns on the GIT-12 device
in 2016 and 2015.

In the shots marked in fig. 8.1 by a numeric upper index, diagnostics catchers
are used. These catchers take the form of LiF or CDy tablets. The catchers were

mounted below the cathode mesh in order to convert the fast deuterons into neu-
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trons. In the case of shots in 2016 small catchers were used and their contribution
to the total neutron yield is below 30%. Thus, these small diagnostic catchers did
not affect the total neutron yield significantly!, but we distinguished neutrons with
energy above 10 MeV from “Li(d,n) and “Li(d,n+«) reactions in the nToF signals,
BDS-10000, and copper activation sample. In the case of the shots in 2015, the
bigger catchers were used and their contribution to the total neutron yield is more
significant.

The neutron yields evaluated by '°In(n,n’)!**™In reaction in 2016 (fig. 8.1(a))
were measured using the HPGe gamma-ray spectrometer. In 2015 (fig. 8.1(b)) we
used the Nal(Tl) spectrometer because the HPGe spectrometer was not available
for most of the shots. However, examining fig. 8.1 we can see, that the neutron
yields evaluated by '5In(n,n’)!*™In reaction correspond to the neutron yields eval-
uated by SAC and BD-PNDs. Thus, it seems that in our experiments, the Nal(T1)
spectrometer is sufficient. The neutron yield evaluated by the indium excitation is
missing in the shots 1828-1831 because the gamma-ray spectrometer was not avail-
able. Nevertheless, the neutron yields evaluated by other diagnostics are included in
the fig. 8.1(a) to have information about the shot-to-shot neutron yield fluctuation
during the whole experimental campaign.

As far as the fluctuation of the neutron yield is concerned, the lowest neutron
yield of 1.9 x 10" (evaluated by BD-PNDs) was achieved in shot no. 1829 (in fig. 8.1
marked by *). The reason for such a deviation is that it was the only shot without
the outer plasma shell. The neutron yield of the other shots varied approximately
from 4 x 10* to 6 x 10! in 2016. The average neutron yield at the shots with the
outer plasma shell was 2.3 x 10'2. The neutron yield in the range of 2.3 x 102 £50%
was measured at 52% of the shots with the outer plasma shell. In the case of the
year 2015, all shots were performed with the outer plasma shell. The total neutron
yield at the shots without any catcher varied from 2.6 x 10! to 2.5 x 10'? (by BD-
PNDs) and the average value was of about 1 x 10'2. The neutron yield in the range
of 1 x 10'2 4 50% was measured at 68% of the shots without any catcher.

Thus, the average neutron yield in 2016 was more than two times higher than
in 2015. However, the fluctuation was a little bit better in the shots in 2015. The

reason of this difference is not clear. We speculate that the high neutron yields in

'The contribution of the LiF and CDy diagnostic catchers to the total neutron yield is of the

same level as the uncertainty of our neutron yield measurement.
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2016 were caused by precise arranging of the experimental load.

In fig. 8.1, one can see small differences between the neutron yields evaluated
by the BD-PND, SAC, and ''*™In at the same shot. These differences could be
caused by the following reasons. First, each kind of the detector has a different
dependence of the sensitivity on the neutron energy. Comparing the normalized
dependencies of the sensitivities on the neutron energy in fig. 8.2, it is apparent,
that the BD-PND is more sensitive to the neutrons with an energy below 1 MeV than
the indium detector. We note that in fig. 8.2, the data of sensitivity of BD-PND are
used from [90] and sensitivity of the indium detector is assumed to be proportional
to the M°In(n,n’)1°™In reaction cross-section. Second, the measurement could be
affected by the neutron scattering. Each detector is placed at a different place
and, as a result, the scattering rate could be also different. Third, the BD-PNDs
are aging during the experimental campaign. Fourth, the sensitivity of the SAC
to the neutrons with energy above 4 MeV is not known because of the moderator

is designed for the 2.45 MeV neutrons. However, as we can see in fig. 8.1, the

In-115m
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Figure 8.2: Comparison of the efficiencies of the BD-PND and indium fast neutron

activation detector.

neutron yields measured by all techniques correspond to each other in the limits of
uncertainties. Thus, it seems that our measurement of the neutron yield is correct.

As far as the high energy neutrons are concerned, the yields of neutrons with
energy above 12 MeV were detected with the help of the copper activation sample.
These yields are displayed in fig. 8.3. In this graph some of the high-energy neutron
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Figure 8.3: Yields of the neutrons with energy above 12 MeV.

yields are missing, because of excessive uncertainty in the gamma-ray analysis in
several shots. We note that the high-energy neutron yields are affected by the LiF
catchers because the reactions "Li(d,n) with @ = 15.0 MeV and "Li(d,n+c) with
@ = 15.1 MeV produce the neutrons with the energy above the threshold of the
copper activation detector (see fig. 7.24). In the shots where the LiF catcher was
not used, the neutrons with such high energy should be produced by D(d,n)*He
reactions of the multi-MeV deuterons. We note, that sometimes the neutron yield
of D(d,n)*He could be also influenced by the catcher due to the reflection of the
injected gas by the catcher. Thus, the linear mass of the imploding Z-pinch is
affected. Excluding the shots with the catcher, we obtain the dependence of the
> 12 MeV neutron yield on the total neutron yield displayed in fig. 8.4, where the
total neutron yield is evaluated by °In(n,n’)!'*™In reaction. In all shots with the
outer plasma shell and without any catcher, the yield of the neutrons with energy
above 12 MeV exceeds 10°. This yield is evidently increasing with the total neutron
yield. However, any function which reasonable fits this dependence has not been
found yet. It should be noted, that such yields of the neutrons with energy above
12 MeV has been achieved only in the shots with the outer plasma shell presented

in section 6.3.
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Some of the neutrons contributing to the neutron yields could be produced by

the non-dd reactions. The contribution of such neutrons is discussed in the following

section.
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Figure 8.4: Dependence of the > 12 MeV neutron yield measured by copper activa-

tion on the total neutron yield measured by indium activation.
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8.2 Non-dd Neutrons

The neutron yield in the experiments with the deuterium gas-puff and the outer
plasma shell on the GIT-12 device reached fairly high values on the order of 10'?
(see fig. 8.1). At the same time, a relatively high number of neutrons with energy
above 12 MeV was detected. Examining fig. 8.3(b) we found that in the shots
without any catcher, the number of >12 MeV neutrons is usually on the order
of 10% — 101, The higher number of >12 MeV neutrons reaches of about 8 x
10'° in shot no. 1844. These high energy neutrons imply a significant number of
reacting multi-MeV deuterons. A high number of the multi-MeV deuterons have
been observed not only indirectly by the neutron diagnostics but also by the nuclear
track detectors (CR-39), radiochromic films (RCF), and ion activation samples [2,
4, 123]. The question arises as to the fraction of the measured neutrons produced by
the interaction of deuterons with the materials inside the discharge vacuum chamber.
There are several materials that could be struck by the deuterons: the duralumin
housing of the axial ion detectors, the stainless steel electrode system, the walls
of the vacuum chamber made of stainless steel, the brass nozzle of the gas-puff,
and two radial glass diagnostic windows at the distance of 37 cm from the pinch.
Using the RCF, CR-39, and ion activation samples, which were placed on the brass
nozzle behind the anode mesh and on the inner side of the radial diagnostic port, we
found out that the number of the multi-MeV deuterons flying in the upstream and
radial direction was insufficient to achieve significant non-dd neutron production.
Moreover, the total surface of brass and glass components is negligible in comparison
with the surface of the surrounding stainless steel chamber. In most of the shots,
the duralumin housing of the ion detector with a surface of up to 49 cm? was placed
below the cathode mesh at the distance of about 10 cm from the ion source. As a
result, some of the fast ions, which escaped the discharge, struck the duralumin and
almost all other deuterons struck stainless steel. In both cases, the neutrons could
be produced by reactions of deuterons with the solid metal. The most significant
neutron-producing reactions of deuterons with duralumin and stainless steel are
2TA1(d,n)®Si (Q=9.4 MeV) and *Fe(d,n)’"Co (Q = 3.8 MeV), respectively. The
deuteron break-up reactions *’Al(d,n+p)*"Al (Q=-2.2 MeV) and *SFe(d,n+p)*Fe
(Q=-2.2MeV) could be also significant. The total cross-sections of the neutron-

producing reactions and spectra of the emitted neutrons for the reactions which are



8.2. NON-DD NEUTRONS

121

the most significant in our experiment are displayed in fig. 8.5. Examining the
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Figure 8.5: The total cross-sections of the significant neutron-producing reactions

of deuterons with the solid metal and the spectra of produced neutrons from all

reactions. Data exported from [115, 116].

spectra of neutrons originated from such reactions in fig. 8.5(c,d), we see that it is

very complicated to distinguish neutrons produced by the non-dd reactions from the

neutrons produced by D(d,n)*He reaction. The number of these non-dd neutrons

depends on a thick-target yield Y7 which can be calculated from the total cross-

section o(FEy) of the reaction and the stopping cross-section s(Fy) of the target as

follows [124]

Yrr(E;) = /OL o(Eg)ndx = n/OE

o(Eq)
dE,)dz]

E;
dEh:i/
0

o(Ey)
(B

(8.1)
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where FEj; is the incident energy of the deuteron, and n is the concentration of target
nuclei. The cross-sections of the (d,n) reactions are taken from the TENDL 2014
TALYS-based Evaluated Nuclear Data Library [115, 116]. The stopping powers
dE/dz are evaluated by the SRIM software [121]. The obtained thick target yields

are shown in fig. 8.6(a). The above-mentioned reactions are significant at the
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Figure 8.6: Thick target yields of the deuteron and proton induced neutron-

producing reactions in duralumin and stainless steel.

energies of the deuterons above 2 MeV (see fig. 8.6). At such energies, it was
shown in [77, 78, 79], that the deuterons in our experiments follow the power-law
distribution dNy/dE; < E;". We assume that the x parameter is in the range
from 1.6 to 3 up to the deuteron energy of about 10 MeV [77, 78, 79, 123]. The
number of multi-MeV deuterons which struck the duralumin or stainless steel could
be estimated with the help of the LiF deuteron-neutron converter. In the shot 1697,
a 3 x 3 cm? LiF sample was placed 3 mm below the cathode mesh. The neutrons
were produced by "Li(d,n)®Be and "Li(d,n+«)*He reactions [123]. The number of
the neutrons produced by these reactions is given by the integration of a Yrr_r;p
thick target yield of the LiF sample and deuteron energy distribution:

Yiir = /10 - d]\éd—é@ Yrr-rir(Ea) dEq. (8.2)

0 d

The neutrons from 7Li(d,n) and "Li(d,n+a) reactions could be distinguished from

the dd neutrons due to the different energy spectrum [123]. Using fast neutron
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diagnostics, D. Klir in [123] estimates that the number of neutrons generated by
the LiF converter Y, is approximately 2 x 102 in the shot 1697. On the basis of
the neutron yield from LiF, we are now able to estimate the neutron yield from the
interaction of fast deuterons with the duralumin and stainless steel. If we assume
that the same deuteron beam which interacted with LiF in shot no. 1697 interacts
with the experimental chamber and diagnostic elements, we can estimate the neutron

yield from non-dd reactions as follows:

10MeV 5+
E*Yrr(Ey) dE
Y’I’: = Yrir g d TT( d) d

[N B Yor pie(Ed) dE,

(8.3)

where Yrr is the thick target yield of the duralumin or stainless steel. In calculation
(8.3), the k parameter was not evaluated by the neutron spectrum at the shot 1697,
because of the high number of non-dd neutrons produced by the LiF converter.
However, we could assume that x lies in the range from 1.6 to 3.0 [77, 78, 79, 123].
The dependence of the non-dd neutron yield on the xk parameter for the extreme
situations, when all deuterons strike the duralumin or stainless steel hardware is dis-
played in fig. 8.7. If we consider that all multi-MeV deuterons strike the duralumin
and including 70% transparency of the cathode mesh, we obtain (2.9 — 3.2) x 10"
non-dd neutrons. Similarly, if the duralumin equipment is not used and considering
that all the multi-MeV deuterons strike the stainless steel, the yield of non-dd neu-
trons achieves approximately (1.2—1.9) x 10*!. However, if the duralumin equipment
is used, it is unlikely that all the deuterons strike only the duralumin. Therefore,
the non-dd neutron yield should be smaller than 3.2 x 10!'. On the other hand, the
number of non-dd neutrons is higher than 1.2 x 10!, Thus if the duralumin housing
of the ion diagnostics is placed below the cathode mesh, the number of non-dd neu-
trons lies between the curves corresponding to duralumin and stainless steel. As we
can see in fig. 8.7, if we consider an extreme situation when all the deuterons with
energy above 2 MeV strike the duralumin and at the same time, the x parameter
will have the unlikely low value of k 1.6, only about 15% of the detected neutrons
will be produced by the non-dd reactions. As mentioned in section 8.1, the shots
in our experiments are well reproducible. Thus we can assume that in all shots in
our experiments, more than 85% of the neutrons were produced by the dd reactions.
This estimation is important since for evaluation of the x parameter of the deuteron

energy distribution approximation dNy/dE,; o< E;" using nToF diagnostics, most
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Figure 8.7: Dependence of the neutron yields of (d,n) reactions with the duralumin

and stainless steel on the x parameter.

of the detected neutrons must be produced by the D(d,n)*He reactions. Now, we

have proved that this condition is fulfilled.

The same effect which produces the non-dd neutrons occurs in the shots with
the natural hydrogen gas. The natural hydrogen gas-puff was used in the shot no.
1698. In this shot, we used optimal initial conditions similarly as in the case of
deuterium gas-puff [123]. The neutron yield measured by the bubble detectors (BD-
PND) in the shot with natural hydrogen achieved about 10*. Such a neutron yield
cannot be explained by the presence of deuterium atoms in the natural hydrogen
gas because its abundance is about 0.015% only. Therefore, the neutrons were
probably produced by the reactions of protons with the stainless steel. The thick
target yields of neutrons from the 27Al(p,n)?’Si and 5°Fe(p,n)**Co proton-induced
reactions are shown in fig. 8.6(b). The estimation in fig. 8.6(b) is also calculated
using the TENDL 2014 TALYS-based Evaluated Nuclear Data Library [115, 116]
and SRIM software [121]. In the same manner, as in the case of a deuterium gas-
puff, the dependence of the neutron yield from the proton-induced reaction on the k
parameter was evaluated. The result of this evaluation is displayed in fig. 8.8. In the
shot with the natural hydrogen gas-puff, the used aluminum housing of ion detector
below cathode was much smaller than in the shots with the deuterium gas-puff.
At the same time, in this shot, the ion detector was placed at a greater distance

from the cathode mesh than in the shots with the deuterium gas-puff. Therefore,
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we could assume that most of the protons struck the stainless steel. To obtain the
neutron yield of about 10! in the same manner as at the reaction with deuterons,

the proton distribution should correspond to E ™ with £ ~ 1.8.
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Figure 8.8: The dependence of neutron yields of the (p,n) reactions with duralumin

and stainless steel on the xk parameter in the shot with the natural hydrogen gas-puff.

Finally, we should note that in the case of the deuterium gas-puff, a fraction of
the neutron yield could be produced by deuterons interacting with the neutral gas
below the cathode mesh. To evaluate the number of these neutrons, we need to know
the number of sub-MeV deuterons which could produce neutrons in dd reactions.
However, we can assume that the number of these neutrons is not significant because
simulations in the ANSYS Fluent software indicate the low density of the natural
gas below the cathode mesh [82]. Evaluation of the number of these neutrons will

be one of the goals of the following investigation of the deuterium gas-puff.
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8.3 Neutron Fluence Anisotropy Close to Pinch

Anisotropy of the neutron production in the experiments on the GIT-12 device was
investigated using indium activation samples. These samples were placed on the z-
axis in the downstream direction (below cathode), in the upstream direction (above
anode), and in the radial direction. The arrangement of the activation indium

samples is schematically displayed in fig. 8.9. The indium samples In A or In B

Gas-puff nozzle Upstream
indium sample
N N N
AN\ SN\
g Radial indium
i © sample
u 'wo‘ ~ *
A t55/ Anode mesh
g o 36 cm
N B8
Y /&3 Cathode mesh
N ] A N
IS
o
(c)
~
»
N N N N N
Downstream ¥ Axial ion
indium sample diagnostics

Figure 8.9: Arrangement of the indium activation samples in the radial, upstream,

and downstream direction (not in scale).

were used as the upstream samples, In V as the radial samples and In C or In D
as the downstream samples (see the list of the indium activation samples in table
7.3)?. Using the activation samples the angular neutron fluences were measured.
We defined the angular neutron fluence as a number of neutrons per solid angle:
dN AN _

10~ Ap ~ 9ds, 9)dSs, (8.4)

2When the indium samples In A and In D was ready to shot inside the vacuum chamber, the
samples In B and In D were prepared and mounted to the diagnostic housing for next shot and

vice versa.
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where N is a number of dd neutrons passed an indium sample, {2 is the solid angle,

&(dg, ¢) is the neutron fluence detected by the indium sample, Sg is the surface of

the indium sample, and dg is the distance of the indium sample from the neutron

source (pinch). The angular neutron fluences ¢(0°) (downstream fluence), ¢(90°)

(radial fluence), ©(180°) (upstream fluence), and their ratios are reported in table

8.1 and graphically displayed in fig. 8.10.

Angular neutron fluence [1/sr]

Differential neutron yield ratio

Shot no. | Downstream | Radial | Upstream D/U D/R R/U
(0°) (90°) (180°) (0°/180°) | (0°/90°) | (180°/90°)
1833 3.4x10" | 6.1x10' | 4.0x10'° 8.5 5.6 1.5
1835 6.6x100 | 3.0x10' | 2.9%10' 2.3 2.2 1.1
1837 1.1x10"2 | 1.5x10" | 1.4x10" 8.2 7.4 1.1
1838 8.4x10" | 1.4x10" | 9.3x10'° 9.1 6.2 1.5
1839 2.7x10"2 | 5.8x10'" | 3.7x10" 7.4 4.8 1.5
1840 5.2x10" | 1.5x10'" | 1.1x10" 5.0 3.5 1.4
1841 1.0x10"2 | 1.5x10'" | 8.8x10% 11.7 7.1 1.6
1845 1.4x10" | 2.1x10'" | 9.0x10% 13.5 6.8 2.0
1847 4.1x10" | 1.8x10™ | 1.2x10'" 3.5 2.3 1.5
1850 6.6x10" | 1.9x10'" | 1.6x10" 4.1 3.5 1.2
Average 9.2x10" | 1.8x10'" | 1.2x10" 7.3 4.9 1.4

Table 8.1: Results of measurement of the neutron emission anisotropy
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Dependence of the angular neutron fluence in the downstream and upstream di-
rection on the total neutron yield evaluated by the radial indium sample is displayed
in fig. 8.11. This dependence includes only the shots without LiF or CDy catcher.

Examining the fig. 8.11 it seems that the downstream and upstream angular neutron
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Figure 8.11: Dependence of the angular neutron fluence in the downstream and up-
stream direction on the total neutron yield evaluated by the radial indium activation

diagnostics.

fluences are linearly dependent on the total neutron yield. In fig. 8.12 we can see
the anisotropy represented by the radial /upstream and downstream/radial angular
neutron fluence ratio. The fig. 8.12 includes only the shots without the LiF or CDy
catcher. It seems, that these ratios are independent on the neutron yield. In the
case of the radial/upstream ratio, it seems, that it is almost constant close to the
average value of 1.4. On the other hand, the downstream/radial ratio varies in a
wide range approximately from 2 to 7.5. Such results were proved during the recent
experiments in 2017.

Examining the scheme in fig. 8.9 we can see that the indium sample below
cathode (downstream) is relatively close (of about 8 ¢cm) to the aluminum cover of
the axial ion diagnostics housing. By the calculations presented in section 8.2, we
estimated that approximately 15% of the measured neutrons are produced by the
non-dd reactions of the multi-MeV deuterons which escape the pinch and duralumin

cover of the axial ion diagnostics. Such non-dd neutrons influenced the measurement
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Figure 8.12: Dependence of the radial/upstream and downstream/radial differen-
tial neutron yield ratio on the total neutron yield evaluated by the radial indium

activation diagnostics.

of dd neutron emission anisotropy in the close distances of 6 cm and 18 cm to the
electrodes (see fig. 8.9). Therefore, the measurements reported in the following

section were performed.

8.4 Dependence of Neutron Fluence on Distance

The anisotropy of neutron fluence at the close distance from the pinch presented in
section 8.3 is probably affected by the non-dd neutrons.

In order to evaluate the number of the non-dd neutrons and prove their assumed
origin, the dependence of the neutron fluence on the distance from the pinch was
measured in the radial and axial direction. For this purpose, two radial and three
downstream indium activation samples were used. The arrangement of the samples
is displayed in fig. 8.13. We note that all indium samples, which were placed inside
the vacuum chamber were shielded by the metallic housing to avoid an activation
by ions. The distortion of the neutron measurement by the housing was taken
into account with the help of the MCNP simulations performed by Ondfej Sila.
These simulations show that the influence of the neutron scattering to measurement

reported in this section is insignificant.
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Figure 8.13: Arrangement of the indium activation samples in the radial and down-

stream direction (not in scale).

8.4.1 Radial Dependence of Neutron Fluence

The dependence of the neutron fluence in the radial direction was measured using
indium samples labeled 1-7 (see table 7.3)® at the distance of 22 cm and sample VI
at the distance of 36 cm. The center of the samples was placed at the same height
as the center between the anode and cathode mesh. We evaluated the angular
differential neutron yields at the distances of 22 cm and 36 cm from the z-axis. The
comparison of the differential neutron yields is displayed in fig. 8.14. As we can
see in fig. 8.14, the number of neutrons per solid angle is in both distances similar
and mostly is different only in the scope of the detection uncertainty?. Since the
differential neutron yields at 22 cm correspond to the differential neutron yields in
36 cm, we could assume that most of the neutrons emitted in the radial direction
are generated close to the Z-pinch axis (up to 1.5 cm) and between the electrodes

or close to them (up to 8 cm).

3In each shot, just one sample from the set 1-7 was used.
4The uncertainty of the measurement at the distance of 22 cm is somewhat higher than at

the distance of 36 cm. The reason of different uncertainties is that the mass of the closer indium

sample is approximately 7 times lower.
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Figure 8.14: Difference between the angular neutron fluence in the radial direc-
tion at the distance of 22 ¢cm and 36 cm from the z-axis (without non-dd neutron

corrections).

8.4.2 Downstream Dependence of Neutron Fluence

The dependence of neutron fluence in the downstream direction was measured with
a help of the indium sample 1-7° placed at the distance of 13 cm from the cathode
mesh, sample 1-7 at the distance of 15 cm, and the sample C or D at the distance
of 18 cm from the mesh (see fig. 8.13). It should be noted, that the distances
mentioned above are rounded. The real distances of the samples vary up to 1 mm
due to the need of assembling and disassembling of the electrode system after each
experimental shots. All the experimental results which are reported in this thesis
are calculated with the help of the real distances which were measured before each
shot. As in the case of radial indium samples, the downstream samples are protected
from the ions by the metallic cover.

As far as the differential neutron yields (without non-dd neutron corrections) are
concerned, the measurement shows that in the case of the downstream direction,
they are significantly dependent on the distance from the cathode mesh. We assume

that significant number of neutrons is produced by the non-dd reactions of the fast

®One sample from the set 1-7 was placed in each position (distance from the pinch).
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deuterons with the diagnostic housing, as mentioned in the subsection 8.3. We can
evaluate the fluence of the non-dd neutrons produced by the duralumin cover in the
place of the downstream indium sample by the following manner. If we assume the
isotropic neutron emission of the non-dd reactions and homogeneous irradiation of
the duralumin cover by deuterons, we can approximate the non-dd neutron source
as a disk with the radius R and surface S. The number of the non-dd neutrons

emitted by each d.S surface element of the disk is
dY’ ='dS, (8.5)

where 1)’ is the surface density of the non-dd neutron emission:

Y/

V=, (36)

where Y’ is the total number of the emitted non-dd neutrons. The downstream

indium sample is placed on the disk axis at the distance [ (see fig. 8.15). The

Cathode
A

Downstream
Indium Sample ==

Figure 8.15: Geometry of the duralumin cover and the downstream indium sample.

distance of the activation sample from the duralumin cover is given by

U'=1- Al (8.7)
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where Al is the distance of the duralumin cover from the cathode mesh. In accor-
dance with fig. 8.15, the neutron fluence in the downstream direction at the distance
!’ from the duralumin disk is

!

dd' (o = 0°) = 4 cos 3 dS. (8.8)

A7rr?

Substituting r by va? + "2, cos by I'/v/a? + 1’2, and dS by a dada we obtain:

zb’ l'a

d@l — o - -

da da. (8.9)

The total non-dd fluence in through the downstream indium sample area is given

2m 171
Yl a
/ / A l’2)3/2 do da, (8.10)

R n
45’(@:00):/ ¢2 — % da, (8.11)
0

(a2 + 112)3/2

by the expression:

and finally,
1/}/ l/Jlll 1
/ __No r -
Plp=0%) = 2 2 VRZ4 2

Since the indium sample is significantly smaller than the duralumin cover, we assume

(8.12)

that the non-dd neutron fluence is constant on the indium sample front surface.
We used the formula (8.12) to evaluate the dependence of the non-dd neutron

fluence on the distance from the aluminum cover of the diagnostic housing. Thus,

the total neutron fluence in the downstream direction is given by the superposition

of the dd and non-dd neutrons:

W' ¢,l/ 1 Y
o0 =Y 8.13
=0 =5~ Jop (8.13)

where !’ is the distance of the non-dd neutron source (housing cover) and [ is the dis-

tance of the dd neutron source (assumed close to the cathode). The expression (8.13)
was fitted with the measured neutron fluences. The number of non-dd neutrons was
used as the fitting parameter for each individual shot. Such fitted dependencies of
the neutron fluence are displayed in fig. 8.16. As we can see in fig. 8.16, formula
(8.13) allows the relatively good fit. The number of non-dd neutrons is very different

for each individual fit. We can express the fitting parameter by the percent fraction
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Figure 8.16: Comparison of the calculated and measured neutron fluence in the

downstream direction.
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Figure 8.17: Dependence of the non-dd neutrons on the total neutron yield.

of the total measured neutron yield. If we plot the dependence of this fitting param-
eter used in fig. 8.16 on the total neutron yield we obtain fig. 8.17. Examining the
dependencies in fig. 8.17, it seems that the contribution of the non-dd neutrons is
growing with the total neutron yield. However, such high contributions of the non-
dd neutrons to the total neutron yield are not in accordance with the estimations
in section 8.2. Therefore, the assumption of the isotropic neutron emission of the
nuclear reactions of deuterons with the diagnostic cover seems to be incorrect. It
indicates that the non-dd neutrons are emitted rather in the downstream direction
than in the radial direction. In such a case, the vertical axis in fig. 8.17 represents
a number of the non-dd neutrons emitted in the downstream direction in arbitrary
units instead of the fraction of the total neutron yield. This hypothesis is in ac-
cordance with the calculated and measured differential neutron yields reported in
Araki’s paper [125]. These thick target angular differential neutron yields from a
thick aluminum target are displayed in fig. 8.18 [125]. As we can see in fig. 8.18,
the neutron emission induced by reactions of deuterons with the aluminum thick
target is relatively anisotropic, with a maximum at the angle of 0°. It could explain
the significant neutron fluence anisotropy measured in the short distances from the

electrodes reported in section 8.3 (see fig. 8.10).



8.5. NEUTRON SPECTRA 137

"?1012§1 ‘ L | T 11 L ‘ T 11T T 1 LI T T \;
=2 = 5MeV E
v-g-'_ r s+ 9MeV 1
7] 10” E 40MeV E
= F —— 5MeV (PHITS) 1
o B 9 MeV (PHITS) -
S 0l 40MeV (PHITS) _
N |
: Z

9 9 . A, —
Eod I
pZd i " h.A A g & ]
Btk . T
E » e ] "
= L T ]
6 1 ‘ Ll Ll | - | ‘ S | Ll Ll 1 | Ll | 1

2 0 20 40 60 80 100 120 140
=

Angle [degree]

Figure 8.18: Angular differential neutron yields from a thick aluminum target [125].

8.5 Neutron Spectra

In the previous sections, the neutron time-of-flight diagnostics, fast neutron activa-
tion diagnostics, and their experimental results were presented. This information
helps us to evaluate the neutron spectrum. As mentioned in section 8.1, the number
of neutrons with the energy above 12 MeV was estimated by the copper activation
sample. Obviously, the number of the neutrons with an energy in the range from 10
MeV to 12 MeV was evaluated from the difference between the yields determined by
the niobium and copper samples. Analogously, subtracting the yields evaluated by
the niobium sample from the yield evaluated by the aluminum sample, the number
of the neutrons with energies in the range from 3.8 MeV to 9.5 MeV was obtained.
Finally, when we subtract the yields evaluated by the aluminum sample from the
yield evaluated by the indium sample, we obtain the number of the neutrons with
energy in the range from 0.5 MeV to 3.8 MeV. The example of such neutron spectra
with the yields of neutrons corresponding to the energy intervals mentioned above
and the fitted neutron spectrum obtained by the nToF detector is shown in fig.
8.19. The example in fig. 8.19 represents neutron spectrum measured in the radial
direction at the distance of 37 cm from the z-axis in shot no. 1760. In this shot,

the neutron yield achieves (1.1 4 0.2) x 10'2, the current at stagnation reached 2.8
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Figure 8.19: Neutron spectrum in shot no. 1760 with the total neutron yield of
1.1 x 10'2. The line represents the neutron spectrum obtained by nToF detector
and the bars represent the neutron spectrum obtained by the set of the activation

samples with corresponding yields.

MA and the injected mass of the gas-puff was about 75 pg/cm. The bars in fig.
8.19 are labeled by the threshold reaction. As far as the nToF is concerned, the rel-
ative spectrum is obtained using the nToF detector in 25.8 m. The measured nToF
signal s(7) was transformed into the neutron spectrum dN, /dF,, [86, 87, 88| using
the transformation (7.19) derived in the section 7.2. Since the neutron spectrum in
our experiment is very broad, term 7(E,) scintillator neutron response in (7.19) is
very important. A theoretical determination of n(FE,) is complicated [75]. An ex-
perimental evaluation of the n(FE,,) is presented in [76]. However, the vicinity of our
detectors, especially the lead shielding significantly differs from the case described in
[76]. Therefore, it was needed to find the n(E,) of our nToF detectors. We assume
that the n(F,) could be approximated as

n(E,) ~ As E?, (8.14)
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where Ag is a proportional parameter, F,, is the neutron energy and P is the power

factor. Thus, the neutron spectrum can be approximated by

dNn o AP (T — to)g 1

iE. _s(r,d)AsEg 3 (8.15)

where F, is the neutron energy, Ap is a photomultiplier amplification, 7 is the

time of the detection, ty is the time of the neutron generation, m,, is the neutron
mass, and S is the surface of the detector. As far as P factor is concerned, the
first estimation including the lead shielding performed Ondiej Sila with a help of
the MCNP simulation. Using this simulation, we obtain P approximately equal to
1. P was also evaluated from the experimental data. The transformation of nToF
detector signals into neutron energy (7.19) was performed with several different
P power factors in the range from 0.5 to 2. The obtained neutron spectra were
fitted into the spectrum evaluated by the activation diagnostics (see fig. 8.19 for
P = 1). The numbers of neutrons in each energy range were compared. The
averaged differences between the areas under the nToF and activation spectra are

displayed in fig. 8.20. Examining fig. 8.20 it seems that the best fit of the nToF
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Figure 8.20: The difference between the spectrum evaluated by the fast activation

diagnostics and fitted nToF spectrum.

and activation spectrum was achieved with P = 1.25. However, taking into account
the inaccuracy of such fit, in our experiments we use P = 1 found by the MCNP
simulation. Practically, the difference between P = 1 and P = 1.25 should not be

decisive in the result interpretation.
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To put it shortly, the relative nToF spectrum with a high energy resolution was
calibrated by the absolute spectrum with the low energy resolution evaluated by the
fast neutron activation samples. We assume that such calibration is valid in every
shot where the setting of the nToF detector is the same.

If we take into account the gamma-ray analysis error, the uncertainty of the
results in fig. 8.19 is about 30%.

In fig. 8.19 we can see, that a very significant number of the neutrons with
energy above 2.45 MeV are in the neutron spectrum. Such a high-energy nature of
the neutron spectrum could be explained by the high number of the suprathermal
deuterons.

In conclusion of this subsection, it should be noted that the spectrum in fig. 8.19
represents the spectrum in the radial direction only. In the downstream direction,
the neutron energies should be significantly higher. Also, the neutron spectrum in
the upstream direction is certainly different. So far, the spectrum in the upstream
and downstream directions has not been precisely measured due to the mechanical
equipment. In particular, the massive gas-puff hardware with a brass nozzle and a
copper coil in the upstream direction and the vacuum system in the downstream

direction complicate the measurement by the significant scattering of the neutrons.

8.6 Photoexcitation of Indium Activation Sample

In work presented in this thesis, the indium activation samples are used to measure
the neutron fluence by nuclear excitation reaction "°In(n,n’)*5™In. As mentioned
in section 7.4, the decay of the metastable '*™In is accompanied by gamma-rays
with the energy of 335 keV (see table. 7.2). It should be mentioned, that **™In
could be produced also by the interaction of high-energy photons with the indium
sample by photoexcitation reaction ' In(y,y")15™In [126]. Obviously, it is impossi-
ble to distinguish "°In(n,n’)"*™In and reaction *°In(y, y’)"*™In by the gamma-ray
spectra. Therefore, the photoexcitation could affect the neutron measurement.

In our experiments, the disruption of Z-pinch by instabilities is accompanied
by MeV bremsstrahlung [123]. Using TLF-700 thermoluminescence dosimeters we
measured a dose up to 100 Gy of 200 keV photons per single shot at the distance of 3
cm behind the anode surface [123]. Due to the short intensive pulsed character of the

bremsstrahlung the evaluation of its spectrum is complicated. Since the measured
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anode-cathode voltage maximum achieves about 1 MV, we assume, that energy
of most of the bremsstrahlung photons is below 1 MeV. On the other hand, the
detected multi-MeV deuterons indicate that also electrons and photons with multi-
MeV energies are produced. Thus, it seems that the duration of the multi-MeV
charged particle and bremsstrahlung emission is shorter than the time resolution of
our voltage measurement of about 2 ns. Since the FWHM of the bremsstrahlung
pulse measured by the scintillation detectors is about 20 ns, a contribution of multi-
MeV photons to the total number of bremsstrahlung spectrum could be insignificant
in comparison with the sub-MeV photons.

In order to prove that our indium activation diagnostics is not affected by
U5Tn(y,y")1*™n reaction, the following measurement was performed. Two iden-
tical indium samples V and VI were placed in the radial direction at the distance
of 37 cm from the z-axis. Sample V was shielded in the front and rear side by lead
with a thickness of 5 cm whereas the sample VI was without any lead shielding. The
experimental arrangement is shown in fig. 7.26.

In book [101], the experimental transmission of gamma-rays of ®°Co (gamma-
ray photon energy 1.17 MeV and 1.33 MeV) through the thick lead shielding is
presented. The radiation dose rate of %°Co is attenuated approximately ten times
by the lead with the thickness of 5 cm. Photons with an energy lower than the
energy of %°Co radiation should be attenuated even more.

Therefore if °In(y,y")!"™In reaction influences activity of an indium sample,
the neutron fluence measured by the sample indium V (with lead shielding) should be
significantly lower than the activity of the sample indium VI (without lead shielding).
To evaluate the neutron fluence by the sample V, the scattering of neutrons by the
lead shielding must be taken into account. Using the MCNP simulation, Ondrej
Sila determined the neutron attenuation coefficients for our experimental neutron
spectrum and neutron energy threshold of 0.5 MeV. According to these simulations,

the lead shielding attenuates the neutron fluence approximately 1.85 times.
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Figure 8.21: Comparison of neutron fluences measured by the indium samples with
and without the lead shielding with a thickness of 5 cm including the neutron at-

tenuation coefficient evaluated by MCNP.

A comparison of neutron fluences measured by the indium samples with and
without the 5 cm lead shielding is reported in fig. 8.21. In this comparison the
neutron attenuation coefficient is included. Examining fig. 8.21 we can see, that
the neutron fluences evaluated by the sample indium V correspond to the neutron
fluences evaluated by the sample indium VI. Therefore, we could assume that in our
experiments the photoexcitation reaction "°In(y,vy’)**™In influences the indium

activation diagnostics in radial direction insignificantly.



Chapter 9
Discussion

In this chapter, results of our experiments are summarized and results of the mea-

surements are discussed and put into context.

9.1 Most Important Experimental Results

The neutron yields were measured by several independent methods: neutron bubble
detectors (BD-PND), silver activation counter (SAC), and fast neutron activation
diagnostics. The results of these diagnostic techniques are relatively consistent (see
fig. 8.1).

As mentioned in section 8.2, in our experiments some portion of neutrons is pro-
duced by interactions of multi-MeV deuterons with duralumin and stainless steel
experimental hardware. The energy of such non-dd neutrons can range from 0 to
more than 10 MeV (see cross-sections in fig. 8.5). For the physics of the hot deu-
terium plasma, it is important to evaluate the contribution of the non-dd neutrons
to the total neutron yield. In section 8.2, the contribution of the non-dd neutrons
was estimated with a help of the cross-sections of the neutron-producing reactions
of deuterons with 2"Al and *°Fe and number of the multi-MeV deuterons which was
determined with a help of the LiF deuteron-neutron converter. By this estimation,
the number of the non-dd neutrons achieves up to 15% of the total neutron yield.
The analogous estimation was performed for neutrons produced by (p,n) reactions in
the shot with the natural hydrogen where dd neutrons can be ruled out. The result
of the estimation of neutron yield from (p,n) reactions is in good agreement with

the measured neutron yield (see section 8.2). The measurement of neutron fluence
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at different distances from the pinch in downstream and radial direction shows that
the non-dd neutrons are emitted mostly in the downstream direction.

As far as the measured neutron spectra are concerned, the neutrons with rela-
tively high energies (12 — 20) MeV were detected in the radial direction. There are
three possibilities how to explain such high-energy neutron emission in the radial
direction.

The first possibility is that the high-energy neutrons are produced by the dd
reactions of deuteron beam streaming from the anode to the cathode. Examining
the dependence of the ejectile neutron energy on the projectile deuteron energy of
D(d,n)*He reaction to the angle of 90° (see fig. 4.3), we see that for the emission of
12 MeV neutrons the deuteron energy of 38 MeV is needed. An occurrence of the
deuterons with such energy was not proved. However, hydrogen ions (deuterons or
protons) with an energy above 39 MeV were detected using a stack of radiochromic
films, CR-39 nuclear track detectors and metallic absorbers [2]. It is not excluded
that deuterons with even higher energy are also generated. On the other hand, the
90° ejection angle is not very probable in comparison with the ejection angle of 0°
(see angular differential cross-section in fig. 4.5).

Another possibility is that the 12 MeV neutrons in the radial direction are emit-
ted by the deuterons with an energy of about 7 MeV which are moving in the radial
direction. The deuterons could be deflected to the radial direction by the Z-pinch
magnetic field. Considering the MCP images and results of ion pinholes, the dis-
charge radius is of about 5 mm at the stagnation. If we assume, that the half of
the discharge current (0.5 x 3 = 1.5) MA is compressed on or below this radius,
the Larmor radius of the 7 MeV deuterons is 9 mm. Such relatively small Larmour
radius indicates that the deflection of the 7 MeV deuterons to the radial direction
is possible.

The last possibility is that the high-energy neutrons in the radial direction are
produced by the reactions of deuterons with 2Al and 5°Fe, especially (d,n), (d,n+p),
(dn+«), and (d,2n). Nevertheless, an energy of the most of produced neutrons is
bellow 10 MeV (see fig. 8.19). The number of neutrons, in this region of neutron
spectrum, is significantly higher than than the estimated number of non-dd neutrons
(chapter 8.2). Therefore, the approximation of the deuteron energy distribution
f(Eq) < E;" should not be affected even if the >12 MeV neutrons are of the non-

dd origin since the k parameter is given by the neutron spectrum bellow 10 MeV.
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9.2 Neutron Production of Deuterium Plasma

As far as the neutrons produced by the D(d,n)*He reaction are concerned, from the
neutron spectra, anisotropy, neutron time-of-flight signals, and many other consid-
erations, it is undoubted that their majority is produced by the beam-target mech-
anism. To achieve the observed neutron energy spectrum, the neutrons must be
produced by collisions of the deuterons with much higher energy than the deuteron
temperature. Such high-energy tail of the deuteron distribution could be approx-
imated as f(Ey) oc E;" [77, 78, 79]. Using the procedure described by Knapp et
al., K = 1.8 — 2.0 was evaluated from the dd neutron energy spectrum in the radial
direction for the deuteron energy above 20 keV [2, 4]. For the validity of this eval-
uation, the following conditions must be fulfilled. The first condition is the known
dependence of the neutron time-of-flight detector response on the neutron energy.
This is important especially in the GIT-12 experiments where the neutron spectrum
is very broad. The second condition is that most of the detected neutrons should
be of the dd origin. The experimental results presented in this thesis indicate that
these conditions are fulfilled.

Since we know the x parameter of the deuteron distribution, we could evaluate

the average energy of deuterons which produce neutrons by D(d,n)*He reaction [4]:

J 20ev Pdd(Ea) Ea f(Eq) dEq J sorey Odd(Fa) Eqa By " dEy
> L
Josorey Tad(Ea) f(Eq) dEq Losorey 0ad(Ea) B " dEy

<Ed>reacting = = 1MeV,
(9.1)
where 044(Ey) is the cross-section of D(d,n)*He reaction, f(Ey) is the energy distri-

bution of reacting deuterons.
As far as the number of deuterons with the fusion energy is concerned, it could

be calculated by the following formula [4]:

Yaa
Ngla [ o0wey Oad(Fa) f(Ea) dEy

Nigit = (9.2)
where Yy, is a number of deuterons produced by D(d,n)*He reaction, ng is a deuteron
density, l; is a path length of deuterons. Assuming that the contribution of non-dd
neutrons should be less than 15% (see section 8.2) and most of the non-dd neutrons
are emitted in the downstream direction (see section 8.4.2), we could consider that
the total neutron yield evaluated by the radial neutron diagnostics is approximately

equal to Yy, We could evaluate the deuteron density ng from the deuteron line
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density n; = 3 x 10! deuterons/cm and the final pinch radius R = 0.5 cm as ng =
ny/m R? = 4 x 10" ecm™3 [4]. The estimation of [; is somewhat more complicated.
If we assume, that [ is approximately equal to the anode-cathode gap of 2 cm, we
obtain N,,; = 10'® with the total energy

FEian = Ntail/ E; f(Ey)dE; =60k] (9.3)
>20keV

for a good shot with the neutron yield of about 2 x 10'2. Such energy is almost

equal to the total energy input into plasma during the implosion [4]:
L . 5. .
Eplasma = 3 LI“dt = 65kJ. (9.4)

It is very unlikely since less than 2% of all deuterons belong to the high-energy
tail [4]. Therefore, the deuteron path length should be much higher than 2 cm.
During the neutron emission (15-20 ns), deuterons with the energy (Eq)reacting = 1
MeV could travel the distance of about 10 cm [4]. Using formulas (9.2) and (9.3) for
lqg = 10 cm we obtain the total energy of deuterons in high-energy tail of about 10 kJ
[4]. Such an energy seems to be quite realistic. The prolongation of deuteron path
length could be explained by the magnetization. Such assumption is in accordance

with the neutron energy spectra in the radial direction mentioned above.

9.3 Scaling and Efficiency of Neutron Production

It could be interesting to compare the neutron yields achieved in our experiments
with other deuterium Z-pinch and plasma focus experiments with a different current
and type of load. Such a comparison is displayed in fig. 9.1. Our experiment on
the GIT-12 generator is marked by the red square, other deuterium gas-puff exper-
iments are marked by blue squares, deuterated fiber and cryogenic deuterium fiber
experiments are marked by green triangles, and deuterium plasma foci experiments
are marked by black circles. In fig. 9.1 the neutron yield scaling laws Y, oc I3
and Y, oc I* are represented by the blue and red line, respectively. In fig. 9.1, the
neutron yield from the fiber Z-pinches is significantly lower than the neutron yield
from the plasma foci and gas-puffs at the currents of above 1 MA. In the case of
plasma foci, a saturation of the neutron yield was observed at the currents above 2

MA [16]. As far as the deuterium gas-puffs are concerned, any saturation of neutron
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Figure 9.1: Comparison of the neutron yields from experiments on the GIT-12
generator and other Z-pinch and plasma focus experiments. Data are used from
[16, 35, 36, 39, 40, 67, 128, 129, 130, 131, 132, 133, 134, 135].

yield has not been observed. The experiments on the Saturn [32] and Z machine [39]
indicate that the neutron yield corresponds to the Y,, oc I? scaling law. However, in
the experiments on Angara [36, 37| and our experiments it seems, that the neutron
yield scaling corresponds to Y, o< I* at the currents (2 —3) MA. It should be noted,

that all neutron yields in fig. 9.1 are of the beam-target origin.

The experiments shown in fig. 9.1 are different in many parameters as in the
time of implosion, the mass of imploding pinch, electric parameters of the current
generator, etc. Therefore, the neutron yields should be compared also taking into
account the total stored electrical energy in capacitors of the generator. The neutron

yields of above-mentioned experiments related to the total stored electric energy are
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Figure 9.2: Comparison of the neutron yields from experiments on the GIT-12
generator and other Z-pinch and plasma focus experiments. Data are used from
[16, 35, 36, 39, 40, 67, 128, 129, 130, 131, 132, 133, 134, 135]

displayed in fig. 9.2.

In fig. 9.2 the neutron yield scaling Y, oc E*¢ is shown. In the case of plasma
foci, the saturation of neutron yield occurs at the energy of about 1 MJ [16, 136].
It should be noted that in the gas-puff experiments on the Angara [36], Saturn [32],
and Z-machine [39], the current rise times are about 100 ns, 40 ns, and 100 ns,
respectively, whereas, in our experiments, the rise time of the GIT-12 generator is
about 1.5 us. Thus, for the high neutron emission efficiency, the very short rise
times up to 100 ns is not necessary. It allows an easier design and construction
of the pulsed power generators for neutron producing Z-pinches. Moreover, in our

experiments, the Z-pinch stagnation and disruption occur at the time of about 700



9.4. APPLICATIONS OF DEUTERIUM GAS-PUFF Z-PINCH 149

ns. During the remaining time of 800 ns the current is rising up to the value of
about 5 MA, but in this phase, the generator energy does not contribute to the
neutron production!. Therefore, we could assume, that if we use a generator with
the maximum current of 3 MA, rise time of 700 ns and thus significantly lower stored
electrical energy, to drive the same Z-pinch load, the neutron production efficiency

(neutrons/energy ratio) would be better than in the case of the GIT-12 generator.

9.4 Applications of Deuterium Gas-puff Z-Pinch

The main goal of our experiments is the fundamental research, but in future, the
deuterium gas-puff Z-pinch could be used also in applications. As mentioned in
chapter 8, the deuterium gas-puff in our experiments produces an intensive beam of
multi-MeV deuterons. It could be used for the production of radioisotopes with a
short half-life and high activity. For example, *N isotopes with a half-life of 10 min
are used in the positron-emission tomography (PET) in medicine [137]. The 3N
could be produced by reaction 2C(d,n)'¥N [4]. If we place a carbon sample below
the cathode mesh, the number of produced 3N nuclei Ny_13 could be estimated
with a help of the shot with LiF catcher described in section 8.2. Analogously to

the calculation (8.3) we obtain

NN 13 — YL'F 010Mev Ec;ﬂ YTT*C(Ed) dEd

[N B Yor e (Ed) ABy

(9.5)

where Y7, is the thick target yield of "Li(d,n) and 7Li(d,n+c«) reactions from the
LiF catcher, Y77 ¢ is a thick target yield of C(d,n)!*N reaction from the carbon
sample and deuteron energy distribution f(Ey) o< E;". The thick target yield for the
carbon sample Yrr_o could be calculated analogously to formula (8.1). Assuming
k = 2 we obtain a number of ®N nuclei of about 5 x 10*. It corresponds to the
activity of about 0.6 GBq after the shot.

Another possibility is to use the deuterium gas-puff for a neutron radiography
with a short exposition time on the order of tens of nanoseconds. In our experiments
we, placed two nuclear track detectors CR-39 behind samples of lead, stainless steel,

and duralumin in the radial direction at the distance of 25 cm from the z-axis. These

'The GIT-12 was originally designed to drive implosions of heavier loads where the implosion

is longer than in our experiments with the deuterium gas-puff.
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samples were 3.5 cm long and 4 cm high. The experimental arrangement, the result
image, and the simulation in the MCNP performed by Ondtej Sila are displayed in
fig. 9.3. To obtain the first Z-pinch neutron radiography image shown in fig. 9.3(e),

(a) 3D view (b) Detail 3D view

(c) Top view (d) Side-on view
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Figure 9.3: Neutron radiography: (a) 3D view of experimental arrangement, (b)
Detail of 3D view of experimental arrangement, (¢) Top view of experimental ar-
rangement, (d) Side-on view of experimental arrangement, (e) Scan of the etched

CR-39 detector, (f) MCNP simulation of neutron fluence at the CR-39 detector [4].

we accumulated 20 shots with a total neutron yield of 3 x 10'3. The accumulation
of 20 shot is not necessary for our neutron source. Using more sensitive neutron
detector, a single shot should be sufficient to obtain a neutron radiography image.

For example, in [138] a fast scintillating fiber array gated neutron imager is used [139]
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for imaging of a similar testing sample as in our experiments by a neutron source with
an output up to 10'° neutrons/sr per single shot. In our experiments, the average
neutron output in the radial direction is of about 1.8 x 10! neutrons/sr and in
the downstream direction of about 9.2 x 10" neutrons/sr (see table 8.1). Moreover,

using a LiF catcher, the neutron output of our Z-pinch could be significantly higher.



Chapter 10
Conclusions and Prospects

The deuterium gas-puff with the outer plasma shell on the GIT-12 device is a very
efficient source of high energy neutrons and deuterons with relatively good repro-
ducibility.

In the frame of the work reported in this thesis, the scintillation neutron time-
of-flight detector with the solid state amplifier was developed. The Nal(Tl) and
HPGe gamma-ray spectrometers were calibrated and the fast neutron activation
diagnostics was established in the experiments on the GIT-12 device. It was proven
that the indium neutron activation sample is not significantly activated by the photo-
excitation reactions. Using the neutron activation diagnostics, the neutron fluences
at different distances and directions were measured. The neutron yields evaluated
by the fast neutron activation diagnostics are in agreement with neutron yields
evaluated by the silver activation counter and neutron bubble detectors. The broad-
energy radial neutron spectra were measured by indium, aluminum, niobium, and
copper neutron activation samples and scintillation neutron time-of-flight detectors.
The high-energy neutrons (up to 20 MeV) were emitted in the radial direction
probably due to collisions of magnetized multi-MeV deuterons. The interactions
of multi-MeV deuterons with the duralumin and stainless steel hardware led to the
production of non-dd neutrons. A number of the non-dd neutrons could achieve 15%
of the total neutron yield. It seems that most of the non-dd neutrons are emitted in
the downstream direction (below cathode). Therefore, they should not significantly
affect the radial neutron diagnostics.

Many questions remain to be answered in the neutron emission at the Z-pinches.

Therefore, the future work should be focused on a more precise determination of the
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number of non-dd neutrons. It would help to a better interpretation of the experi-
mental results as the high neutron emission anisotropy and origin of the high-energy
neutrons. If we found neutron activation materials with a different suitable cross-
section of neutron-induced reactions, the more precise neutron spectrum could be
obtained. Such experimental results could help with the explanation of the deuteron
acceleration mechanism which accelerates the deuterons to multi-MeV energies at
the experiments with the generator with the output voltage of 600 kV. This fun-
damental mechanism is important in other physical disciplines for example, in laser

physics, astrophysics, tokamak research, etc.
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Personal Contribution to

Experiments

The author of this thesis actively participated in the experiments on the GIT-12
generator from 2012 to 2017. During these experiments, he installed and operated
the neutron time-of-flight diagnostics, neutron bubble detectors, multi-channel plate
soft x-ray pinhole camera, ion diagnostics etc.

As far as the fast neutron diagnostics is concerned, he performed the calibration
of the HPGe gamma-ray spectrometer with help of the Canberra LabSOCS (Labo-
ratory Sourceless Object Calibration Software) calibration software and laboratory
radiation sources and calibration of the Nal(Tl) spectrometers using laboratory ra-
diation sources and cross-calibration with the HPGe spectrometer. He was respon-
sible for the activation sample selection, placement, and their gamma-ray spectrum
analysis.

From the experimental results of the neutron activation diagnostics and neutron
time-of-flight signals, he evaluated the neutron yields, neutron energy spectra, neu-
tron anisotropy, dependencies of the neutron fluence on the distance from the pinch
in radial and downstream directions, etc. By fitting the spectra obtained by the
neutron time-of-flight method to the spectra given by the neutron activation diag-
nostics, he evaluated the dependence of the neutron time-of-flight detector response
on the neutron energy. He designed the neutron time-of-flight detector with the
photodiode and solid-state amplifier.

Based on the experimental results, he estimated the number of the neutrons

which were produced by the reactions of multi-MeV deuterons with the stainless
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steel experimental chamber and stainless steel or duralumin diagnostics housing

inside the chamber.
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