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ABSTRACT

A Z-pinch may be defined as a cylindrically symmetric plasma column in which the
plasma carrying an axial current is confined, owing to the Lorentz force, by its own mag-
netic field. Deuterium Z-pinches have produced a large number of fast neutrons from
the very beginning of fusion research. Even though the thermonuclear origin of neutrons
was not confirmed in the first compressional Z-pinch experiments, a high efficiency of
neutron production led to the study of Z-pinches as neutron sources. Z-pinches as pulsed
neutron sources can be useful tools in radiation material science, radiobiology, nuclear
medicine, cargo inspection, improvised-explosive-device detection and controlled ther-
monuclear fusion research. In order to produce a significant number of fusion reactions,
various Z-pinch configurations have been tested.

The author of this habilitation thesis has been interested in the acceleration of deute-
rons and production of neutrons in Z-pinches. The thesis presents obtained results in
the form of several research articles which were published in peer-reviewed journals.
The presented articles are linked together by an additional text between each section. In
order to explain the basic idea which lies behind these papers, the purpose of Z-pinch
experiments and working methods are also delineated. The results are summarized with
respect to neutron production mechanisms and scaling laws. The comparison with other
high temperature plasmas is also provided. Finally, the contribution of the Z-pinch group

from the Czech Technical University to plasma physics research is presented.
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INTRODUCTION

The research of high-current discharges at the Department of Physics of the Faculty
of Electrical Engineering (Czech Technical University in Prague) has a long tradition.
The beginnings are connected with the then Heads of the Department, namely with
Prof. Ing. Jifi Kracik, DrSc. and Doc. Ing. Jaromir Tobias, CSc. They initiated the con-
struction of a plasma gun (Marshall, 1958) which was afterwards studied theoretically
and experimentally at the Department in Podébrady already in the early 1960s. Since
that time, several kilojoule apparatus with 100 kA currents and microsecond rise times
have been built. The interest was gradually moving from plasma guns and plasma foci in
the 1970s and 1980s towards gas embedded Z-pinches and fibre Z-pinches in vacuum in
the 1990s. Recently, we have come back to the initial configuration and a plasma focus
is being researched again. The main idea behind this research has been to employ attrac-
tive properties of Z-pinches and plasma foci, particularly their simplicity of design and
very high conversion efficiency of stored electrical energy into X-ray radiation and fast
particles.

During the past 50 years, several dozens of scientists, engineers, and students parti-
cipated in the research. From the 1960s until today, the experiments have been carried
out by Jozef Kravarik and Pavel Kubes. Together they led the experimental group which
started its broad international collaboration in the 1990s. During the last 15 years of this
collaboration, it was possible to perform measurements at the University of Ferrara, at the
Ruhr University in Bochum, at the Imperial College in London, at the Institute of Plasma
Physics (IPPLM) in Warsaw, at the Kurchatov Institute of Atomic Energy (KIAE) in
Moscow, at the Institute of High Current Electronics (IHCE) in Tomsk, at the Comisién
Chilena de Energia Nuclear in Santiago de Chile, and at the GSI Helmholtzzentrum fiir
Schwerionenforschung in Darmstadt. The international collaboration was supported by
a significant financial support of the Ministry of Education, Youth and Sports, namely by
the INGO project ‘Research in the Frame of International Center of Dense and Magne-

tized Plasma’ and by the Czech-Russian bilateral project ‘Study of fast Z-pinches’.
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The author of this habilitation thesis joined the group in 1998. He has regularly par-
ticipated in experiments since 2000. His interests then included high temperature plasma
diagnostics, Z-pinch energetics, Z-pinch physics, and data analysis. The nanosecond
extreme-ultraviolet diagnostics and analysis of fibre Z-pinch experiments at the Depart-
ment of Physics were the basis for writing his Master and Doctoral thesis in 2002 and
2005, respectively. Later, he was focused on diagnostics of fusion neutrons, high energy
density physics and controlled thermonuclear research. Most of the neutron measure-
ments took place at large megajoule devices, namely on the S-300 Z-pinch at KIAE in
Moscow, on the GIT-12 Z-pinch in IHCE in Tomsk, and on the PF-1000 plasma focus at
the IPPLM in Warsaw. The author’s range of activities comprised calibration and testing
of detectors, preparation of experiments, participation in measurements, data reduction
as well as the interpretation of results together with their presentation at international
conferences. The obtained results were published in several research articles of peer-
reviewed journals. The summary of the most important articles, the main contributor of
which was the author of this thesis, forms Chapter 3. In order to explain the basic idea
which lies behind these papers, the purpose of Z-pinch experiments and our working

methods are delineated in Chapters 1 and 2, respectively.

Outline

The thesis is divided into 4 chapters as follows:

Chapter 1 contains the explanation of the basic principle of Z-pinches, brief survey of
Z-pinch research and state of the art applications. Chapter 2 focuses on purposes and
methods used in our fusion experiments. Chapter 3 presents the summary of several
research articles which were published in peer-reviewed journals and which are attached
to the end of this thesis. The presented articles are linked together by an additional text
between each section. This additional text also emphasizes the most important results.
Chapter 4 summarizes our results with respect to neutron production mechanisms and
scaling laws. The comparison with other high temperature plasmas is also provided.

Finally, the contribution of our activity to plasma physics research is presented.

Author’s share in presented research articles

The results described in this habilitation thesis have been obtained on the basis of broad

collaborations of several international research groups. Nevertheless, the research articles
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which are presented within this thesis were written mainly by their first author, i.e. by the
author of this habilitation thesis. The participation of the first author in the contents of

presented papers can be evaluated as about 90%.



Chapter 1

BASIC PRINCIPLE, HISTORICAL OVERVIEW AND
APPLICATIONS OF Z-PINCHES

1.1 Principle

The Z-pinch may be defined as a cylindrically symmetric plasma column in which the
plasma carrying an axial current is confined, owing to the Lorentz force, by its own mag-
netic field. The term ‘pinch’ originated in the 20th century, when also the first systematic
research of Z-pinches began. The prefix ‘Z” was added in the 1950s to denote the con-

finement driven by the axial (z) current.

Fig. 1.1: Z-pinch being susceptible to m = 0 instabilities.

The fluid dynamics of Z-pinches can be described by the Euler equation of motion as

ov .
p(5+(V~V)V):—Vp +ixB (1.1)

where the pressure gradient —Vp and the magnetic force density j X B are included,
whereas the viscous force nAv and other terms are neglected.

Z-pinches belong to the most fascinating objects in plasma physics because of their
simple principle, natural occurrence including lightings and current channels in galactic

scales as well as variety of applications.



1.2. Historical overview

1.2 Historical overview

It was the simple principle and geometry in particular why magnetic pinches enjoyed
great attention in the early 1950s in conjunction with controlled thermonuclear fusion
research (Post, 1956). The idea behind this research was to heat a fusion mixture by
Joule heating and by adiabatic or shock compression, and then to confine the plasma
by the pinch effect until a sufficient amount of fusion energy was released. One of the
first experiments was performed with compressional Z-pinches. In this configuration, the
electric current started at an insulating wall and when the magnetic pressure exceeded
the gas pressure, a current carrying plasma shell together with the preceding shock wave
radially collapsed (see Fig. 1.2). Characteristic parameters of compressional Z-pinches
were 50 cm long and 5 cm diameter vessels, 0.1 Torr initial pressures of a D, gas, 20 kV
charging voltages, uF capacitor banks and ps implosion times (Andrianov et al., 1958;
Anderson et al., 1958; Mather and Williams, 1958).
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Fig. 1.2: Compressional Z-pinch and plasma focus configuration.
The compressional Z-pinches produced a high number of neutrons, above 10% per one

pulse on a 100 kA current level. However, S. Colgate with his colleagues showed that the

neutrons were not produced by a Maxwellian plasma. They proposed that deuterons were



1.2. Historical overview

accelerated by axial electric fields created by the growth of m = 0O instabilities (Ander-
son et al., 1958). This was consistent with Kurchatov’s explanation (Kurchatov, 1957),
Kruskal’s and Schwarzschild’s theoretical work (Kruskal and Schwarzchild, 1954), and
earlier experiments carried by Carruthers and Davenport (1957). All these facts together,
particularly the conclusion that neutrons were not of thermal origin, led to the abandon-
ment of a straight Z-pinch as a fusion power source. As a result, more complex schemes
of magnetically confined plasma devices, such as tokamaks and stellarators that are also
free from electrode phenomena and end-losses, were suggested and researched in an at-
tempt to reduce MHD instabilities.

During the research of one of more stable schemes, namely the Scylla-6 pinch' at
Los Alamos, a plasma gun was used to inject a plasma into the device. When the plasma
gun was studied, it was found that a large number of neutrons were generated from this
plasma gun itself. This was the main reason why a so-called Mather-type plasma focus?
was researched from that time on (Mather, 1965). The plasma focus is a device also based
on the pinch effect. The dense plasma focus is filled with a gas of ~Torr pressures (several
hundreds of Pa), and consists of a two coaxial electrodes which are insulated from each
other by an insulator sleeve. After a breakdown, the current sheath is accelerated along
the coaxial electrodes as shown in Fig. 1.2. At the end of this axial phase, when the
current rises to its peak, a radial collapse occurs in the way similar to Z-pinches®. The
maximum yield on sub-MJ devices approached the value of 10'> DD neutrons per pulse
(cf. Bernard et al., 1977b; Brzosko et al., 1987).

The interest in Z-pinches was renewed in the 1970s when high voltage, >100 kV
pulsed power technology was developed and used to drive a Z-pinch load. Using the
pulsed power technology, it has become possible to deliver an electrical power of ~50 TW
and an energy of ~10 MJ to a load. The compression of an electrical energy in time and
space is enabled by a Marx generator, (water) pulse forming line and magnetically insu-

lated (vacuum) transmission line*. When the pinch effect is used as a final stage of these

! The names Scylla and Charybda indicated the difficulty with achievement of controlled nuclear fusion.
On the Scylla theta pinch, the first thermonuclear fusion is said to be proved.

2 In the former Soviet Union, a plasma focus was constructed independently from a compressional Z-
pinch with a conducting wall (cf. Andrianov et al., 1958; Filippov et al., 1962). In a so-called Fillipov type
plasma focus, the ratio between an anode diameter and a length is higher than in the Mather type.

3 The main advantages of a plasma focus are as follows: Firstly, the radial compression occurs at a peak
current without the necessity of a high voltage pulsed power generator. Secondly, an insulator is protected
against direct irradiation by stagnating plasmas. Finally, in comparison with compressional Z-pinches,
plasma foci are usually smaller and the final increase of a plasma column inductance is lower.

4 More recently, lower voltage linear transformer drivers have been developed to deliver a current into
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devices, the energy stored in capacitors can be deposited into a small volume of ~cm®
within several nanoseconds with a high efficiency of about 30%. Due to a low impedance
of these current generators, the implosion of a low inductance cylindrical plasma onto its
axis is a more effective way to generate radiation than resistive heating of an exploding
wire with an initial low diameter (Linhart, 1961). For this reason, cylindrical arrays of
wires, thin cylindrical foils, annular gas puffs, etc. have been used. With these loads,
the stored electrical energy is converted into a kinetic energy of magnetically confined,
imploding plasmas. At stagnation, the kinetic energy is thermalized. In the case of high
atomic number material, the significant part of the energy is radiated in sub-keV and keV
radiation. Since observed radiation yields were sometimes higher than the kinetic energy
input (Riordan et al., 1981), other mechanisms also contribute to the total X-ray output.

More recently, by using nested arrays of ~um diameter wires, Z-pinches have become
the world’s most powerful (350 TW power, 2.8 MJ radiated energy) and most efficient
(15%) laboratory X-ray sources (Sanford et al., 1996; Deeney et al., 1997; Spielman
et al., 1998). In addition to that, the measured Doppler-width of iron spectral lines indi-
cated that the ion temperature in wire-arrays on the Z-machine exceeded 200 keV (Haines
et al., 2006). This was believed to be the record temperature for a magnetically confined
plasma®. From other significant parameters of the most powerful Z-machine in Sandia,
we can mention magnetic and kinetic pressures of the order of 10 Mbar, electron tem-
peratures of about 1 keV, radiated powers of 100 TW, magnetic fields of 1000 T, and the
energy density of about 10 MJ/cm?. Matter with these parameters fulfills the conditions
required for high energy density physics.

1.3 State of the art

At present, Z-pinches are being intensively researched as the most powerful and efficient
laboratory sources of soft X-rays. The refurbished Z machine in the Sandia National
Laboratories is now capable of producing 5 ns X-ray pulses with 350 TW peak powers
and 2.8 MJ radiated energies.

The primary interest of the research is to use Z-pinch sources as drivers for the con-

trolled thermonuclear fusion. However, there are more reasons for studying Z-pinches

a load with a short rise-time (Kim et al., 2009; Mazarakis et al., 2009).
3 Since the broadening of the spectral lines was influenced by residual fluid motion, the real ion temper-
ature was lower.
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since they can be used in other high-energy-density physics experiments, such as for

example:

e Laboratory measurements of material and radiation properties under extreme con-
ditions, i.e. at densities, temperatures and pressures that could be otherwise reached
only in underground nuclear explosions or at the National Ignition Facility (shock
physics, measurement of the equation of state under multi-mega-bar pressures,
the study of radiation hydrodynamics, radiation transport, opacity measurements,

Matzen et al. 2005).
e Stockpile stewardship programme (survivability of weapons systems, etc.).

e Development of X-ray lasers (Rocca et al., 1994) and X-ray sources for EUV
lithography and X-ray microscopy (Bailey et al., 1982; McGeoch, 1998).

e Laboratory astrophysics (the generation of highly supersonic plasma jets, etc. Rem-

ington et al., 2006).

e Controlled generation of high magnetic fields of the order of 1000 T by magnetic
flux compression in an imploding cylindrical shell (Felber et al., 1985; Slutz et al.,
2010).

e Optical guidance of terawatt laser pulses in a capillary discharge (Hosokai et al.,
2000).

e Spectroscopy of highly charged ions (cf. Pereira and Davis, 1988 and references

herein).

e Generation of charged and neutral particles for industrial, scientific and medical
applications (Bogolubov et al., 2009; Roshan et al., 2010; Gribkov et al., 2010;
Rawat, 2012).

1.4 Production of neutrons

Besides the successful achievements mentioned above, Z-pinches have also been used as
efficient sources of fusion neutrons from the very beginning of the controlled thermonu-

clear fusion research. A large number of produced neutrons in Z-pinches led to the study
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of acceleration of deuterons to fusion energies. In order to cope with this reality satis-
factorily and to achieve even higher neutron yields, various configurations based on the
Z-pinch effect have been suggested and tested from that time on (see the survey in the
introductory part of Klir et al., 2008, article No. 2 of this habilitation thesis). The most
promising configurations seem to be deuterium gas puff Z-pinches (Batyunin et al., 1990)
and a plasma focus with a deuterium gas filling (Mather, 1965). An illustrative result is
4 x 10" neutrons produced with a double-shell D, gas puff on the 17 MA Z-machine
in 2005. In addition to that, MHD and particle-in-cell simulations showed that there is
a hope of a large thermonuclear component (Velikovich et al., 2007; Welch et al., 2009).
In the case of the 29 ZR machine, up to 6 x 10'® DT neutrons are expected which was
a lower estimate for ICF (Inertial Confinement Fusion) capsules on the National Ignition
Facility.

Z-pinches as pulsed neutron sources are useful tools particularly in two areas. The
first area involves important broad-band applications of Z-pinches in radiation material
science (Bogolubov et al., 2009), radiobiology, nuclear medicine (brachytherapy, PET
radionuclide production, Roshan et al., 2010), cargo inspection (Bures et al., 2010),
improvised-explosive-device detection (Gribkov et al., 2010), etc. The various use of
Z-pinches is one of the main reasons why they are researched in many countries all over
the world, particularly in Chile, China, India, Poland, Russia, Singapore, and USA.

The second area is closely related to the controlled thermonuclear fusion research.
Firstly, Z-pinches might support the main streams of nuclear fusion programme. For
instance, Z-pinches could be used to solve fusion engineering problems (e.g. neutron tests
of materials of the first wall, blankets). Furthermore, since Z-pinches provide plasma
densities and time-scales which can be relatively easily diagnosed, it is possible to study
plasma phenomena which are of a great interest for inertial confinement fusion (self-
generated magnetic fields, Rayleigh-Taylor instability, isoentropic compression, equation
of state, etc.) as well as for magnetic confinement fusion (anomalous resistance, plasma
turbulences, current disruption, heating by deuteron beams). Secondly, it is also possible
to research Z-pinches as fusion devices. The application of a Z-pinch as an indirect X-
ray driver for ICF capsules is well known (Ruiz et al., 2004). However, there is also
a possibility of novel fusion approaches based on the Z-pinch effect.

There are two principal reasons for novel fusion approaches. The first one is the idea

to employ the effect of inertial as well as magnetic confinement in a large space of plasma
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densities between 10%° and 10 m™ (so-called Magneto-Inertial Fusion or Magnetized-
Target Fusion). This density region has not been investigated in such details as ICF
and MCF (Magnetic Confinement Fusion) concepts but it seems worthwhile to do so.
The second reason follows from basic principles of particle diffusion which show that
alternative approaches based on the Z-pinch effect could provide much smaller fusion
reactors than tokamaks and ICF drivers (Siemon et al., 1999). This is an important fact
because it means cheaper way of fusion research which has not been finished yet. In this
respect we can mention the MagLIF concept (Magnetized Liner Inertial Fusion, Slutz
et al., 2010; Slutz and Vesey, 2012) which is a very promising even though there are

many technological challenges that need to be overcome.
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Fig. 1.3: Imploding liner heated by laser in the MagLIF concept.

The basic idea of the MagLIF project is based on magnetically driven compression
of a solid liner that contains a fuel preheated by a powerful laser and magnetized by an
embedded axial magnetic field, as shown in Fig. 1.3. In comparison with gas puffs, solid
metal liners provide higher initial conductivity and they enable us to use a DT mixture
with much higher initial pressure of about 100 Mbar. Due to the preheating by a laser
to ~500 eV temperatures, a relatively low implosion velocity of the order of 10° m/s is
required to obtain the ignition temperature. The axial magnetic field of ~10 T is expected
to stabilize the implosion, to suppress thermal conduction losses, and to enhance the
energy deposition by alpha particles. When a 100 ns current generator is used, a modest

laser energy is required and a purely axial magnetic field is sufficient to confine « particles

10
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within a 2 cm long cylindrical column. According to numerical predictions, conditions
sufficient for breakeven might be reached even with the Z-machine and Z-beamlet at the
Sandia National Laboratories. But even if the issue of controlled fusion is not solved in
the near future, Z-pinches might be applied as efficient neutron sources in fusion-fission

reactors (Leonard, 1973; Gerstner, 2009).

11



Chapter 2

AIMS, METHODS AND TECHNIQUES

2.1 Purpose of our research

At the end of the previous chapter, we pointed out the importance of applications of Z-
pinches as neutron sources. Before Z-pinches are used in these applications, however, it
is necessary to address all issues which are specific for the implosion of deuterium plas-
ma. In this respect, more experimental data are needed to benchmark numerical codes.
The last but not least reason for being interested in experiments with deuterium is
related to plasma diagnostics. As far as the fusion of two deuterons is concerned, there
are four products of two main branches of the DD reaction, one of them is a neutron.
Because neutrons are influenced neither by magnetic nor by electric fields', neutron de-
tection is a favourable diagnostic tool of fast deuterons in plasma. While a large number
of scientific papers in the last years were devoted to studies of X-ray radiation, the in-
formation about fast ions was rather rare. Therefore fusion neutron measurements could
provide invaluable data about fast ions for plasma physics and for a large variety of mod-

ern applications.

2.2 Methods used in our research

A significant part of our diagnostic instruments and methods was prepared and tested on
a small plasma focus PFZ-200 at the Faculty of Electrical Engineering, Czech Techni-
cal University in Prague (Kubes et al., 2009). This device with DD neutron yields of
107-108/shot could be easily modified with respect to applied diagnostic techniques and
methods. When diagnostic instruments had been successfully tested, it was possible to

use them abroad at larger facilities.

! Finite electric dipole and magnetic moments of neutrons are not taken into account.

12



2.2. Methods used in our research

Z-pinch discharges showed specific experimental results in each shot and shot-to-shot
variations were large. Therefore it was important to use simultaneously comprehensive
set of diagnostic tools with temporal, spatial, and spectral resolution. In our fusion expe-
riments, the emphasis was put on finding information about (i) neutron yields, (ii) energy
distributions of fusion neutrons, (iii) anisotropy of neutron emission, (iv) a spatial region
of neutron generation, and (v) a time and duration of neutron production with respect to
general plasma dynamics. In what follows, we will restrict ourselves to the description of
the measurement of time resolved neutron energy distribution function and neutron flux.

The description of these quantities is important for a better insight into our work.

2.2.1 Neutron flux

The neutron flux carries important information about velocities of colliding deuterons.
Figure 2.1 shows the dependence of the fusion cross-section on a deuteron energy Eq4
and on the angle 8 between a fast deuteron and an outgoing neutron. It can be seen in
graph 2.1 that the fewest neutrons are emitted perpendicularly to the direction of fast
deuteron motion. It means that the ratio is the highest between the end-on and side-on
yield.

Deuteron

energy
E, (keV)

1000
500

200

1L ]

50

(

0.1¢ 1

Differential cross-section (102 m?)

0-0%—30"60 90 720 150 780
Angle 0

Fig. 2.1: Energy—angle dependence of the differential cross-section of the D(d,n)*He fusion reac-
tion in the laboratory frame of reference using data from Drosg (1987).
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In our experiments, the neutron flux/fluence was measured by several techniques,
e.g. by indium and silver activation counters (Bienkowska et al., 2006), by thermolu-
miniscence dosimeters placed in Bonner spheres (Velyhan et al., 2006; Krasa et al., 2008;
Kralik et al., 2010), by superheated fluid detectors (Ing et al., 1997), and by time-of-flight

detectors calibrated to a single neutron sensitivity (Klir et al., 2011).

2.2.2 Neutron energy distribution function

Another piece of information about colliding deuterons is carried by a neutron energy
spectrum. If we assume the binary reaction of a fast deuteron with a stationary target
deuteron?, the neutron energy E, depends on the deuteron energy E4 and on the laboratory

angle 0 between the colliding fast deuteron and the outgoing neutron as

Ef(Eq,6) = E,—aMd
" @ B d(”nn"'n'lHe)2
2
e n + e E + e e + n .
(Cos0+ \/mH (my + mye — mg)Eq + mye(my m)Q_szQ)
mymgkEy

2.1)

where Q = 3.27 MeV represents the energy released from the D(d,n)*He fusion reaction,
my, is the neutron mass, and my. is the mass of helium gHe. It can be seen in Fig. 2.2,
that 200 keV deuterons, for instance, could produce 3 MeV neutrons forwards, 2.5 MeV
neutrons side-on and 2 MeV neutrons backwards.

One of the most accurate methods of measuring energy spectra of fast neutrons which
are produced by the D(d,n)*He fusion reactions is time-of-flight (ToF) diagnostics. This
is why the ToF analysis was applied to diagnose fusion processes in our experiments.

In the time-of-fligh method, the time-resolved neutron energy distribution function
f(E,, 8, ¢,1) is being reconstructed from time-resolved neutron signals S (x, 7)) which are
recorded by several detectors in one direction at different distances x. The relation be-
tween the time-of-flight signals S (x, T') and the energy distribution function f(E,, 0, ¢, 1)

is given by

2 If the velocity of target deuterons cannot be neglected, e.g. in themonuclear plasmas, a different ap-
proach has to be applied. For instance, the approach presented by Appelbe and Chittenden (2011) might
be helpful.
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2.2. Methods used in our research
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Fig. 2.2: Energy—angle dependence of neutron energies for the D(d,n)*He fusion reaction in the
laboratory frame of reference.

S, T) = fdcﬁfd@fdenfdefmdtf(En,e,qb,t)-
¢ ] —0o0 —0o0 —0o0
X

6(t -T+ m)h(En, T-1) (2.2)
where T is the neutron detection time, ¢ is the emission time and h(E,, 7) is the pulse
response of the ToF detector. The lower and upper limits of the integration f¢ fedqﬁd@
depend on the detector surface and on its distance from a source.

There are several numerical algorithms how to obtain the f(E,, 8, ¢, t) function. We
chose the Monte Carlo method (Tiseanu et al., 1996). The author with his Ph.D. student
Karel Rez4¢ improved this method by using ToF detectors in mutually opposite direc-
tions (Rezac et al., 2012). Another Ph.D. student, Ondfej gﬂa, calculates the influence
of neutron scattering on ToF signals by the Monte Carlo N-Particle code (Briesmeister,
J. E,, 2000). In the near future, it will be possible to obtain corrected time-of-flight sig-
nals S (x,T) by deconvolution of measured signals with a simulated response including

scattering at the whole experimental arrangement.
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Article No. 1

2.3 Article No. 1: Fusion neutron detector for time-of-flight

measurements in Z-pinch and plasma focus experiments

For our Z-pinch and plasma focus experiments, we constructed a set of neutron time-of-
flight detectors which operate in current mode. These detectors consist of a fast plas-
tic scintillator, a photomultiplier and shielding. The reconstruction of neutron energy
spectrum from Eq. 2.2 requires the knowledge of the detector pulse response h(E,, T)
on a single neutron. Therefore we carefully calibrated each detector. The results were
published in Review of Scientific Instruments (Klir et al., 2011). During the calibration
procedure, the author developed a novel method of the acquisition of a pulse height dis-
tribution. In this method, the PF-1000 plasma focus was used as a pulsed neutron source.
When the detector was placed at a sufficient distance from the source, it was possible to
record individual neutrons and also to calculate the neutron energy by its time-of-flight.
It enabled us to calibrate in-situ the neutron detector for absolute neutron yields at about
2.45 MeV and to determine the single neutron sensitivity in the energy range between
1.8 and 3.0 MeV. Despite the fact that the dependence of the light output on a neutron
energy is not taken into account in many experiments, it could strongly influence results
in the case of a broad neutron spectrum. Therefore our calibration and testing are use-
ful for other plasma physics groups, namely at the Nanyang Technological University in
Singapoure and at the Comision Chilena de Energia Nuclear in Santiago de Chile where

very similar detectors are used.
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Chapter 3

RESULTS GAINED ON S-300, PF-1000 AND GIT-12 GENERATORS

One of the main aim of our research is to discuss various mechanisms of deuteron accel-
eration and fusion neutron production, and to specify suitable usage of Z-pinch neut-
ron sources in various applications and fusion research. In the previous chapter we
showed that neutron flux and neutron energies carry important information about col-
liding deuterons. Therefore, if the space and time resolved information together with the
anisotropy of neutron production are known, it is possible to study the generation of fast
deuterons.

In our case, neutron measurements were performed on the large Z-pinches S-300 in
Moscow and GIT-12 in Tomsk, and on the PF-1000 plasma focus in Warsaw. The ob-
tained results are presented in this chapter which combines the research articles published
by the author of this thesis during the past 5 years.

Article No. 2 contains the experimental results from the S-300. It also demonstrates
the method of neutron time-of-flight analysis. Articles No. 3, 4 and 9 show that the deu-
terium gas puff is one of the most efficient Z-pinch configurations with respect to neutron
emission. In the case of the S-300 Z-pinch, a total energy of deuterons accelerated to
fusion energies was higher than 15% of the energy input into a plasma. As a result, the
abundace of fusion neutrons was produced. On the GIT-12 generator, the number of neu-
trons from the D(d,n)*He reaction exceeded 3 x 10" per one shot. In articles No. 5 — 7,
the authors provide an unambiguous experimental evidence of thermonuclear neutrons
in a plasma focus, after 50 years of the research. Finally, purely theoretical article No. 8
is devoted to a so-called drive parameter. This parameter is often used for the design
of a neutron optimized plasma focus and it has become a debated issue during the last
decade. In our paper, the history of this parameter is traced and the real meaning of the

drive parameter is derived and explained.
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Article No. 2

3.1 Article No. 2: Neutron emission generated during wire-array

Z-pinch implosion onto deuterated fiber

The experiments described in Klir et al. (2008) were carried out on the S-300 generator.
This low, 0.15 €, impedance generator with a 3.5 MA peak current and a 100 ns rise-
time (Chernenko et al., 1996) was built at the Kurchatov Institute of Atomic Energy
under the supervision of L.I. Rudakov. The collaboration between the Z-pinch group of
prof. Kubes from the Czech Technical University and Dr. Rudakov from the Kurchatov
Institute of Atomic Energy began in 1996. At the beginning, the possibility of population
inversion in single wire explosions was studied (Kubes et al., 2002, 2003). Later, the
focus of the research was shifted towards neutron production.

As far as the article with the title ‘Neutron emission generated during wire-array Z-
pinch implosion onto deuterated fiber’ is concerned, there were several ideas behind this
paper published in Physics of Plasmas. Firstly, cylindrical arrays of wires are suitable
loads for low impedance current generators such as the S-300. Secondly, wire-arrays
provide not only high efficiency of energy conversion to X-rays but they could also de-
liver a significant part of the current onto the axis with a very fast rise time. There was a
presumption that the fast current rise-time could suppress the development of magnetohy-
drodynamic instabilities and the early expansion of an on-axis deuterated fiber. Then the
significant number of thermonuclear neutrons was expected (Lorenz et al., 1998, 1999).
Finally, the reason of using a deuterated fiber in the experiment was related to the diag-
nostics of the most energetic processes in wire-array Z-pinches, namely the acceleration
of ions to >100 keV energies.

We intended to build on our long-term experience with neutron producing plasma foci
and to draw on it in Z-pinch research. For instance, we used and improved the Monte
Carlo method for neutron energy spectrum reconstruction (Rezac et al., 2006, 2012). The
author with his Ph.D. student developed the method of obtaining distribution functions of
the kinetic energy component of fusing deuterons. This way, the information about the
energy of deuterons was obtained. In the experiment described in Klir et al. (2010), the
total number of fast deuterons reached 10'° and the average kinetic energy of “reacting”
deuterons was about 150 keV. As far as the neutron production mechanism is concerned,
the key results were the anisotropy of neutron emission and broad neutron energy spectra.

These results indicated that neutrons were not of thermonuclear origin. We used such
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an orientation of the conical wire array that we were able to exclude the possibility of
a moving thermonuclear boiler!. Instead of the thermonuclear mechanism, a beam of
fast deuterons was accelerated towards the cathode and then it was colliding with ‘cold’
target deuterons. Broad neutron energy spectra in the radial direction implied also a high
radial component of deuteron velocities. Therefore trajectories of deuterons seemed to
be strongly influenced by magnetic fields and the linear motion did not occur. As regards
the time of neutron emission, it correlated with soft and hard X-rays. We found the strong
correlation also between neutron signals and voltage waveforms. On the basis of neutron
measurements, we concluded that the acceleration of fast deuterons is not a secondary
process but it reflects the global dynamics of Z-pinch plasmas. For this reason it is useful

to add deuterium as a ‘tracer’ in Z-pinch loads more often.

' A moving thermonuclear boiler is a thermonuclear source which is moving in the laboratory frame of
the reference.
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Article No. 3

3.2 Article No. 3: Neutron energy distribution function reconstructed

from time-of-flight signals in deuterium gas-puff Z-pinch

On the S-300 generator, various Z-pinch loads containing deuterium were explored,
e.g. a deuterated polyethylene fibre (Klir et al., 2006), cylindrical and conical wire arrays
imploding onto a deuterated fibre (Klir et al., 2008), deuterated cylindrical foams (Bak-
shaev et al., 2006) or X-pinch from deuterated fibres (Anan’ev et al., 2010). As shown in
Fig. 3.1, the most efficient configuration with respect to the neutron yield was a deuterium

gas puff (see Fig. 3.2).
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Fig. 3.1: Peak neutron yields obtained with various Z-pinch configurations on the S-300 genera-
tor.

We were encouraged to try deuterium gas puffs by the Z-pinch research group from
the Sandia National Laboratories. The motivation was to support gas puff experiments
on the Z-machine. At the most powerful Z-pinch in Sandia, only a few shots per one
year are devoted to fusion research. For instance, the last deuterium gas puft experiment
consisting of 2 shots was carried out in 2005 and new experiments are scheduled on 2013.
Therefore, in order to acquire more details on neutron production, experiments on a MA

current level with advanced neutron diagnostics were required.
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W Cathode |

Fig. 3.2: Solid fill deuterium gas puff Z-pinch.

For our first experiments, we constructed a solid fill deuterium gas puff driven by
burning gun powder similarly as on the Angara at Troitsk (Batyunin et al., 1990). With
such a gas puff, the peak neutron yield of 10'” was achieved on the current level of 2 MA.
The main contribution of this experiment was the result from neutron TOF diagnostics.
It was for the first time in Z-pinch research when 12 nTOF detectors were used and the
radial isotropy of neutron emission was studied by TOF signals. The most important data
were published in IEEE Transactions on Plasma Science and Welch et al. (2010) used

these experimental results to verify PIC simulations of Sandia’s Z-machine.
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Article No. 4

3.3 Atrticle No. 4: Efficient production of 100 keV deuterons in
deuterium gas puff Z-pinches at 2 MA current

In our first gas puft experiment, the result of which were described in Article No. 3, the
injection of gas into vacuum was not reproducible. In addition to that, the deuterium
gas was likely interfused with the burning gun powder and thus a linear mass density
was higher than expected (above 200 pg/cm). It resulted in a low implosion velocity and
lower neutron yields. Therefore we prepared a new electromagnetic valve to drive a gas
puff in the following experiments. We asked the group from the Faculty of Mechanical
Engineering to help us with the numerical simulation of a gas flow by the ANSYS FLU-
ENT flow modeling software (Stodtilka, 2010). The gas flow simulation confirmed our
expectation that the maximum achievable linear mass density was about 20 ug/cm. Such
a low mass proved to be suitable for a higher neutron yield. For 20 pg/cm, we increased
the neutron yield up to 6 x 10'° neutrons in one shot.

Another important conclusion was related to the efficiency of ion acceleration. The
estimation of the total energy of deuterons accelerated to fusion energies was enabled by
the simultaneous measurement of the energy input into a plasma, the plasma diameter, the
neutron yield and neutron TOF signals in the radial and axial direction. The total energy
of fast deuterons was 1.5 kJ. This represented more than 15% of the energy input into
a plasma. Therefore gas puff Z-pinches seem to be not only powerful sources of X-ray
radiation but also efficient sources of 100 keV deuterons. These results were published
in Article No. 4 that was awarded as one of the most frequently downloaded articles in

Plasma Physics and Controlled Fusion in 2010.
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3.4 Article No. 5: Experimental evidence of thermonuclear neutrons in

a modified plasma focus

The principal neutron emission and the beam-target mechanism of MA devices were
observed after stagnation, more precisely after disruptive development of instabilities.
However, the characteristic feature of our deuterium gas puff experiments was the ob-
servation of multiple neutron pulses. As a result, neutron production seems to be a mul-
tiphase process in which more than one mechanism occurs during the implosion, stag-
nation, expansion and disruption of the plasma column. The first neutron pulse usually
occurs during stagnation. It is therefore natural to ask whether a fraction of neutrons in
the first pulse may be explained by thermonuclear mechanism, i.e. whether deuterons are
accelerated to fusion energies by multiple elastic collisions in a high-temperature plasma.
To prove the thermonuclear mechanism experimentally has been the challenging issue
for fifty years of the Z-pinch research. For example, at the end of the well diagnosed
experiment at Limeil, Dr. Bernard wrote that he had never seen any piece of evidence
indicating that neutrons have thermonuclear origin (Bernard, 1978). On other devices,
researchers arrived at similar conclusions. Despite these results, it is important to search
for thermonuclear neutrons from two main reasons. The first being the uniqueness of the
thermonuclear mechanism which offers the possibility of energy gain. The second reason
is promising scaling of a fusion yield with a current Y, oc I*.

From these reasons, we wanted to continue with D, gas puff experiments on the S-
300. However, the S-300 generator at the Kurchatov Institute of Atomic Energy had to
be closed due to fire safety regulations in 2010 and our research had to be transferred
to the the Institute of Plasma Physics and Laser Microfusion in Warsaw where the PF-
1000 plasma focus was built (2.0 MA peak current, 24 kV charging voltage, 400 kJ
stored energy, Scholz et al., 2001). The PF-1000 plasma focus demonstrated similar
behaviour as the MA deuterium gas puft Z-pinch, particularly the first neutron pulse was
observed during the quiet phase. The PF-1000 facility was equipped with Mather-type
coaxial electrodes of a 480 mm length and a 230 mm anode diameter. The cathode
composed of twelve 80 mm diameter stainless-steel rods distributed around a cylinder
of 400 mm diameter. There was one significant advantage of PF-1000 after all, and that
was the interferometry diagnostics which enables to provide 16 interferograms from each

shot (Zielinska et al., 2011).
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In order to search for thermonuclear neutrons, we modified the plasma focus dis-
charge. Firstly, we used a relatively low deuterium pressure between 160 and 240 Pa,
i.e. lower than is usual because we wanted to increase the implosion velocity and the
ion temperature. Secondly, we placed the cathode disk 3 cm in front of the anode to
localize the region where deuterons are accelerated. There were two great advantages
of such a modification, namely (i) a higher current during the stagnation and (ii) more
straightforward interpretation of plasma dynamics. Despite these changes, however, the
evaluation of the neutron energy spectrum of the first, small pulse was still rather com-
plicated. Nevertheless, there was one more advantage of the PF-1000 — its horizontal
position of a discharge axis. The horizontal orientation of the PF-1000 enabled us to
place neutron TOF detectors on the axis in an upstream direction?. In the upstream di-
rection, 2.45 MeV neutrons were one of the fastest and they could be distinguished from
scattered and beam-target neutrons which were emitted after the first compression.

After the preparation of neutron and interferometric diagnostics mentioned above,
we proved that (i) the time, (ii) the energy spectrum, (iii) the emission isotropy and
(iv) the neutron yield of 10° during the first neutron pulse corresponded to theoretical
predictions for thermonuclear neutrons. The author believes that we provided the first
unambiguous experimental evidence of thermonuclear neutrons in Z-pinches after 60
years of the research. In addition to that, an ion temperature of 1.2 keV was calculated
from the width of the neutron energy spectrum. These achievements were published in

Applied Physics Letters in 2011.

2 Most of the ions are accelerated by the beam-target direction in the downstream direction. The term
“downstream” means the direction of current sheath propagation.
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3.5 Article No. 6: Response to “Comment on ‘Experimental evidence

of thermonuclear neutrons in a modified plasma focus’”

The thermonuclear mechanism has been a source of controversy since the beginning of
Z-pinch research. Some researchers suppose that almost all neutrons are of thermonu-
clear origin whereas others do not believe in the thermonuclear mechanism even during
stagnation. Our letter in Applied Physics Letters initiated the discussion on this subject
again. The comment in the APL can serve as an example. In our response, we tried to
clarify our contribution to the confirmation of the thermonuclear mechanism in plasma
foci. We showed that it was actually for the first time in the plasma focus research when
the ion temperature of a thermonuclear plasma was calculated from neutron energy spec-

tra.
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3.6 Article No. 7: Search for thermonuclear neutrons in a mega-ampere

plasma focus

Since all articles in Applied Physics Letters are limited to 3—4 pages, we decided, in order
to explain our findings in more detail, to publish another full-length article in Plasma
Physics and Controlled Fusion. There, the way how to recognize the thermonuclear
mechanism from the beam target one was presented. The thermonuclear neutrons were
researched not only during the first neutron pulse but also in the post-stagnation phase.
At the end of the article, we made some conclusions on the thermonuclear mechanism in
Z-pinches and on the prospects of various Z-pinch configurations for the fusion research.
It was shown that the MagLIF concept (Slutz et al., 2010; Slutz and Vesey, 2012) is
the most promising Z-pinch project with respect to the controlled thermonuclear fusion
research. By writing this, however, we would not wish to forget that dense plasma foci
remain very simple devices that do not require pulsed power high voltage technology

and, at the same time, they are extremely efficient.
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3.7 Atrticle No. 8: Drive parameter of neutron optimized plasma foci

The efficiency of neutron production can be expressed as a number of DD fusion neutrons
per joule of energy stored in capacitor banks. In plasma foci, the efficiency up to 3 x 10°
DD neutrons/joule was reported (Bernard et al., 1977b). Such a high efficiency was
achieved during optimization procedure. It was found that neutron optimized plasma foci
with 50 J — 1 MJ stored energy work at an almost constant drive parameter Iy/(a +/po).
where [y, a and p, represent the peak discharge current, the inner electrode radius, and
the initial filling pressure, respectively (Lee and Serban, 1996). Several papers on the
drive parameter have been published. On the one hand, it has been pointed out that the
constant value of the drive parameter means almost the same values of axial and radial
velocities, an ion temperature, an Alfvén velocity, and magnetic energy per unit mass.
But on the other hand, the explanation why the drive parameter has almost the same
value of 77 kA/cm/Vmbar has not been provided. It was the reason why the author
of this thesis decided to research this phenomenon®. In the article published in IEEE
Transactions on Plasma Science, the authors show that the drive parameter is closely
related to the geometry of electrodes and to the properties of a current generator, namely
to the rise rate of a current. Then the constancy of the drive parameter can be explained by
similar current rise-rates of low voltage generators. In order to confirm our conclusion,
the examples of optimized plasma foci with different drive parameters were presented.
The only presumption of our derivation was the coincidence of a current peak and the
end of an axial phase. This is necessary but not sufficient condition for efficient neutron
production. It is generally accepted that there are more preconditions for optimized neu-
tron emission and that dense plasma foci operate at a certain range of the drive parameter.
To find this range is the subject of future research. In standard plasma foci, all phases
are interconnected and it is not easy to change independently conditions suitable for the
breakdown, for the rundown, and for the pinch phase. In this respect, gas puff Z-pinches
might be very useful since they possess the advantage of causing no difficulties with an

insulator, namely, with its conditioning and re-strikes during the pinch phase.

3 The interest in this subject was initiated during the discussions with Dr. Leopoldo Soto at Comisién
Chilena de Energia Nuclear in Santiago de Chile.
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3.8 Article No. 9: Deuterium gas pufl Z-pinch at currents of 2 to 3

mega-ampere

Plasma foci demonstrated very efficient neutron production and Y, o I* scaling law up to
MA currents. They were able to produce 10'! DD neutrons in one shot at a stored energy
of 100 kJ. Unfortunately, the favorable scaling law was not prolonged above 1 MA on
megajoule devices at Associazione Euratom in Frascati and at the Institute of Plasma
Physics and Laser Microfusion in Warsaw. The saturation of a neutron yield at the value
of 10'2 was observed and this was one of the most important arguments for shutting down
the largest plasma focus facilities in the 1980s.

One possible explanation of this saturation effect is a low impedance of MJ genera-
tors (Lee and Saw, 2008). During the axial and radial phase, the impedance/inductance
of a plasma focus is significantly higher than the impedance of a generator. As a result,
the current at the pinch phase is reduced and plasma focus experiments cannot be carried
out so easily at currents above 2 MA. In this respect, multi-megaampere Z-pinch experi-
ments with deuterium gas puffs in vacuum could provide valuable information about neu-
tron production mechanisms and scaling laws above 2 MA. In addition to that, deuterium
gas puff Z-pinches possess higher variability than plasma foci. For instance, deuterium
gas puffs enable us to study the influence of shorter current rise times, various implosion
velocities, various gas density profiles, and different gases and admixtures inside inner
and/or outer shells.

Therefore we decided to carry out experiments with deuterium gas puffs on the GIT-
12 in Tomsk. The GIT-12 is the current generator with an intermediate inductive storage
of an energy and a microsecond plasma opening switch. At a 50 kV charging voltage, the
generator stored an energy of 2.6 MJ. When the plasma-opening-switch (POS) is applied,
a current reaches a peak of about 2.7 MA with a 200 ns risetime (10%-90%) and a rate
of up to 20 kA/ns. The generator can be used also without the POS. Then the GIT-12
allows us to study the influence of different current rise-times on neutron emission and
neutron energy spectra. The great advantage of the experiment on the GIT-12 was that
we could use electromagnetic valve, nozzles, preionization and also the experience which
was gained during previous experiments with argon and neon gas puffs (Shishlov et al.,
2002; Labetsky et al., 2008).
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In 2011, we used double shell gas puffs with the outer shell diameter of 8 cm. As
far as neutron TOF diagnostics is concerned, it was implemented in the radial direction.
Even though there were strong gamma rays and harsh electromagnetic noise from the
current generator, we succeeded in using one nTOF detector at 140 cm, i.e. very close
to the source. It enabled us a very precise measurement of neutron emission time. This
way, we observed the first neutron pulse during the stagnation. However, similarly to
dense plasma foci, the principal neutron peak occurred 35 ns later, at the beginning of the
expansion. The main neutron emission in the post-stagnation phase strongly depended
on the quality of implosion. We showed that the issue of considerable importance to
deuterium gas puffs, the one with serious implications, is the spread of the gas at a large
diameter inside the energy concentrator. The significant spread of hydrogen is likely
caused by a lower mass of hydrogen molecules and their higher thermal velocity. The
spread could influence the breakdown process, the implosion velocity, the plasma dia-
meter at the stagnation, the peak load voltage, and consequently the energy input into
a plasma. We would like to focus on this phenomenon in our future experiments which
will be devoted to the optimization of a deuterium gas puff at 3 MA currents. We believe

that the yield could exceed 10'? DD neutrons/shot.
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Chapter 4

DISCUSSION AND PROSPECTS

The following pages first discuss the results presented in our research articles. After that,

prospects of the future Z-pinch research are proposed.

4.1 Neutron production mechanisms

The first aim of our research has been related to neutron production mechanisms. We
intended to recognize processes which lead to the acceleration of deuterons. Then we
tried to study the properties and efficiency of these mechanisms and the ways how to

influence them.

4.1.1 Beam-target mechanism during the principal emission

Even though the neutron production in Z-pinches has been studied since the 1950s, the
mechanism of deuteron acceleration has remained unresolved. On the one hand, it has
been clear from the very beginning of Z-pinch fusion research that the nonlinear evolution
of instabilities, the sausage instability in particular, plays an important role in the produc-
tion of fast particles. But on the other hand, a large number of mutually contradictory
mechanisms were suggested to explain how particles are accelerated within instabilities.
Recent reviews on the generation of fast particles was given by Ryutov et al. (2000),
Haines (2001, 2011) and Vikhrev and Korolev (2007). According to Haines’s model, the
disruptive development of necks causes a significant decrease of linear density of plas-
mas. A low linear density then leads to the occurrence of microturbulences (Bernard
et al., 1975), high resistivity (Bernard, 1978; Decker et al., 1983), rapid dissipation of
magnetic fields, and high Alfvén and ion-acoustic velocities. Consequently, a fast redis-
tribution of current and magnetic fields together with a rapid plasma expansion result in

the acceleration of ions to high velocities towards the cathode near the axis and to lower
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4.1. Neutron production mechanisms

velocities towards the anode at larger radii. This model qualitatively explains our neutron
energy spectra, neutron emission anisotropy, peak neutron production after the disrup-
tion, the correlation of neutron emission with hard X-rays above 1 MeV and the conser-
vation of total axial momentum. In contrast, the Fermi acceleration mechanism (Deutsch
and Kies, 1988) and the adiabatic heating of necks (Vikhrev, 1986) produce the peak neu-
tron emission exactly at the maximum compression of the neck and they cannot account
for the occurrence of 1 MeV photons. As for the formation of a high-energy ion tail due
to the onset of ion-acoustic turbulences (Ryutov et al., 2000), it cannot easily explain the
observed end-on neutron emission anisotropy'. On the basis of our experimental data,
we may conclude that the mechanism proposed by prof. Haines (2001, 2011) explains
best the principal neutron emission on the MA current level.

The mechanism mentioned above is quite efficient since we found that about 15%
of the plasma energy is converted into fast deuterons. Such an efficiency is comparable
with light ion beam accelerators. The main difference is that deuterons in megaampere Z-
pinches are magnetized and their trajectories are not linear. It enables to increase the path
length of deuterons in hot plasmas and then the efficiency of fusion neutron production.

At present, our scientific group researches the way of optimizing fusion neutron
yields. For this purpose, several Z-pinch configurations have been tried so far. In the
most efficient configurations, that is in a deuterium gas puftf and a plasma focus, we
look for convenient parameters. For instance, during our recent experiment on the GIT-
12 (Klir et al., 2013), we have found out that the proper mass is more important for higher

neutron yields than the coincidence of the stagnation with a peak current.

4.1.2 Thermonuclear mechanism during the stagnation

The thermonuclear mechanism was discussed in articles No. 5 — 7 of this habilitation
thesis. In these research articles, we presented the method of how to recognize ther-
monuclear neutrons. The way of increasing the thermonuclear neutron yield was also
demonstrated. In this respect, the MagLIF project seems to be very promising and highly
reasonable fusion concept (Slutz et al., 2010; Slutz and Vesey, 2012). In contrast, pa-
rameters of deuterium gas puff Z-pinches and dense plasma foci are still far from those

required for fusion energy gain. However, in terms of the total number of neutrons, deu-

"It should be mentioned that the neutron emission could be strongly influenced not only by the
anisotropic energy distribution function of fast deuterons but also by an inhomogeneous density of tar-
get deuterons.
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terium gas puffs are efficient neutron sources. There is an open question of the neutron
production mechanism and scaling laws at high currents. The neutron yield scaling with

a current is presented in the next subsection.

4.2  Scaling law

4.2.1 Neutron yield scaling of the thermonuclear mechanism

The thermonuclear neutron yield is given by the equation
1
Yo = Zn§<av>TnR2h (4.1)

where n4 is the ion density, (ov) stands for the DD fusion reaction rate, R is the plasma
radius, / is the plasma length, and T means the confinement time. Assuming a constant

ion temperature, confinement time and dimensions, the fusion yield scales as
Y o 13, 4.2)

If the stagnation of dynamic Z-pinches is matched to the peak current, the density is

given by (see Ryutov et al., 2000)
ng o R—O (4.3)

where R is the initial radius and 7, is the rise-time of the current to its peak.

Combining two previous equations together, we obtain the neutron yield being pro-
portional to the current to the fourth power for the same initial diameter and the same
current rise time

Y < nfl o I*, 4.4)
Such promising scaling is expected for >10 MA Z-pinches where the thermonuclear
mechanism can be dominant® (Velikovich et al., 2007; Welch et al., 2010).
4.2.2 Neutron yield scaling of the beam-target mechanism

At lower currents, e.g. at 100 kA, the neutron yield is determined mainly by the beam-

target mechanism and the scaling could differ from the one described above. In the beam-

2 The main issue of high thermonuclear yields is ion collisionality of Z-pinch plasmas during nanose-
cond stagnation. At >5 keV temperatures and 10?! cm~3 densities, the collisionality of ions is too low.
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target mechanism, the neutron yield Y, is given by the number of accelerated deuterons

Ny, their energy Ejy, the target particle density ng, and the path length [ as
Y, = O-fusion(Ed)Ndndl- (45)

It is reasonable to suppose that the deuteron energy Ej, increases with the current /.
Since the fusion cross-section oyon Strongly depends on the deuteron energy Ey4, e.g.
O fusion X Eg at about 10 keV, the neutron yield could scale with the current to the power
higher than 4. This was confirmed experimentally by McCall (1989); Serban and Lee
(1998); Pouzo and Milanese (2003); Sadowski and Scholz (2012). In contrast, at even
higher currents and higher deuteron energies, the increase of the fusion cross-section
with deuteron energy is slower, €.2. Ofysion < E 5'5 at about 100 keV. As a result, the
scaling might not be so favourable. Assuming the ‘worst’ case where the number of fast
deuterons Ny and their energies E4 remain constant, the neutron yield depends on the
product of the target density and the path length n4l. Keeping dimensions of deuterium
gas puffs constant, as is the usual case, the final ion density scales with the current as
ng o« I*> and the pessimistic scaling is ¥, o ng oc I?. In contrast, plasma foci of all
energies have almost the same ion densities. Higher currents therefore require larger
dimensions / oc I (Lee and Serban, 1996) and the yield should scale approximately as
Y, o ngl oc [ oc I. This dependence could be also one of the reasons why there was
the saturation of DD neutron yields at 10'' — 10'? in megajoule plasma foci. At present,
it is important to find out at which currents this saturation will be overcome by a more
efficient mechanism, namely by the thermonuclear mechanism. We would like to study

this region in our future experiments on the GIT-12 at the IHCE in Tomsk.

4.3 Future experiments

There are three main purposes of our future experiment. The first purpose of our exper-
iment on the GIT-12 is to obtain knowledge about the neutron production mechanisms
at about 3 MA. Next, we would like to increase the neutron yield up to 10'2. At these
yields, it should be possible to measure secondary DT neutrons. The Ypr/ Ypp ratio pro-
vides valuable information about parameters of fusion plasmas.

In order to reach 10'? neutrons, a deuterium gas puff has to be optimized. On the GIT-

12, we have unique possibilities now. It is possible to try various gases, gas admixtures,
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pressures, nozzles, delays, etc. Since a deuterium gas is less compressible than higher-Z
elements, one of very attractive configurations is a neon—on—deuterium gas puff. Accord-
ing to calculations made at the Naval Research Laboratory for the Z-machine (Chong
et al., 2011), the thermonuclear neutron yield with higher-Z pusher could be even higher
than for pure deuterium.

Finally, the third reason we have for carrying out further research is to perform exper-
iments which will be related more closely to magnetic flux compression and the MagLLIF

project.

4.4 Comparison with other high temperature plasmas

At this point, it seems useful to compare the neutron production efficiency of the most
powerful Z-pinch with high energy lasers and tokamaks. The JT-60U tokamak with the
total energy input of about 4 GJ and 8 x 10'¢ DD neutrons provides the efficiency 2 x 10’
neutrons/joule (Fujita et al., 2003). Direct drive capsules at the Omega® laser produced
much lower DD neutron yields of about 4 x 10!! at a 40 MJ stored energy and at an
efficiency of 10* neutrons/J (Laboratory for Laser Energetics, 2011). In our experiments,
the peak neutron efficiency was 6 x 10° DD neutrons per one joule of stored energy
with a gas puff Z-pinch on the S-300. The neutron yield of 4 x 10'* neutrons on the
10 MJ Z-machine implies almost 4 X 10 neutrons/J. Such a value is comparable with
the JT-60U and JET tokamaks (cf. Fig. 4.1). In addition to that, even higher neutron
yields are expected on future higher current generators and for the MagLIF project on
the refurbished Z. Of course, a lot of technological and material issues have to be solved
in order to use Z-pinches in the controlled thermonuclear fusion research. Nevertheless,
it is evident that Z-pinches are efficient sources of fusion neutrons that might be useful
for hybrid fusion-fission concepts or for other applications.

As for other applications, smaller repetitive devices are usually more suitable. In this
respect, a small dense plasma focus in the range of 100 — 1000 J reaches the efficiency of
about 10° neutrons/J (Verma et al., 2013). It seems to be lower than 10° neutrons/J which
is the typical value of femtosecond laser systems (Disdier et al., 1999; Lee et al., 2009).

However, here 1 J represents the energy of a laser beam whereas the stored electrical

3 The lowest estimate of the NIF is about 6 X 10'® DT neutrons. Therefore the expected DD yield of
about 10'3 at a 400 MJ stored energy gives 2.5x 10° neutrons/J, however, the ignition has not been achieved
so far.
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Fig. 4.1: Wall-plug efficiency of DD neutron production in various plasma-based sources:
JET (Jarvis and Conroy, 2002) and JT-60U (Fujita et al., 2003) tokamaks; FMPF-
3 (Verma et al., 2013), NX-3 (Verma et al., 2012) and Limeil (Bernard et al., 1977a)
plasma foci; Omega (Laboratory for Laser Energetics, 2011), Kaeri (Lee et al., 2009),
and Mercury (Bayramian et al., 2009) lasers; gas puff Z-pinch on Z (Coverdale et al.,
2007).

energy is higher. As aresult, on the one hand, the efficiency of a small DPF is higher than
the efficiency of ultra-short laser systems. On the other hand, laser-based neutron source
is more localized and the properties of neutron emission can be modified by parameters

of laser beams and targets more easily.

4.5 Prospects

It has been mentioned several times in this thesis that Z-pinches and plasma foci are now
being researched as efficient sources of X-rays and neutrons. Nevertheless, as it has been
also pointed out, several technological issues need to be solved before they are put into
practice more extensively. For instance, the usefulness of small plasma foci as neutron
sources depends on the development of a higher repetition device with a long lifetime
(>107 shots). As far as Z-pinches are concerned, we suppose that their future will be
strongly influenced either by the success or failure of the MagLIF project. Next, we be-
lieve that the further progress of Z-pinches is dependent on the construction of petawatt
class generators. Always, when a new machine with a higher current is constructed,
the significant progress and breakthroughs might be expected. Now, the most powerful

current generator provides the >50 TW peak power and the current of 25 MA. To con-
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centrate a twofold current into a small volume is not as simple as to reach a twofold laser
energy by increasing the number of beams. Since it is difficult to concentrate the charge
into a small volume, the construction of 50 MA devices requires a new technology. Such
a challenging project has been solved by Stygar et al. (2007). The construction of 50 MA
device is now in the preparatory phase at TRINITY in Troitsk as well as at the Sandia

National Laboratories in Albuquerque, New Mexico.
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The research of high-current discharges at the Faculty of Electrical Engineering has made
a significant progress during the last 15 years. This was accompanied with the interna-
tional experimental campaigns on the megajoule plasma focus and Z-pinch devices and
with the significant financial support of our research by the Ministry of Education of the
Czech Republic. The progress has been documented in a number of articles published in
peer-reviewed journals by members of our Z-pinch group, namely by prof. RNDr. Pavel
Kubes, CSc. and Daniel Klir, Ph.D. A significant part of Daniel Klir’s results forms
Chapter 3 of this habilitation thesis.

Contribution of our research group

The contribution of our group to international Z-pinch and plasma focus research lies in
fusion related experiments. Our group participated in almost all neutron measurements in
Z-pinches during the last 5 years. Our further progress will be strongly affected by the us-
age of Z-pinches in fusion research, particularly by the success or failure of the MagLIF
project. The contribution of our experiments can also be seen in the development of
a comprehensive set of X-ray and neutron diagnostics and methods for data analysis.
Since the Z-pinch community is rather small, it is important to keep in touch with main
streams in plasma physics. In our case, this is enabled by means of plasma diagnostics
which could be used not only in Z-pinches but also in other types of high-energy density
physics experiments. For instance, our experimental group has used nanosecond XUV
diagnostics in experiments with laser-produced jets at the Prague Asterix Laser System
since 2007 (Nicolai et al., 2008; Tikhonchuk et al., 2008; Kasperczuk et al., 2009; Nicolai
et al., 2010; Kasperczuk et al., 2011, 2012). We also performed neutron measurements
on the Prague Asterix Laser System during the interaction of the laser beam with solid
deuterated targets. Recently, we have been asked to help with the extreme-UV diag-
nostics of homogeneous plasma created for the measurement of the heavy ion stopping

power at the GSI Helmholtzzentrum fiir Schwerionenforschung in Darmstadt. On the ba-
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sis of these interdisciplinary collaborations, the author of this habilitation thesis became

a member of Laser Plasma Center and Extreme Light Infrastructure (ELI).

Contribution of the author

The contemporary scientific effort is hardly conceivable without teamwork in domestic
and foreign research groups. Therefore it is somewhat difficult to identify the contribution
of individual researchers. However, in the following paragraph, the author tries to reflect
briefly on this issue and to give account of his part in the effort.

In the last 5 years, the field of activity has been divided as follows:

Prof. RNDr. Pavel Kubes, CSc. has continued with the organization of the research
at the PF-1000 plasma focus whereas the experiments on Z-pinches have been led and
experimental data have been analyzed mainly by Daniel Klir. The author of this thesis
also established new contacts with the Sandia National Laboratories*, with the Impe-
rial College in London and with Comisién Chilena de Energia Nuclear in Santiago de
Chile. The author used his contacts to negotiate the possibility of new experiments on
the GIT-12 generator at IHCE in Tomsk after the S-300 had been shut down because
of fire safety. Most of the financial support of our research has been arranged by prof.
Pavel Kubes. Daniel Klir has been the principal investigator of the post-doc and standard
GACR projects No. 202/08/P084 and No. P205/12/0454, respectively.

Training of students

Last but not least, it should be mentioned what the prospects of Z-pinch research in the
Czech Republic are. In this respect we really appreciate one particular advantage of Z-
pinches which is their simple construction and low cost. This is important not only for
the testing of new diagnostic methods and calibration of scientific instruments, but also
for the training of students in experimental plasma physics and controlled thermonuclear
fusion. In our laboratory at the Department of Physics, students have the opportunity
to diagnose fusion plasmas, to detect fusion neutrons every working day. They can take
the advantage of a smallscale experiment which could be easily modified and, in some
cases, better diagnosed, while it remains interesting from the physical point of view.
Furthermore, at megajoule devices, they obtain experience with harsch electromagnetic

environment, with strong hard X-rays and gammas as well as with the teamwork and

* The agreement with the Czech Technical University has not been signed from nuclear security reasons.
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multi-national partnership. Young scientists with such experience may usefully partici-
pate in the ELI beamlines project which is expected to be accomplished at the end of
2015.

The author of this thesis supervised/supervises 4 students, namely Karel Rezd¢ (Ph.D.
degree), Ondrej Sila (Ph.D., M.Sc., B.Sc. degree), Jakub Cikhardt (Ph.D. degree) and
Vojtéch Munzar (B.Sc. degree). These students are expected to influence strongly the
future of Z-pinch research in the Czech Republic.

Some portion of knowledge and experience from the scientific research could ob-
viously be transferred to teaching. The author gives several lectures within the under-
graduate courses at the Faculty of Nuclear Sciences and Engineering, namely Data anal-
ysis and signal processing (12ZSD), Plasma diagnostics (02DPLA), Pinches (02PINC),
and Selected topics in inertial confinement fusion (O2PICF). At the Faculty of Electrical
Engineering, he teaches seminars and supervises laboratory exercises in basic courses of

physics.
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plasma focus experiments

D. Klir,"-@ J. Kravarik,! P. Kubes,' K. Rezac,! E. Litseva,' K. Tomaszewski,? L. Karpinski,

M. Paduch,® and M. Scholz®

'Faculty of Electrical Engineering, Czech Technical University in Prague, Technicka 2, 16627 Prague 6,

Czech Republic

2ACS Ltd., Advanced Diagnostics Laboratory, Warsaw, Poland

3 Institute of Plasma Physics and Laser Microfusion, Warsaw, Poland

(Received 8 October 2010; accepted 2 February 2011; published online 11 March 2011)

We have developed and tested sensitive neutron detectors for neutron time-of-flight measurements in
z-pinch and plasma focus experiments with neutron emission times in tens of nanoseconds and with
neutron yields between 10° and 10'? per one shot. The neutron detectors are composed of a BC-408
fast plastic scintillator and Hamamatsu H1949-51 photomultiplier tube (PMT). During the calibra-
tion procedure, a PMT delay was determined for various operating voltages. The temporal resolution
of the neutron detector was measured for the most commonly used PMT voltage of 1.4 kV. At the
PF-1000 plasma focus, a novel method of the acquisition of a pulse height distribution has been
used. This pulse height analysis enabled to determine the single neutron sensitivity for various neu-
tron energies and to calibrate the neutron detector for absolute neutron yields at about 2.45 MeV.
© 2011 American Institute of Physics. [doi:10.1063/1.3559548]

I. INTRODUCTION

Time-of-flight (ToF) diagnostics is one of the most ac-
curate methods of measuring energy spectra of fast neutrons
which are produced by D(d, n)*He fusion reactions. That is
why the ToF analysis has been applied to diagnose fusion
processes in controlled thermonuclear fusion research.'™
This method is also commonly used for diagnostics of z-
pinches and plasma foci with neutron yields between 10° and
103 (see Refs. 5-12). Such neutron yields enable to acquire
ToF signals within a single shot. The duration of neutron
ToF signals in z-pinches is typically tens of nanoseconds;
therefore, it is necessary to use neutron detectors with a
fast time response. Nanosecond temporal resolutions can be
easily achieved with plastic scintillators which are relatively
inexpensive and easy to handle. These properties are impor-
tant when a large number of ToF detectors are used, such as
at the PF-1000 facility.® In this paper, we describe the design,
the calibration, and the initial test of a neutron detector which
is composed of the BC-408 fast plastic scintillator and the
Hamamatsu H1949-51 PMT assembly. The description of the
neutron detector is provided in Sec. II. Section III deals with
the issues of temporal resolution and timing of the detector.
Section IV presents a novel method of the measurement
of single neutron sensitivity in the energy range between
1.8 and 3.0 MeV. Section V brings forward the calibra-
tion of the neutron detector for absolute neutron yields at
2.45 MeV. Finally, Sec. VI describes the initial test of the
neutron ToF detector during the measurement of a neutron
production time.

DElectronic mail: daniel klir@fel.cvut.cz.

0034-6748/2011/82(3)/033505/7/$30.00

82, 033505-1

Il. DESCRIPTION OF NEUTRON TIME-OF-FLIGHT
DETECTOR

One of the most common ways of detecting fusion neu-
trons is to produce a recoil proton through elastic scattering
in a hydrogen-containing scintillator.'> Because the free path
length of recoil protons is usually negligible in comparison
with scintillator dimensions, the recoil proton energy is fully
deposited into a scintillator. The fluorescence of excited atoms
in a scintillator can be converted into an electrical pulse by a
PMT combined with a high-bandwidth transient digitizer. For
purposes of ToF analysis with the temporal resolution on the
order of several nanoseconds, fast plastic scintillators based
on a polyvinyltoluene matrice are used since they can be eas-
ily fabricated and handled. In our plasma focus and z-pinch
experiments,® %1214 we mostly used Saint Gobain BC-408
plastic scintillators with a 0.9 ns rise time, a 2.5 ns FWHM, a
2.1 ns decay time, and a 425 nm peak emission wavelength.'
The general characteristics of the BC-408 scintillator are the
density of 1.032 g/cc and the atomic ratio between hydrogen
and carbon of 1.104. The front surface of our cylindrical
scintillator is 45 mm in diameter. The 50 mm thickness of the
scintillator is approximately equal to the mean free path of
2.45 MeV neutron in the polyvinyltoluene matrice. The fast
plastic scintillator is coupled to the Hamamatsu H1949-51
PMT assembly which is composed of a high voltage divider
and the R1828-01 photomultiplier tube.'® This type of the
PMT with a 1.3 ns rise time (at a 2.5 kV voltage), the peak
cathode sensitivity at 420 nm and the photocathode of a 46
mm effective diameter is well matched to the parameters of
the scintillator. A large dynamic range of the PMT (>10°, see
Ref. 17) enables us to use a neutron detector for a broad range
of neutron yields. The neutron detector described in this paper
was used at small plasma foci with 10° neutrons/shot,!*!!
at the mega-ampere PF-1000 plasma focus®3® and the S-300

© 2011 American Institute of Physics
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FIG. 1. (color online) Cross section of the neutron time-of-flight detector showing the BC-408 scintillator and the H1949-51 photomultiplier tube inside the
stainless-steel housing. The inside cover of the scintillator is from black-anodized aluminum. In order to minimize the interface reflection, a silicone grease was

applied between the scintillator and the PMT entrance window.

z-pinch'? with neutron yields up to 10'> as well as at the
PALS laser facility.?”

As far as the electromagnetic shielding is concerned,
each scintillator-PMT combination was put inside a heavy
duty housing which was manufactured by ACS Ltd.'® (see
Fig. 1). At the PF-1000 facility, the housing with the detec-
tor was placed into a AS16U-8 mobile stand at 1.2 m above
the floor."” In the presence of a harsh x-ray environment, such
as at the S-300 z-pinch!? or the PALS laser system,?’ scin-
tillators were shielded with up to 10 cm of lead. It was also
suitable to place the scintillator-PMT combination in such a
position to avoid a direct exposure of the photomultiplier tube
or to shield the PMT by even larger amount of lead or tung-
sten. In both cases, it was essential to place shielding close to
the neutron detector in order not to influence significantly the
time-of-flight of neutrons. Further details on the design of the
ToF detector can be found in Ref. 18.

lll. TEMPORAL RESOLUTION AND TIMING
CALIBRATION

The temporal resolution of the neutron detector is given
by the pulse width of the scintillator (2.5 ns FWHM) and by
the width of a PMT time response which depends on a photo-
multiplier voltage (cf. Fig. 2). The response of an acquisition
system below 1 ns and a transit time of 2.5 MeV neutrons
through 50-mm-thick scintillators (1 ns uncertainty) do not
limit the temporal resolution. For the most commonly used
PMT voltage of 1.4 kV, the typical time response to a 3 MeV
neutron recorded with a 500 MHz oscilloscope is shown in
Fig. 3. The observed signal corresponds to the result obtained
by the convolution of the PMT time response with the scintil-
lator decay (see a dashed line in Fig. 3). The width (FWHM)
of the neutron signal was 5.7 £ 0.6 ns (+20). The rise time
and fall time were 2.9 0.2 and 8 & 1 ns, respectively. As
far as the detection of two neutrons is concerned, it was pos-
sible to distinguish them when the temporal shift was about
5.5 ns.'® The temporal resolution could be slightly improved

by a higher PMT voltage. At a 1.9 kV voltage, for example,
the width of the neutron signal was by 0.4 ns smaller, i.e.,
5.3 ns. (At even higher voltages, a single neutron produces
>10 mA peaks and, if a large number of neutrons are de-
tected, the PMT may operate in a nonlinear regime, i.e., the
anode current is above 250 mA. For that purpose, a neutral
density filter may be placed between the scintillator and the
PMT. Because it reduces the signal-to-noise ratio, we do not
use operating voltages above 2.0 kV.)

The applied voltage determines not only what the tem-
poral resolution shall be but also influences a PMT delay, the
information that is necessary to know in order to synchronize
all neutron detectors between each other as well as with other
diagnostic tools. The dependence of the PMT delay on the
applied voltage was measured for each PMT and the result of
one of PMTs can be seen in Fig. 4. An uncertainty of the PMT
delay was below 1 ns and differences between various PMTs
did not exceed 2 ns for >1 kV voltages.
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FIG. 2. The dependence of the PMT response (FWHM and rise time) on the
operating voltage. The error bars indicate +20 uncertainty.

Downloaded 15 Mar 2011 to 147.231.26.154. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/about/rights_and_permissions



033505-3 Klir et al.
25 T T T T T
Measured
20k - - - Expected
z
= 15} .
©
f=
o
(/]
i 10 .
=
o
5+ ]
G‘ = 1 1 1 1 r
0 5 10 15 20 25 30

Time [ns]

FIG. 3. (color online) The typical time response to a 3 MeV neutron recorded
with a 500 MHz oscilloscope (solid line) and the convolution of the PMT
time response with the scintillator decay (dashed line). The measurement was
based on the technique which is described in Sec. IV. Since only a single
neutron was detected, the uncertainty caused by a neutron transit time through
50-mm-thick scintillators is not included in this time response.

IV. LIGHT OUTPUT AND SINGLE NEUTRON
SENSITIVITY

The pulse height distribution for a specific scintillator and
for various neutron energies can be calculated by the MCNP
code?!' postprocessed by the PoliMi package, similarly as it
was simulated by Pozzi et al.?>?* Such a numerical simula-
tion is useful for a calibration of detectors operating in the
counting mode. In the case of our ToF measurements, %24
the detectors are operating in the current mode. It means that
a large number of neutrons create a ToF signal. Therefore, it is
necessary to know what the average light output for neutrons
with a given time-of-flight is.

The calculation of the average light output for neutron en-
ergies between 1.8 and 3.0 MeV is not as straightforward as
it may seem. First, recoil proton energies are distributed uni-
formly from zero energy to the full kinetic energy of an inci-
dent neutron.'? Second, the response to protons and carbons is
nonlinear for energies below 5 MeV.!>23 Third, neutrons can
lose their kinetic energy during the transport from the source
to the detector. If a neutron loses its energy near the scintilla-
tor (especially at the PMT and lead shielding), the measured
time-of-flight corresponds to a higher neutron energy than the
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FIG. 4. The dependence of the PMT delay on the PMT voltage. The error
bars indicate +20 uncertainty.
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energy of a detected neutron. Finally, it is necessary to calcu-
late the coupling efficiency of a scintillator light by the PMT
tube, the photocathode quantum efficiency, and the electron
gain.

To include all these effects, we developed a novel method
of calibrating a neutron detector for different neutron ener-
gies between 1.8 and 3.0 MeV. We experimentally estimated
in situ the response to a single neutron at the PF-1000 plasma
focus (2 MA peak current, 5 us rise time, Ref. 26). It means
that the detector described in this paper was developed for the
application at this device. When a deuterium gas is used, this
facility is capable to produce more than 10'' D(d, n)’He neu-
trons with energies from 1.8 to 3.5 MeV within 100 ns. In the
case of such a high neutron yield, it is possible to detect in-
dividual neutrons at a distant place from the neutron source
and to calculate the energy of a detected neutron by the ToF
method. An illustrative ToF signal is displayed in Fig. 5. In
comparison with the method described in Refs. 27 and 28,
where the neutron detector was calibrated at a 2 m distance,
the detector at the PF-1000 was positioned upstream at a dis-
tance of 83.7 m from the plasma. Such a great distance en-
ables us to measure the single neutron sensitivity for neutron
energies between 1.8 and 3.0 MeV.

The kinetic energy of a neutron, E, could be calculated
from the basic time-of-flight method. The energy resolution
of the ToF method AE is determined mainly by the duration
of neutron emission At as

AE  2At

E '
where t is the neutron time-of-flight from a source to a de-
tector. At the PF-1000 plasma focus, the FWHM of neutron
emission At is usually below 100 ns. Then, for a 83.7 m dis-
tance and for 2.45 MeV neutron with the ToF of 3860 ns, we
obtain the uncertainty of a neutron energy A E on the order of
0.1 MeV.

If the energy estimated from the time-of-flight is known,
it is possible to measure a pulse height response of the
detector to neutrons with various neutron energies. During
the calibration at the PF-1000 facility, the noise level was 0.2
mV (root mean square). Therefore, the discrimination level
was set at 1 mV and only single peaks above this threshold
were taken into account. The response to a single neutron was

ey
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FIG. 5. An example of a ToF signal recorded at 83.7 m.
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FIG. 6. (color online) The dependence of peak areas on neutron energies cal-
culated from the neutron ToF. A dashed line represents a relative dependence
of the light output for recoil protons according to Ref. 15.

recognized by its FWHM which should be between 5 and 7
ns. In order to avoid pile-up effect, we excluded from the anal-
ysis those parts of a ToF signal where the coincidence of two
neutrons was expected. During 20 shots (these correspond
to 1 day operation of the PF-1000 facility), we accumulated
~5000 peaks and analyzed 300 well separated peaks (see
Fig. 6). Even though the operating regime of the PF-1000
facility was not optimized for the pulse height analysis and
neutron yields were higher than optimal, 300 well separated
pulses ensured sufficient accuracy for our Monte Carlo recon-
struction of neutron energy spectra.'?242%30 If a higher ac-
curacy is required, more shots in an optimized regime of the
device can be easily achieved.

Figure 6 shows that the maximum light output observed
for a given energy of the incident neutron is rising more than
linearly. Such a result agrees with the fact that the response
to recoil protons with the full neutron energy is nonlinear for
energies below 5 MeV.!> 1523 Since only a portion of the neu-
tron energy is usually transferred to a recoil proton in a sin-
gle scattering event, there are more events with pulse heights
lower than the maximum for the incident neutron energy in
Fig. 6. As far as the average values are concerned, the depen-
dence of the light output on the neutron energy was fitted by a
polynomial of the second order. The result was influenced by
the 1 mV discrimination level because events with 0-5 mV ns
peak areas were not included and, thus, the average light out-
put is somewhat overestimated. If we assume that a number
of events in the 0—10 mV ns region was the same as in the
1020 mV ns region, the average neutron light yield should
be decreased by about 3 mV ns for all energies and we re-
ceive fit parameters which are presented in Fig. 6. Error esti-
mates of fit parameters include the uncertainty of neutron en-
ergies and the influence of a discrimination level and Poisson
statistics.

On the one hand, Fig. 6 shows that colliding neutrons
with higher energies produce higher light outputs. But on
the other hand, more energetic neutrons have usually lower
probability of a scattering event with protons in a scintillator.
In order to include this effect in our measurement with the
BC-408 scintillator, we estimate the dependence of the de-
tection efficiency on a neutron energy using the ENDF

Rev. Sci. Instrum. 82, 033505 (2011)
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FIG. 7. The dependence of the detection efficiency of the neutron energy for
50 mm thick BC-408 scintillator.

database.?' In the first order approximation, we assume a thin
target and we calculate the probability of the elastic interac-
tion of an incident neutron with a recoil proton. The result
can be seen in Fig. 7. Since the detection efficiency is not so
strongly dependent on a neutron energy and since the light
output caused by scattering on carbon is very small and can
be neglected (cf. Ref. 15), the error of our approximation is
expected to be on the order of a few percent. As a result, the
detector sensitivity to multiple neutrons with various energies
is given by the multiplication of the dependencies presented
in Figs. 6 and 7.

Such a calibration of the current mode neutron ToF de-
tector does not occur often in fusion experiments. Usually,
the detector response is assumed to be independent on a neu-
tron energy. This assumption is valid only in the case of a
narrow neutron energy spectrum. In the case of z-pinch and
plasma focus experiments,” 2243233 the width of neutron en-
ergy spectra could exceed 500 keV and thus the dependence
of a detector sensitivity on a neutron energy should be taken
into account. For instance, the difference between 2.1 and
2.9 MeV neutrons reaches 35%. Such a value is compara-
ble with the axial neutron emission anisotropy observed in
z-pinches.”*

V. NEUTRON YIELD AND NUMBER OF DETECTED
NEUTRONS

The calibration mentioned in Sec. IV was carried out
mainly for the purpose of more precise reconstruction of neu-
tron energy spectra.”*2%3% In addition to that, the known re-
sponse of the detector to a single neutron can be used for the
estimation of the number of detected neutrons by the current
mode detector. Figure 8 shows the histogram of a peak area
for neutrons with energies between 2.2 and 2.7 MeV. The av-
erage peak area A was about (37 & 5) mV ns, i.e., 0.75 pC, for
the 1.4 kV operating voltage (as regards the calibration at var-
ious voltages, it was possible to use the measured dependence
of the radiant sensitivity of the PMT tube on a voltage pub-
lished in Ref. 18). Then, if we determine the charge produced
by the current mode detector, Q, the number of detected neu-
trons can be estimated as Negected = @/ A.

If the number of detected neutrons is known, a neutron
ToF detector can be calibrated for absolute neutron yields.
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FIG. 8. The histogram of peak areas for 2.2-2.7 MeV neutrons. In order to
include the effect of the discrimination limit, several counts were added into
a 0-0.2 pC region.

Assuming the isotropic emission, the neutron yield is given
by

_ 4_77 N, detected
=5 —77 ,
where Q2 and 5 stand for the solid angle and the efficiency
of neutron detection, respectively. The solid angle 2 covered
by a detector can be simply inferred from the experimental
arrangement. As for the detection efficiency, n, i.e., the ra-
tio between detected and impinging neutrons, it is ~50% in
the case of 2.45 MeV neutrons (cf. Fig. 7). At the PF-1000,
we were able to compare the neutron yield measured by this
technique with the one determined by four silver activation
detectors.’ When we considered the influence of neutrons
scattered at the experimental chamber (see Ref. 35 and 37),
the neutron yields measured by scintillators were by about
30% lower. The observed difference could be ascribed to a
neutron flux anisotropy and to the accuracy of neutron yield
measurements by these methods.

On the contrary, if the neutron yield Y is known, we can
calculate the expected number of detected neutrons Ngegected-
At the PF-1000 facility, for instance, neutron yields are on
the order of 10'! per one shot. At the distance of 30 m, the
4.5 cm diameter of the cylindrical detector corresponds to the
solid angle  of 2 x 1077 srad. Calculating with the 50% de-
tection efficiency, we obtain more than 7000 detected neu-
trons. As far as the number of detected neutrons is concerned,
a neutron detector operating in the current mode requires a
sufficiently high number of scattering events in order to re-
duce the quantum noise. The quantum noise is given not only
by the stochastic nature of neutron detection but also by the
stochastic transfer of a neutron energy to recoil protons and,
therefore, by the stochastic distribution of pulse heights for a
given neutron energy. Therefore, it is necessary for ToF mea-
surements to detect at least several tens of neutrons within the
temporal resolution of the detector. At the PF-1000 facility,
the typical duration of ToF signals at 30 m is about 300 ns.® In
the case of 7000 detected neutrons, we obtain about 115 neu-
trons within the 5 ns temporal resolution. Such a value seems
to be high enough to reduce the quantum noise. In the case of
the 85 m distance, the quantum noise is much more signifi-
cant since the number of detected neutrons is lower and also

Y @)
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the width of a ToF signal is broader. For this reason, it seems
better to use cylindrical scintillators with a larger diameter.'®
Another possibility is to use a longer cylindrical scintillator
positioned perpendicularly to the source—detector axis.

VL. TIME OF NEUTRON PRODUCTION, TEMPORAL
ACCURACY, AND TEMPORAL RESOLUTION

An illustrative test of the fast neutron detector is the mea-
surement of neutron production time at a small plasma focus
PFZ at the Czech Technical University in Prague. The time
of neutron production is usually estimated from the nearest
neutron ToF signals, therefore, it is convenient to place the
neutron detector as close to the source as possible. The short-
est possible distance is given by an experimental arrangement
and by the fact that a neutron signal has to be temporally
separated from hard x-ray emission or harsh electromagnetic
noise. At the PFZ device, the time of neutron production is es-
timated from the nearest side-on ToF detector at about 150 cm
from the plasma. The advantage of side-on detectors is usually
less amount of hardware in the direction of diagnostic ports
which implies a smaller influence of scattered neutrons.'* An-
other advantage of side-on detectors is that neutron energy
spectra are centered at about 2.45 MeV. Therefore, in order to
obtain the temporal evolution of neutron emission, it is possi-
ble to shift the observed neutron signals by the time-of-flight
of 2.45 MeV neutrons (69.4 ns in the case of 150 cm distance,
64.4 ns delay after hard x-rays). For example, Fig. 9 shows a
radial neutron signal shifted by the ToF together with wave-
forms of soft and hard x-ray radiations and current derivative
d7/dr.

In Fig. 9, we can see the temporal correlation of the d/ /dt
dip (maximum compression) and soft and hard x-ray signals.
All these waveforms were recorded by the same oscilloscope
and were adjusted to account for different transit times from
each detector. A 2 ns temporal uncertainty between these
waveforms is given by the uncertainty of a detector distance,
length of cables, a PMT delay, and a 500 MHz bandwidth
of the oscilloscope. As regards the shift between hard x-rays
and neutron signals, they are taken from the same waveform.
Therefore, the temporal uncertainty is determined only by the
accuracy of the distance from the source to the detector. In

1.5

halrd x-rlays
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0.0

Intensity [a.u.]
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-15 —
current derivative

-20 1 1 1 1 1
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Time [ns]
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FIG. 9. (Color online) The waveforms of current derivative, soft x-rays, hard
x-rays, and neutron emission recorded in discharge No. 090429-23 with a
neutron yield of about 107.
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the case of 2.45 MeV neutrons, the distance of about 2 cm
corresponds to a 1 ns temporal uncertainty.

Much more important than the 2 ns temporal uncertainty
(temporal accuracy) is the temporal resolution of neutron
detection. Since the neutron emission is detected at a cer-
tain, nonzero, distance from the neutron source, the tempo-
ral resolution is given not only by the 5.7 ns pulse response
of the neutron detector (see Sec. II), but also by the width
of a neutron energy spectrum. The difference between neu-
tron kinetic energies implies the broadening of ToF signals.
In the case of a 500 keV width of side-on energy spectra
which was observed in most of plasma focus and z-pinch
experiments,” %2432 the instant neutron emission is broad-
ened to a 6.5 ns FWHM at 1.5 m distance. Calculating with
the 5.7 ns pulse response to a single neutron, we obtain the
overall temporal resolution of about 8.5 ns.

The overall temporal resolution of 8.5 ns seems to be suf-
ficient for most neutron measurements in gas puff z-pinches
and plasma foci. In these devices, temporal changes of neu-
tron emission are not so fast since it takes some time to
produce fusion neutrons from accelerated deuterons. For in-
stance, the free path length of 100 keV deuterons in z-pinch
plasmas is typically several centimeters long. Each 3 cm then
represents the time period of about 10 ns. This time delay can
partly explain differences between the hard x-ray and neutron
signal in Fig. 9. The application of a faster neutron detector is,
therefore, valuable especially in the case of a shorter neutron
emission, a narrow energy spectrum, and a small distance of
the neutron detector.

VIl. CONCLUSION

We have developed and tested sensitive neutron detectors
which are designed for neutron ToF measurements in z-pinch
and plasma focus experiments. The pulse response of the neu-
tron detector is ~5 ns. During the calibration procedure at
the PF-1000 facility, we demonstrated the applicability of a
novel method of the acquisition of the pulse height distribu-
tion. With the ToF detector at the distance of 85 m, it was
possible to measure the single neutron sensitivity for neutron
energies between 1.8 and 3.0 MeV. The detector described in
this paper has been successfully used in z-pinch and plasma
focus experiments with neutron yields from 10° to 10'? neu-
trons/shot.
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The implosion of both cylindrical and conical wire arrays onto a deuterated polyethylene fiber was
studied on the S-300 pulsed power generator [A. S. Chernenko et al., Proceedings of the 1lth
International Conference on High Power Particle Beams (Academy of Science of Czech Republic,
Prague, 1996), p. 154]. Neutron measurements were used to obtain information about acceleration
of fast deuterons. An average neutron yield approached 10° on the current level of 2 MA. In the case
of conical wire arrays, side-on neutron energy spectra peaked at 2.48+0.05 MeV with
450=* 100 keV full width at half-maximum. In the downstream direction, the peak neutron energy
and the width of a neutron spectrum were 2.65*+0.10 MeV and 350+ 100 keV, respectively. The
total number of fast deuterons was 10'> and their average kinetic energy was about 150 keV. Most
of the deuterons were directed toward the cathode. The broad width of neutron spectra in the side-on
direction implied a high radial component of deuteron velocity. With regard to the emission time,
neutron pulses temporally correlated with hard x rays and also with measured voltage. The neutron
emission lasted on average 30 = 5 ns and it was observed during the stagnation and at the beginning
of the expansion of a plasma column. At this moment, the plasma impedance reached 0.2-0.4 ().
In the post-stagnation phase, this value was formed significantly by enhanced plasma resistance.
Similar experimental results were observed also with cylindrical wire arrays imploding onto a

deuterated fiber. © 2008 American Institute of Physics. [DOI: 10.1063/1.2839352]

I. INTRODUCTION

At present, Z pinches belong to the most intensive labo-
ratory sources of soft x rays,1 and that is also the main reason
why they are studied. The application of Z pinches as neu-
tron sources has been somewhat problematic from the begin-
ning of Z-pinch research primarily because of serious doubts
in issues of crucial importance. More specifically, two fun-
damental questions have been studied: (i) the origin of neu-
trons and (ii) the scaling of a neutron yield with a current. In
order to solve these questions and to achieve a higher neu-
tron yield, various types of Z-pinch configurations have been
tested from that time on.

In the 1950s, the controlled thermonuclear research was
conducted with toroidal and straight compressional Z
pinches mainly in the United Kingdom,2 the United States,™*
the former Soviet Union,5 but also in Canada, Germany, Ja-
pan, and Sweden. During that time, teams of researchers
were concerned with the idea of heating and confining a
fusion mixture within a small diameter by a pinch effect. In
compressional Z pinches, an electric current started at an
insulating wall, and when a magnetic pressure exceeded a
gas pressure, a current-carrying plasma shell together with a
preceding shock wave radially collapsed. In the late 1950s,
the researchers arrived at the conclusion that neutrons in Z
pinches were not produced by thermal collisions of deuter-
ons. This conclusion led to the abandonment of the straight Z
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pinch as a fusion power source. As a result, more complex
schemes of magnetically confined plasma devices (such as 6
pinches, stellarators, and tokamaks) were suggested and
researched.

During the research of one of more stable schemes,
namely Scylla 6 pinch at Los Alamos, a plasma gun was
used to inject a plasma into the device.” In this configuration,
the plasma was accelerated between two coaxial electrodes.
During the investigation of how the plasma gun worked, it
was found that a large number of neutrons (up to 2 X 10')
was generated from this plasma gun itself. This was the main
reason why the so-called Mather-type plasma focus was re-
searched from that time on. The maximum yield exceeded
the value of 10'2 neutrons per pulse.® In the former Soviet
Union, the Filippov-type plasma focus was constructed inde-
pendently from a gas embedded Z pinch with a conducting
wall.>?

The progress in nanosecond pulsed-power technology in
the 1970s led to new attempts to use Z pinches in fusion
research. A new effort was made at Los Alamos during high
density Z-pinch experiments. It was known that a 100 um
current channel had to be created in order to reach fusion
conditions (10?® m~3 density, 1 us confinement time, 10 keV
temperature) with the Pease—Braginski current of 1.4 MA."
It thus seemed reasonable enough to start with a small initial
diameter of a plasma column. The idea was to initiate the

© 2008 American Institute of Physics
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pinch by a focused laser or electron beam that would ionize
a channel on the axis of a gas filled vessel. This is how a
gas-embedded pinch is formed. Gas-embedded experiments
demonstrated the possibility of producing stable Z pinches.
However, the pinched plasma could not reach a high enough
temperature because it rapidly accreted particles from the
surrounding gas.

One suggestion on how to overcome the accretion and
how to confine a high-density and high-temperature plasma
column within a small diameter was to initiate Z pinches
from fibers of cryogenic solid deuterium in vacuum."!
Z-pinch plasmas in the first fiber experiments seemed to be
stable for many radial Alfven transit times, whereas the neu-
tron yield approached 10'" (Ref. 12). However, the enhanced
stability was not confirmed in further and better diagnosed
experiments on new generators at NRL" and Los Alamos'*
as well as on KALIF at Kernforschungszentrum Karlsruhe'
or on MAGPIE at Imperial College in London. o Particularly,
the early development of plasma instabilities and the rapid
expansion decreased a plasma density substantially and thus
eliminated the possibility of using a fiber Z pinch as a fusion
reactor.

During fiber Z-pinch experiments, fibers from deuterated
polyethylene were also employed because they were easily
available in comparison with frozen deuterium fibers and at
the same time neutron yields were almost identical."” In the
case of fiber pinches, neutrons originated from several points
distributed over the entire length of a fiber. For some appli-
cations it seemed better to have more localized neutron emis-
sion. For that purpose, an X pinch (that is, two crossed fi-
bers) was tried.'® Another possibility of energy concentration
into one localized region was to employ a vacuum spark19 or
to preform an m=0 instability in a Z-pinch load.?**!

In the 1990s, most Z-pinch experiments were carried out
with imploding wire arrays or gas-puffs. So far, the highest
neutron yields in Z pinches have been reached with gas-
puffs. One of the first deuterium gas-puff experiments was
carried on the Angara 5-1 device at Troitsk.”? The character-
istic feature of this experiment was the relatively small mass
of a liner and the axial gradient of a linear density. This way,
a very high neutron yield above 10'? neutrons per shot was
reached at the current of “only” 2—3 MA. The strong aniso-
tropy of neutron fluxes and neutron energy spectra gave evi-
dence of deuterons accelerated to 200-500 keV energies.
Even more DD fusion neutrons were generated on the Z
machine with a double-shell deuterium gas-puff on the cur-
rent level of 17 MA.>® With regard to the overall neutron
yield in this experiment, there is a hope of a large thermo-
nuclear component because it is difficult to explain the yield
of about 6 X 10! neutrons by the beam-target mechanism.

On the basis of experimental results of several research
groups (see Refs. 24 and 25), solid fibers appear less suitable
than deuterium gas-puffs when a high neutron yield is re-
quired. Nevertheless, it seemed interesting to see what would
happen if a deuterated fiber were put in the center of a wire
array or a hollow gas-puff. Two shots (Nos. 293 and 294)
with 240 aluminum wires imploding onto a (CD,), fiber
were carried out on Sandia’s Z machine in 1998 but the
obtained results have not been published. On the Saturn gen-
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erator, (2.8 =0.2) X 10'? neutrons were generated during the
implosion of a hollow deuterium gas-puff onto a 250 wm
deuterated polyethylene fiber located on the pinch axis.”* In
addition to such a high neutron yield, the neutron emission
was almost isotropic.

This short overview brings us to the purpose of this pa-
per, which is concerned with Z-pinch experiments in which a
wire array imploded onto a deuterated fiber. Since results
with aluminum wire arrays have already been published,26
we focus in particular on experiments with conical tungsten
wire arrays here. The purpose of our experiment is described
in Sec. II. Section III provides the description of a current
generator and diagnostics used in our experiment. Section IV
brings forward the most important results we have obtained.
Section V contains the overall discussion within the frame-
work of other experiments.

Il. PURPOSE OF OUR EXPERIMENT
AND METHOD USED

The primary objective of our experiments at the S-300
generator is to get deeper insight into the process of gener-
ating fast electrons, ions, and hard x rays in Z-pinch plasmas.
Whereas a large number of papers are devoted to studies of
EUYV, soft-, and hard-x-ray radiation, and in some cases elec-
trons, information about fast ions is rather rare. At this point
we can mention the recent measurement of an ion tempera-
ture in wire arrays. The Doppler width of iron spectral lines
indicated that the ion temperature exceeded 200 keV.?’ Such
a result suggests that also a fusion neutron measurement
could provide invaluable data for Z-pinch physics since it
helps us to understand the issue of the acceleration of fast
ions. And that is precisely why we are interested in the re-
search of fusion reactions in Z pinches.

At the S-300 generator, the easiest way to produce fusion
neutrons seemed to be putting a deuterated fiber in the center
of a wire array. As regards the fusion of two deuterons, there
are two branches of the reaction. They both occur with
nearly equal probability.

D+D—T (1.0l MeV) +p (3.02 MeV),

D +D — 3He(0.82 MeV) +n(2.45 MeV).

Since neutrons are influenced neither by magnetic nor by
electric fields, the detection of neutrons is a favorable diag-
nostic tool for fast deuterons in a plasma. This very fact is
also taken into account when studying plasmas not only in Z
pinches but also in tokamaks,28 nanosecond, and femtosec-
ond lasers.” A great advantage of neutron diagnostics is
weak absorption and scattering of neutrons in the air, which
enables us to use the extended time-of-flight (TOF) analysis
for the determination of neutron energy spectra.

The time-resolved neutron energy distribution function
f(E,,t) can be reconstructed from time-resolved neutron sig-
nals S(x,T), which are recorded by several detectors in one
direction at different distances x. The relation between the
neutron flux S(x,7) and the energy distribution function
Sf(E,,1) is given by
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) (1)

where E, is the neutron energy, m, is the neutron mass, 7 is
the neutron detection time, and ¢ is the emission time. It
follows from this equation that the time of neutron produc-
tion is estimated mainly from the nearest neutron signal and
the energy of neutrons is determined mainly from the most
distant neutron detector. There are several developed algo-
rithms for the deconvolution of the f(E,,¢) function. In our
case, a Monte Carlo method™ was used and subsequently
improved. Our improvement is based on the fact that it is
possible to use neutron detectors in mutually opposite direc-
tions. In other words, neutron spectra could be evaluated
from the chain of neutron detectors on both sides of the

S(x,T) = fdtJdEnf(En,t)5<t—T+ \2E T

‘ TOF detector
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neutron source. On the one hand, such a procedure signifi-
cantly improved results of neutron spectra reconstruction”!
and limited the influence of scattered neutrons (see the Ap-
pendix). But on the other hand, neutron emission anisotropy
had to be included into the Monte Carlo reconstruction. We
included the anisotropy of neutron energies [see Fig. 1(a)]
and differential cross sections [see Fig. 1(b)] into our
reconstruction.> Recently, we have taken into account the
fact that deuteron velocities could have an arbitrary direction
with respect to the chain of neutron detectors (i.e., with re-
spect to the line of sight). Our calculation of the anisotropy
was based on the scattering theory. The nuclear data of the
D-D fusion reaction were taken from Refs. 28, 33, and 34.

lll. APPARATUS AND DIAGNOSTICS
A. Current generator and Z-pinch load

The implosion of a conical tungsten wire array Z pinch
onto a deuterated fiber was studied on the S-300 device
(4 MA peak current, 700 kV voltage, 100 ns rise time,
0.15 Q impedance) at the Kurchatov Institute in Moscow.”
In this paper, we present results from the experimental series
of 15 shots at the current level of 2 MA. The diameter of a
conical wire array was 10 and 7 mm at the anode and at the
cathode, respectively. The wires were inclined at an angle of
13° to the array axis. The conical wire arrays consisted of 30
tungsten wires 7 um in diameter. The deuterated polyethyl-
ene (CD,), fibers with diameters between 80 and 120 wm
were placed on the axis of the array. The enrichment of deu-
terium in the polyethylene was higher than 98%. The mass
percentage of tungsten, carbon, and deuterium ions in
Z-pinch load was about 73%, 20%, and 7%, respectively.

B. Diagnostics

In order to study dynamics of Z-pinch plasmas, we ap-
plied optical, x-ray, and neutron diagnostics, part of which
was described in Refs. 36 and 37. Each shot was observed
with the following set of diagnostic tools (cf. Fig. 2):

(i) An optical streak camera was performed in the radial
mode, i.e., with a slit perpendicular to the Z-pinch

at8.19m
(radial 1) TOF detector
at2.55m
TOF detector (upstream)
at2.55m Wire-array with central fibre
(radial 1) $ XUV polychromator © A
< —— Anode :
streak 0= £!
gl(me integr alted camera Cathode E
~ray pinhole - =T . . .
camera 8 modules of TOF det .t- c FIG. 2. (Color online) A schematic diagram of our di-
4 frame Marx - generator l at 2.556:130 or agnostic setup with seven time-of-flight neutron
)c(éln\q/e;?ianhole TOF detector (downstream) detectors.
at2.55m
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TOF detector TOF detector
aBIOM o Bl oat7asm
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axis. The plasma 3 mm away from the cathode was
imaged on the slit of the streak camera.

(i) A time-integrated pinhole camera was differentially
filtered (without a filter, and with 5 and 24 um
Mylar).

(ili) A gated pinhole camera recorded four frames with
2 ns exposure and 5 or 10 ns interframe separation.

(iv) A time-resolved soft-x-ray polychromator was used
for the estimation of radiated energy and also for the
measurement of spectral power density in various
spectral channels.

(v)  Seven scintillators and photomultiplier tubes enabled
the TOF analysis of fusion neutrons. Three axial (end-
on) neutron detectors were located at distances of
—2.55 m (the minus sign means upstream, i.e., behind
the anode), 2.55 m, and 7.43 m (downstream, behind
the cathode). Four radial (side-on) detectors were po-
sitioned in a row at distances of —8.19, —2.55, 2.55,
and 8.19 m from the Z-pinch plasma. To prevent hard
x rays from saturating photomultipliers, detectors
were shielded by 5—10 centimeters of lead. The de-
tector time resolution of about 4 and 7 ns was given
mainly by the decay time of scintillators, by the rise-
time of the photomultiplier tube, and by a neutron
transit time through 5 and 10 cm thick scintillators,
respectively. The time resolution of neutron detection
was further strongly influenced by the detector dis-
tance from the neutron source. For example, at the
distance of 2.55 m, the instant neutron emission was
broadened to 7 ns in the case of the neutron energy
spectrum with 2.45 MeV peak and 300 keV full width
at half-maximum (FWHM). Because it was possible
to distinguish two neutron peaks 11 ns apart from
each other, the experimentally estimated temporal res-
olution of neutron detection was about 10 ns.

(vi)  The neutron yield was measured with the use of an
indium activation counter and thermoluminescent do-
simeters.

(vii) High-voltage and dI/dt probes provided information
about electrical characteristics and the power input
into the discharge.

This set of diagnostic tools enabled us to observe results
that are presented in the following section. All times de-
scribed in this paper refer to the start of a current when
t=0. All signals were adjusted to account for different transit
times from each detector to oscilloscopes. The temporal un-
certainty between waveforms of soft x rays, hard x rays,
neutrons, and electrical characteristics was below 5 ns.

IV. EXPERIMENTAL RESULTS

In order to describe Z-pinch discharges that show spe-
cific experimental results in each shot, it is important to use
simultaneously comprehensive diagnostics with temporal,
spatial, and spectral resolution. For this reason, we illustrate
the most important results on carefully chosen individual
shots that most evidently describe general characteristics of
the experiment.

Phys. Plasmas 15, 032701 (2008)
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FIG. 3. (Color online) A visible streak image, XUV pinhole images and
waveforms of current, current derivative, soft x rays, hard x rays, and neu-
tron emission recorded in Discharge No. 060928-1, with a neutron yield of
about 9 X 10%. Note: The detection efficiency varied between frames of the
XUV pinhole camera.

Figure 3 presents typical results of the implosion of the
conical tungsten wire array onto the deuterated polyethylene
fiber. Evidently, the streak image shows the radiation from
the fiber and/or precursor plasma already at 50 ns. At about
130 ns, the tungsten wire array started to implode with the
velocity approaching the value of 2 X 10° m/s. The most in-
tense soft x rays were emitted near the cathode at about
160 ns during the stagnation of imploded tungsten wires onto
the (CD,), fiber. The power of soft x rays (above 100 eV)
reached 100 GW. The total emitted energy was about 5 kJ.
The maximum spectral power density of about 0.5 GW/eV
was measured at a photon energy of 120 eV. The radiation
was close to the radiation of a black body with a temperature
of 40 eV.

Hard-x-ray emission started at the final stage of the wire
array implosion. The rise time of a hard-x-ray signal was
very short and usually did not exceed 3 ns. In all shots, the
onset of x-ray emission corresponded to a dip in the dI/dt
signal. After that, the hard-x-ray emission lasted for about
30 ns, i.e., during the stagnation and expansion phase.

As far as neutron emission is concerned, it temporally
correlated with hard x rays within 5 ns accuracy. The neutron
pulse lasted on average 30 =5 ns (FWHM). In Fig. 4, we can
see the neutron spectrum obtained perpendicularly to the
Z-pinch axis. In this particular shot, the peak neutron energy
detected in the side-on direction was slightly shifted from
245 MeV. On average, the peak neutron energy was
2.48+0.05 MeV and the FWHM of neutron energy spectra
was 450+ 100 keV. As regards the axial direction [see Fig.
4(c)], the energy of neutrons detected downstream was al-
ways above 2.45 MeV. When we calculated the average
downstream neutron energy spectrum from 15 shots, it
peaked at 2.65*=0.10 MeV with 350 = 100 keV FWHM.

The knowledge of neutron spectra at different directions
relative to the Z-pinch axis carries important information
about the energy of deuterons that produce fusion reactions.

Downloaded 13 Mar 2008 to 147.231.36.245. Redistribution subject to AIP license or copyright; see http://pop.aip.org/pop/copyright.jsp



032701-5 Neutron emission... Phys. Plasmas 15, 032701 (2008)
3.5 70 e i i el e 70 — T T T
s ELECUENEIAENIESN, o4 Side-on neutron spectrum ] soL Axial neutron spectrum |
! E 3 Upstream E
= 30 —50F {1 = 50 Downstream
& £ 2 ]
g £ 40} 1 T 40; ]
5, 5 30F 1 g 30f ;
g 5 ©, £ 8, 1
S 20F 3 =20t E
3 10F 1 10f £
2.0

150
Time [ns]

(a)

200 250

(b)

0: PR I (I NI U — b
1.82022242628303234
Neutron energy [MeV]

0 | L L | E
182022242628303234
Neutron energy [MeV]

(c)

FIG. 4. (Color online) (a) and (b) Side-on neutron emission time and neutron energy spectrum. (c) Axial neutron energy spectrum, Shot No. 060928-1.

Assuming a binary reaction of a fast deuteron with a station-
ary one, the neutron energy E, depends on the deuteron en-
ergy E4 and on the laboratory angle between the colliding
fast deuteron and the outgoing neutron 6 as

e dz(771n""/’1He:)
2
2
-(COS 0+ \/%<l+—Q>—sin20) , (2)
my, d

where Q=3.27 MeV is the energy released from D-D fu-
sion reactions, m,, is the neutron mass, and my is the mass of
helium. It follows from this equation that it is necessary to
know the angle 6 in order to estimate the deuteron energy
from the neutron energy. Fortunately, if the deuteron energy
E, is much smaller than the fusion energy Q, we obtain

2
2
E,(E;,0) ~ Eg— 22— (Cos 04 | He —Q) ,
2(mn + mHe) my Ed
(3)
E,(E.,0) = g(E, cos’6) + — e — .
mn + I”’ZHe

= g(E4cos?6) +2.45 MeV. (4)

Then the neutron energy E, is only a function of the compo-
nent of the deuteron kinetic energy in the direction of neu-
tron detection g(E4 cos?6).

On the basis of Eq. (4), it was possible to transform
neutron energy spectra into distribution functions of side-on
and end-on energy components of deuterons (see Fig. 5). The
divergence around small deuteron energies in Fig. 5 is given
by a large dE,/dE4 near 2.45 MeV neutron energy (cf.
Fig. 1).

In Fig. 5, we can see that neutrons were produced mainly
by deuterons with a kinetic energy component below
100 keV. The mean axial component of the deuteron kinetic
energy (|E,|) was 60 keV while the mean side-on component
(|E |) was 40 keV. Therefore, the average kinetic energy of
reacting deuterons was (Eg)=(E)+2(|E|)=150 keV. Our
Monte Carlo reconstruction also estimated the downstream/
upstream anisotropy of neutron flux as 1.2.

In Shot No. 060928-1, there were only a few down-
stream neutrons below 2.45 MeV and thus most of the deu-

terons were directed toward the cathode. In some other shots,
a different case occurred. Figure 6 shows results from Shot
No. 060922-2, in which the same number of neutrons as in
Shot No. 060928-1 was detected. In this particular shot it is
also evident that neutrons were emitted together with hard
and soft x rays. In addition to that, the neutron emission
temporally correlated with the voltage rise up to 400 kV. As
regards distribution functions of neutron and deuteron en-
ergy, they are displayed in Fig. 7. In comparison with Shot
No. 060928-1, neutron and deuteron energy distribution
functions were more isotropic. The mean neutron energy ob-
served downstream was about 2.55 MeV. According to our
calculation, the side-on and end-on neutron spectra imply the
neutron flux anisotropy below 1.2.

A. Correlation of neutron emission with hard x rays
and electrical characteristics

Figures 3 and 6 show how neutron emission temporally
correlated with hard x rays. Because the Monte Carlo recon-
struction could blur a real neutron signal, we displayed the
waveform of the nearest side-on neutron detector to obtain
more accurate values of the shift between hard-x-ray and
neutron emission. In Fig. 8(a), we can see how neutron emis-
sion correlated with hard x rays with a small delay, which

18 ————— — T
16 Side-on Down-
14| deuteron stream
'w12[ spectrum deuteron]
S10L spectrum
g 8l ]
N6 ]
4l ]
2f J .
0 L 1 1 1 s 1 L ]
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Component of
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FIG. 5. (Color online) Distribution functions of the kinetic energy compo-
nent of deuterons that produced fusion neutrons, Shot No. 060928-1. (The
energy distribution function of all deuterons was not obtained because the
assumption of a thin target is not valid and therefore it is not sufficient to
include the fusion cross section and the stopping power into the calculation.
One has to include also the slowing-down of fast deuterons.)
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yield of about 9 108.

was about 4 ns. A part of this delay could be attributed to the
transit time of neutrons through the TOF detector and to the
uncertainty of neutron energy estimation.

As regards measured voltage, there was also a strong
correlation with side-on and end-on neutron emission. An
exemplary result can be seen in Fig. 8(b).

Another common feature of our experiment was the
rapid rise of hard-x-ray and neutron emission after the dip in
the dI/dt signal. After this dip, the current derivative oscil-
lated for about 50 ns and during this period neutrons and
hard x rays were detected. It was clear that neutron emission
correlated with dI/dt peaks rather than with minima [see Fig.
8(c)] and that the induced voltage LdI/dt contributed to volt-
age peaks [see Fig. 8(d)].

On the basis of voltage V, current I, and dI/dt measure-
ments, it was possible to calculate the plasma resistance Rp

and time-varying inductance Lp from the equation
V-LI

RP+LP=T, (5)

S NleutlronlspéCtrlllm I 2 Side-lon I Downlstream

40F Side-on End-on 156 deuteron deuteron |
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(a) (b)

FIG. 7. (Color online) (a) Side-on and end-on energy spectra of neutrons.
(b) Distribution functions of the kinetic energy component of reacting deu-
terons, Shot No. 060922-2.
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where L(f)=Lp(t)+L, is the inductance including the exter-
nal inductance of transmission line Lj. We assumed that the
inductance L(7) of about 9 nH was approximately constant
during the implosion. But results would not change qualita-
tively even if we calculated with the increased inductance of

about 14 nH. The results of the R p+LP term from shots No.
060922-2 and No. 060921-1 are displayed together with neu-
tron emission and a streak image in Fig. 9. In each shot, the
neutron emission started at the end of the wire array implo-
sion and lasted for about 40 ns up to the expansion phase.
During this period, the energy input [(Rp+Lp)I2dt ap-
proached 20 kJ.

B. Neutron yield

The study of neutron generation in our experiments at
the S-300 generator was focused mainly on the estimation of
emission time and neutron energies. The neutron yield was
estimated from one indium activation detector assuming the
41 isotropy. Values of neutron yields are therefore important
mainly for a relative comparison of individual shots. In this
respect, we wanted to know whether the neutron yield was
dependent on any parameter of the Z-pinch discharge. The
only parameter that we recognized that played some role was
the peak of an electric current. Figure 10 shows the scaling
of the neutron yield with the magnitude of an electric cur-
rent. The average neutron yield from 15 shots was 6 X 108
while the peak neutron yield reached the value of 10° for
1.65 MA current.

In order to improve neutron yield measurements, we
tried to use thermoluminescent dosimeters (TLDs), which
were placed inside a 10—in.-thick Bonner sphere, 1 m from
the neutron source (cf. Ref. 38). As regards the experiments
described in this paper, neutron signals from TLDs were
overlaid by a strong hard-x-ray background. In preliminary
deuterium gas-puff experiments in which hard x rays were
less intensive in comparison with neutron emission, results
from TLDs were used for cross-calibration of our indium
activation detector in situ. According to this cross-
calibration, there was an indication that our indium activa-
tion detector underestimated neutron yields. We are going to
pay more attention to the absolute measurement of neutron
yields in future experimental campaigns.

C. Comparison with cylindrical wire array imploding
onto deuterated fiber

In this subsection, we present results from the implosion
of standard cylindrical tungsten wire arrays onto a fiber as
we believe it is valuable to compare the experiment with
conical wire arrays with other configurations with similar
initial parameters. In the following subsection, we also show
results from shots when only a fiber without any imploding
wire array was used.

The experimental series with standard tungsten wire-
arrays consisted of 17 shots whereas the series with conical
wire arrays consisted of 15 shots. We present more detailed
results from conical wire array experiments in this paper
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FIG. 8. (Color online) (a)—(c) Examples of the correla-
tion of hard x rays, plasma voltage, and dI/dt signal
with neutron emission at the side-on detector in Shot
No. 060922-1. 120 ns represents the time-of-flight of

=0 2.4 MeV neutrons to the detector located at 2.55 m. (d)
1400 An example of plasma voltage and current dI/dt mea-
1300 . sured in Shot No. 060921-1.
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because diagnostics of cylindrical wire arrays consisted of a
lower number of neutron detectors. In the case of the stan-
dard wire array, 40 tungsten wires of 5 wm diameter and
10 mm length were used. As far as the conical wire array is
concerned, it consisted of 30 tungsten wires of 7 um diam-
eter and 7 mm length. Both experiments were carried out on
the same current generator with similar deuterated fibers and
similar currents of about 2 MA.

Also experimental results demonstrated a lot of similari-
ties. The average neutron yield from a standard wire array
was about 9X 103, Thus the neutron yield per length was
similar to the one presented above for conical wire arrays.
Statistical data from cylindrical and conical wire arrays
showed that differences in neutron emission time and neu-
tron spectra were smaller than the shot to shot variation. As
an example, we chose the shot displayed in Fig. 11. We
would like to present this shot in order to demonstrate that
neutrons were emitted after 180 ns, i.e., during the plasma
expansion. These features were not so obvious in all shots,
but late or delayed neutron emission was observed in the
case of conical wire arrays as well.

Radial visible streak Radial visible streak

D. Comparison with fiber Z pinch

During the experimental series with standard tungsten
wire arrays, we also tried to initiate the Z pinch from one
deuterated fiber only, i.e., without any wire array. Such an
experiment seemed to be interesting for comparing our re-
sults with those obtained in the 1970s and 1980s.'*'>""7 The
average neutron yield of about 1X10% was several times
lower than in our experiments with the implosion of a wire
array onto a fiber. The typical results that we obtained are
displayed in Fig. 12. From these images, it can be clearly
seen how m =0 unstable plasma was expanding from the very
beginning of the current. The neutron emission was triggered
at about 70 ns and lasted for a relatively long time of more
than 60 ns. At this point, it should be said that hard-x-ray and
neutron signals in Fig. 12 were taken from the same wave-
form recorded by the TOF detector at 2.55 m. The temporal
uncertainty given by the spread of neutron energies was be-
low 5 ns. This means that there was a real delay between the
neutron production and the hard-x-ray emission. Figure 12
shows that the peak neutron energy in the axial (down-

FIG. 9. (Color online) The plasma impedance Rp+Lp,
neutron emission, and streak images in shots No.
060922-2 and No. 060921-1.
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FIG. 10. (Color online) Neutron yield scaling with the current. The conical
tungsten wire array imploding onto a deuterated polyethylene fiber.

stream) direction was about 2.65 MeV. Whereas the plasma
dynamics and the neutron emission time completely differed
from the ones obtained with an imploding wire array, the
neutron spectra were very similar (cf. Fig. 12 with Fig. 7). In
addition to that, similar spectra were acquired also in our
preliminary experiments with a deuterium gas-puff.

V. DISCUSSION OF NEUTRON
PRODUCTION MECHANISM

During the past 60 years, plasma theory and modeling
were improved to such a degree that it was possible to ex-
plain gross dynamics of the discharge as well as a lot of
“fine” phenomena of Z pinches. However, several crucial
issues such as the mechanism of neutron production have
remained unresolved. A recent review on the generation of
fast particles was given by Ryutov et al.,”’ Haines,” and
Vikhrev and Korolev.”' In plasma foci, a lot of experimental
results have been obtained and also the neutron production
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mechanism has been studied up to the present time (see Ref.
41 and references therein). In this respect, experimental data
from Z pinches are more rare.

A. Neutron emission anisotropy
and beam-target model

Measurements of neutron energies and neutron emission
time play an important role in the discussion of the neutron
production mechanism. As regards experiments on the S-300
generator, the peak neutron energy detected downstream was
shifted from 2.45 MeV toward higher energies in all shots.
One could therefore think that a deuteron beam was acceler-
ated toward the anode. However, a small shift above
2.45 MeV could also be a result of significant kinetic ener-
gies of fast deuterons (e.g., in a very high-temperature
plasma). To exclude this, it was favorable to use neutron
detectors also in the upstream axial direction. In our case,
upstream neutron energies were smaller than downstream
ones. That is why most fusion reactions were realized in the
center-of-mass frame, which was moving with respect to the
laboratory frame of reference.

Of course, there is still a possibility of a thermonuclear
source moving toward the cathode, a so-called moving ther-
monuclear boiler. But the observed shift to 2.7 MeV [cf.
Fig. 4(c)] requires the unreasonable high velocity of about
2 X 10® cm/s toward the cathode. In addition to that, we used
such an orientation of the conical wire array that the zipper-
ing occurred in the opposite direction, i.e., toward the anode
(see Fig. 3). This result indicated that the neutron emission
anisotropy was caused by a beam of fast deuterons that were
directed toward the cathode and which were colliding with
“cold” target deuterons. At this point, we should mention
that the neutron emission could be strongly influenced not
only by the anisotropic energy distribution function of fast
deuterons but also by an inhomogeneous density of target
deuterons.

Neutron spectrum
40 T ¥ T T T T T

301 Downstream

20F Side-on ]

[arb. units]

10F ]

0 1 1 1 1 1 1
1.820222426283.03234
Neutron energy [MeV]

FIG. 11. (Color online) A visible streak image, an XUV pinhole image, shadow images, neutron energy spectra and waveforms of current, voltage, hard x rays,
and neutron emission time recorded with the standard tungsten wire array imploding onto a deuterated fiber. Shot No. 050617-1, a neutron yield of about

2.5%10°.
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Neutron spectrum
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FIG. 12. (Color online) A visible streak image, an XUV pinhole image, shadow images, neutron energy spectra and waveforms of current, voltage, hard x
rays, and neutron emission time recorded without an imploding wire array, i.e., only with the deuterated fiber of 100 um diameter. Shot No. 050606-2, a

neutron yield of about 4 X 108,

B. Radial energy component of deuterons
and the generalized beam-target model

So far we have discussed results from axial neutron de-
tectors. As regards the side-on direction, an important result
is the 450 keV FWHM of neutron energy spectra. Almost the
same value was observed in our experiments with a standard
wire array (see Fig. 11) or with a fiber (see Fig. 12) as well
as in other Z-pinch configurations (gas-embedded Z pinch,3_5
gas-puff Z pinch,22 and plasma focus* 43). Such a broad
width of neutron spectra implies high radial velocity of deu-
terons. Figures 5 and 7 show that the side-on component of
deuteron kinetic energy is comparable with the axial one. It
might be a result of magnetic and/or electric fields in Z
pinches.

As regards the influence of electric fields, a large com-
ponent of velocity in all directions could be achieved for
instance in a turbulent plasma. If this is not the case, trajec-
tories of deuterons accelerated axially could be curved by
magnetic fields. The influence of magnetic field can be
evaluated by the ratio between the Larmor ry ., and pinch
radius R. For a deuteron with the kinetic energy E;, the mass
my, the charge e in the magnetic field B produced by the
cylindrical current /, the ratio 7y /R is given by

VE,[MeV]
I[MA]

md\“'IZEd/md 277\5’2Edmd .

e ol

""Larmor _

R eBR

(6)

For the deuteron energy E =150 keV and the current [/
=1.5 MA, we obtain the ratio 7y 4o/ R=0.25, which means
that fast deuterons could be confined by the magnetic field
within the pinch diameter. In such a case, the classical linear
beam target model does not occur. Instead of the rectilinear
motion, trajectories of fast deuterons could be rather com-
plex. If we simplify trajectories, deuterons can move simi-
larly as described earlier by Bernstein and Comisar.** Such
curved trajectories of deuterons could explain not only the
observed neutron spectra but also the neutron flux aniso-
tropy. It is known that the neutron emission probability is

highly anisotropic at high deuteron energies [cf. Fig. 1(b)]. In
the case of the classical rectilinear beam target model, the
neutron flux ratio Yy /Y, for 6,=0° and 6,=90° is 2.5 for
150 keV deuterons. If we take into account curved trajecto-
ries, however, the flux anisotropy can be substantially de-
creased. This is probably the reason why the neutron flux
anisotropy in most Z—pinch”’23 2444 and plasma focus** ex-
periments was below 1.7.

C. Stopping power and number
of accelerated deuterons

Another parameter that determines trajectories of deuter-
ons is the stopping power of fast deuterons. According to
Ref. 46, the Coulomb energy loss of fast deuterons E, in a
plasma target of the length x could be expressed as

dEg4

_ "ound < dEd ) + Nfree ( dEd )
dx Npound + Mree dx cold  "bound T Mfree dx free

dE
+ ( d) (7)
dx ions
where ny,,,q and ng.. represent the density of bound and free
electrons, respectively. If we assume homogeneously mixed
ions in a stagnated Z pinch and the ratio nyuna/ (Mhound

+Ngee) above 1/2, fast deuterons are decelerated mainly by
electrons bounded in tungsten ions. This means that

% - Mpound (%) = 1(@) ) (8)
dx Mpound + Mfree dx cold 2\ dx cold
In the case of 30 tungsten wires of 7 um diameter and the
plasma diameter of about 2 mm, the density of tungsten ions
is estimated as 2 X 10" cm™. For a 150 keV deuteron, the
stopping power %(dEd/dx)CO]d calculated with SRIM tables*’

is =50 keV/mm and the deuteron is decelerated on the
length /. of the order of 3 mm.
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The number of accelerated deuterons N4 depends on the
neutron yield N,, the D—D fusion cross section oyygon(Eq),
the deuteron density n4, and the length /i, as

N, Ny
d="_ N 5 -
Ufusion(Ed)ndlfree

)

For the neutron yield N,=10% the fusion cross section
Orusion(150 keV)=2.8 X 1073 m~2 (see Ref. 34), the deuteron
density ny~10% cm™, and the length /;..=3 X 107> m, we
obtain the number of accelerated deuterons Ny~ 1013,

D. Acceleration mechanisms

When we talk about the neutron production mechanism
here, we mean the way deuterons are accelerated. We
showed in previous paragraphs that the generalized beam-
target model played an important role in our wire array and
also fiber Z-pinch experiments. However, it is still not clear
how the beam of fast deuterons was created. To discuss this
issue, we must look at waveforms of plasma voltage, current,
and current derivative.

1. Acceleration by induced electric fields

An obvious result of our experiment was the correlation
of 400-500 kV voltage peaks with neutron emission (see
Fig. 8). Therefore, it seems reasonable to explain the deu-
teron acceleration to 150 keV energies by diode action. Also
one of the first explanations in the 1950s suggested that
charged particles in Z pinches were accelerated by the diode
action in a large induced voltage. The observed induced volt-
age was ascribed to a large increase of the inductance

LP>0, which resulted from the growth of instabilities* or
from the collapsing of the main plasma column.*® The ques-

tion we should ask here is what electric field E occurs in the
plasma? Even though the voltage peak across the plasma is
measured, it is not clear that a high electric field is also seen
by deuterons. In the presence of time-varying magnetic
fields, it cannot be assumed that the measured voltage is
given only by the integration of the axial electric field E,
along the length of a plasma column. Besides that, as has
already been pointed out,” the electric field seen by ions in
an imploding plasma is E+0 X B=0.

The drawback of the acceleration model described above
is its limitation on the imploding plasma. As regards our
results, we observed similar phenomena as other researchers
in many Z-pinch and plasma focus experiments (see, for in-
stance, Refs. 5, 44, and 50-53): neutrons were generated
mainly after the plasma implosion during the stagnation and
during the global plasma expansion when the dI/dt signal
was rising. That is, for example, why Trubnikov™* and Uhm™
extended the acceleration mechanism based on induced fields
also for the plasma expansion. Trubnikov considered a rapid
transfer of a current to a peripheral plasma. A high transient
electric field then accelerates deuterons that are not coiled by
the magnetic field. Because it is necessary to explain high
radial velocities of deuterons, axially accelerated deuterons
have to be bent by magnetic fields before they produce fu-
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sion neutrons. Another issue that should be discussed here is

the negative value of induced voltage LpI during the expan-
sion.

2. Role of microturbulence and enhanced resistance

A more realistic approach was considered by the authors
in Refs. 40, 42, 44, 51, and 56. Even though there are differ-
ences in argumentation, all these authors emphasized the role
of microturbulence and anomalous resistance during the
plasma stagnation and expansion. The role of microturbu-
lence lies in the fact that it can cause rapid magnetic field
diffusion and fast current redistribution. Then, a large (91§/ ot
could accelerate ions in one direction near the axis and in the
opposite direction in the peripheral plasma. Besides, micro-
turbulence could not only generate induced electric fields but
also form a high-energy tail of the ion distribution
function.” From an experimental point of view, the onset
of microinstabilities just before neutron emission was clearly
shown by Bernard et al. with laser scattering in a plasma
focus discharge.43 The measured plasma resistance during
the plasma stagnation exceeded the Spitzer value and
reached 0.2—-0.4 Q) for a broad energy range of plasma focus
machines.”*’

As regards our experiment, we measured the (RP+LP)
term (see Fig. 9). On the one hand, the measured value of
about 0.2—0.4 () during the implosion could be ascribed to a
time-varying inductance. Then the energy would be naturally

coupled from the generator through the L, term. But on the
other hand, it is impossible to explain a 40 ns duration of
0.2 Q) by a constantly increasing plasma inductance only.
If the plasma resistance is neglected, there is no evidence of
the plasma expansion and the total increase of inductance

ALp=[Lpdt is about 10 nH. Such an inductance increase of
the 7 mm long plasma column requires the collapse to a
10 pum diameter. A more likely explanation of the inductance
rise is the increase of the effective plasma length. This might
be a result of complex helical structures that develop usually
after the stagnation.58 However, the main argument against
neglecting plasma resistance is that the magnetic energy
%ALplzi 10 kJ could be hardly stored at the time when the
plasma column expanded to a few millimeter diameter and
when a significant fraction of the energy had already emitted
from the plasma. This led us to a conclusion that the influ-
ence of resistive heating during the stagnation was growing.
For the Spitzer resistance and for experimentally estimated
values during the stagnation (plasma radius R=1 mm, length
[=5X1073 m, electron temperature k7,=50 eV, effective
charge 7=10, and Coulomb logarithm In A = 10), we get

C107%ZInA 1
PZTEQ'WZO.OSQ.

Since the result comes out less than 0.2 (), the classical
Spitzer resistivity is also insufficient to explain the measured
value of the plasma impedance.

Here, the research of neutron emission is related to the
energy conservation, which has recently become a debated
issue in wire-array Z pinches (see, e.g., Refs. 27, 58, and 59).
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Already 25 years ago, however, Riordan et al. pointed out
that the observed radiation yield was significantly higher
than the kinetic energy input.60 From that time on, several
models have been suggested to explain the observed discrep-
ancy. In this respect, the enhanced resistance was considered
as an explanation, for instance, by Whitney with his col-
leagues in Saturn experiments.61 On the MAGPIE generator,
Chittenden explained the enhancement of ohmic heating by
the onset of m=1 instabilities after the secondary implosion
of trailing mass.%

3. Thermonuclear neutrons

Our experiments demonstrated the strong correlation be-
tween neutron emission and measured plasma voltage. The
question that still remains is whether the acceleration mecha-
nism is connected with a high voltage induced across a
plasma column (see Sec. V D 1), or with ion acceleration in
microturbulence (see Sec. VD 2), or with the power input
into a plasma. The process mentioned last is closely related
to the thermonuclear origin of neutrons and it was explored
mainly by Vikhrev in Refs. 21, 63, and 64. The adiabatic
heating in necks of m=0 instabilities was considered also by
Young et al. in experiments with deuterated polyethylene
fibers of >50 um diameter."” Riley and colleagues pointed
out that it is impossible to interpret neutron measurements in
fiber Z pinches if the ion temperature equals the electron
temperature. Instead of it, they explained observed neutron
yields by the direct heating of ions within turbulence arising
from instability growth.65 Recently, the ion temperature
higher than the temperature of electrons was assumed by
Velikhovich et al. in the calculation of thermonuclear yields
in a deuterium gas—puff.23

From the experimental point of view, thermonuclear
D-D fusion reactions in the center-of-mass frame of refer-
ence are characterized by isotropic neutron emission and by
a mean neutron energy of about 2.45 MeV. It is evident from
Figs. 4(b) and 4(c) that most of the neutrons in our experi-
ments came from the beam-target interaction. However, it is
still possible that the beam originated from a Maxwellian
plasma or from another isotropic ion energy distribution. For
example, the beam of fast deuterons could be accelerated
within a high-temperature plasma and afterwards it escaped
and penetrated through a low-temperature plasma where fu-
sion neutrons were produced. Consequently, the observed
neutron emission anisotropy could be a result of strong mag-
netic and electric fields*"** as well as a result of anisotropy
of target deuterons. In all cases, however, a broad neutron
energy spectrum requires a relatively high temperature.
According to the equation AE4(keV)=82.5\kT;jkeV] (e.g.,
Ref. 28), the width of a neutron spectrum AE4=500 keV
corresponds to the equivalent ion temperature k7;~30 keV.
Such a high temperature could be achieved locally in a small
volume, otherwise the neutron yield would be much higher.
In our experiment, for instance, if we assume that the neu-
tron yield of 10° was thermonuclear and originated from the
bulk of plasma, we obtain plasma temperatures of about 2
and 100 keV width of a neutron spectrum.

Phys. Plasmas 15, 032701 (2008)

But even though we admitted that a fraction of fast deu-
terons was accelerated by elastic collisions in a high-
temperature locality, it could not be referred to as thermo-
nuclear fusion and also it would not be useful for energy
production. If deuterons escape a high-temperature region,
they are slowed down by cold deuterons usually without un-
dergoing fusion reactions. The fusion energy released is al-
ways smaller than the energy expended on the acceleration
of fast deuterons. The only way how to achieve the energy
gain is to transfer the lost energy of fast deuterons to the
acceleration of other deuterons in the same plasma, i.e., to
achieve the energy feedback. For that purpose, it is necessary
to keep fast deuterons in a high-temperature region or to use
fast deuterons for heating of a surrounding plasma to a fu-
sion temperature. As regards Z pinches, a magnetic field
seems to have the crucial importance in prevention of fast
deuterons from escaping a plasma.

At this point, we would like to go back to the discussion
of the model of deuteron acceleration. The problem of the
acceleration mechanism is that it should clarify not only the
observed peak value of plasma voltage but also a compara-
tively long duration of neutron emission. On the one hand,
there does not seem to be a problem to ascribe 400 kV volt-
age peaks to a large rise of the inductance dLp/dt, the current
rise dI/dt, and the resistance Rp. But on the other hand, it is
necessary to elucidate up to 40 ns long neutron emission at
the post-stagnation phase. We believe that the acceleration
mechanism in a turbulent plasma perhaps fits best to a pro-
longed neutron emission and to broad side-on neutron spec-
tra. The onset of microturbulence then could induce high
plasma voltage as well as form a high-energy tail in deuteron
velocity distribution. Nevertheless, the origin of microturbu-
lence and a more detailed description of the acceleration
mechanism are beyond our possibilities of experimental data
interpretation. However unclear this issue may be, it holds
that the research of the neutron origin is connected with the
study of plasma voltage and with the power input into a
plasma. It follows that the acceleration is connected with the
global plasma dynamics and that the deuteron acceleration is
not a “secondary” process in plasma.

VI. CONCLUSION

The implosion of a conical wire array Z pinch onto a
deuterated polyethylene fiber was studied on the S-300
pulsed power generator at the Kurchatov Institute. The study
of neutron emission in these experiments was focused
mainly on the estimation of neutron energies and neutron
emission time. The neutron measurement was used to obtain
significant data about acceleration of fast ions in Z-pinch
plasmas.

First, as regards neutron energies in the side-on
direction, the neutron energy spectrum peaked at
2.48+0.05 MeV with 450 =100 keV FWHM. In the down-
stream direction, the peak neutron energy and the width of a
neutron spectrum were 2.65*0.10 MeV and 350 = 100 keV,
respectively. The knowledge of neutron spectra at different
directions relative to the Z-pinch axis provided information
about the energy of deuterons that produced fusion reactions.
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The average kinetic energy of reacting deuterons was about
150 keV. Most of the deuterons were directed toward the
cathode. The broad width of neutron spectra implied a high
radial velocity of deuterons. Therefore, trajectories of deuter-
ons producing fusion reactions seemed to be strongly influ-
enced by magnetic and/or turbulent electric fields. This ob-
servation was made also in experiments with an imploding
standard wire array as well as in fiber Z pinch.

Moving to the second subject of our interest, i.e., neu-
tron emission time, the neutron pulse temporally correlated
with hard x rays and also with measured voltage. The neu-
tron emission lasted on average 30+ 5 ns (FWHM) and was
observed at the end of implosion and during the expansion of

a plasma column. At this moment, the RP+LP term reached
0.2-0.4 Q. During the implosion, this value could be as-
cribed to a time-varying inductance LP whereas in the post-
stagnation phase the plasma impedance was probably domi-
nated by enhanced resistance, Rp. For that reason, the
neutron emission is supposed to be a multiphase process and
we believe that the prolonged neutron emission is connected
with the enhanced resistance. We would like to prove this in
future experiments.

Recently, we have prepared a deuterium gas-puff in or-
der to interpret experimental results and to compare them
with those obtained in other Z-pinch devices. Should we
conclude with what we expect from this modification, we do
hope that the interpretation of Z-pinch experiments with pure
deuterium will be more straightforward in comparison with a
heterogeneous mixture of tungsten, carbon, and deuterium
ions.
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APPENDIX: SCATTERED NEUTRONS

The advantage of time-of-flight (TOF) detectors located
in mutually opposite directions concerns neutron scattering.
A large number of scattered neutrons forms the tail of TOF
signals. It causes the shift of measured neutron energies to
lower values. So far, the Monte Carlo ray-tracing of
neutrons® between the neutron source and TOF detectors has
been performed only for a small part of the diagnostic ar-
rangement. Therefore, we tested the influence of scattered
neutrons on our reconstruction by the use of artificial energy
distribution function f,(E,,f) which was modified by scat-
tered neutrons (the average energy decrease of about
0.1 MeV). According to this modified distribution function
Su(E,,1), test neutron signals S(x,T) were generated at the
TOF detectors. On the basis of these TOF signals, we wanted
to reconstruct the original distribution function fy(E,r) by

Phys. Plasmas 15, 032701 (2008)

our Monte Carlo simulation. In the case of TOF detectors on
both sides of the neutron source, it was not possible to simu-
late a large number of low-energy neutrons in one direction
from the neutron source because it required a large number
of high-energy neutrons in the opposite direction. As a result,
we found out that our Monte Carlo reconstruction suppressed
the influence of scattered neutrons and that the test energy
spectrum was reconstructed correctly. Including the temporal
resolution of TOF detectors, the systematic error of neutron
energy reconstruction in our experiment was estimated be-
low 0.1 and 0.05 MeV for the end-on and side-on direction,
respectively. With regard to the time of neutron emission, it
was a little delayed in comparison with the original test dis-
tribution function. Therefore, it seemed more accurate to cal-
culate the emission time from the nearest TOF detector. Of
course, due to a small number of TOF detectors, it was not
possible to determine unambiguously the shape of the neu-
tron energy spectrum. Yet from the chain of four TOF detec-
tors, two basic moments of the energy distribution function
(i.e., the mean energy and the width of spectrum) could be
estimated.
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Neutron Energy Distribution Function Reconstructed
From Time-of-Flight Signals in
Deuterium Gas-Puff Z-Pinch

Daniel Klir, Jozef Kravarik, Pavel Kubes, Member;, IEEE, Karel Rezac, Sergey S. Ananev, Yuriy L. Bakshaev,
Peter 1. Blinov, Andrey S. Chernenko, Evgeny D. Kazakov, Valery D. Korolev,
Gennadiy 1. Ustroev, Libor Juha, Josef Krasa, and Andriy Velyhan

Abstract—The implosion of a solid deuterium gas-puff
Z-pinch was studied on the S-300 pulsed power generator
[A. S. Chernenko, et al., Proceedings of 11th Int. Conf. on High
Power Particle Beams, 154 (1996)]. The peak neutron yield above
1010 was achieved on the current level of 2 MA. The fusion
neutrons were generated at about 150 ns after the current onset,
i.e., during the stagnation and at the beginning of the expansion of
a plasma column. The neutron emission lasted on average 25 ns.
The neutron energy distribution function was reconstructed from
12 neutron time-of-flight signals by the Monte Carlo simulation.
The side-on neutron energy spectra peaked at 2.42 £ 0.04 MeV
with about 450-keV FWHM. In the downstream direction (i.e., the
direction of the current flow from the anode toward the cathode),
the peak neutron energy and the width of a neutron spectrum
were 2.6 £ 0.1 MeV and 400 keV, respectively. The average kinetic
energy of fast deuterons, which produced fusion neutrons, was
about 100 keV. The generalized beam-target model probably fits
best to the obtained experimental data.

Index Terms—Deuterium, fusion reaction, gas puff, Monte
Carlo reconstruction, neutron energy spectra, neutrons, Z-pinch.

I. INTRODUCTION

T PRESENT, Z-pinches are intensively researched as
powerful and efficient laboratory sources of soft X-rays
[11, [2]. Whereas a large number of papers is devoted to studies
of EUV and soft X-ray radiation, experimental data about fast
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ions are rather rare. One of those very few examples is the
recent measurement of an ion temperature in wire-arrays at
the Z-machine [3]. The Doppler-width of iron spectral lines
indicated that the ion temperature exceeded 200 keV. In this
respect, also fusion neutron measurements could provide in-
valuable data for Z-pinch physics since they give insight into
the acceleration of fast ions. Recently, the highest neutron yield
from the D(d,n)*He fusion reaction of 6 x 10'® has been
achieved with a double-shell deuterium gas puff on the 17 MA
current level [4], [5]. With regard to the overall neutron yield
in this experiment, there is a hope for a large thermonuclear
component; however, an unambiguous evidence has not been
yet provided.

The results previously mentioned indicate that there is a need
of more experimental data about fast ions. For that purpose,
we measured the production of fusion neutrons on the S-300
generator at the Kurchatov Institute in Moscow. We carried
out Z-pinch experiments with: 1) deuterated fibers; 2) various
types of wire arrays imploding onto a deuterated fiber; and
3) deuterium gas puffs as Z-pinch loads. Because results from
fiber and wire-array Z-pinches have been already published
in [6], in this paper, we particularly focus on experiments
with deuterium gas puffs. The structure of this paper is the
following: The experimental arrangement and diagnostics used
in our experiment are described in Section II (the emphasis
was put mainly on the comprehensive neutron time-of-flight
(TOF) diagnostics). Section III provides the most important
experimental results which are then discussed in Section IV.
Finally, results are summarized in Section V.

II. EXPERIMENTAL ARRANGEMENT AND DIAGNOSTICS
A. Experimental Setup

The implosion of a solid deuterium gas-puff Z-pinch was
studied on the S-300 pulsed power generator (4-MA peak cur-
rent, 700-kV voltage, 100-ns rise time, 0.15-€2 impedance) at
the Kurchatov Institute in Moscow [7], [8]. This paper presents
results from the experimental series of ten shots at the current
level of 2 MA.

The gas-puff hardware was designed according to the gas
valve used on the Angara-5 device [9]. A photograph of the
gas-puff anode and cathode can be seen in Fig. 1. The sep-
aration between the cathode and the anode was 10 mm. The

0093-3813/$25.00 © 2009 IEEE
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Fig. 1. Deuterium gas-puff hardware.
(b) Anode, stainless steel mesh.

(a) Cathode, gas-puff nozzle.

anode was formed by a stainless steel mesh. The gas puff
was triggered by an electrical spark which ignited gunpowder.
A Teflon piston driven by the burning gunpowder then com-
pressed the deuterium gas in a closed volume below the nozzle.
The deuterium gas entered the nozzle when the gas pressure
broke through a 0.2-mm-thick stainless steel foil. The delay
between the detection of the deuterium gas in the nozzle and
the current generator start-up was set up between 10 and 40 us.
The outer diameter of the conical solid deuterium gas puff was
10 mm and about 15 mm at the cathode and at the anode,
respectively. At the time of the current onset, we expected the
line deuterium gas density of 5 + 50 pg/cm. The gas density
profile has not been characterized so far since our primary
intention was to implement and to test extended TOF method
for the determination of neutron energy spectra [10], [11]. We
would like to apply a high number of neutron TOF detectors
in order to study the anisotropy of neutron energy distribution
function in Z-pinch plasmas, and we used the deuterium gas
puff as a suitable source of neutrons.

B. Diagnostics

In order to observe Z-pinch discharges that show specific
experimental results in each shot, it is important to use simulta-
neously comprehensive diagnostics with temporal, spatial, and
spectral resolution. The diagnostic setup, part of which was
described in [12], is shown in Fig. 2.

First, in order to provide time and space resolved information
about visible emission, a radial optical streak camera was used.
The plasma 5 mm away from the cathode was imaged on
the streak camera slit. Furthermore, an optical frame camera
provided three 2-D images with 3-ns exposure and 20-ns inter-
frame separation.
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Second, X-ray radiation was detected with a pinhole camera
and a semiconductor diode. The X-ray pinhole camera, time
integrated and differentially filtered (with 2-ym Al, 10-pm
Al, and 15-pm Cu filters), was used to observe the plasma in
various spectral ranges with a spatial resolution of 100 pm.
Time-resolved information about X-rays from 1 to 40 keV was
obtained with the semiconductor diode SPPD11-4 [13].

Third, high-voltage and dI/dt probes provided information
about electrical characteristics and the power input into a dis-
charge. The load current was measured by current loops which
were placed 6 cm from the Z-pinch axis.

Finally, neutron yields were measured with an indium acti-
vation counter and with thermoluminescent dosimeters which
were placed inside 10-in-thick Bonner sphere, 1 m from the
neutron source (cf., [14]). As far as the reconstruction of
neutron energy spectra is concerned, it is the main subject of
this paper, and therefore, neutron TOF analysis is presented
separately in the following paragraphs.

C. Neutron TOF Diagnostics

Twelve fast plastic scintillators and photomultiplier tubes
enabled the TOF analysis of fusion neutrons. All detectors were
shielded by 1 = 10 cm of lead. The energy dependent sensitivity
of neutron TOF detectors was calculated by the Monte Carlo
N-Particle code [15]. The detector time resolution of about 4.5
and 5.0 ns was given mainly by the decay time of scintillators,
by the electron transit time spread within the photomultiplier
tube and by a neutron transit time through 5- and 10-cm-thick
scintillators, respectively. Four axial (end-on) neutron detectors
were located at distances of —5.07, —2.55 (the minus sign
means upstream, i.e., at the top of the S-300 device, behind the
anode), 2.55, and 7.43 m (downstream, i.e., at the bottom of
the S-300 device, behind the cathode). We should make a note
here that the term “downstream” does not mean the direction of
current sheet acceleration as in plasma foci but the direction of
current flow (from the anode toward the cathode). With regard
to eight radial (side-on) detectors, they were positioned in two
mutually perpendicular rows at distances of —8.31, —2.55,
2.55, and 8.31 m from the Z-pinch plasma (see Fig. 2). The
choice of distances, where neutron TOF detectors were placed,
fulfilled the following criteria.

First, it is necessary to place several neutron detectors as
close to the neutron source as possible because the time of
neutron production is estimated mainly from the nearest neu-
tron signals. In our case, the time of neutron production was
estimated from the nearest side-on TOF detectors at 2.55 m
from the Z-pinch plasmas. The advantage of side-on detectors
was smaller influence of scattered neutrons because side-on
diagnostic ports of 10-cm diameter and 1.5-m length were
surrounded by water (cf., scattered neutrons on the side-on and
downstream detectors in Fig. 3). Another advantage of side-on
detectors was the fact that neutron energy spectra were usually
centered at about 2.45 MeV. Therefore, in order to obtain the
temporal evolution of neutron emission, it was possible to shift
the observed neutron signals at 2.55 m by the TOF of 2.45-MeV
neutrons (which was about 118 ns, the temporal uncertainty was
2 ns). The temporal resolution (FWHM of pulse response) of
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Fig. 2. Schematic diagram of our diagnostic setup with 12 TOF neutron detectors. (a) End-on view. (b) Side-on view. (c) Examples of neutron TOF signals in

shot No. 070614-1, the neutron yield of about 2 x 109.
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Fig. 3. TOF signals on the side-on (radial 1) and downstream detectors at
2.55 m, shot No. 070614-1, the neutron yield of about 2 x 109. Hard X-rays at
about 100 ns were produced by current leakages before the gas-puff implosion.

neutron detection at 2.55 m was given mainly by the width of
a neutron energy spectrum and was experimentally estimated
below 10 ns.

Second, since energies of neutrons are determined mainly
from the most distant detectors, several neutron TOF detectors
were placed far from the experimental chamber. The neutron
energy distribution function f(E,,t) was reconstructed from
time-resolved neutron signals S(z,7") by the Monte Carlo
method [6], [10], [16]. Including the temporal resolution of
TOF detectors and neutron scattering, the systematic error of
mean neutron energy estimated in our experiment was below
0.1 and 0.05 MeV for the end-on and side-on direction, re-
spectively. As far as the error in the estimation of the width
of neutron energy spectra is concerned, it was well below
100 keV (cf., downstream spectrum in Fig. 7). Of course,
due to a low number of TOF detectors in a row, it was not
possible to determine unambiguously the shape of neutron
energy spectrum, nevertheless, the mean energy and the width
of spectrum could be estimated.

Third, it is convenient to place detectors in various directions
at the same distance. It enables instantaneous and unambiguous
measurement of the neutron emission anisotropy (together with
the anisotropy of the experimental arrangement) by simple

comparison of TOF signals without any specific data processing
such as the Monte Carlo simulation. The same distance is also
useful for cross-calibration of detectors.

Fourth, neutron detectors can be used in mutually opposite
directions (i.e., neutron spectra are evaluated from the chain of
neutron detectors on the both sides of the neutron source). Such
a procedure significantly improved results of neutron spectra re-
construction and limited the influence of scattered neutrons [6].
Besides that, it was possible to quantitatively estimate the
role of scattered neutrons: The sum of the mean neutron en-
ergy in one direction and in the opposite direction should be
about 2.45 4 2.45 MeV = 4.9 MeV. If the sum is higher then
4.9 MeV, it can be caused by significant kinetic energies of fast
deuterons. However, if the sum is lower, it is caused by lowering
of neutron energies because of scattering.

The aforementioned set of diagnostic tools enabled us to
observe results which are presented in the following section.

III. EXPERIMENTAL RESULTS
A. Plasma Dynamics

We carried out a series of ten shots with a deuterium gas
puff. The typical waveforms and images obtained are shown
in Fig. 4. The times described in this paper refer to the start of
a current when ¢ = 0. All signals were adjusted to account for
different transit times from each detector to oscilloscopes. The
temporal uncertainty between waveforms of X-rays, neutrons,
and electrical characteristics was below 5 ns.

The visible image in Fig. 4 recorded the conical shape of a
deuterium gas puff. The conical implosion resulted also in the
formation of a jet which was observed in the time-integrated
X-ray pinhole image (see Fig. 5). The streak camera in Fig. 4
clearly showed the implosion of a deuterium gas puff. The
implosion started at about 60 ns, and the velocity reached the
modest value of 6 x 10* m/s. At about 150 ns, during the stag-
nation of deuterium plasmas on the axis, the voltage signal, hard
X-ray emission, and neutron production peaked. The plasma
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Fig. 4. Visible streak image, visible image, X-ray pinhole image and wave-
forms of current, current derivative, voltage, hard X-rays, and neutron emission
recorded in discharge No. 070609-2, the neutron yield of about 4 x 10°.
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Fig. 5. Collimated jet above the anode in time integrated X-ray pinhole
images in discharge No. 070614-1, the neutron yield of about 2 x 10°.

impedance during the implosion and stagnation Rp + Lp =
(V — LpI)/I exceeded 0.04 Q (in the shot with the high-
est neutron yield, the plasma impedance was about 0.15 ).
A relatively low implosion velocity together with a small
plasma impedance and inductance indicate that a significant
part of the electric current was flowing near the return current
post, i.e., near the radius of 5 cm. It is likely that this fact was
caused by a large spread of the deuterium gas in the central
anode—cathode region.

B. Time of Hard X-Ray and Neutron Production

X-ray emission started at the stagnation of a deuterium gas
puff on the axis. In all shots, the peak of X-ray emission corre-
sponded to a voltage spike and to a dip in a dI/d¢ signal. The
hard X-ray emission lasted during the stagnation and expansion
phase. As far as neutron peaks are concerned, they temporally
correlated with hard X-ray peaks within 5-ns accuracy. The
neutron pulse lasted on average 25 £ 10 ns (FWHM). The error
of 10 ns represents the shot-to-shot variation and the variation
between four nearest radial detectors.

C. Neutron Energy Distribution Function

Neutron energy spectra were reconstructed from TOF signals
by the Monte Carlo simulation which was described in [6] and
[16]. A typical example of neutron TOF signals detected with
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Fig. 6. End-on and side-on (radial 3) energy spectra of neutrons, shot
No. 070614-1, the neutron yield of about 2 X 10°.

200

— —
I Neutron energy spectrum
150

Downstream -

2 | Side-on ]

5 100 (Radial 2) Side-on 1

g | ! (Radial 1)
50__ !

\

0 4 [, I 1
20 22 24 26 28 30 3.2
Neutron energy [MeV]

Fig. 7. End-on and side-on (radial 1 and 2) energy spectra of neutrons, shot
No. 070605-1, the neutron yield of about 9 x 108.

12 detectors is shown in Fig. 2(c). In Fig. 6, we can see end-on
and side-on neutron spectra obtained from these 12 waveforms.
Each of the three spectra in Fig. 6 was reconstructed from
4 TOF detectors in a row.

On average, the side-on neutron energy peaked at 2.42 +
0.04 MeV, and the FWHM of neutron energy spectra was
450 keV. In the downstream direction, the peak neutron energy
and the width of a neutron spectrum were 2.60 + 0.10 and
400 keV, respectively. In the upstream direction, the peak
neutron energy was 2.30 = 0.10 MeV.

As regards side-on neutron TOF signals at 8.31 m in Fig. 2
and the side-on neutron energy spectrum in Fig. 6, they showed
a multipeak structure. It follows that time-integrated neutron
energy spectra could be formed by a multiphase process. An
interesting result was achieved in several other shots. For
example, in shot No. 070605-1 (see Fig. 7), we observed a
relatively narrow width of an end-on neutron energy spectrum
together with an anisotropic emission in the side-on direction
(see also radial 1 and radial 2 directions in Fig. 2). At this
point, it should be noted that these results are not just artifacts
of our Monte Carlo reconstruction. The radial anisotropy was
evident even before any data were processed. Fig. 8 shows
signals from radial TOF detectors at the same distance of
about 8.31 m. Hard X-rays on the radial 1 detector coincided
with the radial 2 detector (see Fig. 8). In most cases, also
the temporal differences between neutron TOF signals were
below the temporal uncertainty of about 3 ns. However, in this
particular shot, the temporal difference was 13 ns. It means that
most fusion reactions were really realized in the center of mass
frame which was moving in the side-on direction (with respect
to the laboratory frame of reference).
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Fig. 8. TOF signals on the side-on detectors (radial 1 and 2) at 8.31 m,
shot No. 070605-1, the neutron yield of about 9 x 108. Hard X-rays at about
100 ns were produced by current leakages before the gas-puff implosion.

D. Neutron Yield

We detected neutrons from D-D fusion reactions in eight
cases over a series of ten shots. The peak neutron yield was
achieved in the case of the highest plasma voltage of about
300 kV, the highest plasma impedance of 0.15 €, and the
highest implosion velocity. The peak neutron yield exceeded
109 on the current level of 2 MA.

On the one hand, such a number of neutrons was a common
yield in fiber Z-pinch experiments [17]-[20]. The neutron yield
of 101 on 2-MA current level is also consistent with I* scaling
and neutron yields obtained on the Saturn generator (2 x 102
at 7.5 MA current [21]) and on the Z machine (3 x 103 at
15 MA current [5]). However, on the other hand, neutron yields
up to 10'2 were achieved with a plasma focus [22] and with a
gas-puff Z-pinch on the ANGARA-5-1 [9] on the current level
of 2-3 MA. Therefore, it is possible that there are two different
neutron production mechanisms, and we would like to focus on
this issue during our future gas-puff experiments on the S-300
generator.

It would be interesting to know if we succeed in increas-
ing the neutron yield with the gas-puff optimization on the
S-300 generator. In our preliminary gas-puff experiments, we
suppose that a significant current did not flow through the
central part of a gas puff because of the large spread of a
deuterium gas. In these cases, the plasma compression and
subsequently the neutron yield were reduced. Even though the
deuterium gas puff was not optimized for the highest neutron
yield, these experiments confirmed our assumption that neutron
yields with deuterium gas puffs are higher than with other
Z-pinch configurations presented in [6] (on average, 5 x 108
for a deuterated fiber Z-pinch and 10° for a wire-array Z-pinch
with an on-axis deuterated fiber).

IV. DISCUSSION

A. Distribution Function of Deuteron Kinetic
Energy Components

The knowledge of neutron spectra at different directions
relative to the Z-pinch axis gives us important information
about the energy of deuterons which produce fusion reactions.
If energies of reacting deuterons are much smaller than the
energy released from the D(d, n)>He fusion reaction (i.e., much
lower than 3.3 MeV), the neutron energy is given mainly by
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Fig. 9. Distribution functions of kinetic energy components of reacting
deuterons. The plus and minus signs of kinetic energy component reflect the
direction of deuteron velocity. (a) Shot no. 070614-1. (b) Shot no. 070605-1.

the component of deuteron kinetic energy in the direction of
neutron detection, and it is possible to transform neutron energy
spectra into distribution functions of side-on and end-on energy
components of deuterons (cf., [6]). Results obtained in shots
previously mentioned are shown in Fig. 9.

In Fig. 9(a), we can see that fusion neutrons were pro-
duced mainly by deuterons with a kinetic energy component
below 100 keV. The mean axial component of the deuteron
kinetic energy (|E|) was 50 keV while the mean side-
on component (|F |} was 35 keV. The average kinetic en-
ergy of reacting deuterons was (Eq) = (E, + E, + E,) =
2(|EL|) + (|£)|) = 120 keV. Our Monte Carlo reconstruction
also estimated the downstream/upstream anisotropy of neutron
flux as 1.1.

B. Generalized Beam-Target Model

If we are to discuss the neutron production mechanism in our
gas-puff experiments, we should perhaps start with the discus-
sion of an important result that was observed: the anisotropy of
neutron energy spectra. The neutron emission anisotropy was
most likely caused by a beam of fast deuterons which were
accelerated in certain directions and thereafter collided with
“cold” target deuterons. Usually, most of the fast deuterons
were directed toward the cathode. We used such an orientation
of the conical gas puff that a hydrodynamic flow occurred
toward the anode, i.e., in the opposite direction than the one in
which deuterons were directed. That is why it seems reasonable
to explain the deuteron acceleration to 100 keV energies by the
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diode action. However, in some shots, the anisotropy was also
apparent in the side-on direction. This very fact leads us to a
supposition that the deuteron acceleration and fusion neutron
production is a rather complicated multiphase process which
could result in broad widths of neutron energy spectra on the
order of 400 keV. Such a broad width of neutron energy spectra
then caused a relatively small anisotropy of neutron flux. Simi-
lar neutron energy spectra were obtained in our previous wire-
array Z-pinch experiments on the S-300 generator (cf., [6]) as
well as in plasma focus discharges [23], [24].

With regard to plasma focus discharges, a high radial com-
ponent of deuteron velocities was explained by: 1) the Fermi
acceleration mechanism and/or 2) the generalized beam-target
model. In the Fermi acceleration mechanism, deuterons acquire
the energy from the radially imploding current sheet [25]
whereas in the generalized beam-target model (gyrating particle
model), axially accelerated deuterons are bent by magnetic
fields before they produce fusion neutrons [23], [26], [27].

With regard to our experiments, we can draw similar con-
clusions as in previous experiments on the S-300 generator
(cf., [6]). The neutron emission anisotropy and the broad width
of neutron spectra are the main arguments against the ther-
monuclear origin of neutrons. Furthermore, the observed radial
neutron spectra could be explained neither by a monoenergetic
deuteron beam nor by deuteron beams moving at a single angle
to axis. The observed spectra have to be explained by a broad
angular dependence and by monotonically decreasing energy
dependence of deuteron energy distribution function. These
conclusions are far from the simple concept of a linear beam-
target model, and this is why Bernstein with his colleagues
introduced the term generalized beam-target model [23]. On
the basis of our experimental data, we are not able to decide
how the beam of fast deuterons was created. Nevertheless,
the aforementioned results put unambiguous restrictions on
models of deuteron acceleration. For instance, the radial Fermi
acceleration mechanism is inconsistent with spectra in Figs. 6
and 9(a) whereas it cannot be completely excluded in the shot
with spectra in Figs. 7 and 9(b).

C. Plasma Voltage and Resistance

The discussion part of this paper shall be concluded by a
description of the temporal correlation of neutron emission with
plasma voltage, the characteristic feature of our experiment, and
the issue of plasma resistance. The origin of voltage peaks dur-
ing the neutron emission is discussed here because it could elu-
cidate the process of accelerating fast deuterons. The positive
voltage peaks could be explained by the plasma resistance Rp,
by the increasing inductance Lp > 0 or by the increasing
current 1 > 0. In our experiment with a deuterium gas puff as
well as in deuterium gas-puff experiments on the Angara 5-1
device at Troitsk [9], neutrons were emitted at the stagnation
and at the beginning of plasma expansion. This means that
the measured voltage peaks could be hardly ascribed to an
increasing plasma inductance Lp. Furthermore, it is highly
probable that the resistive voltage RpI significantly contributed
to voltage peaks because the induced voltage Lpl was negative
during the neutron emission.
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On the Angara 5-1 generator, the plasma impedance was
between 0.1 and 0.3 €. Such a value could not be explained
by the Spitzer resistivity and the possibility of anomalous re-
sistance was discussed. The characteristic feature of the exper-
iment at Troitsk was the relatively small mass of a liner and the
axial gradient of a linear density. Therefore, microturbulences
were supposed to occur near the anode where the gas density
was low.

The anomalous resistance does not seem to be a unique
feature of a few experiments. The enhanced plasma resistance
(0.2 = 0.4 Q) during the neutron emission was measured also
for a broad energy range of plasma focus machines [28], [29]
and in our previous experiments on the S-300 generator [6].
As far as the gas-puff experiment described in this paper is
concerned, the plasma impedance was usually below 0.05 €.
However, the peak neutron yield was achieved in the case of
plasma impedance of 0.15 €. Such a value does not indicate
only that the resistance could play an important role in our
gas-puff experiment but also that the enhanced resistance could
be a general phenomenon in Z-pinches at the poststagnation
phase.

V. CONCLUSION

The implosion of a deuterium gas-puff Z-pinch was studied
on the S-300 generator. The emphasis was put mainly on
the reconstruction of the neutron energy distribution function
from 12 neutron TOF signals by the Monte Carlo simulation.
The neutron measurements were used to obtain data about
acceleration of deuterons in Z-pinch plasmas.

The peak neutron yield above 10'° was achieved on the
current level of 2 MA. The fusion neutrons were generated at
about 150 ns after the current onset and the emission lasted
on average 25 ns. The side-on neutron energy spectra peaked
at 242 + 0.04 MeV with about 450-keV FWHM. In the
downstream direction, the peak neutron energy and the width
of a neutron spectrum were 2.6 + 0.1 MeV and 400 keV, re-
spectively. The average kinetic energy of fast deuterons, which
produced fusion neutrons, was about 100 keV. The generalized
beam-target model probably fits best to the obtained exper-
imental data.

In future experimental campaigns, we shall pay special at-
tention to the reduction of a deuterium gas spread in the energy
concentrator and to the optimization of a deuterium gas puff.
We would like to increase the neutron yield and to measure
the gas-puff density profile. This, we believe, is necessary for
further experimental data processing and for the subsequent
discussion of deuteron acceleration mechanisms.
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Abstract

Deuterium gas puff experiments were carried out on the S-300 Z-pinch at
the Kurchatov Institute in Moscow. Gas puffs imploded onto the axis before
a current peak at about 100ns. Fusion neutrons were generated after the
gas puff implosion during global expansion of a plasma column. Neutron
emission lasted on average 35 & 5ns (full width half maximum, FWHM). In
the downstream direction (on the Z-pinch axis behind the cathode), a mean
neutron energy was 2.6 £ 0.1 MeV. Side-on neutron energy spectra peaked at
2.40 +£ 0.05MeV with about 600 £ 150keV FWHM. A broad width of side-
on neutron spectra implied a high radial component of deuteron velocities. An
average kinetic energy of fast deuterons, which produced fusion neutrons, was
150keV. A peak neutron yield reached a value of 6 x 10'° on a current level of
1.5 MA. It was by one order higher in comparison with other deuterated loads
used on the same current generator. On the basis of experimental observations,
we concluded that a total energy of deuterons accelerated to fusion energies was
above 1.5kJ. It is more than 15% of the energy input into a plasma. Therefore
gas puff Z-pinches seem to be not only powerful sources of x-ray radiation but
also efficient sources of 100 keV deuterons. Such aresultis consistent with high
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neutron yields observed on the Angara Z-pinch and plasma foci with similar
currents.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The first systematic study of Z-pinches started in the 1950s in connection with controlled
thermonuclear fusion research. Straight compressional Z-pinches were found to produce a
large number of neutrons which originated from the D(d,n)*He fusion reaction [1-3]. Shortly
afterwards, researchers arrived at the conclusion that neutrons were not of thermonuclear origin
and that straight Z-pinches were not useful for fusion power production. Nevertheless, a large
number of produced neutrons in Z-pinches led to the study of acceleration of deuterons to
fusion energies. In order to cope with this reality satisfactorily and to achieve even higher
neutron yields, various configurations based on the Z-pinch effect have been suggested and
tested from that time on. The most promising configuration seemed to be a plasma focus
with a deuterium gas filling (a record yield exceeded 10'> neutrons/shot on a megaampere
current level [4]). In plasma foci (PF), many experimental results have been obtained and
also neutron production mechanisms have been studied up to the present time [5-8]. In this
respect, experimental data from Z-pinches are rather rare. One of those few examples is a
Z-pinch which is formed from a frozen deuterium fibre or a deuterated plastic fibre. The first
fibre Z-pinches in the 1980s seemed to be promising due to enhanced stability of plasma [9].
However, the enhanced stability was not confirmed in further and better diagnosed experiments
and, in addition to that, peak neutron yields did not exceed 10'” with a megaampere current
[10-13]. When a higher neutron yield was required, solid fibres appeared to be less suitable
than a deuterium gas.

The first deuterium gas puff experiment was carried out on the Angara 5-1 Z-pinch at
Troitsk at the end of the 1980s [14, 15]. Characteristic features of a solid deuterium gas puff
were the axial gradient of a linear density dN/dz ~ 10'® cm~2 and a relatively small mass of
a deuterium gas near the anode. This way, more than 10'? neutrons were emitted within 50 ns
at a current of ‘only’ 2 MA. Neutron energy spectra gave evidence of deuterons accelerated to
200-500keV energies.

A few years later, a hollow deuterium gas puff Z-pinch was researched on the Saturn
generator [16]. Even though the current was higher (about 7-9 MA), a peak neutron yield of
about 2 x 10'> was comparable to that achieved on the Angara. We should perhaps comment
here on the fact that the saturation of a neutron yield at the value of 10'? has been also observed
during plasma focus research and this was one of the most important arguments for shutting
down the largest plasma focus facilities. In this respect, 4 x 10'> neutrons from a double-shell
D, gas puff on the 17 MA Z-machine in 2005 seemed to be a crucial finding [17-19]. In
addition to that, MHD [19] and particle-in-cell [20] simulations showed that there is a hope
of a large thermonuclear component. Higher ratio between thermonuclear and beam—target
neutrons could also explain the overcoming of the saturation at 10'? neutrons/shot.

Since 2007 we have carried out deuterium gas puff experiments on the S-300 generator
at the Kurchatov Institute. The first reason for our experiments is our interest in the study of
the neutron production mechanism. The second reason is to learn more about fast deuterons
because the information about ions in Z-pinches is rather rare. Since neutrons are influenced
neither by magnetic nor by electric fields, the detection of neutrons is a favourable diagnostic
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Figure 1. Electromagnetic valve.

Table 1. Parameters of electromagnetic valve.

Inductance of solenoid L=25uH
Capacitance C =200 uF
Charging voltage V =1.6-2.8kV
Current (at 2.6kV) Inax = 17kA
Opening speed of the poppet (at 17kA) v =3ms~!
Deuterium pressure p = 1-4bar
Voltage at breakdown pin Vpin = 400-1000 V
Initiation of the current generator t = 150-1000 pus

after the breakdown pin pulse

tool for fast deuterons in a plasma. The third reason is to perform deuterium gas puff
experiments on a 1-2 MA level, i.e. with a comparable current as in experiments on the Angara
and on the largest plasma focus devices PF-1000 [21] and PF-3 [22]. Not only do we intend
to repeat successful results achieved on the Angara, but we would also like to provide more
experimental data from a deuterium gas puff Z-pinch by means of a comprehensive set of
neutron and x-ray diagnostics. Last but not least, our experiments make it possible to enlarge
the neutron scaling law for deuterium gas puffs below 2 MA currents.

In our preliminary gas puff experiments at the S-300 [23], the gas puff was driven by
burning gun powder similarly as at Troitsk on the Angara. However, in our experiments, the
deuterium gas was likely interfused with the burning gun powder and thus a mass density
was too high (above 200 ugcm™"). In this paper, we present results from experiments with
the linear mass density of about 20 ;g cm™! which was achieved with a new electromagnetic
valve. The construction of this valve, an experimental arrangement and diagnostics used in
our experiment are described in section 2. Section 3 provides the most important experimental
results. The discussion of these results is the subject of section 4. Finally, section 5 brings an
overall summary.
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Figure 2. Simulated mass density profiles at various distances above the cathode in the case of a
20 ug cm™! linear mass density.

2. Experimental arrangement and diagnostics

2.1. Experimental setup

The experimental series of 11 shots with a deuterium gas puff was carried out on the
S-300 pulsed power generator (4 MA peak current, 700kV voltage, 100 ns rise time, 0.15 2
impedance [24,25]) at the Kurchatov Institute (Moscow) in September 2009. The peak
current in these shots varied between 1.4 and 1.7 MA. For the last experimental campaign,
we constructed the electromagnetic valve the schematic diagram of which is displayed in
figure 1. Parameters of the electromagnetic valve are displayed in table 1. By means of a fast
optical framing camera, we measured a modest opening speed of the valve of 3ms~.

As regards the design of a supersonic nozzle, we aim at testing various nozzles for both
annular and solid gas puffs. We started with a convergent—divergent de Laval nozzle displayed
in figure 1. When we calculated the steady state with the ANSYS FLUENT flow modelling
software, we received the Mach number of about 6 and the linear density up to 50 ug cm ™!
at 4 bar plenum pressure. At the initiation of the current generator, the plenum pressure
significantly decreased. Therefore we calculated the linear mass density from observed
implosion velocities and implosion time. In this paper, we present lower mass shots with
the linear density of about 20 ug cm~'. Calculated density profiles at various distances above
the cathode can be seen in figure 2. The separation between the cathode and the anode was 11
or 20 mm.

2.2. Diagnostics

In order to study dynamics of the deuterium gas puff Z-pinch, we applied optical, x-ray and
neutron diagnostics, part of which has already been described in more detail in [23, 26]. Each
shot was observed with the following set of diagnostic tools (see also figure 3):

(i) A high-voltage probe (resistive divider) located at a radial distance of 2 cm [27].

(ii) dI/dr probes placed at a 6.8 cm radius. From the differential equation LI = V — LI, we
could numerically calculate the inductance L(¢) during the implosion when the resistive
voltage R/ is assumed to be negligible (for more details see [28]). Further, it was possible
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Figure 3. Schematic diagram of diagnostic setup with 11 TOF neutron detectors. (a) End-on view,
(D) side-on view.

to evaluate the LI voltage and the active energy input into a plasma during the implosion
Winpue = fy™ VIdt — A(LLI?) = L [i™ L12dr.

(iii) A radial optical streak camera. The plasma 5 mm above the cathode was imaged on the
slit of the streak camera.

(iv) A 6-frame optical camera with 1 ns exposure and 10 ns inter-frame separation.

(v) A 3-fast-frame optical camera with 0.5 ns exposure and 0.9-1.0 ns inter-frame separation.

(vi) A 4-frame XUV pinhole camera with 2 ns exposure and 5 or 10 ns inter-frame separation.

(vii) A time-integrated x-ray pinhole camera (differentially filtered with 10 m aluminium foil,
5 pm Mylar and 12 pm Mylar).

(viii) Two calibrated AXUV-5 semiconductor diodes with 36 um and 121 um Mylar filters.

(ix) Indium and silver activation counters located axially at 1 m above the anode.

(x) Thermoluminescent dosimeters (TLDs) placed inside a 10 inch thick Bonner sphere, 1 m
from the neutron source (cf [29]).

(xi) Eleven hard x-ray and neutron time-of-flight (TOF) detectors based on a fast plastic
scintillator (BC408 or its equivalent) and photomultiplier tube combination. Four axial
(end—on) neutron detectors were located at distances of —5.17m, —2.6 m (the minus
sign stands for upstream, i.e. behind the anode), 2.6 m and 7.42 m (downstream, behind
the cathode). Six radial (side-on) detectors were positioned in a row at distances of
—83m, —5.17m, —2.6m, 2.6 m, 5.17m, 8.3 m from the Z-pinch plasma. One TOF
detector was placed at 11.11m, i.e. at the most distant place in the experimental hall.
For preventing hard x-rays from saturating photomultipliers, detectors were shielded by
1-10cm of lead. Neutron TOF diagnostics was used to give an insight into the acceleration
of fast deuterons. The emphasis was put on finding more about the energy distribution of
deuterons which produced fusion neutrons, about anisotropy of neutron emission and about
the time and duration of neutron production with respect to general Z-pinch dynamics. A
temporal resolution of neutron detectors was about 5 ns. The full width at half maximum
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(FWHM) of neutron signals was more than 20 ns; therefore the 5 ns temporal resolution
could not seriously affect neutron energy spectra reconstruction by the Monte Carlo
simulation [30,31]. Since hard x-ray and neutron signals were recorded on the same
waveform and they were separated only by the TOF, the temporal uncertainty between
hard x-rays and neutrons was on the order of the temporal resolution of a neutron detector.
More details about our neutron diagnostics and Monte Carlo reconstruction of neutron
energy spectra can be found in [23, 26].

This comprehensive set of diagnostic tools enabled us to achieve results that are described
in the following section.

3. Experimental results

3.1. Plasma dynamics

During the experimental campaign in 2009, we carried out 11 shots with a linear mass density
of 20 ugecm™!. Typical waveforms obtained in shot No 090930-2 with the deuterium gas
puff Z-pinch are displayed in figure 4. The time described in this figure refers to the start of
a current when ¢ = 0.

In the case of 20 ugcm™!, the gas puff imploded onto the axis before the current peak
at about 100ns. An implosion velocity exceeded the value of 3 x 10> ms~!. The implosion
recorded by visible and XUV imaging seemed to be with a <10 ns zipper and with a diameter
during the stagnation of about 2 mm (see also images in figure 5). The peak power of soft
(>1.5keV) x-rays was 70 MW with a total emitted energy of 2J. It was a negligible fraction of
the total energy input into a plasma Winpy = % folimp LI?*dr which approached 9 kJ. Measured
load impedances were consistent with the observed implosion velocities. The peak plasma
impedance reached 0.30-0.45 Q2 before the stagnation.

3.2. Hard x—ray and neutron production

Figure 4(b) shows waveforms of hard x-rays and neutrons recorded in the same shot as in
figure 4(a). All signals were adjusted to account for different transit times from each detector to
the oscilloscopes. The time of neutron production was estimated from the nearest side-on TOF
detectors at 2.6 m from the Z-pinch plasmas. We shifted the observed neutron signals by 118 ns,
i.e. by the TOF of 2.45 MeV neutrons. Therefore the temporal resolution of neutron detection
was given by the width of a neutron energy spectrum and was experimentally estimated as 10 ns.

As regards the neutron emission in figure 4(b), there was a small neutron pulse which
started during the stagnation and correlated with a hard x-ray peak. However, it was usually
possible to distinguish two neutron pulses and the main emission (the second neutron pulse)
corresponded to a small x-ray and hard x-ray peak. In all shots, the neutron emission started
immediately after the maximum of L voltage but it reached the peak 35 ns later. The neutron
emission lasted for a quite long period with a 35 £+ 5ns FWHM. At this time, we did not
observe any significant voltage peak and also the x-ray emission detected by silicon diodes
was quite low. During the neutron emission, visible and XUV imaging recorded only a bright
spot at the cathode whereas the streak camera showed the plasma expansion.

The total number of neutrons measured by the indium and silver activation counters in
shot No 090930-2 was 2.6 x 10'° and 2.9 x 10'°, respectively. TLDs showed the neutron
yield on the order of 10'°. The average neutron yield in all 11 shots was 3.5 x 10'0 while
the peak number of fusion neutrons in one shot approached 6 x 10'° at the maximum current
of 1.3 MA. In comparison with previous experiments on the S-300, the yield is by one order
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Figure 4. Discharge No 090930-2, the linear mass density of 20 ugcm™!, the neutron yield of
3 x 100, (a) A visible streak image and waveforms of current, current derivative, voltage and
x-rays. (b) A visible streak image and waveforms of LI voltage, x-ray, hard x-ray and neutron
signals.
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Figure 5. An example of images achieved with the deuterium gas puff. (@) Visible frames,
shot No 090930-1, neutron yield of 4.5 x 10'0. (b) Time-integrated x-ray pinhole image, shot
No 090928-1, neutron yield of 2 x 10'°. (¢) XUV pinhole image, shot No 090930-2, neutron yield
of 3 x 1010,
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Figure 6. An example of the correlation of the d//dr signal with hard x-ray and neutron emission
detected at the side-on detector at 2.6 m. The neutron signal was shifted by the TOF of 2.45 MeV
neutrons. Shot No 090925, neutron yield of 3 x 102, (a) d7/dt signal and hard x-rays. (b) d/ /dt
signal and neutrons.

higher than the one with deuterated fibres [26, 32], X-pinches, deuterated foams [33, 34] and
imploding wire-arrays [26].

3.3. Correlation of neutron and hard x-ray emission with dI /dt signal

Temporal correlations of neutron and hard x-ray emission with electrical characteristics were
investigated because we believe that it could throw more light on the process of accelerating
charged particles. A common feature of our experiment was the correlation of hard x-rays with
the signal of the d//d¢ probe. The most exemplary result was observed in the shot with one
additional neutron pulse at 150 ns (cf figure 6). In all shots, the rapid increase of hard x-rays
started immediately after the dip in the d//dr signal. Further, it was clear that the maxima
of hard x-rays corresponded to the d//d¢ peaks. The current increase caused by these d//d¢
peaks was 100-200 kA.

Similar correlations were observed also in the case of neutron emission. However, neutrons
were usually a little delayed which could be ascribed (i) to the time separation between deuteron
acceleration and neutron production, (ii) to the transit time of neutrons through the TOF detector
and (iii) to the uncertainty of neutron energy estimation.
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Figure 7. Neutron TOF signals on the side-on detectors in discharge No 090922, the neutron yield
of 3 x 10'%. (a) Side-on TOF signals shifted by the TOF of x-rays. Neutron TOF detector (R3)
at 515 cm was saturated in this particular shot. (b) Neutron TOF signals at various radial positions
shifted by the TOF of 2.45 MeV neutrons.

3.4. Neutron energy spectra

Eleven fast plastic scintillators and photomultiplier tubes enabled the TOF analysis of fusion
neutrons. In figure 7 we can see a typical example of TOF signals measured in the side-on
direction. The first peak at 120 ns corresponds to hard x-rays above 200keV. Other pulses
represent neutron signals at various distances. It can be seen how the neutron signal shifts
and broadens with increasing distance from the neutron source. It was caused by different
velocities of neutrons. Qualitatively, we calculated neutron energy spectra from TOF signals
by a Monte Carlo reconstruction [23, 35]. The neutron spectra which we received are displayed
in figure 8. In the downstream direction (on the Z-pinch axis behind the cathode), the mean
neutron energy was 2.60 = 0.08 MeV with a 700 £ 200keV width. Let us remind the reader
here that the term ‘downstream’ means the direction of current flow (from the anode towards
the cathode). In the side-on direction, the mean neutron energy was 2.40 £+ 0.05MeV and
the width of the neutron spectra was 600 £ 150keV. As regards neutron spectra from all 11
shots, average values were almost the same as in figure 8.

3.5. Energy distribution function of reacting deuterons

The knowledge of neutron energy spectra at different directions could provide important
information about kinetic energies of deuterons which produce fusion neutrons. If we assume
a binary reaction of a fast deuteron with a stationary one, the neutron energy E, depends on
the deuteron energy E4 and on the laboratory angle between the colliding fast deuteron and
the outgoing neutron 6 as

2(my, + mye) npy d

2
2
En(Eq4,0) = EdL - | cos® +\'/mHe (1 + E_Q> —sin?6 ) . (1)

where Q = 3.27MeV represents the energy released from the D(d,n)*He fusion reaction, m,
is the neutron mass and my, is the mass of helium gHe. If the deuteron energy (below 300 keV
in our experiment) is much smaller than the fusion energy of 3.3 MeV, it is possible to simplify

9
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Figure 8. Neutron energy distribution functions in the side-on and end-on direction in shot
No 090922, the neutron yield of 3 x 1010, (a) Time-dependent. (b) Time-integrated.

the previous equation as

2
Ey(Eq.0) = Eg— . (cos9+ mm@) . )

d
2(my + Mie) my Eq

Then the component of deuteron kinetic energy in the direction of neutron detection can be
calculated as

2
EdcoszéiM~<JE_n— M) ) (3)
My my + Mye

On the basis of the last equation, it was possible to transform the neutron spectra into
energy distribution functions of deuterons which produced fusion neutrons. The distribution
functions of the end-on and side-on component of kinetic energy obtained in the shot mentioned
above can be seen in figure 9.

It can be clearly seen in figure 9 that most of the fusion neutrons were produced by
deuterons with the kinetic energy component below 300keV. It agrees with the fact that we
observed the maximum neutron energy of about 3.2MeV both in the side-on and end-on
directions (see figure 8). As regards mean values, the mean axial component of the deuteron
kinetic energy (| E)|) was 60keV whereas the mean side-on component (| E |) was 40keV.
This means that the average kinetic energy of reacting deuterons was (Eq) = (Ex+E,+E;) =
2(|EL]) + (|Ey]) = 140keV = 150keV. From the deuteron energy spectra in figure 9, our
Monte Carlo reconstruction estimated the downstream/upstream anisotropy of neutron flux
as 1.1.
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Figure 9. Distribution functions of kinetic energy components of reacting deuterons. The plus and
minus signs of kinetic energy component reflect the direction of deuteron velocity. Shot No 090922,
the neutron yield of 3 x 1010,

4. Discussion

4.1. Mechanism of neutron production

On the basis of results presented above, we should be able to discuss neutron production
mechanisms now. In this respect, two findings are of great importance. The first one concerns
the time of neutron generation whereas the second one relates to neutron energy spectra.

4.1.1. Time of neutron emission. The first fundamental result is the time of neutron emission
because most of the neutrons were not produced during the stagnation. Instead of that, they were
produced during the global plasma expansion for quite a long period (35 + 5 ns FWHM) after
the soft x-ray peak. At this time, voltage peaks or a significant power input were not observed.
However, the impedance was almost O despite the fact that the plasma was expanding. This
means that the negative value of time-varying inductance L (which should be on the order of
0.1 2) was likely compensated by the plasma resistance R. The anomalously high resistance
was reported on the Angara [14] and in PF [36, 37]. From the experimental point of view, the
onset of microinstabilities just before neutron emission was clearly shown by Bernard et al
with laser scattering in a plasma focus discharge [38]. With respect to PF, it seems worthy
of remark that two neutron pulses were observed too. The first pulse was recorded during
the so-called quiet phase of the stagnation and the second, i.e. the principal one, after the
development of m = 0 instabilities [39].

Asregards the temporal correlations in our experiment, the neutron and hard x-ray emission
corresponded to peaks of the d//d¢ signal. This could be explained by the fact that charged
particles accelerated to high energies carry a significant part of a fast changing electrical
current. It follows that the acceleration mechanism is connected with global plasma dynamics
and therefore it cannot be regarded as a ‘secondary’ process in plasma.

4.1.2. Neutron energy spectra. The second important topic in the discussion of neutron
production mechanism is the analysis of measured neutron energies. As regards deuterium gas
puff experiments on the S-300 generator, the mean neutron energy detected downstream was
shifted from 2.45 MeV towards higher energies whereas the upstream neutron energy spectrum
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had the maximum at about 2.2 MeV. That is why most fusion reactions were realized in the
centre of the mass frame which was moving with respect to the laboratory frame of reference.
One could therefore think that a deuteron beam was accelerated towards the cathode. However,
a small shift from 2.5 MeV could have been either a result of a thermonuclear source moving
towards the cathode or a consequence of an inhomogeneous density of target deuterons. And
because the observed neutron emission anisotropy was too small to exclude a significant part
of thermonuclear neutrons, the much more important result was the neutron energy spectrum
measured in the side-on direction. What were the advantages that this direction brought to us?
The first advantage of the side-on direction was a higher number of detectors in a row. The
second advantage was a smaller influence of scattered neutrons because side-on diagnostic
ports of 10 cm diameter and 1.5 m length were surrounded by water without significant mass
distributed along the line of sight. On account of both these advantages side-on neutron energy
spectra could be reconstructed more accurately. The important parameter regarding the side-on
direction is a width of neutron energy spectra. In our experimental campaign, the broad width
of side-on neutron energy spectra implied a high radial velocity of deuterons. If we assume
the significant part of thermonuclear neutrons, the width of neutron energy spectrum would
be given by AE, (keV) = 82.5/kTi[keV] (e.g. [40]). Therefore the 500 keV FWHM would
require an unreasonably high temperature of 40 keV.

All these facts together, i.e. the time of neutron emission and the energy spectra, imply
that most of the neutrons were not of thermonuclear origin. This could perhaps lead us to speak
about the beam—target model. Nevertheless, the neutron production cannot be explained by
a simple concept of the linear beam—target model because of a significant radial component of
deuteron velocities. The observed spectra have to be explained by a broad angular dependence
of the deuteron energy distribution function. The question of how deuterons are accelerated
(e.g. if axially accelerated deuterons are bent by magnetic fields before they produce fusion
neutrons or if the acceleration could occur also in the side-on direction) is being investigated
and it is the subject of our future experiments.

4.2. Thermonuclear yield

Apparently, the thermonuclear mechanism was not dominant. In order to support such an
observation, it is possible to calculate an expected thermonuclear yield from plasma parameters
reached in our experiment. The thermonuclear yield is given by the equation

Ythermonuclear = %nlz (UU)TT[RZI‘L'. (4)

Plasma parameters are estimated in table 2. The ion temperature 7 = 1 keV was calculated
from the energy input Wi,y and the total numbers of deuterons Niqa.

For the plasma density n; = 2 x 10*° cm™3, the plasma length / = 2 cm, the plasma radius
R = 1 mm and the confinement time t = 5ns, one obtains 2 x 10 thermonuclear neutrons.
This is on the order of one per cent of the total neutron yield and on the order of the first neutron
pulse observed immediately after the stagnation in figure 4(b).

4.3. Total energy of deuterons accelerated to fusion energies

The beam-target mechanism was identified in Z-pinches already in the 1950s. It was
considered as a very pessimistic result with respect to fusion energy production. However,
high neutron yields need to be studied and explained in more detail. This is the reason why it
is interesting to calculate the number and energy of fast deuterons similarly to the way it was
done for the Z-machine by Velikhovich et al in [19].
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Table 2. Estimated plasma parameters.

Linear mass density m =20 pugcm™!

Line density N = 6 x 10'® deuterons cm™!

Length of plasma column [=2cm

Total number of deuterons Neota1 = NI =6 x 1018 .2 =109

Plasma radius during stagnation R 2 0.1cm

ITon density ny=N/mR?>~2x 10 cm™3
timp

Energy input Winput = % /0 l L1%dt ~ 8kJ

Temperature k(T + T) = % Winput/ Nioal = 2keV

Ton temperature for kT; = kT, T =T = 1keV

D(d,n)*He fusion reaction rate [41]  {ov)7=1kev = 0.75 x 10722 cm?

Confinement time T=15ns

Ton—ion collision time i = 1/v;; =0.4ns < Sns

The number of accelerated deuterons Ny depends on the neutron yield Y;, the fusion
cross-section oyysion (Eq), the deuteron density ng and the path length [ as
Yy
Ng=——F7—. )
Ufusion(Ed)ndl
In our experiment we measured the neutron yield ¥, = 4 x 10'° and the average energy of
reacting deuterons (E4) =~ 150keV. Deuterons with such a kinetic energy have the fusion
Cross-section ofysion (150 keV) = 2.8 x 10739 m~2 (see [42]).

During the main neutron emission, the plasma was expanded to the radius R greater than
5 mm. Because the line density of deuterons was N = 6 x 10'® deuterons cm ™", the upper value
of ion density nqg = N /m R? was 7.5 x 10'® cm™3. Further, one can estimate the path length of
fast deuterons as / ~ 3 cm. For these values one obtains the number of accelerated deuterons
N4 A~ 6 x 10'S. It is only a small fraction of the total number of deuterons Ny = 10'° but
it can be connected with a significant current and energy. The velocity of 150keV deuterons
is 3 x 10°ms~; therefore 6 x 10'® deuterons carry 30 kA current (cf with a 100-200 kA rise
of the current during the hard x-ray and neutron emission). As regards the total energy of
deuterons accelerated to fusion energies Wy = Ny(Ejy), it was above 1.5 kJ which is more than
15% of the energy input into a plasma during the implosion Wiypy = % (;‘"“’ LI?dr.

Since that is a surprisingly high efficiency, we wanted to be quite certain about this
value. Firstly, the neutron yield was measured by several independent methods. Secondly, it
was necessary to discuss the strong dependence of the fusion cross-section on the deuteron
energy E4. The total energy Wy is proportional to f Ja(Eq) Eq/0tusion (Eq) dE4. Since the
ratio Eq/ofsion (Eq) 1s the smallest exactly for E4 = 150keV, it means that we did a lower
estimate of the total energy Wy > N, (Eq4)/0tusion ((Eq))nal. Thirdly, the path length of 3 cm
should be a credible estimation because such a distance is on the order of the anode—cathode
separation. The length of 3 cm is also travelled by 150keV deuterons during 10 ns which is
the characteristic time of observed changes in neutron emission.

Finally, the most uncertain parameter was the density of target deuterons. We calculated
the upper value of the density from the known linear mass density and from the observed
diameter of globally expanding plasma which was detected by the streak camera. The density
could have been higher than 7.5 x 10'® cm™2 in two cases. In the first case, the density could
have been increased by secondary, local implosions; however, such implosions occurred usually
before the main neutron pulse and were not observed during the peak of neutron emission.
Moreover, there is a question of how to confine fast deuterons in a small, dense locality to
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Table 3. Basic parameters and results achieved on Angara [14] and S-300 (this work).

Angara S-300
Current 2-3MA 1.35-1.65MA
Energy input Winpu 20-30kJ <10kJ
Linear mass density 5-50 ugem™! 20 ugem™!
axial gradient
of linear density
Anode—cathode separation 2-4cm 12cm
Initial diameter of solid gas puff 1.5-3.0cm at cath. 4cm

Implosion velocity
Zipper

Time of neutron emission

<6cm at anode
(4-5) x 109 ms™!
35ns

after implosion
after voltage drop

(3-4) x 10°ms™!
<10ns

after implosion
after voltage drop

Duration of neutron emission 40-50ns FWHM 35+ 5ns FWHM
Peak neutron yield ~10'2 6 x 1010
FWHM of side-on energy spectrum  300keV 600 £ 200 keV

achieve a sufficiently high pass length. In the second case, there might have remained a high
density plasma near the Z-pinch axis even though the outer plasma shell expanded. We should
exclude this possibility by laser probing in future experiments. Now we can argue that a dense
region should be visible if it is heated by Coulomb collisions with a large number of fast
deuterons. Further, it is possible to exclude neutron production outside the inter-electrode
region: since the cathode was not hollow, the significant number of neutrons produced above
the anode should cause a neutron emission anisotropy and a large shift of upstream neutron
energies above 2.5 MeV. Such a result has, however, not been observed.

We conclude this discussion with an important argument about high efficiency of deuteron
acceleration observed in PF and on the Angara Z-pinch. In PF devices, almost 10% conversion
efficiency of stored energy into >25 keV deuterons is reported [43]. On the Angara [14], the
neutron yield of 10'2, the deuteron energies of about 500 keV, the plasma (target) density of
10%° cm~3 with the path length of 4 cm imply the total number of deuterons of 4 x 10'® with an
energy of 3kJ. Since the energy input on the Angara was 20-30klJ, the conversion efficiency
to the energy of fast deuterons was also about 15%. Such a value is similar to the one achieved
in our experiment with comparable electrical parameters.

4.4. Comparison with deuterium gas puffs on the Angara Z-pinch

The previous paragraph shows that the total numbers of accelerated deuterons are similar on
the S-300 as well as on the Angara. At this point it seems proper to also provide a comparison
of other parameters in both experiments (see table 3).

As regards the neutron emission, there were a lot of similarities. In both experiments,
neutrons were produced for quite a long period after the implosion and after the voltage
peak. The principal distinction between both experiments was the strong axial gradient of
the linear gas puff density and the subsequent zipper. This difference could explain relatively
high neutron yields achieved on the Angara Z-pinch and one order lower yield on the S-300
generator. On the one hand, the neutron yield on the S-300 was lower. But on the other hand,
homogeneous plasma with the zipper below 10 ns and also the solid centre of the cathode are
more convenient for the discussion of where and when deuterons are accelerated and where
and when fusion neutrons are produced. The experiment at the Kurchatov Institute clearly
showed that deuterons were accelerated in a lower density plasma during the global plasma

14



Plasma Phys. Control. Fusion 52 (2010) 065013 D Klir et al

10" .
z't
10"+ 3
° Saturn
(0] »—i—«
'>: " Angara
5 1074 " |
=]
2
10"{  $-300 ;
10" .
1 2 3 4 5678910 20
Peak current [MA]

Figure 10. Neutron yields from deuterium gas puff Z-pinches [14, 16, 17].

expansion. Because of the axially homogeneous gas puff, also the density of a target plasma
was low and subsequently the neutron yield was lower than on the Angara. On the Angara,
deuterons were supposed to be accelerated also in a low density plasma. However, because of
the axial gradient of plasma density, these deuterons could produce more neutrons in a dense
plasma near the hollow cathode. We note that an analogical axial density gradient influences
neutron yields in PF where a large number of neutrons are produced in a dense structure at the
heel of the current sheath [6, 44, 45]).

4.5. Neutron yield scaling with current

To know the scaling law for a neutron yield is of crucial importance for future applications of
Z-pinch facilities as sources of neutrons. This is why we present peak neutron yields achieved
with deuterium gas puffs in figure 10.

The neutron yield from the S-300 is important for two reasons. Firstly, it makes it possible
to enlarge the neutron scaling law for deuterium gas puffs below 2 MA currents. Secondly, it
provides a reasonable comparison with experiments on Sandia’s Saturn and Z-machine because
all these gas puffs were more axially homogeneous than the one used on the Angara. If we
leave out the neutron yield on the Angara, the total number of neutrons scales as 7>°+%2 in the
1.5-17 MA region. At 15 MA current, there is a hope of a large thermonuclear component. As
regards the thermonuclear source, the neutron yield should theoretically increase as the fourth
power of an electric current, i.e. ¥, n% o I*. If this I* law is valid above 20 MA currents,
high current Z-pinches might be powerful sources of neutrons.

When thermonuclear fusion is concerned, the neutron yield, however, is not the most
relevant parameter. A much more important value is the ratio between the energy released
from fusion and the energy input into a plasma. In order to have this ratio high enough, it
is not sufficient just to reach a high temperature, it means to accelerate a significant fraction
of deuterons by elastic collisions in a Maxwellian plasma. It is also necessary to keep these
fast deuterons in this high temperature region. (If deuterons escape a high temperature region,
they are slowed down by cold deuterons usually without undergoing fusion reactions. Since
Ofusion (Ed) O <K 0coulomb(Edq) Eq, the fusion energy released is always smaller than the energy
expended on the acceleration of fast deuterons. The only way to achieve the energy gain is
to transfer the lost energy of fast deuterons to the acceleration of other deuterons in the same
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plasma). In other words, it is necessary to have a sufficiently long time and enough high plasma
density to produce a large number of fusion reactions. This condition has been expressed by
the known Lawson criterion. At this stage we found it interesting to calculate the necessary
density of Z-pinch plasmas from the Lawson criterion nt ~ 10'*cm™ s.

Let us assume the confinement time of a gas puff Z-pinch t = R/vr; on the order of 5 ns.
Then the required density is about 2 x 10?2 cm~3. This value is about 60 times higher than the
plasma density achieved with 17 MA on the Z-machine [19]. If we consider the same character
of implosions, i.e. the same value of dimensionless scaling parameter IT [46], thenn oc m o I?
and the Lawson criterion could be achieved with 100 MA current drivers. It is a fairly high
current. However, only a few experiments have been carried out with deuterium gas puffs.
Therefore, more shots with multi-MA drivers and with various Z-pinch configurations (see,
e.g., [46,47] and references herein) are needed in order to study neutron production mechanism
and to find out if it is possible to increase the plasma density and mainly the confinement time.

5. Conclusions

The neutron production and dynamics of deuterium gas puffs were studied on the S-300
generator. The axially homogeneous gas puff with the zipper below 10 ns and with the solid
centre of the cathode was well suited for the discussion of where and when deuterons were
accelerated and fusion neutrons were produced. The study of neutron emission was focused
mainly on the estimation of neutron energies and neutron emission time, the anisotropy of
neutron emission and the energy distribution of deuterons which produced fusion neutrons.

In the case of the linear mass density of 20 ugcm™', the gas puff imploded onto the axis
before the current peak at about 100 ns. The fusion neutrons were generated after the gas puff
implosion during the global expansion of a plasma column. The neutron emission lasted on
average 35 &+ 5ns. In the downstream direction (on the Z-pinch axis behind the cathode),
the mean neutron energy was 2.6 £ 0.1 MeV. The side-on neutron energy spectra peaked
at 2.40 £ 0.05MeV with about 600 £ 150keV FWHMs. The broad width of the side-on
neutron spectra implied a high radial component of deuteron velocity. The average kinetic
energy of fast deuterons, which produced fusion neutrons, was about 150keV. Most of the
fusion neutrons were produced by deuterons with the kinetic energy below 300keV. At the
current level of 1.5 MA, the peak neutron yield reached a value of 6 x 10'°. It is by one order
higher in comparison with previous experiments with deuterated fibres, X-pinches, deuterated
foams and imploding wire-arrays on the same current generator.

On the basis of the above-mentioned experimental data and observed plasma parameters,
we concluded that, on the one hand, most of the neutrons were not of thermonuclear origin.
On the other hand, however, the total energy of deuterons accelerated to fusion energies was
above 1.5kJ. It is more than 15% of the energy input into a plasma and therefore gas puff
Z-pinches seem to be not only powerful sources of x-ray radiation but also efficient sources
of ~100 keV deuterons. Such a result is consistent with a high neutron yield observed on the
Angara Z-pinch and PF with similar currents.
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The PF-1000 plasma focus was modified by adding the cathode disk 3 cm in front of the anode. This
modification facilitated the evaluation of neutron energy spectra. Two neutron pulses were
distinguishable. As regards the first neutron pulse, it lasted 40 ns during the plasma stagnation and
it demonstrated high isotropy of neutron emission. A peak neutron energy detected upstream was
2.46*=0.02 MeV. The full width of neutron energy spectra of 90 =20 keV enabled to calculate an
ion temperature of 1.2 keV. These parameters and a neutron yield of 10° corresponded to theoretical
predictions for thermonuclear neutrons. © 2011 American Institute of Physics.

[doi:10.1063/1.3555447]

The search for thermonuclear neutrons in Z-pinches and
plasma foci began in the 1950s. At the outset of controlled
thermonuclear fusion research, compressional Z-pinches
were found to produce a large number of neutrons which
originated from D(d,n)’He reactions; however, neutrons
were not of thermonuclear origin.1 The dominant fraction of
beam-target neutrons and no direct evidence of thermo-
nuclear neutrons were also reported in plasma focus studies
in the 1970s and 1980s.> More recently, on a 10 MA current
level, significant thermonuclear neutron yield has been simu-
lated for deuterium gas puff Z-pinches on Z,>* but insuffi-
cient experimental evidence has been provided. As for late
plasma focus experiments,s’6 the possibility of thermonuclear
neutrons was identified during the pinch phase; however, the
interpretation of results was not unambiguous. In this paper,
we would like to provide more explicit experimental evi-
dence of thermonuclear neutrons.

The experiments were carried out at the PF-1000 plasma
focus (2.0 MA peak current, 24 kV charging voltage, 400 kJ
stored energy).” The facility was equipped with Mather-type
coaxial electrodes (48 cm length, 23 c¢m anode diameter).
The cathode was composed of 12 stainless-steel rods distrib-
uted around a cylinder of 40 cm diameter. The initial pres-
sure of a deuterium gas was between 160 and 240 Pa (i.e.,
relatively low for the sake of increasing an implosion veloc-
ity). In order to search for thermonuclear neutrons, the
plasma focus was modified by placing a cathode disk 3 cm in
front of the anode and by adding a copper plug into the
hollow anode (see Fig. 1). The fixed length of a plasma col-
umn enabled to correlate plasma dynamics with neutron
emission and to calculate an inductance and a power input
during the radial phase more precisely. In addition to that, the
shorter length caused a higher current during the pinch
phase, a less significant zipper, and shorter neutron emission
which facilitated the evaluation of neutron energy spectra.

Plasma dynamics was studied by means of a 16-frame
laser interferometric system.9 An illustrative example of ana-
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lyzed interferograms10 is shown in Fig. 2. Figure 3 then pre-
sents the neutron emission detected by a radial time-of-flight
(TOF) detector'! at 3 m. In shot 9006, a quite stable snow-
plough implosion was seen. The maximum implosion veloc-
ity Uy, exceeded 3.5X 10 m/s. During a quiet phase at
10 ns, the first neutron peak was observed. The stagnation at
about 15 mm diameter lasted 40 ns and then the second
implosion with m=0 instabilities occurred. The main neutron
emission started after the disruptive development of
instabilities at 100 ns. Two neutron pulses were also ob-
served in other mega-ampere plasma foci'? and gas puff Z-
pinches. 1314 1n what follows, we would like to deal with the
question whether a fraction of neutrons in the first pulse may
be explained by thermonuclear mechanism.

On the basis of analyzed interferograms and electric
measurements, we were able to calculate important plasma
parameters. To start with data from interferograms, we re-
ceived a total number of deuterons of 4 X 10' and a peak
electron density of 10! cm™. The implosion velocity of
3.5X10° m/s implied an ion temperature of 850 eV. This
value was increased by adiabatic compression. In order to
include this effect, we calculated the ion temperature from
the energy input assuming that 80% of measured current is
flowing inside the current sheath (this fraction corresponded
to the observed implosion velocity). For the measured energy

cathode

(b)

N
V.

A
D>

| 480 | 30

FIG. 1. (a) The side-on and (b) the end-on schematic of electrodes at a
modified PF-1000 plasma focus (cf. with Ref. 8). Dimensions are in mm.

© 2011 American Institute of Physics
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FIG. 2. (Color online) The sequence of electron density distributions in shot
9006.

input during the radial phase W=7 [ ,(dL/dtP’dr=13 KJ, we
received k(T;+T.)= %W/ N=1.3 keV. Since the density is be-
low 10" cm™, the electron-ion temperature equilibration
time is above 80 ns for 7,=300 eV. Therefore, the lower
estimate of the ion temperature during the stagnation is
1.0 keV. At this ion temperature, the ion-ion collision time
of 8 ns is several times shorter than the duration of the
pinch phase. Then, for the total ion density N of 4 X 10", the
average density iz, of 8 X 10'® cm™, the confinement time
7 of 40 ns and the D(d,n)*He fusion reaction rate (ov); yev
of 0.75X1072> cm?®, we obtain the thermonuclear yield ¥
=%Nﬁi(a'u)1 ey of 5X 108 It is on the order of several
percents of measured neutron yields.

Such a small fraction of neutrons is, however, difficult to
observe. For this reason, neutron detectors should be placed
on the axis in a so-called upstream direction." In this direc-
tion, 2.45 MeV neutrons are one of the fastest and they could
be distinguished from beam-target and scattered neutrons
which are emitted during the second pulse. Downstream, on
the contrary, it was not possible to observe the first neutron
pulse at the distance of 16 m since it was concealed by the
second pulse. Therefore, we placed one TOF detector side-on
at 3 m, one detector downstream at 7 m, and four detectors
upstream at 7, 24, 50, and 83.7 m. In Fig. 4(a), there are TOF
signals which were recorded by the upstream detectors at
7 and 24 m in the shot described above. We chose this shot
with a modest neutron yield because the first pulse of
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FIG. 3. (Color online) Waveforms of current, V—LdI/dt voltage, hard
x-rays, and radial neutrons at 3 m. Neutrons were shifted by TOF of 2.45
MeV neutrons. The time =0 corresponds to the voltage peak. Shot 9006,
190 Pa D, pressure, 2 X 10'° neutron yield.
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FIG. 4. (Color online) (a) Neutron signals detected upstream at 7 and 24 m
in shot 9006. 784 ns corresponds to 2.46 MeV neutrons. (b) The first neutron
pulse at 24 m and the fit for the energy spectrum with the 2.46 MeV peak
and 90 keV width.

6 X 10% neutrons was still clearly visible at these detectors
and therefore neutron energies could be inferred.

From the time-of-flight of the first peak at 7 and 24 m, it
was possible to find with precision that these neutrons were
emitted during the stagnation and their peak energy was
2.46*=0.02 MeV. This is a very important finding because
most of beam-target mechanisms are based on axially accel-
erated deuterons which produce lower energetic neutrons in
the upstream direction.! Nevertheless, the thermonuclear
mechanism is not the only one which could provide a 2.45
MeV peak in the axial direction. Such a peak could be pro-
duced, for instance, by deuterons accelerated in the radial
direction by the gyroreflecting mechanism.'® Therefore,
more unambiguous support for the thermonuclear mecha-
nism here should be the measurement of a width of neutron
energy spectra. For that purpose, we used the Monte Carlo
method and we simulated TOF signals at 7 and 24 m for the
instant neutron source with the Gaussian energy spectrum
with 2.46 MeV peak and various widths. Then, the simulated
TOF signal at 24 m was deconvoluted by the response at
7 m. Finally, the obtained response was convoluted with the
measured neutron signal at 7 m and the result was compared
with the signal at 24 m. In shot 9006, the best fit of the
neutron TOF signal at 24 m was found for a 90 keV width
[see Fig. 4(b)].

As regards average values from seven shots, we received
the neutron yield of 7Xx10%® and the width AE, of
90£20 keV. On the one hand, such a narrow spectrum is
inconsistent with proposed beam-target models. On the other
hand, this spectrum and the observed neutron yield could be
easily explained by thermonuclear plasma. According to the
relation AE,(keV)=82.5\kTj[keV], the ion temperature 7
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FIG. 5. (Color online) Neutron signals at the radial and upstream TOF
detectors. Neutrons are shifted by TOF of 2.45 MeV neutrons. Shot 9008,
190 Pa D, pressure, 3 X 10'° neutron yield.

was 1.2 keV. It is for the first time when the ion temperature
of thermonuclear Z-pinch plasma is calculated from the
width of neutron energy spectrum.

Up to this point, the results from the upstream detectors
were presented. The final issue that should be discussed here
is neutron emission isotropy.

As far as the neutron energy spectrum is concerned, it
was highly isotropic since the peak energy of the first pulse
was ~2.45 MeV in the axial as well as in the radial direction.
In several shots, a fraction of the first neutron pulse (up to
30%) seemed to be anisotropic with the downstream energy
above 2.45 MeV. Although the shift could be explained
mostly by a plasma moving downstream with =~10° m/s
fluid velocity, a small contribution of beam-target neutrons
cannot be ruled out.

As for the neutron flux anisotropy, results from indium
samples demonstrated a relatively high isotropy in the case
of the modified plasma focus. However, this time-integrated
technique is not a deciding factor since only the small frac-
tion of the total neutron yield was produced during the first
pulse. Therefore, it is useful to compare the ratio of the first
and the second neutron pulses at the radial and axial detec-
tors. In shot 9008 with a high ratio between the first and the
second pulses (see Fig. 5), the ratio at the radial detector was
about 1.2 times higher than at the upstream detector (the
sensitivity of a scintillator on neutrons with different ener-
gies was taken into account). Such a result could be influ-
enced by the anisotropy of the second pulse which is most
likely produced by axially accelerated deuterons. In any case,
the neutron flux anisotropy during the first pulse was low and
it was possible to exclude the acceleration of >10 keV deu-
teron beams only in the radial direction. Nevertheless, it was
still possible to think that some neutrons were produced by
head-on collisions of deuterons interacting with 2v;,, rela-
tive velocity near the axis. However, since the product of the
fusion cross-section and the velocity 0(20ipp) Uiy, is for
20ip=TX 10° m/s by two orders of magnitude smaller than
the reaction rate {(ov); of 1 keV thermalized plasma, this

Appl. Phys. Lett. 98, 071501 (2011)

contribution to the neutron yield can be neglected.

In conclusion, from the facts presented above, it is pos-
sible to summarize that (i) the time, (ii) the energy spectrum,
(iii) the emission isotropy, and (iv) the yield during the first
neutron pulse corresponded to the theoretical predictions for
thermonuclear neutrons. The thermonuclear yield of 7 X 103
was achieved in shots with the modest total neutron yield of
2% 10'° which were suitable for data processing. Since some
thermonuclear neutrons could be expected also after the first
neutron pulse,17 we estimate the fraction of thermonuclear
neutrons on the order of 5%. On higher current machines
such as Z, this fraction should be more signiﬁcant.4
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[doi:10.1063/1.3674315]

In our letter,! we reported measurements of an ion tem-
perature of thermonuclear Z-pinch plasmas from the width
of neutron energy spectra. The main point of the comment®
raised by Dr. M. M. Milanese is to remark that deuteron tem-
peratures were measured earlier on the mega-joule plasma
focus in Frascati.® To respond this comment, we will clarify
our statement in more detail in the following paragraphs.

From the very beginning of the controlled thermonu-
clear fusion research, it has been known that neutron energy
spectra carry important information about ions. Assuming
the isotropic Maxwell velocity distribution of ions, the de-
pendence of the width of neutron energy spectra AE,, on the
square root of ion temperatures 7; was published by Faust
and Harris* in 1960. In 1967, Lehner and Pohl® calculated
the full width at half maximum of DD neutron energy
spectra as

AE, (keV) = 82.5\/kT;[keV]. (1)

As far as plasma foci are concerned, this relation was used
for the analysis of neutron emission, e.g., by Bernstein and
Hai® in the 1971, by Bernard et al.” in 1975, and also by Mil-
anese and Pouzo® in 1978. However, since neutrons are pro-
duced mostly by the tail of the distribution,® the temperature
from Eq. (1) describes primarily the high energy tail of a
deuteron velocity distribution in one dimension. Equation (1)
cannot be used for the estimation of average ion energies or
ion temperatures of anisotropic non-Maxwellian distribu-
tions which were often observed in plasma foci.®” Before
the ion temperature is calculated from Eq. (1), it is necessary
to prove the neutron emission isotropy and the thermal equi-
librium of the high energy tail of a distribution with ions of
average kinetic energies. This equilibrium can be verified,
for instance, by a sufficiently short ion-ion collision time or
by the agreement of “temperatures” of the high energy tail
with ion temperatures estimated theoretically or experimen-
tally by different techniques. We believe that we verified the
fulfillment of these conditions in Refs. 1 and 10, and that we
provided an unambiguous experimental evidence of thermo-
nuclear neutrons during the first pulse at the PF-1000 plasma
focus.
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In the mega-joule plasma focus at Frascati, the neutron
emission isotropy and the thermonuclear mechanism during
a main neutron pulse were not confirmed. In Ref. 3, a radial
detector at 140 m enabled precise time-of-flight measure-
ments. According to Eq. (1), the widths of neutron energy
spectra in Ref. 3 corresponded to ion temperatures of
6-37keV. These temperatures and plasma densities of
10"¥-10" cm ™ imply ion—ion collision times of 0.1-10 us.
Since neutrons were produced for 0.15 us, the high energy
tail could not be produced by multiple elastic collisions of
ions. Therefore, we suppose that neutron energy spectra in
Ref. 3 (i) did not correspond to the thermonuclear mecha-
nism and (ii) did not provide information about average
energies of ions, i.e., about ion temperatures. On the con-
trary, the width of spectra gave “equivalent” temperatures of
the high energy tail which were higher than temperatures
estimated by other diagnostic techniques, e.g., laser
scattering.''

More recently, neutron measurements have been used as
diagnostics of ions in deuterium gas puff Z-pinches.'*'® At
multi-megaampere currents, the number of thermonuclear
neutrons should be more significant and measured widths of
spectra could be used as the argument for and against the
thermonuclear mechanism.'* However, it should be noted
that the fluid motion can also lead to a broadening of neutron
spectra and to an inaccurate measurement of ion tempera-
tures from spectrum widths.'
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Abstract

Plasma focus experiments were carried out at a modified PF-1000 where the cathode disc was
added in front of the anode. Experimental results indicated a fraction of thermonuclear
neutrons on the mega-ampere current level. In order to prove the thermonuclear mechanism,
the time of neutron production and the neutron energy spectrum were measured by
time-of-flight (TOF) diagnostics. Neutron TOF signals showed that the neutron production
was a multiphase process and more than one mechanism occurred simultaneously. The
occurrence of the thermonuclear mechanism was most evident during the plasma stagnation at
low deuterium pressures. At low filling pressures, the narrow width of the neutron energy
spectra demonstrated an ion temperature of about 1 keV. The possibility of thermonuclear
neutrons was studied also after the stagnation, during the main neutron emission. In this case,
the thermonuclear mechanism could be verified by calculating the number of deuterons that
participate in the fusion process. For the bulk of thermonuclear plasmas, a significant fraction
of plasma should participate in fusion. Finally, the basic consideration of the thermonuclear
mechanism in Z-pinches showed the reasonableness of the MagLIF concept.

(Some figures may appear in colour only in the online journal)

1. Introduction

At present, Z-pinches are being studied as powerful and
efficient laboratory x-ray generators [1,2] and as sources for
high energy density physics (HEDP) experiments [3,4]. In
addition, Z-pinches have been used as efficient sources of
fast neutrons from the very beginning of fusion research.
A large number of neutrons produced in Z-pinches led to
the study of acceleration of deuterons to fusion energies.
Soon, neutrons from ~100 kA compressional Z-pinches were
discovered to be produced by the beam-target mechanism
whereas the fraction of thermonuclear neutrons was negligible.
From that time on, thermonuclear mechanism in Z-pinches
has been a source of controversy (see [5—8] and references
therein). Recently, the issue of thermonuclear mechanism has
emerged again in connection with Z-pinch fusion experiments

0741-3335/12/015001+11$33.00

on a 10 MA current level. In the case of the Z-machine
at the Sandia National Laboratories, thermonuclear neutrons
have been confirmed experimentally [9, 10]. However, these
neutrons were not produced by Z-pinch plasmas themselves but
by a deuterium filled capsule driven by a dynamic hohlraum.
As far as a Z-pinch plasma is concerned, a significant
thermonuclear neutron yield was simulated for deuterium gas
puffs on Z [11,12], but only a few experimental results were
accumulated during several shots [13,14]. A significantly
larger amount of data was acquired within plasma focus
research, however, with mega-ampere currents.

In dense plasma foci, multiple neutron pulses were
distinguished. The first neutron pulse was observed during
a so-called quiet phase; however, the main neutron emission
occurred at about 100 ns later, after the disruptive development
of m = 0 instabilities (cf [15-18]). In this paper, we present

© 2012 IOP Publishing Ltd  Printed in the UK & the USA
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experimental results from the PF-1000 plasma focus [19]
and we intend to search for thermonuclear neutrons at 2 MA
currents. This knowledge is important for scaling to higher
currents where the contribution of thermonuclear neutrons
should be more significant. This paper is structured as
follows. In section 2 the importance of the thermonuclear
mechanism and the way to recognize thermonuclear neutrons
are described. The occurrence of thermonuclear neutrons
during plasma compression at the PF-1000 is presented in
section 3. The search for thermonuclear neutrons during the
principal, second neutron pulse is provided in section 4. Some
conclusions on the thermonuclear mechanism in Z-pinches are
summarized in section 5.

2. Thermonuclear mechanism

The thermonuclear mechanism of fusion reactions in Z-pinches
has been studied intensively from the 1950s because it has
a crucial impact on the energy gain and the development of
energy sources based on nuclear fusion. The controversy
about the thermonuclear mechanism often arises from an
ambiguous definition of neutrons which can be considered
as thermonuclear and which cannot. For this reason, we
would like to first discuss why the thermonuclear mechanism
is important and then how thermonuclear neutrons can be
discerned from neutrons of beam-target mechanisms.

2.1. Uniqueness of thermonuclear mechanism

Already in 1934, significant fusion yields were achieved by
shooting of deuterium nuclei onto targets from deuterium or
tritium [20]. However, as far as fusion power production
is concerned, yield is not the most relevant parameter and
beam fusion does not provide a possibility to achieve energy
gain [21]. Since the ratio of the fusion and Coulomb cross-
sections is much lower than the ratio between the deuteron
energy and fusion energy, the fusion energy released is always
smaller than the energy expended on the acceleration of fast
deuterons. One possibility of achieving energy gain is to
transfer the lost energy of fast deuterons to the acceleration
of other deuterons within the same plasma. The only known
mechanism with this energy feedback is the thermonuclear
mechanism. That is why the conclusion about the beam-target
mechanism led to the abandonment of Z-pinches as fusion
power sources even though the produced neutron yields were
surprisingly high. In addition to that, the saturation of beam-
target neutron yields might occur at high currents which is not
the case of the thermonuclear mechanism.

Within the thermonuclear mechanism, deuterons are
accelerated to fusion energies by multiple elastic collisions in
a high-temperature plasma. For instance at 1 keV temperature
of a deuterium plasma, a Maxwellian tail of >5 keV deuterons
has to be created in order to produce a significant number of
DD fusion neutrons. At 10keV temperatures, a large number
of neutrons are produced by 30keV deuterons from the main
part of the velocity distribution (see e.g. [22]). In both cases,
i.e. at 1 and 10keV temperatures, the Maxwell distribution of
deuteron velocities needs some time to develop. There is also

another reason for keeping the plasma confined for a sufficient
period of time—it is necessary for equilibrium between ions
and electrons. In the case of the DT reaction, an exploitable
energy is carried by an alpha-particle. The 3.5 MeV kinetic
energy of an alpha-particle is so high that in 10 keV plasmas, it
is deposited by Coulomb collisions mostly to electrons rather
than to ions. Therefore, the thermonuclear mechanism cannot
fully work with hot ions and cold electrons. Finally, when
the Maxwellian distribution is established and hot ions are
in equilibrium with electrons, additional time is necessary to
produce a large number of fusion reactions and to achieve the
energy gain. All these requirements on the confinement time at
sufficiently high plasma densities and temperatures have been
expressed by the known Lawson criterion [23].

2.2. Thermonuclear neutrons

Mostly it is agreed that neutrons are of thermonuclear origin if
they are produced by deuterons accelerated by elastic collisions
inside a high-temperature plasma. As mentioned above, a truly
thermonuclear plasma requires sufficient time to produce the
energy gain. Then, the production of thermonuclear neutrons
at the centre of mass frame of the reference is characterized by
the isotropic neutron emission, i.e. an isotropic neutron flux
as well as an isotropic neutron energy spectrum. Furthermore,
neutron energy spectra should be centred at about 2.45 MeV,
or slightly above in the case of a high-temperature plasma.

During the compressional Z-pinch experiments in the
1950s, the axial neutron flux was higher than the radial one.
As for the peak neutron energy detected downstream, it was
shifted from 2.45MeV towards higher energies, e.g. above
2.7MeV [24]. Although the small flux anisotropy and the
small shift above 2.45 MeV could be partially explained by the
fluid velocity of a thermal plasma, it is generally accepted that
neutrons were produced by the beam-target neutrons. From
that time on, the thermonuclear mechanism in Z-pinches has
often been verified by flux anisotropy measurements and by the
time-of-flight (TOF) analysis of axial neutron energy spectra.

However, 2.5 MeV neutrons detected on the Z-axis is not
a sufficient verification of the thermonuclear mechanism since
these neutrons might be explained by fast deuterons moving
in a radial direction. Such deuterons can be accelerated, for
instance, by the Fermi acceleration mechanism or they can
originate from axially accelerated deuterons which are trapped
by the strong magnetic fields of high-current Z-pinches (cf
generalized beam-target model [15, 25]). The strong magnetic
fields also suppress the neutron flux anisotropy (which might
vary in time) and therefore other diagnostic methods should
be used to distinguish thermonuclear neutrons from beam-
target ones.

In order to verify the thermonuclear mechanism, it
seems appropriate to observe the time and duration of
neutron production. The temporal evolution of neutron
production is often compared with soft and hard x-ray (HXR)
emission [26-28]. Thermonuclear neutrons are expected
to be accompanied by intensive soft x-ray (bremsstrahlung)
radiation during the maximum compression. In contrast,
beam-target neutrons are often correlated with a sudden
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onset of >100keV HXRs after the disruptive development
of plasma instabilities. Thus, the correlation of neutrons
with x-rays might be useful as an auxiliary argument for
or against the thermonuclear mechanism. Nevertheless, it
cannot be recommended as the only method of verifying the
thermonuclear origin since beam-target mechanisms could also
be accompanied by soft x-ray emission.

What is more decisive here, is the total number
of deuterons that participated in the neutron production
mechanism. In the 1950s, fusion neutrons were produced
by a small fraction of deuterons which were accelerated to
>100keV energies and this small fraction of fast deuterons
produced a significant neutron yield. From the experimental
point of view, >100keV deuterons could be identified by a
significant shift of neutron energies from 2.45 MeV and also
by a broad width of neutron energy spectra either in the axial
or in the radial direction. From the width of the neutron energy
spectrum A E,,, we can calculate the equivalent ion temperature
kTp as AE,(keV) = 82.5/kTplkeV] (we talk about the
equivalent temperature since the Maxwellian distribution is
assumed). When the equivalent ion temperature and neutron
yield are known, it is possible to estimate the amount of plasma
that participates in neutron production (see section 4.3). Within
beam-target mechanisms, a high equivalent temperature and
observed neutron yields imply a very small fraction of a fusion
plasma. Further, it is appropriate to compare the equivalent
ion temperature with the average energy deposited to one ion.
If the equivalent temperature is significantly higher, only a
fraction of a plasma can produce the observed neutron spectra
otherwise the total energy of deuterons would be higher than
the energy deposited into the plasma.

On the basis of what has been written so far we can address
several implications here.

Firstly, the thermonuclear stationary plasma with an ion
temperature of about 1 keV can be easily recognized. The ion
temperature of 1keV implies a <100keV width of neutron
energy spectra. Such a narrow width can be easily observed in
neutron TOF (nTOF) signals. This idea was applied to fusion
protons in order to verify thermonuclear neutrons on the Scylla
theta pinch where the first thermonuclear fusion is said to be
proved [29].

Secondly, if there is a significant kinetic energy in a
residual (non-thermalized) fluid motion the neutron energy
spectrum will be broadened [30,31]. But on the other hand,
since there is a smaller amount of energy spent on the creation
of a Maxwellian tail, the neutron yield should be smaller.

Thirdly, there is a possibility of a high-temperature spot
which could be the result of the adiabatic compression of an
m = ( instability. Such a spot could produce a broad width of
neutron energy spectra and reasonable neutron yields [6, 32].
In addition to that, if deuterons escape a high-temperature
region, neutron emission anisotropy could be the result of
external fields [33] and/or of the anisotropy of target neutrons.
Such a situation could be hardly distinguished from the beam-
target mechanism. If fast deuterons escape a high-temperature
region, fusion neutrons could be referred to as ‘beam-target’
even though deuterons are accelerated by elastic collisions.
However, if the beams of deuterons and fusion products

are intense enough, they could heat the surrounding plasma
to fusion temperature and cause the thermonuclear wave to
propagate from the m = 0 neck [34].

Fourthly, plasmas with a high ion temperature, e.g.
10 keV, might have the same neutron spectrum width produced
by both the thermonuclear and beam-target mechanisms
(cf[11]). If so, it is almost impossible to prove experimentally
whether the deuteron velocity distribution is formed from
the thermalization of a stagnating plasma or by the slowing
down of deuterons accelerated by electric fields and trapped
by strong magnetic fields. Nevertheless, if widths of neutron
energy spectra and observed neutron yields imply that the bulk
of the plasma participates in fusion and if the equilibrium
deuterium velocity distribution is reached, we can call the
neutron production mechanism as ‘thermonuclear’.

Finally, we may conclude this section by saying that it is
not perhaps important to know for sure whether to call neutrons
‘thermal’ or ‘beam-target’. Much more useful seems to be to
know how neutrons are produced, what is the neutron yield
scaling with current, and whether it is useful for fusion energy.

3. Thermonuclear neutrons during the plasma
stagnation

3.1. The first neutron pulse in compressional Z-pinches and
mega-ampere plasma foci

The first compressional Z-pinches at ~100kA currents did
not produce a sufficiently high implosion velocity and an
ion temperature to create substantial thermonuclear yields at
stagnation. As a consequence, neutrons were not observed
during the first compression [24,35]. In contrast with MA
currents, neutron emission was observed during the first
compression in plasma foci at the CEA in Limeil [36], on the
Poseidon at the Stuttgart University [15], on the PF-1000 at the
IPPLM in Warsaw [18,37] as well as in a deuterium gas puff
Z-pinch on the S-300 generator at the KIAE in Moscow [38].
In addition to that, energy spectra of neutrons emitted in the
axial direction peaked at 2.45MeV. It is therefore natural
to ask whether a fraction of neutrons in the first pulse may be
explained by the thermonuclear mechanism. The affirmative
answer to this question was not provided during the intensive
plasma focus research in the 1970s and 1980s. Atthe end of the
well-diagnosed experiment at the CEA, Dr A Bernard said that
he had never seen any piece of evidence indicating that neutrons
have thermonuclear origin [39]. Similarly on the Poseidon, the
large width of neutron energy spectra during the quiet phase did
not correspond to thermonuclear mechanism and an expected
ion temperature of 1keV [15]. Therefore Deutsch and Kies
suggested that the first neutron pulse can be explained by
the gyro-reflection acceleration by Fermi’s mechanism [40].
However, there remains the unanswered question of how
electrons were accelerated and HXRs produced during the first
compression.

Most of the above-mentioned experiments were optimized
for a high neutron yield which was produced during the second
neutron pulse. The filling pressure of the deuterium gas and
the total number of deuterons were too high to achieve a fusion
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Figure 1. The sequence of electron density distributions in shot 9013. Neutron signals and other waveforms are displayed in figure 6.

temperature and a significant thermonuclear yield. When the
filling pressure was lower, the fusion yield was lower but it
was possible to observe a narrow peak at 3.0 MeV in the end-
on proton energy spectra. At a low pressure of 3 mbar, the
narrow 3.0 MeV peak was separated well from the beam-target
peak at 3.9 MeV (see figure 2(a) in [41]). It is the one and
only indication of the thermonuclear mechanism that we have
found to be published. More data about this peak have not
been provided and the influence of plasma and fields on the
measurement of proton energies has not been discussed.

3.2. The first neutron pulse at the PF-1000

In order to search for thermonuclear neutrons, we carried
out experiments on the PF-1000 plasma focus at the IPPLM
in Warsaw (2.0 MA peak current, 24kV charging voltage,
400k]J stored energy) [18]. The facility was equipped
with Mather-type coaxial electrodes (480 mm length, 230 mm
anode diameter). The cathode was composed of twelve 80 mm
diameter stainless-steel rods distributed around a cylinder of
400 mm diameter. The initial pressure of the deuterium gas was
between 160 and 240 Pa, i.e. lower than usual for the sake of
increasing the implosion velocity and ion temperature. Due to
the fact that we wanted to localize the region where deuterons
are accelerated, we modified the plasma focus discharge. We
placed a cathode disc 3 cm in front of the anode and we added
a copper plug into the hollow anode (see figure 1 in [18]).
In this way we constructed the compressional Z-pinch with
metal walls, i.e. the configuration initially studied by Filippov
and his colleagues [35,42]. The fixed length of the plasma
column enabled us to calculate the basic plasma parameters
more precisely, e.g. the inductance and the energy deposited
to one ion, since the region of the power input was localized.
The length of 3 cm implied lower inductance of the plasma
column and a higher current during the pinch phase. In addition
to that, the shorter length caused a less significant zipper
and shorter neutron emission which facilitated the evaluation
of neutron energy spectra. The main disadvantages of this
modification are the larger amount of material evaporated from
the electrodes and a lower neutron yield. The neutron yield

decreased by a factor of 2 or 3 with 6 cm or 3 cm anode—cathode
distance, respectively.

In order to study plasma dynamics, we applied a 16-frame
laser interferometric system (527 nm wavelength, <1 ns pulse
duration, 10 or 20ns interframe delay [43]) and nTOF
diagnostics [44]. The expected fraction of thermonuclear
neutrons was of the order of a few percent of the total neutron
yield of 10''. Such a small fraction of neutrons is difficult
to observe. For this reason, neutron TOF detectors were
placed on the axis in an upstream direction. In this direction,
2.45MeV neutrons were one of the fastest and they could be
distinguished from beam-target and scattered neutrons which
were emitted after the first compression. It was therefore
decided that we place one nTOF detector side-on at 3 m, one
detector downstream at 7 m and four detectors upstream at 7,
24,50 and 83.7 m.

The exemplary sequence of electron density distribution
recorded during the first compression is shown in figure 1. In
the case of a modified plasma focus, the final stage of implosion
was similar to that of a cylindrical Z-pinch. In [18], the most
important results about the first neutron pulse were presented.
On the basis of neutron and interferometric measurements we
proved that (i) the time, (ii) the energy spectrum, (iii) the
emission isotropy and (iv) the neutron yield of 10° during the
first neutron pulse corresponded to theoretical predictions for
thermonuclear neutrons. The ion temperature of 1.2 keV was
calculated from the width of the neutron energy spectrum. It
was actually for the first time in the plasma focus research that
the ion temperature of a thermonuclear plasma was calculated
from the neutron energy spectrum. Before that, the deuterium
temperature was measured, e.g. by Forrest and Peacock [46],
Bernard et al [36] and Herold er al [47] with laser scattering.
In the following paragraphs, we elaborate, in more detail, on
the results which were published in [18].

First, we would like to point out the difference between
the first pulse observed during the stagnation and the second
pulse detected after the disruptive development of instabilities.
In figure 2, HXRs detected in shot No. 9008 are presented.
Comparing the first and second pulses, it can be seen that
photon energies substantially differed. Because the first HXR
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Figure 2. (a) The HXR and neutron pulses detected by TOF detectors. (b), (c) Original interferograms recorded at 0 and 50 ns. Neutrons
were shifted by the TOF of 2.45 MeV neutrons. nTOF signal is broadened due to various kinetic energies of neutrons; shot no 9008, 190 Pa

D, pressure, 3 x 10! neutron yield.

pulse was effectively filtered by a lead of 3 mm thickness,
the energy of photons was below 200keV (note that the peak
V — L dI/dt voltage was 150kV). Nevertheless, the different
time history was an even more important result. Whereas the
rise time of the first HXR pulse was about 30 ns, the measured
rise time of the second HXR pulse was significantly shorter,
namely of the order of the temporal resolution of the nTOF
detector. All these facts considered together indicate that the
acceleration mechanism was not the same.

Second, we would like to emphasize that all neutrons
observed during the plasma stagnation were not necessarily
of thermonuclear origin (see [15,40]). As an example, we
can analyse the above-mentioned shot. Figure 3 shows the
nTOF signals recorded at 3 and 24 m in shot 9008. Comparing
signals shifted by the TOF of 2.45 MeV neutrons, it is evident
that the main part of neutrons emitted in the axial upstream
direction had an energy of 2.45MeV. On the one hand, the
observed broadening of the TOF signal at 24 m was small
which indicates a low (longitudinal) plasma temperature of
~1 keV. On the other hand, the deuteron distribution was not
fully Maxwellian during the first neutron pulse. A fraction of
neutrons with energy higher than 2.5 MeV is marked in figure 3.
Also at Ons, i.e. at the time of the HXR peak, a narrow peak is
missing in the TOF signal at 24 m.

Finally, as far as the ratio of thermonuclear neutrons in
the first pulse is concerned, it was strongly dependent on the
filling pressure. At lower pressures (<200 Pa), the fraction
of thermonuclear neutrons was up to 80% with some shot-to-
shot variation. With increasing pressure, the neutron yield of
the first pulse rose; however, the neutron energy spectrum was
significantly broadened and the 2.5 MeV peak decreased in the
axial neutron energy spectrum.

All these results show that the neutron production
mechanism is a rather complex process even during the first
pulse. We have to take into account at least these five processes:
(i) thermonuclear plasma, (ii) moving thermal plasma, (iii)
the contribution of head-on collisions of deuterons interacting
with 2viy, relative velocity near the axis, (iv) the fraction of
ions accelerated by several reflections at the magnetic piston

50 T T T
#9008 nTOF
. 40 neutrons with at 2400 cm b
5 E #2.45Mey  UPStream
S 30 ]
©
c
= faster
L‘I’_’ 20 F neutrons -
@) nTOF at 300 cm
= 10 side-on ]
0 A M BEPEEEEEEPE RE R
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Figure 3. Neutron signals detected side-on at 3 m and upstream at
24 m. Neutrons were shifted by the TOF of 2.45 MeV neutrons; shot
No. 9008, 190 Pa D, pressure, 3 x 10'° neutron yield.

(cf [15,40]) and (v) also axial acceleration of deuterons by
a transient voltage, e.g. during current redistribution [47].
A high transient voltage could produce run away electrons
and could cause HXR (<200keV) emission observed at the
stagnation in figure 2. On the one hand, it can be difficult to
find the contribution of these mechanisms (e.g. acceleration by
elastic collisions may be confused with the acceleration by two
or three reflections at the magnetic piston). But on the other
hand, if the neutron production mechanisms are distinguished,
neutron detection could provide important information about
ions during stagnation.

4. 2.45MeV neutrons during the main neutron
emission

4.1. Main neutron emission in Z-pinches and plasma foci

The main neutron emission is usually connected with the
disruptive development of m = 0 instabilities and with the
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beam-target production of neutrons [5, 8,24]. Nevertheless, 1.0 . . . .

a fraction of deuterons could also be accelerated by elastic

collisions during the adiabatic compression and heating 0.8l 7m 24 m 50m 84m |

of necks [6,48]. Therefore, we decided to search for
thermonuclear neutrons shortly before and within the main
neutron pulse. In the following subsections, we present the
experimental results which were achieved on the PF-1000 at
the IPPLM in Warsaw.

4.2. Principal neutron pulse at the PF-1000

The plasma dynamics observed during the main neutron
emission on the PF-1000 plasma focus was described in [17].
Before the main neutron pulse occurred, the compression of
the neck was clearly visible (see figure 5 in [17]). According
to figure 2, the modified PF-1000 demonstrated the same
evolution of the neck before the second neutron pulse. An axial
ejection of ions from the neck decreased the peak ion density.
The ion density inside the neck was about 10" cm™3 shortly
before the disruption. It is possible to estimate the adiabatic
heating of ions to temperatures of several kilo elecronvolts. At
these temperatures and densities, the collisionality of ions is
low. At a reasonable temperature of 5keV and ion density of
10%° ¢cm—3, the ion—ion collision time is about 10 ns and there
is no sufficient time to form the Maxwellian tail by elastic
collisions (the tail of the velocity distribution could be formed
by gyro-reflections at the imploding magnetic piston during
the collisionless compression [40]). Therefore, the expected
thermonuclear neutron yield is limited by the short (S$10ns)
confinement time, low collisionality of ions and low total
number of deuterons in the neck. Then, a significantly larger
number of neutrons could be produced later by fast deuterons
flowing from the neck into the surrounding dense plasma.

The fact that thermonuclear neutrons are concealed by the
beam-target mechanism makes the search for thermonuclear
mechanism during the main neutron emission rather difficult.
Nevertheless, the horizontal orientation of the PF-1000 plasma
focus enabled us to place distant TOF detectors at 50.0,
67.0 and 83.7 m upstream, i.e. in the axial direction behind
the anode. These distances of the detectors allowed us to
reconstruct the upstream neutron energy spectra accurately.
A typical example of TOF signals is displayed in figure 4(a).
It can be seen how ~2.5 MeV neutrons emerged in these TOF
signals with increasing distance of the upstream detectors.
The neutron energy spectrum was calculated from the detector
at 83.7m by the basic TOF method (see figure 4(b)). Even
though there is an indication of a 2.5 MeV peak in the energy
spectrum, it still does not provide unambiguous evidence of
thermonuclear neutrons. It can be simply a result of fast
deuterons trapped by magnetic fields [15] or a large number of
off-axis deuterons proceeding towards the anode with a smaller
kinetic energy [49].

The latter mechanism described also by Haines on pages
57 and 114 in [8] is, however, interesting for other reasons
too. In this model, the low linear density of plasmas after
the disruptive development of necks causes the occurrence
of microturbulences, high resistivity, rapid dissipation of
magnetic fields, and high Alfvén and ion-acoustic velocities.

2.5 MeV
neutrons

0.6
2.5 MeV

neutrons

0.4

0.2

PMT signal [arb. units]

0.0 v L
0 1000 2000 3000 4000

(a) Time [ns]
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_z 80 | scattered 2.5 MeV .
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(b) Neutron energy [MeV]

Figure 4. (a) Neutron signals detected upstream at 7.0, 24.0, 50.0
and 83.7 m. TOF signals were shifted by the TOF of photons.

(b) Upstream neutron spectrum reconstructed with a 75 keV
resolution from the TOF detector at 83.7 m. The single neutron
sensitivity for various neutron energies was taken into
consideration [44]; shot no 9012, 240 Pa D, pressure, 9 x 10'°
neutron yield.

Then, a fast redistribution of current and magnetic fields
together with arapid plasma expansion leads to the acceleration
of ions to high velocities towards the cathode near the axis
and to lower velocities towards the anode at larger radii.
This model satisfactorily explains the observed neutron energy
spectra, neutron emission anisotropy, peak neutron production
after the disruption, the correlation of neutron emission with
HRXs above 1 MeV and the conservation of axial momentum.
In contrast, the Fermi acceleration mechanism [40] and the
adiabatic heating of necks [32] produce the peak neutron
emission exactly at the maximum compression of the neck
and they cannot account for the occurrence of 1 MeV HXRs.
As for the formation of a high-energy ion tail due to the onset
of ion-acoustic turbulences [5], it cannot explain the observed
end-on neutron emission anisotropy. Therefore, in our opinion,
the mechanism described by Haines is able to explain most of
the features of the principal neutron emission in a modified
plasma focus.

4.3. Lower yield shots without disruptions at the PF-1000

The search for thermonuclear mechanism is made more
difficult by a large number of beam-target neutrons. Therefore
it is natural to ask what happens if the influence of the beam-
target mechanism is reduced. Since we did not have the
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Figure 5. The sequence of electron density distributions; shot No 9011, 240 Pa D, pressure, 2 x 10'° neutron yield.

opportunity for the application of an axial magnetic field
(cf [24,45]), we selected shots with a low neutron yield
where the development of instabilities was suppressed. The
suppression occurred relatively more frequently in the case
of the modified plasma focus with the cathode disc. The
suppression was caused, for instance, by a current pass
reconnection from the central part of an imploding neck to
peripheries. One example was recorded between 100 and
110ns in shot 9011 (see figure 5). As a result, the disruption
was not observed and the second intense HXR and neutron
pulse were missing in this shot. In figure 6, it is possible
to compare shot no. 9011 with no. 9013. In these shots, the
first neutron pulse seemed to be very similar even though the
plasma column during the stagnation was more stable in shot
no. 9013 (cf figure 1 with figure 5). However in shot no. 9013,
the development of instabilities led to the intense second HXR
and neutron pulse with a yield of 10'!.

The TOF signals in figure 6(b) show that neutrons with low
energies, i.e. longer TOF, were missing at 83.7 m upstream in
shot no. 9011. Because of the long neutron production time,
we were not able to unambiguously determine the shape of the
neutron energy spectrum; nevertheless, the mean energy could
be estimated. The averaged neutron energy detected upstream
was about 2.39 4+ 0.03MeV and 2.22 4+ 0.03MeV in shot
nos 9011 and 9013, respectively. A small shiftbelow 2.45 MeV

energy can be explained by (i) the downstream fluid motion
of the plasma, (ii) a small fraction of beam-target neutrons,
(iii) the anisotropy of target deuterons, and/or (iv) scattered
neutrons (see the results in [50]). As far as the spectrum
width is concerned, it was calculated by the extended TOF
method from the TOF signals at 7, 24, 50 and 83.7 m [51-53].
The long neutron emission in shot 9011 caused a relatively
significant uncertainty. Therefore, we made an average from
five shots with a lower neutron yield and we obtained the time-
integrated width (FWHM) of the neutron energy spectrum as
220 + 50keV. Such a width corresponds to the effective ion
temperature of a stationary plasma Tp (AE,/82.5)? =
(220/82.5)> = TkeV.

Now we can apply the procedure which was described
in section 2.2. Since we know the average ion density, the
diameter of the plasma column and the total number of ions
from the analysed interferograms, we are able to calculate
the expected thermonuclear yield for the effective temperature
Tp = 7keV. For an ion density np = 2 x 10" cm~3, column
diameter 2R = 2cm, length [ = 3 cm, DD fusion reaction
rate (ov)7key = 3.5 x 107" cm? s~! [54] and emission time
T = 150ns in shot 9011, we obtain the thermonuclear neutron
yield Yinermonuclear = 37115 (0v)7w R*T of 5 x 10'!. Since the
observed neutron yield was 2 x 109, this means that not all but
roughly 5% of the plasma participated in the nuclear fusion.
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Figure 6. (a) Neutron signals detected upstream at 7.0 m in shots 9011 and 9013. (b) Neutron signals detected upstream at 84.0 m in shots
9011 and 9013. (c) Voltage, HXRs and the neutron signal detected upstream at 7.0 m in shot 9011. nTOF signals were shifted by the TOF of
2.45MeV neutrons. (d) Voltage, HXRs and the neutron signal detected upstream at 7.0 m in shot 9013. nTOF signals were shifted by the
TOF of 2.45MeV neutrons; shot no. 9011, 240 Pa D, pressure, 2 x 10'" neutron yield; shot no. 9013, 240 Pa D, pressure, 1 x 10'! neutron
yield. The voltage V — LdI/dt was calculated neglecting the plasma resistance. However, since the voltage was given mainly by the
—Ld1/dt term and since the inductance increase during the stagnation was small in comparison with the total inductance including coaxial
electrodes L =~ 70 nH, the error estimate of the voltage was below 10%.

In comparison with beam-target mechanisms with <0.1% of
fast ions, 5% can be considered a large fraction of the plasma
and we can call the neutron production mechanism as quasi-
thermonuclear (it demonstrates some properties similar to the
thermonuclear mechanism). The equivalent temperature of
7keV does not correspond to the bulk plasma temperature
of about 1keV that was expected from the deposited energy
per ion [18]. However, the temperature of 7keV does not
necessarily imply the violation of the energy conservation
law since the deuteron velocity distribution does not have to
be Maxwellian. Then, the temperature of 1keV describes
the average ion energy whereas the equivalent temperature
describes the high-energy tail of the deuteron velocity
distribution, which produces fusion reactions. In addition to
that, not all but ‘only’ 5% of the plasma demonstrated the
high-energy tail corresponding to the 7keV temperature.

At 7keV temperature, neutrons were produced mainly by
20-30keV deuterons. The question that remains unanswered
here is how these deuterons were accelerated? Figure 6(c)
demonstrates the correlation between the neutron emission and
the plasma voltage measured in shot 9011. But it is still not
clear whether the acceleration to 30keV energies was con-

nected with the power input into the plasma or with the voltage
induced across the plasma column. Therefore it is not possi-
ble to decide unambiguously whether the neutrons were ther-
monuclear or whether they were produced by a large number
of lower energetic deuteron beams trapped by magnetic fields.

5. Discussion

The previous paragraphs gave the indication of thermonuclear
neutrons in mega-ampere Z-pinches. The occurrence of
the thermonuclear mechanism was the most evident during
the plasma stagnation. Nevertheless, it was still a very
small fraction of the total neutron yield on a mega-ampere
current level. Therefore, we can now derive parameters of
a current generator and a load which are suitable for higher
thermonuclear yields during the pinch phase. The following
derivation may be somewhat simplified, nevertheless it may be
useful for the discussion of the thermonuclear mechanism in
fast, dynamic Z-pinches.

We start the derivation from the Lawson criterion. If we
assume the optimal ion temperature during the stagnation Tp,
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the thermonuclear mechanism requires a high product npt.
Here, np represents the ion density, and 7 stands for the
confinement time.

As far as the final plasma density is concerned, it can be
expressed as

1 m C?

m
2 20
mp 7 Rg mp 7 R

ey

fip =

where m is the linear mass density, mp is the mass of one
deuteron, Ry, is the final radius, Ry is the initial radius and
C = Ro/Rfna is the compressional ratio. The linear mass
density m is connected with the dimensionless parameter IT,
the peak current I and the rise time to current maximum #yax as

2,2
YN

. 2
4w TIR? @

m=
This equation with the parameter IT was derived for the
implosion of a thin shell (see [5]). Similar equations can be
derived for other configurations. For instance, the optimal
parameters for dense plasma foci with comparable implosion
velocities are given by the constant value of 72/ pR2, where p
is the initial filling pressure [55].
By inserting equation (2) into (1), we have

//L,32C2 12

) 2.2
4n’TImp Rovimp

_ Py C?
47 TIR2 mp w R}

3

np

where we considered the matching of the current rise time
with the implosion time which depends on the initial radius,
the implosion time and the dimensionless constant 8 as
MAX = limp = IBRO/Uimp-

As for the confinement time t, it depends on the final
radius Rgna, the ion thermal velocity vy, = +/kTp/mp and
the coefficient o as follows

Rﬁnal RO

T=0« =« . “4)
L% C»,/kTD/mD

From (3) and (4), we obtain the product
_ ap’C?’u 1%
npt = 12 5 . (5)
4my Tr? | vi, RovkTp

If we consider the same character of implosion, i.e. the
coefficients «, 8, C and IT are constant, we can write

I? I?
X .
vizmpRO/\/kTD UfmleAx»\/ kTp

On the basis of this formula, we are able to make the
following conclusions.

Firstly, it should be emphasized that the thermonuclear
yield is important mainly for higher current machines. The
fusion yield scales as ¥ o m? o I* assuming a constant
ion temperature. Because the energy input into a plasma also
increases with rising current, the product npt depends on the
second power of the current as 1.

(6)

F_lD'L' X

Secondly, at higher currents and higher plasma densities,
the thermonuclear mechanism can be improved by significant
plasma heating with alpha particles and/or by higher plasma
stability. On the other hand, however, the energy transfer from
ions to electrons reduces the ion temperature and consequently
it reduces the neutron yield. In addition to that, at high
currents, there is a question of how to achieve enough high mass
densities. Using gas puffs may not be sufficient. Deuterium
fibre Z-pinches can provide higher densities but experiments
have not been very successful so far.

Thirdly, a high implosion velocity means a shorter
confinement time as well as a large initial diameter and a
lower plasma density. As a result, the product npt strongly
decreases with increasing implosion velocity. Also at high
velocities, the implosion can become unstable. If the final ion
temperature is proportional to the kinetic energy Tp o vizmp,
then it is always a trade-off between a high ion temperature Tp
and a high product ipt o (kTp)~2. In addition to that, at high
plasma temperatures and low ion densities, the frequency of
ion—ion collisions could be too low to produce the Maxwellian
tail during the stagnation.

Fourthly, provided that the compressional ratio C and the
final ion temperature T, are kept constant, it is better to use a
high current generator with a shorter rise time f\jax, and to start
with a higher initial density and smaller diameter Ry. It follows
that the thermonuclear yield of 100 ns deuterium solid gas puffs
should be higher than with 1 us plasma foci, if currents are the
same. To start with the initial small diameter was also the
idea of gas embedded and fibre Z-pinches [56-58]. However,
since the compressional ratio cannot be considered as fully
independent of the initial radius and the early development of
instabilities, this idea proved to be wrong [7, 59-64].

Fifthly, the product npt increases with a longer
confinement time and thus with a higher coefficient . In this
respect, the duration of neutron emission of about 150-200 ns
in figure 6(c) and @« = 4-6 seem to be interesting. Even
though such a duration is not sufficient for thermonuclear
fusion energy, itis worthwhile to find the cause of this enhanced
confinement.

Finally, we may use relation (6) to discuss the MagLIF
concept [65]. This concept is a modification of magnetized
target fusion [5, 66] to a faster current generator. It is based
on laser preheating, the implosion of a heavy metal liner
and the use of an axial magnetic field. Because of the laser
preheating, a high implosion velocity vimp ~ 10®ms™' is
not required in order to achieve a high plasma temperature
Tp ~ 10keV. A sufficiently high temperature can be reached
by an adiabatic compression with a moderate (~103ms~!)
implosion velocity of the metal liner. The heavy metal liner
with a moderate velocity is suitable for a longer confinement
time T & Reinal/Vimp > Riinat/v/kTp/Mp. In addition to that,
the metal liner and the fast current generator enable us to start
from a small initial radius Ry ~ 3 mm and from an initial
DT gas density of ~10%' cm™3 which is substantially higher
than contemporary possibilities of deuterium gas puffs and
plasma foci. Another advantage of the heavy metal liner is
the sufficient electrical conductivity which has been a serious
issue in the case of deuterium frozen fibres [61]. All these facts
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strongly support the reasonableness of the MagLIF concept.
However, only experiments can confirm the feasibility of this
concept, the sufficient compressional ratio in particular, and
its usefulness for fusion energy.

6. Conclusions

In this paper we have presented the experimental search
for thermonuclear neutrons in a mega-ampere plasma focus.
In this respect, neutron TOF diagnostics proved to be
useful. Nevertheless, the isotropic emission and neutrons with
2.45MeV energies do not necessarily imply the thermonuclear
origin. In order to prove the thermonuclear mechanism,
we measured the width of neutron energy spectra which
should be small in the case of a low ion temperature
of 1keV. This approach was used to verify a fraction of
thermonuclear neutrons during the stagnation. In the case of
high temperatures, we suggested to calculate the number of
deuterons which participate in the fusion process. For the bulk
of thermonuclear plasmas, a significant fraction of the plasma
should participate in fusion. It was the case of lower yield shots
where it was possible to see the long-lasting neutron emission
which was produced by an equivalent deuteron temperature of
7keV.Itis beyond the scope of this paper to go into more details
on this neutron production mechanism, however, it would be
interesting to study its connection with high ion temperatures
measured in imploding wire arrays [67].

Acknowledgments

This work was supported by the MSMT Grant Nos LC528,
LA08024 and MEQ9087 of the Ministry of Education of
the Czech Republic, by the GACR grant No. 202-08-
HO057, by the IAEA Grant RC14817 and by the CTU grant
No. SGS10/266/0HK3/3T/13.

References

(1]
(2]
(3]
(4]

(5]

(6]
(7]
(8]
(9]
[10]
(1]

Sandford T et al 1996 Phys. Rev. Lett. 77 5063

Spielman R et al 1998 Phys. Plasmas 5 2105

Matzen M K et al 2005 Phys. Plasmas 12 055503

Remington B A, Drake R P and Ryutov D D 2006 Rev. Mod.
Phys. 78 755

Ryutov D D, Derzon M S and Matzen M K 2000 Rev. Mod.
Phys. 72 167

Vikhrev V V and Korolev V D 2007 Plasma Phys. Rep. 33 356

Klir D et al 2008 Phys. Plasmas 15 032701

Haines M G 2011 Plasma Phys. Control. Fusion 53 093001

Ruiz C L et al 2004 Phys. Rev. Lett. 93 015001

Rochau G A et al 2007 Plasma Phys. Control. Fusion 49 B591

Welch D R, Rose D V, Thoma C, Clark R E, Mostrom C B,
Stygar W A and Leeper R J 2010 Phys. Plasmas 17 072702

Velikovich A L et al 2007 Phys. Plasmas 14 022701

Coverdale C A et al 2007 Phys. Plasmas 14 022706

Coverdale C et al 2007 Phys. Plasmas 14 056309

Jager U and Herold H 1987 Nucl. Fusion 27 407

Schmidt H et al 2006 IEEE Trans. Plasma. Sci. 34 2363

Kubes P et al 2010 IEEE Trans. Plasma Sci. 38 672

Klir D et al 2011 Appl. Phys. Lett. 98 071501

Scholz M, Miklaszewski R, Gribkov V A and Mezzetti F 2001
Nukleonika 46 35

[12]
[13]
[14]
[15]
[16]
[17]
(18]
[19]

10

Oliphant M L, Harteck P and Rutherford E 1934 Nature 133
413

Post R F 1956 Rev. Mod. Phys. 28 338

Brysk H 1973 Plasma Phys. Control. Fusion 15 611

Lawson J D 1957 Proc. Phys. Soc. B70 6

Anderson O A et al 1958 Phys. Rev. 110 1375

Bernstein M J and Comisar G G 1972 Phys. Fluids 15 700

Serban A and Lee S 1998 J. Plasma Phys. 60 3

Goudarzi S, Sadat Kiai S, Morshedian N, Nasiri A and
Amrollahi R 2005 Czech. J. Phys. 55 45

Castillo F, Milanese M, Moroso R and Pouzo J 2000 J. Phys.
D: Appl. Phys. 33 141

Nagle D E, Quinn W E, Riesenfeld W B and Leland W 1959
Phys. Rev. Lett. 3318

Appelbe B and Chittenden J 2011 Plasma Phys. Control.
Fusion 53 045002

Murphy T J, Chrien R E and Klare K A 1997 Rev. Sci. Instrum.
68 614

Vikhrev V V 1986 Sov. J. Plasma Phys. 12 262

Vikhrev V V 1989 Sov. J. Plasma Phys. 15 339

Yankov V V 1991 Sov. J. Plasma Phys. 17 305

Andrianov A M et al 1958 Proc. 2nd United Nations Int. Conf.
on Peaceful Uses of Atomic Energy (Geneva, Switzerland,
1958) vol 31 ed J H Martens et al (Geneva: United Nations)
p 348

Bernard A et al 1975 Phys. Fluids 18 180

Gribkov V A et al 2007 J. Phys. D: Appl. Phys. 40 3592

Klir D et al 2010 Plasma Phys. Control. Fusion 52 065013

Bernard A 1978 Atomkernenergie 32 73

Deutsch R and Kies W 1988 Plasma Phys. Control. Fusion
30 263

Van Calker C, Decker G, Jager U, Kies W and Rybach J 1985
Phys. Lett. A 113 203

Filippov N V, Filippova T I and Vinogradov V P 1962 Nucl.
Fusion 2 577

Zielinska E, Paduch M and Scholz M 2011 Control. Plasma.
Phys 51 279

Klir D ef al 2011 Rev. Sci. Instrum. 82 033505

Mather J W and Williams A H 1958 Proc. 2nd United Nations
Int. Conf. on Peaceful Uses of Atomic Energy (Geneva,
Switzerland, 1958) ed ] H Martens et al (Geneva: United
Nations) vol 32, p 26

Forrest M J and Peacock N J 1974 Plasma Phys. 16 489

Herold H et al 1985 Proc. 10th Int. Conf. on Plasma Physics
and Controlled Nuclear Fusion Research 1984 (London,
UK, 1984) vol 2 (IAEA: Vienna) p 579

Chittenden J P ef al 2006 6th Int. Conf. on Dense Z-Pinches
(Oxford, UK, 25-28 July 2005) AIP Conf. Proc.
808 335-8

Haines M G 1983 Nucl. Instrum. Methods 207 179

Krasa J et al 2008 Plasma Phys. Control. Fusion 50 125006

Tiseanu I, Decker G and Kies W 1996 Nucl. Instrum. Methods
Phys. Res. A 37373

Rezac K et al 2006 Czech J. Phys. 56 B357

Rezac K 2011 Ph.D. Thesis Czech Technical University in
Prague

Huba J D 2009 NRL Plasma Formulary (Washinghton, DC:
Naval Research Laboratory) p 45

Lee S and Serban A 1996 IEEE Trans. Plasma Sci. 24 1101

Hammel J E, Scudder D W and Shlachter J S 1983 Nucl.
Intrum. Methods 207 161

Pereira N R, Rostoker N, Riordan J and Gersten M 1985 Proc.
Ist Int. Conf. on Dense Z-Pinches for Fusion (Alexandria,
VA, 1984) ed J D Sethian and K A Gerber (Washington,
DC: Naval Research Laboratory) p 71

Hammel J E, Scudder D W and Schlachter J S 1985 Proc. 1st
Int. Conf. on Dense Z-Pinches for Fusion (Alexandria, VA,
1984) ed J D Sethian and K A Gerber (Washington, DC:
Naval Research Laboratory) p 13


http://dx.doi.org/10.1016/0167-5087(83)90233-8
http://dx.doi.org/10.1109/27.533118
http://dx.doi.org/10.1007/s10582-006-0222-3
http://dx.doi.org/10.1016/0168-9002(95)01513-2
http://dx.doi.org/10.1088/0741-3335/50/12/125006
http://dx.doi.org/10.1016/0167-5087(83)90235-1
http://dx.doi.org/10.1063/1.2159383
http://dx.doi.org/10.1088/0032-1028/16/6/001
http://dx.doi.org/10.1063/1.3559548
http://dx.doi.org/10.1002/ctpp.201000047
http://dx.doi.org/10.1016/0375-9601(85)90140-9
http://dx.doi.org/10.1088/0741-3335/30/3/006
http://dx.doi.org/10.1088/0741-3335/52/6/065013
http://dx.doi.org/10.1088/0022-3727/40/12/008
http://dx.doi.org/10.1063/1.861101
http://dx.doi.org/10.1063/1.1147666
http://dx.doi.org/10.1088/0741-3335/53/4/045002
http://dx.doi.org/10.1103/PhysRevLett.3.318
http://dx.doi.org/10.1088/0022-3727/33/2/308
http://dx.doi.org/10.1007/s10582-005-0006-1
http://dx.doi.org/10.1017/S0022377898006771
http://dx.doi.org/10.1063/1.1693966
http://dx.doi.org/10.1103/PhysRev.110.1375
http://dx.doi.org/10.1088/0370-1301/70/1/303
http://dx.doi.org/10.1103/RevModPhys.28.338
http://dx.doi.org/10.1063/1.3555447
http://dx.doi.org/10.1109/TPS.2009.2036623
http://dx.doi.org/10.1109/TPS.2006.878367
http://dx.doi.org/10.1088/0029-5515/27/3/006
http://dx.doi.org/10.1063/1.2710207
http://dx.doi.org/10.1063/1.2446177
http://dx.doi.org/10.1063/1.2435322
http://dx.doi.org/10.1063/1.3457932
http://dx.doi.org/10.1088/0741-3335/49/12B/S55
http://dx.doi.org/10.1103/PhysRevLett.93.015001
http://dx.doi.org/10.1088/0741-3335/53/9/093001
http://dx.doi.org/10.1063/1.2839352
http://dx.doi.org/10.1134/S1063780X07050029
http://dx.doi.org/10.1103/RevModPhys.72.167
http://dx.doi.org/10.1103/RevModPhys.78.755
http://dx.doi.org/10.1063/1.1891746
http://dx.doi.org/10.1063/1.872881
http://dx.doi.org/10.1103/PhysRevLett.77.5063

Plasma Phys. Control. Fusion 54 (2012) 015001

D Klir et al

[58] Scudder D W 1985 Bull. Am. Phys. Soc. 30 1408

[59] Sethian J, Robson A, Gerber K and DeSilva A 1991 Conf.
Proc. Workshop on Physics of Alternative Magnetic
Confinement Schemes (Varenna, Italy, 1990) ed S Ortolani
and E Sindoni (Bologna: Editrice Compositori) p 511

[60] Scudder D W 1991 Conf. Proc. Workshop on Physics of
Alternative Magnetic Confinement Schemes (Varenna, Italy,
1990) ed S Ortolani and E Sindoni (Bologna: Editrice
Compositori) p 519

[61] Kies W et al 1991 J. Appl. Phys. 70 7261

11

[62]
[63]

[64]
[65]
[66]

[67]

Lebedev S ef al 1998 Phys. Plasmas 5 3366

Klir D et al 2005 Plasma Devices Operations
13 39

Klir D et al 2006 IEEE Trans. Plasma Sci. 34 2303

Slutz S A et al 2010 Phys. Plasmas 17 056303

Lindemuth I R and Kirkpatrick R C 1983 Nucl. Fusion
23263

Haines M G, LePell P D, Coverdale C A, Jones B,
Deeney C and Apruzese J P 2006 Phys. Rev. Lett.
96 075003


http://dx.doi.org/10.1103/PhysRevLett.96.075003
http://dx.doi.org/10.1088/0029-5515/23/3/001
http://dx.doi.org/10.1063/1.3333505
http://dx.doi.org/10.1109/TPS.2006.878614
http://dx.doi.org/10.1080/10519990512331320808
http://dx.doi.org/10.1063/1.873050
http://dx.doi.org/10.1063/1.349773

ARTICLE NO. 8



IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 40, NO. 12, DECEMBER 2012

3273

Drive Parameter of Neutron-Optimized Dense
Plasma Foci

Daniel Klir and Leopoldo Soto

Abstract—A dense plasma focus is being studied as a source
of fusion neutrons. Lee and Serban noticed (IEEE Trans. Plasma
Sci., vol. 24, no. 3, pp. 1101-1105, 1996) that neutron-optimized
Mather-type plasma foci have an almost constant drive parameter
Iy /(a+/po)- The origin of this parameter goes back to the 1960s.
Recently, it has been pointed out that the constant value of the
drive parameter means almost the same values of axial and radial
velocities, ion temperatures, Alfvén velocities, and magnetic en-
ergy per unit mass. Several physical mechanisms were suggested
to explain the constant characteristic velocities in plasma foci. This
paper presents the relation between the drive parameter and the
rise rate of a current. The dependence of the drive parameter
on plasma focus geometry is also derived. The obtained results
are illustrated by neutron-optimized plasma foci with significantly
higher drive parameters. Possible consequences on plasma focus
research are mentioned.

Index Terms—Deuterium, drive parameter, neutron, plasma
focus.

I. INTRODUCTION

DENSE plasma focus (DPF) is an efficient pulsed plasma
neutron source when deuterium is used as a filling gas. In
order to design a neutron-optimized plasma focus, the drive pa-
rameter Iy /(a,/po) has been discussed in the last 15 years [1]-
[7]. Here, Iy, a, and pg represent the peak discharge current, the
inner electrode radius, and the initial gas density, respectively.
The origin of the drive parameter and its importance for
plasma focus dynamics go back to the 1960s. In 1967, for
instance, the drive parameter occurred in [8], where Dyachenko
and Imshennik derived it during the nondimensionalization of
MHD equations. Later, Imshennik with his colleagues used di-
mensionless parameters and similarity transformations in order
to make predictions for thermonuclear yields and lifetimes of
a high-energy plasma focus [9]. In their derivation, they used
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the dimensionless parameter (pé/ *R2)/(tolo) to express the
ratio of the plasma and circuit times ¢, /to, where Iy, Ry, and
v are the characteristic values of current, length, and velocity,
respectively. The ratio ¢,/ (p(l)/2R0)/Io - v was said to be
constant because it ensured that “the energy from the circuit is
fed into the plasma at the right time” [9].

At the beginning of the 1970s, the similarity law
Ey/(pozo) = const for the stored energy Fj, the initial pres-
sure py, and the electrode length 2, was established experimen-
tally by Rapp [10]. In order to design plasma focus devices,
only the acceleration length was determined such that the
peak current occurred at the end of the acceleration phase.
Thereafter, the deuterium pressure was adjusted for the highest
neutron yield. Trunk attempted to optimize electrical parame-
ters of an energy supply and the geometry of a plasma focus for
the maximum current and the maximum utilization of the stored
energy [11]. He extended the aforementioned law Fy/(pozo) =
const by including the optimum radius of the inner electrode
a. For a constant critical acceleration of the plasma layer, he
obtained Ey/(poa?) o I?/(poa?) = const. This relation was
used as a scaling law for low-voltage plasma foci by Kaeppeler
[12], [13]. In the 1980s, during the research of high-voltage
(> 60 kV) plasma foci, the I3 /(poa®) parameter was assumed
to be constant for all charging voltages [14].

The constant value of (uol2/8m2a2pou?)'/?, which is
closely related to the drive parameter, can also be found in
the paper written by Herziger er al. [15]. This expression,
where u is the axial speed, was derived in an analytic model
describing the plasma focus with a shock front driven by a
magnetic piston. Due to the criterion of thermodynamic sta-

bility, (pol?/ 87r2a2p0u2)1/ * was assumed to be constant and
equal to one. This value was later used to estimate the ratio
between sheath currents and measured total currents in plasma
focus experiments [16].

The importance of the drive parameter (Iy/a)/ p(l)/ * was
emphasized by Lee and Serban in a well-known IEEE paper
in 1996 [1]. The authors showed that the drive parameter is
approximately constant for Mather-type plasma foci with a
wide range of stored energies. Soto extended this range to
subkilojoule plasma foci [4]. It has been pointed out that the
constant value of the drive parameter means almost the same
values of axial and radial velocities, ion temperatures, plasma
energy density [1], magnetic energy per unit mass [3], and
Alfvén velocities [6]. The fixed value of the axial speed was
attributed to a good focusing effect at a particular velocity [2].
The lower speed limit was explained by an insufficient coupling
of the magnetic piston with the shock plasma layer. The upper

0093-3813/$31.00 © 2012 IEEE
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boundary was ascribed to the following: 1) a separation of the
magnetic piston from the plasma layer; 2) Rayleigh—Taylor in-
stabilities; 3) plasma—anode interactions; and 4) a higher mean
free path causing the diffusive shock (see [2] and references
herein). In order to increase the axial sheath velocity and not to
influence the focusing effect, the shape of the inner electrode
was modified [2], [7].

In this paper, we would like to relate the drive parameter with
properties of a current generator, namely, with the rise rate of a
current. This relationship, which is derived in Section II, could
partially explain small variations of the drive parameter of low-
voltage lower inductance Mather-type plasma foci. Illustrative
examples of neutron-optimized DPFs with significantly higher
drive parameters are presented in Section III. The dependence
of characteristic velocities and drive parameters on plasma
focus geometry and other quantities is discussed in Section I'V.
Some conclusions on the drive parameter and consequences for
the plasma focus research are summarized in Section V.

II. DRIVE PARAMETER

The axial motion of the plasma focus current sheath in the
z-direction can be described by the snow-plow model (cf. [1],
[17], and [18])

% n(b? — a2)zfmp0‘jﬂ = ﬁln (Z) 212 (1
where py is the initial gas density, f,, is the fraction of mass
participated in the snow plow, [ is the total current, f. is the
fraction of the current in the sheath, and a and b are the radii of
the inner and outer electrodes, respectively.

Let us assume that the current [ is measured in units of
the peak current [, the axial position z in units of the inner
electrode length zj, and the time ¢ in units of the time to the
maximum current ¢g. It means that we introduce the dimension-
less quantities ¢ = z/zg, T = t/to, and v = I /.

Then, the equation

d (=2 _ pf2 (z) P @
dt \" dt 42 f,, (2)2 _ 1 poa?
can be rewritten as
d [ d )
Z =) A
dr (CdT) ‘ )
where
2 1In b 72 2
— LL (a) 0 70 (4)

472 fo, (2)2 _ 1 poa® 23

If we have two plasma foci with the same dimensionless
parameter A and with the same dependence of the current on
time «(7) = I(t/to) /1o, the axial phase will occur in a similar
way, and conversely, if Mather-type plasma foci are optimized
and the end of the axial phase coincides with the time of the
peak current, then these DPFs have very similar dimensionless
parameters A. For the sinusoidal dependence of currents on
time (1) = sin((7/2)7), the axial phase ends at the peak
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current for A = 3. If A is lower than three, the Mather-type
plasma focus is “overmassed,” and the axial phase ends too late.
On the contrary, if A is higher than four, the axial phase ends

too early.
Since the velocity is given by

d d
dz _ 20 d¢ )
dt t() dr

we arrive at the characteristic axial velocity

b
Z pln a fe I
Ve =0 = ) : ©)

2 ((2)7 - 1) Vi VP

It should be noted that this characteristic velocity differs from
the one derived in [1] by a factor of A2 Our characteristic
velocity is very close to the average velocity v,. The average
axial velocity depends on the real axial transit time ¢, as

_ 20 o Zox

Vg = L Qg @)
where o = ty/t, is about one for Mather-type DPFs. Usually,
« is slightly higher than one since the duration of the current
sheath formation and the radial phase ¢, have to be included in
to. Nevertheless, o < 1 could also occur, particularly in low-
impedance high-current generators where the current reaches
the peak before the end of the axial phase because of the
damping effect (e.g., PF-1000 [19]).

If we express the initial density pg in terms of the pressure
Do, the temperature kg7, and the Do mass Mp, as py =
Mp,po/(kgT), we have

v _*0 _ pkpT In (2) fe  Io ®)
Toto A\l 4r2Mp,A ((g)2 - 1) VFm /Poa
=0 . to ©)

Tty /poa

As a result, the drive parameter is constant if velocities in
Mather-type plasma foci are similar and if values of L are the
same (i.e., the ratios b/a and f./+/f,, are comparable and the
end of the axial phase is matched with the peak current). In
most of the Mather-type plasma foci (e.g., PF-1000, PF-360,
FN-II, Paco, PF-400, UNU/ICTP, and KSU), L varies between
0.6 and 0.9 m? - s~ - Pa'/2 . A~1. For instance, typical values
ofb/a=2, f. =0.7, f,, = 0.1, T = 300K, and A = 3 lead to

Iy
Vboa:

Then, the average drive parameter of 7.7 x 10°> A/(Pa'/? - m)
(77kA - ecm™! - mbar~'/2 [1]) gives the axial velocity

v, = 0.09 -

(10)

Ve =7 x 10* m/s (11)
which corresponds to the typical average axial velocity ob-
served in plasma focus experiments.

The question that we should ask here is why DPFs operate
in a narrow range of velocities. The fixed velocities were
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Name Voltage Peak Rise | Anode | Cathode | Anode | Optimal Ratio Parameter Current Drive Ref.
current | time | radius radius length | pressure rise rate parameter
Vo Io to a b 20 D0 f2/fm | \/F/L/PO VIo/to | Io//poa
(kV) (kA) (us) (cm) (cm) (cm) (mbar) \/ mélS:'a 104 \/§ 104 F"Aa —
PF-1000 35 2300 7 122 18.4 60 6.6 2.0 1.5 57 74 [21]
Bernstein 820 3 3.9 7.5 22 6.7 2.0 1.7 57 82 22
Mather 17 500 2.5 2.5 5 20 9 2.0 1.8 45 67 23
7 kJ Japan 25 390 1.7 1.75 4 13 6 2.3 1.9 48 91 24
Paco 30 250 0.7 2 5 4 1.5 1.9 1.6 60 100 25
AASC 10 230 1.25 1.5 3 6.5 6 2.0 1.6 43 63 26
PF-400 30 130 0.31 0.6 1.3 2.8/1.7 9 2.5 1.3/1.0 66 72 6]
FMPF-3 14 100 0.35 0.6 1.5 22 45 2.3 1.5 47 81 27]

ascribed to the stability of the snow-plow implosion, to the
efficient coupling of the magnetic piston with the shocked
plasma layer, to the lower limit of magnetic Reynolds number
and specific energy, to the good focusing effect, etc. [2]. All
these phenomena might play a significant role. Nevertheless, at
this point, we would like to point out the relationship between
the drive parameter and a current generator, namely, the rise
rate of a current. Thus far, little mention has been made of such
a relationship.

In order to express the characteristic and average velocities
in terms of generator parameters, it is useful to eliminate the
length zg = F' - a from (9)

Iot

=L 5 (12)
FVPo

2o = | L olo (13)
Nz

Substituting 2z into v, = zo/tp and using L from (8), the
axial velocity is given by

1 LFI
Vo =L —2 = . (14)
V/Poa v/Poto
kpTf2In (%) F2 1
Vg = 4 HRB f(‘ n(a)2 . 0 (15)
4772MD2Af7n ((3) - 1) \/ZTotO
whereas the drive parameter is equal to
1 F 1
o _ . \/70 (16)
VPoa Ly/po Vo

These equations show that the axial velocity and the drive
parameter depend on the geometry of a tube, the deuterium
pressure, the ff / fm ratio, and the rise rate of a current. As a
result, axial velocities and drive parameters should be almost
constant in Mather-type plasma foci with similar current rise
rates /Io/to and with comparable /F'/(L,/py) parameters
(variations in F2, b/a, f2/fm, A, and py are reduced by the
fourth root). This is demonstrated in Table I, where several
lower inductance (< 100 nH) Mather-type plasma foci are
presented. Indeed, Table I shows that these Mather-type plasma
foci with similar 4/Iy/to have drive parameters in a quite
narrow range of 60-100 kA/cm/mbar'/?.

Another consequence of (16) could be illustrated by higher
voltage generators with fast rising currents. According to (16),
faster generators could provide higher values of the drive pa-
rameter. Several Mather-type plasma foci with various initial
voltages are presented in Table II. Even though /F/(L,/po)
varies over these DPFs, it can be seen how the drive param-
eter increases with higher voltages and with higher values of

VTo/to.

III. HIGH-VOLTAGE GENERATORS WITH SHORTER
CURRENT RISE TIMES

It has been shown in the previous section that the drive
parameter and the characteristic velocity can be increased with
high-voltage generators. Of course, the increased drive param-
eter and the higher velocity are in themselves valueless if the
efficient neutron production is not achieved. The most advanced
research of high-voltage plasma foci was performed by the
group of Decker and Kies in Diisseldorf. The main idea of their
research was to increase the current and neutron production
efficiency for a given energy stored in a generator [14]. During
the first experiments, several issues of high-voltage operation
had to be addressed. The first problem was if it is possible
to create a high-quality plasma sheath and a proper rundown
phase. The second problem was to find the optimal plasma
focus geometry and initial gas density. Finally, it had to be
studied if the higher voltage does not change plasma properties
which are convenient for the efficient neutron production. These
issues were successfully solved with an 85-kV generator [14].
The average neutron yield of 3 x 10° and the stored energy
of 12 kJ implied the efficiency of 2.5 x 10° neutrons/J. A
similar efficiency was achieved with a 160-kV 20-kJ SPEED-
1 generator [31]. The optimization procedure was pursued also
with a 300-kV 187-kJ SPEED-2 generator [32], [33], but only
a few results from neutron measurements have been published
(e.g., [34]). Therefore, more experiments are needed to confirm
that DPFs can operate efficiently at voltages above 100 kV.
Nowadays, DPFs usually employ low-voltage (<35 kV)
discharges. The only exception is the SPEED-2 generator with
the voltage of 180 kV and the impedance of 60 mf). In
this respect, the SPEED-2 generator at Comisién Chilena de
Energia Nuclear (CCHEN) could provide unique results. One
disadvantage is that the insulator and the anode radius of the
SPEED-2 were optimized for the 300-kV voltage [32], [33],
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TABLE II
IMPORTANT PARAMETERS OF DPFs WITH VARIOUS CHARGING VOLTAGES
Name Voltage Peak Rise | Anode | Cathode | Anode | Optimal Ratio Parameter Current Drive Ref.
current | time | radius radius length | pressure rise rate parameter
Vo Iy to a b 20 Po fCQ/fm \/F/L‘/p() \/I()/t() I()/‘/p()a
(kV) kA) | (us) | (em) (cm) (cm) | (mbar) 2 104/ | 10f S
AASC 10 230 1.25 1.5 3 6.5 6 2.0 1.6 43 62 [26]
Mather 17 500 2.5 2.5 5 20 9 2.0 1.8 45 67 [23]
PF-1000 27 1750 5.5 11.5 18 48 2.75 2.0 1.7 57 92 [28]
PF-360 38 2100 3 6 8.5 30 6.6 1.9 1.3 80 100 [29]
DPF-78 60 880 1.4 2.5 5 15 10 3.1 1.3 80 110 [30]
HV-focus 85 560 0.6 1.2 3 5.5 10 2.0 1.6 100 150 [14]
Poseidon 60 3800 3 10.4 14.6 423 4 2.0 1.6 110 180 29
SPEED-1 160 900 0.4 2.5 7.5 6.5/5 3.5 2.0 1.6/1.4 150 190 31
SPEED-2 300 2500 0.4 54 11 9/5.8 5 2.0 1.0/0.85 250 210 32
220 1 ' ' ' ' ' ' ' ol It is also not certain if all plasma foci in Fig. 1 are opti-
- P spee2 mized with respect to neutron yields. We should note that the
g 200 1 optimization procedure significantly differs between various
4 S...=S plasma foci. It is not rare that only the length of the anode
S 180 pred  Possidon 7 . . . .
T and the pressure are adjusted whereas insulator dimensions and
g = 160 - - 1 anode and cathode radii are kept constant. However, even in
g -g 140k | the case of neutron-optimized plasma foci, it is not easy to
© = find published papers with all parameters of the highest neutron
5 é 120 - 1 yield shot.
T =gl o N ] Despite all these effects, (16) seems to be valid. This equation
g <u SR enables us to split the drive parameter into two parts. The first
o 80 |- ~wd ‘;ﬁgs 1 part is determined mainly by the tube geometry and the initial
= 60 il ; : : ; : i i pressure, whereas the second one is dependent on the rise rate of
60 80 100 120 140 160 180 200 220 a current. For instance, as shown in Table III, the rise rate of the

Drive parameter S
(kA/ecm/mbar'?)

Fig. 1. Comparison of the drive parameter evaluated from S = Ip/(\/poa)

and derived from Spreq = \/F/(L+/P0)+/Io/to). Parameters were taken

from Tables I-III. The anode lengths of PF-400, SPEED-1, and SPEED-2 were
1.7, 5.0, and 5.8 cm, respectively.

whereas the present operation at 180 kV would require smaller
dimensions.

At the end of this section, we may verify our derivation
by comparison of the drive parameter evaluated from S =
Iy/(/Poa) and from Sprea = /F/(Ly/Po)\/To/to). The ob-
tained results are shown in Fig. 1.

Fig. 1 shows that Sp;eq is proportional to S. Deviations from
the linear dependence can be explained by incorrect values of
Aand f2/ f.

Another uncertainty arises from the anode length zj. A rather
complicated shape of the current sheath could cause that the
axial position in (1) is not well defined. As a result, it is not
always clear if the insulator length has to be included into 2 or
not. The uncertainty is substantial if the length of the insulator
is comparable with the effective anode length such as at the
PF-50, PF-400, SPEED-1, and SPEED-2 plasma foci. In these
cases, we use the “average” anode length, i.e., the distance from
the center of the insulator to the anode tip. This corresponds to
the numerical experiments on the PF-400 J using the Lee model
code where the 1.7-cm anode length was used instead of the full
length of 2.8 cm [35]. In the case of the PF-50J, we obtained
the best agreement between S and Sp;cq for the effective anode
length of 0.48 cm.

higher impedance plasma foci at Kansas State University and at
the UNU/ICTP is about 26 x 10* v/A/s which is significantly
lower than the values in Table I. However, because of long
anodes and higher values of F' = z/a, the drive parameters
and the characteristic velocities are comparable with those in
Table I.

IV. DISCUSSION

The equations in Section II were derived for the Mather-type
plasma focus and for the sinusoidal dependence of a current on
time. In this section, we can discuss our assumptions and the
influence of various phenomena on our results.

A. Pinch Current

Recently, the role of the current limitation effect has been
pointed out [36]. A high dynamic resistance during the axial
and radial phases causes the damping of the current (see also
[11], [14], and [31]). As a result, the current rise rate Iy/to
is smaller than Vy/Lg, where Vj is the initial voltage and
Ly is the static inductance. Particularly in the case of high-
current low-impedance generators with long electrodes, the
peak current is significantly reduced, and the sinusoidal depen-
dence is distorted. The former effect is already included in our
nondimensionalization of MHD equations. The latter, i.e., the
distortion of the sinusoidal shape, changes the optimal value
of A. For instance, the optimal value for the /sin((7/2)¢)
dependence is A = 2. It is a small shift from A = 3 considering
the A'/* power law for the drive parameter in (16). A more
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TABLE 1II
IMPORTANT PARAMETERS OF HIGHER INDUCTANCE (> 100 nH) DPFs

Name Voltage Peak Rise | Anode | Cathode | Anode | Optimal Ratio Parameter Current Drive Ref.

current | time | radius radius length | pressure rise rate parameter

Vo Io to a b 20 PO 2/ fm \/F/Lq/po \/Io/to Io/+/Poa

As 4 /A 4 _ A

(kV) (kA) (us) (cm) (cm) (cm) (mbar) A/ m2;’a 10 \/; 10 e

KSU 17 140 2.1 0.75 25 9 3 2.1 3.0 26 83 [18]
UNU/ICTP 14 172 25 0.95 32 16 3 23 34 26 81 13]

important effect of the damping is its influence on the matching
of the peak current with the end of the axial phase. In low-
impedance high-current generators, the current reaches the peak
before the end of the axial phase. Such a case corresponds to an
“overmassed” plasma focus where A is significantly lower than
three.

Another phenomenon that should be considered here is the
difference between the maximum current I, and the pinch
current Ipinch. On the one hand, it is assumed that the pinch
current Ipi,cn has a decisive influence on the total neutron
yields [36]. On the other hand, the peak current I is more
important for the matching with the axial phase, and therefore,
it is the appropriate current in (14) and (16).

B. Filippov-Type Plasma Focus

In 2006, Zhang et al. showed that the drive parameter de-
pends on the type of plasma focus, in other words, whether
the plasma focus is of the Filippov, Mather, or hybrid type
[5]. From (7) and (8), it is evident that the average velocity in
DPFs is influenced not only by the drive parameter but also
by the geometry of a plasma focus, namely, by «, A, a, and b.
Therefore, different drive parameters do not necessarily imply
different velocities or different physical processes. For instance,
one of the most important distinctions between Filippov- and
Mather-type plasma foci lies in different o’s in (7). In the case
of Filippov-type plasma foci, the values of oo = ¢(/t, and A
are significantly higher than one and three, respectively. Then,
according to (7) and (9), the same average axial velocity v,
leads to the lower characteristic velocity v, and, if «/ VA >

1/4/3, also to the lower drive parameter I / (pé/ ®a) in Filippov-
type plasma foci. Such a result agrees with the conclusion
drawn earlier [5].

In the case of a Filippov-type plasma focus, the duration of
aradial phase is comparable with the rise time of the current to
the peak. Also, fast current generators, such as SPEED-1 and
SPEED-2, have a short axial phase, and their tube geometry
tends to be similar to that of a Filippov-type plasma focus.
Therefore, it is more reasonable to calculate the radial velocity
rather than the axial one. Even though the snow-plow model
from the 1950s could be used as the first approximation, the
“slug” model is more appropriate to describe the motion of
a weakly radiating plasma current sheath. According to the
slug model devised by Potter in 1978 [37], the average radial
velocity of the piston is proportional to the drive parameter

A7)

where K is the constant which is dependent on the shape of
a current pulse. In order to match the pinch phase with the
maximum current, we have

I
2Bt =KD (18)
trto pia
Kt
a= 070 (19)
5 Po

where 3 stands for the ratio of the circuit time ¢¢ to the radial
transit time t,..

Substituting a from (19) back into (18), we obtain the
dependence

BK Iy

/Poto 0

_ a
UT:B%:

which is analogous to (14). As a result, our conclusions for
Mather-type DPFs are valid also for Filippov-type devices.

The derived equation (20) can be explained as follows. The
characteristic velocities in DPFs depend on Iy/+/poa?. This
drive parameter is closely related to Iy /+/7 that is proportional
to an implosion velocity of Z-pinches with the linear mass
m. In hollow gas puff or wire-array Z-pinches, a wide range
of velocities for a given current could be achieved simply by
changing the linear mass. Thereafter, the initial radius is set to
match the stagnation with the current peak.

Such a procedure cannot be applied to dense Filippov-type
plasma foci. In a Filippov-type plasma focus, it is also con-
ceivable to decrease the initial gas density with a hope that it
will lead to higher velocities v, o< 1/ p(l)/ % Nevertheless, the
lower mass in the current sheath causes the shift of the pinch
phase to the instant of time when the current is still low. In
order to reach the pinch phase at the maximum current, it is
necessary to increase electrode dimensions a o v,.ty x 1/ pé/ 2
Because “standard” plasma foci are homogeneously filled with
the gas, the enlargement of electrodes results in the increase of
the total mass per unit length ppa?. Then, the mass in the current
sheath is similar to that of the case with a higher initial gas
density and a smaller anode radius. In the end, the dependence
of characteristic velocities on pressure is quite weak. One
possibility of how to decrease the linear mass density pga? for
a given current [ is to use faster current generators with the
shorter rise time to the peak current ty. This is the physical
meaning of (20).
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C. Other Possibilities of Increasing Velocity

Approximately constant values of characteristic velocities
mean almost the same values of ion temperature and mass
density of magnetic energy in neutron-optimized DPFs. For
several purposes, e.g., the increase of thermonuclear yields of
deuterium plasmas [2], [40] or K-shell yields of medium-Z
plasmas, it would be advantageous to increase the tempera-
ture, the energy density, and, therefore, the final velocity. As
mentioned previously, one possibility of increasing the average
velocity is the use of a faster high-voltage generator. Another
possibility of how to influence the velocity in DPFs is as
follows: 1) to modify the geometry of electrodes or 2) to change
the gas density at the breakdown and the pinch phase. The
former led to higher axial velocities in the case of a stepped-
down composite anode used by Serban and Lee [2], Verma et al.
[38], and Aghamir and Behbahani [7]. The latter is related to the
use of gas puffs near the insulator and/or at the anode tip (e.g.,
[39] and references therein). By using gas puffs, more “degrees
of freedom” are introduced to a DPF since they enable to
change independently conditions convenient for the breakdown,
for the rundown, and for the pinch phase.

Finally, the following question arises: What is the upper limit
of the velocity at which the current sheath is stable and the
good focusing effect occurs? It is likely that optimized DPFs
can operate reliably at fixed velocities only. If optimized DPFs
are really restricted to constant velocities, it seems reasonable
to research deuterium gas puff Z-pinches that possess higher
variability than plasma foci [41].

V. CONCLUSION

In this paper, we are interested in the axial and radial ve-
locities and in the drive parameter of neutron-optimized DPFs.
We intended to point out the importance of the plasma focus
geometry and the basic parameters of current generators. It was
derived that the plasma foci with similar tube geometries and
with comparable current rise rates Iy /¢y should have the same
drive parameter and the same velocities. In order to increase
velocities, higher voltages and fast rising currents are desirable.
On the one hand, high voltages and higher velocities might have
deleterious effects on the breakdown phase, on the stability of
the snow-plow mechanism, and on the focusing effect. It is still
questionable if DPFs can operate efficiently at voltages above
100 kV and if high-voltage DPFs can sustain plasma properties
and physical processes convenient for neutron production. On
the other hand, however, high-voltage generators can be used
for several interesting purposes and for the greater efficiency
of energy conversion to neutron yields. Therefore, it is of high
importance to continue with the research of high-voltage high-
impedance generators such as the SPEED-2 at CCHEN.
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Deuterium gas-puff experiments have been carried out on the GIT-12 generator at the Institute of
High Current Electronics in Tomsk. The emphasis was put on the study of plasma dynamics and
neutron production in double shell gas puffs. A linear mass density of deuterium (D,) varied
between 50 and 85 ug/cm. Somewhat problematic was a spread of the D, gas at a large diameter in
the central anode—cathode region. The generator operated in two regimes, with and without a
plasma opening switch (POS). When the POS was used, a current reached a peak of 2.7 MA with a
200ns rise time. Without the POS, a current rise time approached 1500ns. The influence of
different current rise times on neutron production was researched. Obtained results were important
for comparison of fast deuterium Z-pinches with plasma foci. Average DD neutron yields with and
without the POS were about 10'". The neutron yield seems to be dependent on a peak voltage at the
Z-pinch load. In all shots, the neutron emission started during stagnation. At the beginning of the
neutron production, the neutron emission correlated with soft x-rays and a significant fraction of
neutrons could be explained by the thermonuclear mechanism. Nevertheless, a peak of the neutron
emission occurred 40ns after a soft x-ray peak. At this very moment, hard x-rays above 1 MeV
were detected and a rapid expansion with a velocity of 3 x 10° m/s was observed. In the case of the
POS, 1 MeV widths of radial neutron spectra implied that there are deuterons with the energy
above 200keV moving in the radial direction. On the basis of D, gas puff experiments in the

0.3—17 MA region, the neutron yield dependence on a current as ¥ o< I°

0202 was proposed. © 2012

American Institute of Physics. [http://dx.doi.org/10.1063/1.3696859]

I. INTRODUCTION

Deuterium Z-pinches have produced a large number of
fast neutrons from the very beginning of fusion research.'
Even though the thermonuclear origin of neutrons was not
confirmed in the first compressional Z-pinch experiments,l’2
a high efficiency of neutron production led to the study of Z-
pinches as neutron sources. In order to produce a significant
number of fusion reactions, various Z-pinch configurations
have been tested from that time on. In particular, a plasma
focus with a deuterium filling was optimized for a high neu-
tron yield. At present, higher repetitive ~100 kA plasma
foci are being investigated as portable neutron sources for
radiation material science,’ radiobiology, nuclear medicine
(PET radioisotope production,® brachytherapy), cargo
inspection,” improvised-explosive-device detection,’® etc. In
the case of mega-ampere plasma foci, many experimental
results were achieved’'> and a record yield from the
D(d,n)*He fusion reaction approached 10'? neutrons/shot.'®
The further increase of the neutron yield has not been
achieved since the pinch current dropped below 2 MA due to
a low impedance of low voltage MJ capacitive discharges.'*
In this respect, multi-megaampere Z-pinch experiments with
deuterium gas puffs in vacuum could provide important in-
formation about neutron production mechanisms and scaling
laws of neutron yields above 2 MA. In comparison with
plasma foci, deuterium gas puffs are much more variable. To
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be more precise, deuterium gas puffs allow us to study the
influence of various gas density profiles, various implosion
velocities, and shorter current rise times. They also allow to
research the influence of different gases and admixtures
inside an inner and/or outer shell. They possess the advant-
age of causing no difficulties with an insulator, namely, with
its conditioning and re-strikes during the pinch phase.

The first experiment with a deuterium gas jet, i.e., with a
narrow solid gas puff, was carried out with a 200 kA genera-
tor at the University of California in Irvine.'” In the follow-
ing experiments, the influence of argon admixture on plasma
dynamics of a hollow deuterium gas puff was studied.'® A
peak neutron yield of 2 x 10® was achieved with pure deute-
rium in a lower density regime. At the end of the 1980s, solid
deuterium gas puffs with a strong axial gradient of a linear
density were used on the Angara-5-1 generator at 2-3 MA
currents.'*° On the Angara-5-1, deuterons were supposed to
be accelerated in a low density plasma. However, because of
the strong axial gradient of a plasma density, accelerated
deuterons could produce abundance of neutrons in a dense
target plasma near a hollow cathode. As a result, more than
10'? beam-target neutrons were emitted within 50 ns. With a
hollow gas puff, similar neutron yields of 2 x 102 were
achieved at significantly higher currents of about 8 MA on
the Saturn generator.”' The "saturation" of a neutron yield at
a value of ~10'% was overcome first on the Z machine with
a double-shell deuterium gas-puff at a 17 MA current.?*>

© 2012 American Institute of Physics
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With regard to the overall neutron yield of 4 x 10", MHD
(Ref. 24) and particle-in-cell (Ref. 25) simulations showed
that there is a hope of a large thermonuclear component but
only a few experimental results were accumulated during
several shots.

In order to provide more experimental results, we car-
ried out deuterium gas puff experiments at 2 MA on the
S-300 generator at the Kurchatov Institute in Moscow. On
the S-300, a comprehensive set of neutron and x-ray diagnos-
tics was prepared”® and efficient production of 100keV deu-
terons was demonstrated.”” A total energy of deuterons
accelerated to fusion energies was calculated as 15% of the
energy input into a plasma, i.e., similar value to plasma foci.

In this paper, we present results from the GIT-12 gener-
ator at the Institute of High Current Electronics in Tomsk.
The experiments were carried out at currents of about 3 MA
with 200 and 1500ns rise times. Experiments at such rise
times are unique since previous MA deuterium Z-pinch
experiments were carried out with a shorter rise time of
100 ns. On the other hand, current rise times of MA plasma
foci were usually of the order of several microseconds. The
neutron emission at two different current rise times was
researched. The emphasis was put on neutron time-of-flight
diagnostics. The current generator, gas puff hardware, an ex-
perimental arrangement, and diagnostics used in our experi-
ment are described in Sec. II. Section III provides the most
important experimental results. The discussion of these
results is the subject of Sec. IV. Finally, conclusions are
summarized in Sec. V.

Il. APPARATUS AND DIAGNOSTICS
A. Current generator

The experimental series of 11 shots with a deuterium
gas puff was carried out on the GIT-12 generator at the Insti-
tute of High Current Electronics in Tomsk.*® The GIT-12 is
the current generator with an intermediate inductive storage
of the energy and a microsecond plasma opening switch. At
a 50kV charging voltage, the generator stored an energy of
2.6 MJ. When the plasma-opening-switch (POS) was applied,
a current reached a peak of about 2.7 MA with a ~ 200 ns
risetime (10%—-90%) and a rate of up to 20 kA/ns. The gener-
ator was also used without the POS in 3 shots. In these shots,
the generator approached a current of 3.5 MA with a rate of
3kA/ns and a current rise time of 1.5 us.

B. Gas puff

During the experimental campaign on the GIT-12, we
used an electromagnetic valve, nozzles, preionization, and
also experience from previous experiments with argon gas
puffs (see Refs. 29 and 30 and references herein). The design
of the dual-plenum valve, which was described in Ref. 31,
enabled a different pressure of up to 6 bars in each plenum.
This valve was coupled to concentric convergent-divergent
nozzles with a throat width of about 500 ym. During our ini-
tial experiments in May 2011, we used mainly double shell
gas puffs with an inner and outer shell diameter of 30 mm
and 80 mm, respectively (see Fig. 1). In order to research
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FIG. 1. Nozzle of a double shell gas puff with an inner and outer diameter
of 30 and 80 mm, respectively.

the dependence of neutron emission on a gas density profile,
single hollow shell and shell-on-solid fill gas puffs were also
tested. Before each shot, the linear mass injected between
the anode and cathode was estimated by a piezoelectric pres-
sure sensor and by the procedure which was described in
Ref. 32. The linear mass density of deuterium varied
between 50 and 85 pg/cm. An inner-to-outer shell mass ratio
was set close to 1. The nozzles were placed inside the anode.
The cathode was formed by a stainless-steel mesh with a
transparency of 71%. The diameter of the cathode reached
320 mm, and the inner diameter of a return-current conductor
was 370 mm. The separation between the cathode and the an-
ode was 20 mm. The time delay between the valve opening
and the triggering of the generator was set at 300—450 us.
Usually, the gas-puff inside a vacuum chamber was pre-
ionized by 4 UV flashboards at about 1 us before the onset of
the load current.

C. Diagnostics

The dynamics of a deuterium gas puff Z-pinch was stud-
ied by optical, x-ray, and neutron diagnostics. Each shot was
observed with the following set of diagnostic tools.

First, in order to provide time- and space-resolved infor-
mation about visible emission, a streak camera was per-
formed in the radial mode, i.e., with a slit perpendicular to
the Z-pinch axis. A streak camera sweep rate was 250 ns/cm.
The plasma located in a plane at 10.0 = 0.2 mm above the
cathode was imaged on the slit of the streak camera.

Second, x-ray radiation was detected by a pinhole cam-
era, by two x-ray vacuum diodes with copper cathodes, and
by a photoconducting detector (PCD).>* The x-ray pinhole
camera was differentially filtered with 10 and 25 um thick
Be filters. Time-integrated images of a plasma column were
recorded on RAR 2497 film with a ~ 200 um spatial resolu-
tion. The first vacuum diode filtered by a 1.5 um Mylar foil
had the peak sensitivity in a 150-280eV window. The sec-
ond x-ray vacuum diode was filtered with a 6 um thick Kim-
foil and a 600nm thick Al layer in order to detect the
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radiation above 700eV. The photoconducting detector with
30 um thick Teflon and 20 um thick polypropylen filters
detected the bremsstrahlung radiation above 1.7 keV.

Third, electrical characteristics and the power input into
a Z-pinch load were monitored by high-voltage, current, and
dl/dt probes.?®>*

Fourth, neutron energies and the emission time of neu-
trons as well as hard x-rays (>1 MeV) were measured by 4
radial neutron time-of-flight (ToF) detectors. These detectors
were composed of a BC-408 fast plastic scintillator and a
Hamamatsu H1949-51 PMT assembly.?> A temporal resolu-
tion of the neutron detectors was about 5 ns. Time of neutron
production was estimated from the nearest neutron detector
which was placed as close to the neutron source as possible.
Since energies of neutrons are determined mainly by the
most distant detector, one neutron ToF detector was placed
far from the Z-pinch load, i.e., at 25 m. For preventing hard
x-rays from saturating the photomultipliers, the detectors
were shielded up to 10 cm of lead, and neutral density filters
were placed between the scintillator and the photomultiplier.
As regards hard x-rays and neutron signals, they were
obtained from the same waveform. Therefore, the temporal
uncertainty between x-rays and neutrons was determined
only by the accuracy of the distance from the source to the
detectors. In the case of 2.5 MeV neutrons, the distance of
about 2 cm corresponds to the 1 ns temporal uncertainty.

Finally, a neutron flux was measured by a silver activa-
tion counter, by calibrated time-of-flight (ToF) detectors,35
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and by two bubble detectors-personal neutron dosimeters
(BD-PNDs)?¢ in the radial direction. A total neutron yield
was estimated from the radial neutron flux assuming the flux
isotropy.

The most recent layout of diagnostics with 4 neutron
ToF detectors is displayed in Fig. 2. This set of diagnostic
tools enabled us to obtain results which are described in
Sec. III. All times that are described in this paper refer to the
start of the generator when the load current reached 100 kA
(t=0ns).

lll. EXPERIMENTAL RESULTS

A. Double shell gas puff with a 200 ns current
rise-time

During the experimental campaign in 2011, 6 shots with
a double shell gas puff were carried out in the plasma open-
ing switch regime. Figure 3 presents exemplary results which
were achieved with the outer and the inner shell diameter of
80mm and 30 mm, respectively. The linear mass density in
each shell was 40 =5 ug/cm.

Evidently, the streak camera shows that the inner shell
imploded onto the axis even before the implosion of the
outer shell. Assuming the thin-shell model®’ for the inner
shell of the 40 ug/cm linear mass density and the 30 mm ini-
tial diameter, the implosion time of 400ns indicates that
more than 10% of the total current flowed inside the inner
shell before the collision with the outer shell. The outer shell

NR1 nTOF
: detector
X-ray pinhole 141m ND1 nTOF
camera (1:1) 7 detector
10.37 m

XRD 1 Q
251 m \\

NR2 nTOF ‘
detector e
5.80m e
PCDs
NR3 nTOF 1.60 m
detector
25.39m
XRD 2
251m

3x B-dots

FIG. 2. Schematic diagram of diagnostic setup with 4 neutron ToF detectors.
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FIG. 3. (a) Visible streak image and waveforms of current, current deri-
vative, soft x-rays, hard x-rays, neutron emission, and (b) a time-integrated
x-ray pinhole image recorded in shot No. 1409 (with the POS). D, double
shell gas puff, 80ug/cm total linear mass density, (1.0=0.2) x 10"
neutrons.

stagnated on the axis at about 475 ns with an implosion ve-
locity of 3.2 x 10° m/s. The plasma diameter in the pinhole
image was Smm with a narrow submillimeter central col-
umn. The time-integrated pinhole image was quite similar to
the one observed in a MA plasma focus.*® During the stagna-
tion, two dips in the dI/dt and two x-ray peaks were observed
25 ns apart from each other. The x-rays above 1.7keV were
emitted within one pulse at the end of the stagnation, i.e.,
during the second x-ray pulse in Fig. 3. After the stagnation,
the plasma column rapidly expanded at a speed comparable
with the velocity of implosion. The energy input into the Z-
pinch load during the implosion Wippy = %J;m pLI 2dt
exceeded 35kJ.

1. Neutron and hard x-ray emission

The total number of neutrons measured by the BD-PND
detectors in shot No. 1409 was (1.0 *0.2) x 10'". Fig. 3
shows also waveforms of hard x-rays and neutrons. All sig-
nals were adjusted to account for different transit times from
each detector to the oscilloscopes. The time of the neutron
production in shot No. 1409 was estimated from the side-on
ToF detectors at 5.8 m. We shifted the observed neutron sig-
nal by 267 ns, i.e., by the ToF of 2.45 MeV neutrons. There-
fore, the temporal resolution of the neutron detection was
given not only by the 5ns pulse response of the neutron de-
tector but also by the width of a neutron energy spectrum.
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In all shots with the POS, the neutron emission started at
the stagnation. However, the peak of the neutron emission
occurred 40 ns after the peak of soft x-rays and after the dip
in the dI/dt when the voltage at the Z-pinch load was low. At
this very moment, hard x-rays above 1 MeV and a central
bright region in the streak camera image were detected. The
FWHM of neutron emission was 50ns. This scenario was
very similar to that observed on the S-300Z-pinch, the PF-
1000 plasma focus, and the Poseidon plasma focus. On the
S-300 gas puff*” and on the MA plasma foci,'®*¢ the bright
spot after the main stagnation corresponded to the secondary
local implosion of unstable plasmas and to the disruptive de-
velopment of instabilities. In general, the outset of a bright
region could be a result of (1) the secondary local implosion,
(2) the interaction of e-beams with plasmas, or (3) the evapo-
ration of electrode material. With our set of diagnostic tools,
we are not able to tell which phenomenon was the most im-
portant on the GIT-12. But it is clear that the hard x-ray radi-
ation above 1 MeV is the evidence of the interaction of
e-beams with higher-Z material, e.g., the anode. Therefore,
the correlation of hard x-ray and neutron peaks could be
explained by the simultaneous acceleration of electron and
ion beams.

The information about neutron energies was obtained
from the time-of-flight (ToF) analysis of fusion neutrons
emitted in the radial direction. The ToF analysis was enabled
by four plastic scintillators and photomultiplier tubes. In
Fig. 4(a), we can see an example of ToF signals measured at
various distances in shot No. 1414. Initial parameters of this
shot were the same as those of shot No. 1409 which was
described above. Figures 4(a) and 4(b) show how the neutron
signal was shifted and broadened with the increasing dis-
tance from the neutron source. The broadening was caused
by different velocities of neutrons. Quantitatively, we calcu-
lated a neutron energy spectrum from the most distant ToF
detector by the time-of-flight method. An energy resolution
AE was determined mainly by the duration of neutron emis-
sion At as AE/E = 2At/t, where t is the neutron time-of-
flight from the source to the detector. In shot No. 1414, the
FWHM of the neutron emission At was about 50ns. Then,
for the 25.4 m distance and for 2.45 MeV neutrons with the
ToF of 1170 ns, we obtained the energy resolution AE of the
order of 0.2 MeV. The neutron spectrum which we received
is displayed in Fig. 4(c). A sensitivity of the scintillator on
neutrons with different energies was taken into account.®> A
mean neutron energy of 2.42 = 0.03 MeV was close to the
expectation of ~2.5 MeV. The slight shift of the mean neu-
tron energy to 2.42 MeV provides the quantitative informa-
tion about the influence of scattered neutrons. A width of the
neutron spectra AE,, was 1000 = 150 keV (the error estimate
includes the effect of neutron scattering). Such a broad width
cannot be influenced by the expansion with the fluid velocity
of 3 x 10° m/s (cf. Ref. 39). 1 MeV widths of radial neutron
spectra implied that there was a large number of deuterons
with a 200-300 keV radial component of a kinetic energy.”’
According to the relation between an ion temperature and
a spectrum width Tp(keV) = (AE,[keV]/82.5), an effec-
tive*® ion temperature of a stationary plasma was 150 + 50
keV. As regards the neutron spectra from all 6 shots with
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B. Double shell gas puff with a 1500 ns current
rise-time

During the first experiments with deuterium gas puffs on
the GIT-12, the neutron ToF detectors were saturated by a
huge number of > 500 keV photons from the plasma opening
switch. This saturation was eliminated by shielding of the
detectors with 10 cm of lead from all sides. Before the detec-
tors were shielded, we had tried also 3 deuterium gas puff
shots without the POS. Fig. 5 shows exemplary results which
were achieved with the double shell gas puff with the outer
and inner shell mass of 40 and 30 ug/cm, respectively. In this
shot, the gas puff imploded onto the axis at about 720 ns, i.e.,
during the rise of the current. An implosion velocity
exceeded 3 x 10° m/s and the diameter in the pinhole image
was about 6 mm during the stagnation. Similarly as with the
POS, two dips in the dI/dt and two x-ray peaks were
observed during the stagnation 25 ns apart from each other.
The energy input into the Z-pinch load during the implosion
Winput = § fipL17dt reached 25 kJ.

1. Neutron and hard x-ray emission

The neutron yield in shot No. 1408 reached (2.0 = 0.6)
x 10!, It was the maximum neutron yield in our experimen-
tal campaign even though, without the POS, the load current
during the stagnation approached “only” 2 MA. The neutron
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FIG. 4. (a) Neutron ToF signals on the radial detectors at various radial posi-
tions. (b) Side-on nToF signals shifted by the ToF of 2.45 MeV neutrons.
(c) Time-integrated neutron energy distribution function f(E, ¢, ) in the
side-on direction (¢ = 90°). Shot No. 1414 (with the POS), D, double shell
gas puff, 80 ug/cm total linear mass density, (1.3=0.3) x 10'! neutrons.

the POS, average values were almost the same as in shot
No. 1414.

The broad spectrum was the cause why the neutron ToF
signal at 5.8 m was significantly broadened and why it was
not possible to observe multiple neutron peaks in Fig. 3.
From this reason, we placed one nToF detector as close to
the source as possible. The shortest possible distance was
given by the experimental arrangement and by the fact that a
neutron signal had to be temporally separated from hard x-
ray emission and harsh electromagnetic noise. When one de-
tector was placed at 140 cm, the first small neutron pulse was
clearly visible during the stagnation (see Fig. 4(b)). This
short peak at 400 ns with 3 x 10° neutrons and 10ns dura-
tion occurred at about 6 ns after the soft x-ray peak.
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FIG. 5. (a) A visible streak image and waveforms of current, current deriva-
tive, soft x-rays, hard x-rays, neutron emission, and (b) a time-integrated x-
ray pinhole image recorded in shot No. 1408 (without the POS). D, double
shell gas puff, 70 ug/cm total linear mass density, (2.0 = 0.6) x 10" neu-
trons. Note: The whole image of the streak camera was recorded in shot No.
1406, see Fig. 9.
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emission started during the collision of the outer shell onto
the inner shell and lasted more than 200 ns. At the beginning
of the neutron emission, there was a nice correlation between
the neutron emission and soft x-rays. Similarly to shots with
the POS, the main neutron pulse together with hard x-rays
(HXRs) peaked 40 ns after the stagnation.

Figure 6 shows ToF signals measured at 5.8 m and
25.4m. We calculated the neutron energy spectrum from
these ToF signals by a Monte Carlo reconstruction.®*'#* A
200keV FWHM of the side-on spectrum was substantially
smaller in comparison with shots when the POS was applied
(cf. Fig. 4(c)). Such a width implies that the neutron energy
resolution of our measurements was better than 200keV and
that the broad spectrum in Fig. 4(c) was not significantly
influenced by neutron scattering.

Another difference between shots with and without the
POS was the intensity of the neutron emission during the
stagnation. Figure 7 displays soft x-rays above 700eV to-
gether with the neutron emission detected at 5.8 m in shots
Nos. 1408 and 1409. Clearly, the neutron emission during
the stagnation, i.e., during the soft x-ray emission, was more
intense in shot No. 1408 without the POS. In contrast, the
soft x-ray emission above 700eV was comparable in both
regimes of the generator. Furthermore with the POS, an elec-
tron temperature seems to be higher since the PCD detected
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FIG. 6. (a) Neutron ToF signals on the radial detectors at 580 and 2539 cm.
(b) Time integrated neutron energy distribution function f(E, ¢,v) in the
side-on direction (¢ = 90°). Shot No. 1408 (w/o POS), D, double shell gas
puff, 70 pg/cm total linear mass density, (2.0 = 0.6) x 10'! neutrons.
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FIG. 7. Comparison of the x-rays and the neutron emission in shots with the
POS (No. 1409) and without the POS (No. 1408). The waveforms of shot
No. 1408 are shifted by 270 ns in order to fit shot No. 1409.

a much more intense signal of x-rays above 1.7keV. Also,
the plasma diameter in the pinhole image was lower in shot
No. 1409 with the POS as illustrated in Figs. 3 and 5. In this
respect, a lower neutron yield during the stagnation in shot
No. 1409 might be a surprising result.

C. Neutron yield

The average neutron yields produced with and without
the POS were about 10''. These neutron yields were esti-
mated from the radial detectors assuming flux isotropy.
Because of the neutron flux anisotropy in favor of the z-axis,
the real neutron yield could be even several times higher
than the estimated one. It is particularly the case of the
slower current rise rate where the width of side-on neutron
energy spectra and, therefore, also the radial components of
deuteron kinetic energies were significantly smaller.

One important fact to know is whether the neutron yield
was dependent on any measurable parameter of the gas puff im-
plosion. One parameter that we recognized that played some
role was the peak of the “effective” voltage at the Z-pinch load
Vee =V — (Lo + Ly)dI /dt, where V is the voltage at the
microsecond plasma-opening-switch, Ly + L is the total down-
stream inductance, and L; is the inductance of a Z-pinch
load.®* We call this voltage “effective” since we subtract
the (Lo + Ly)dl/dt inductive term. The load inductance L;(¢)
was calculated numerically from the differential equation
Ll=V-— (Lo +L1)f , where a Z-pinch resistivity R} was
assumed to be negligible.

Figure 8 shows the dependence of the neutron yield on
the magnitude of the load voltage in 6 shots with the total
linear mass density of 80 ug/cm. In this figure, the neutron
yield increases with a peak load voltage during the stagna-
tion (cf. Ref. 43). A higher load voltage seems to be con-
nected with a higher compression ratio of the current sheath.
For instance in shots without the POS, a higher neutron yield
correlated with a higher increase of the load inductance ALy,
with a smaller diameter in x-ray pinhole images and with a
more intense soft x-ray emission.
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D. Load voltage

We showed in Sec. III C that the peak of the effective
voltage during the stagnation Ve =V — (Lo + Ly)dI /dt cor-
related with the neutron yield. At this point, it seems reasona-
ble to look at the load voltage in more detail. Results will be
illustrated on shot No. 1406. In this exemplary shot without
the POS, the effective voltage Vi could be calculated more
precisely than in shots with the POS. Fig. 9 presents a voltage
waveform together with a total inductance Ly + L;, soft x-
rays, hard x-rays, and a streak camera image. It can be seen
that the voltage started to rise at 400 ns, i.e., 300 ns before the
stagnation. The load inductance L, increased by about 15 nH
during the implosion. Calculating with the 6 mm diameter at
the stagnation, the 15 nH increase requires the initial diameter
of about 300 mm, i.e., the diameter of the cathode. At such
large diameters, even a low voltage of the order of 10kV
implies a high implosion velocity (e.g., Vimp = 5 X 10° m/s
for 40kV and 20 cm diameter at 200 ns before the stagnation).
At the stagnation, the moderate peak voltage of 200kV indi-
cates either a large final diameter or a slow velocity of the cur-
rent sheath. For the current sheath velocity of (2-3) x 10° m/s,
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FIG. 9. A visible streak image and waveforms of a voltage V¢, a total in-
ductance Lo + L, soft x-rays, hard x-rays in shot No. 1406 (without the
POS). D, double shell gas puff, 80pug/cm total linear mass density,
(0.8 £0.2) x 10" neutrons.
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the peak voltage implies the final plasma radius of 1.0-1.5cm
(cf. the diameter in the streak image in Fig. 9).

Analyzing voltage and inductance waveforms also in
other shots, we concluded that the implosion started at a
large diameter in a low density plasma. First, the initial in-
ductance of the gas puff was lower than that of a short circuit
where the conducting cylinder of a 10 cm diameter was used
as a load. Second, there was a relatively large difference in
the inductance at the beginning of the discharge and at the
end of the implosion. Third, the 80 pug/cm deuterium gas puff
imploded later than a 170 pg/cm neon gas puff when the
same nozzles were used. The longer implosion times were
observed also in previous experiments with argon—hydrogen
gas puffs in the case of a high hydrogen fraction in an outer
shell (cf. shot Nos. 368 and 395 in Ref. 29). All these facts
together imply that the deuterium gas was spread at a large
distance in the central anode—cathode region.

The significant spread of hydrogen is likely caused by a
lower mass of hydrogen molecules and a higher thermal ve-
locity. The spread of the gas inside the energy concentrator
is the serious issue of hydrogen and deuterium gas puffs
since it influences a gas puff implosion. First, the spread of
the gas could cause the occurrence of the stagnation after the
peak current implying poor efficiency of the energy conver-
sion. Second, it could give rise to the early implosion of the
inner shell before the arrival of the outer shell. Third, it could
influence the implosion velocity, the plasma diameter at the
stagnation, and consequently the peak load voltage. Because
these parameters are important for the optimization of neu-
tron yields, we would like to focus on this issue in our future
gas-puff experiments on the GIT-12 generator.

IV. DISCUSSION
A. Multiple neutron pulses in deuterium gas puffs

The characteristic feature of the deuterium gas puff
experiment on the GIT-12 was the occurrence of multiple
neutron pulses. Two neutron pulses were observed also in pre-
vious experiments on the S-300 (Ref. 27) as well as in the
plasma foci on the mega-ampere current level.”'*** The GIT-
12 generator with the POS provided the current rise-time of
about 200 ns. In comparison with the rise times achieved on
the S-300 and the MA plasma foci, such a value is in between.
Besides on the GIT-12, it was possible to compare results at
200 ns and 1500 ns rise times, i.e., with and without the POS.

Deuterium gas puffs with and without the POS demon-
strated a lot of similarities in the neutron emission. For
instance, the first neutron pulse was observed at the stagna-
tion and at the peak of the soft x-ray emission. However, the
hard x-rays above 1 MeV were observed about 40ns later.
This hard x-ray emission was accompanied with the princi-
pal neutron emission. The main neutron emission will be dis-
cussed in Sec. IV C, while the following paragraphs are
devoted to the first neutron pulse.

B. The first neutron pulse

As far as the first neutron pulse is concerned, it is natural
to ask whether a fraction of neutrons may be explained by the
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thermonuclear mechanism? In order to answer this question,
we calculate an ion temperature and an expected thermonuclear
yield from plasma parameters reached in our experiment.

The thermonuclear neutron yield is given by the
equation

1
Yihermonuclear = Z ’112 <0'U>TTCR21T, @))

where n; is the ion density, (gv) stands for the DD fusion
reaction rate, R is the plasma radius, / is the plasma length,
and 7 means the confinement time. For the 80 pug/cm linear
mass density and the plasma radius of 3 mm, we obtain the
plasma density of 8 x 10" cm™>. The plasma length / was
2 cm and the total ion number N was 4.8 x 10'°. Then, the
neutron yield of 3 x 10° and the duration of the first neutron
pulse of 10ns in shot No. 1414 (see Fig. 4) imply the reac-
tion rate of 6 x 107> cm /s and the ion temperature of
about 1.3keV. We can compare this value with the tempera-
ture derived from the implosion velocity, the expansion ve-
locity, and from the energy input into a plasma.

From the implosion velocity of 3.5 x 103 m/s, we obtain
the ion temperature kT; ~ % - Lm; vizmp = 0.8 keV. This value
was influenced by the adiabatic compression and the ion
energy loss to electrons. The significant adiabatic heating
and the temperature above 1keV can be deduced from a fast
expansion with the 3 x 10° m/s velocity. Assuming the free
expansion with an ion sound speed and neglecting 7., the ion
temperature k7T; ~ mivgxp is about 1.8 keV. From the energy
input W=30kJ, we have k(T; +T.) =3W/N ~ 2.5 keV.
On the basis of these estimations, the “effective temperature”
of 1.3keV seems to be a reasonable value. We use the term
“effective temperature” since it describes primarily the high
energy tail of a deuteron velocity distribution. The average
ion temperature could be higher. However, at temperatures
higher than 1.3keV, the collisionality of ions is low. At the
1.3keV ion temperature, the ion-ion collision time of 2 ns is
several times shorter than the duration of the stagnation and
the Maxwellian tail of the velocity distribution has some
time to develop. Therefore, the neutrons produced during the
stagnation in shot No. 1414 can be explained by the thermo-
nuclear mechanism and the temperature of 1.3 keV.

There is indeed an interesting question of why the neu-
tron production during the stagnation was more intense in shot
No. 1408 without the POS as illustrated in Fig. 7. In shots
without the POS, the PCD detected much less intensive sig-
nals of x-rays above 1.7keV and the current together with the
energy input during the implosion were lower. However, the
neutron yield during the stagnation reached 2 x 10'” in shot
No. 1408 (cf. 2 x 10° neutrons in shot No. 1409 with the
POS). The higher neutron yield was caused by a long duration
of the neutron emission of about 70 ns. The effective tempera-
ture calculated from the neutron yield was the same, i.e.,
1.3keV, as in shots with the POS. The longer duration of the
neutron emission without the POS shows that the neutron pro-
duction is not a simple process even during the first pulse.

The first neutron pulse was intense also in MA plasma
foci with a micro-second quarter period.”'**% Deutsch and
Kies suggested Fermi’s mechanism to explain the neutron
emission before and during the stagnation.'' In addition to
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that, we have to take into account also the contribution of
head-on collisions of deuterons interacting with 2v;y, relative
velocity near the axis as well as axial acceleration of deuter-
ons by a transient voltage, e.g., during current redistribution.”
The experimental evidence of the thermonuclear mechanism
has been provided only recently in Refs. 40, 44 and 46.

C. Main neutron emission

The main neutron emission occurred 40 ns after the soft
x-ray peak as shown in Fig. 7. It was the case of the shots
with a 3kA/ns as well as with a 20kA/ns current rise rate
even though there was a difference in the width of radial
neutron spectra. On the basis of previous plasma focus
experiments,'*'>*” we believe that these neutrons were pro-
duced by the beam-target mechanism after the disruptive de-
velopment of instabilities. Therefore, we may ask if
conditions convenient for a high x-ray yield are also optimal
for a high neutron yield. On the one hand, the fast current
rise time did not imply higher neutron yields (see, e.g., high
neutron yield in shot No. 1408 without the POS or high neu-
tron yields in microsecond plasma foci). On the other hand,
the neutron yield of the post-stagnation phase depended on
the effective load voltage reached during the stagnation (see
Fig. 8). It means that the neutron yield was somehow con-
nected with the quality of the implosion, e.g., with the final
plasma diameter. To confirm this observation and to find
optimal conditions for the highest neutron yield will be the
subject of our future experiment.

D. Neutron yield scaling with current

To know the scaling law for a neutron yield is important
for future applications of Z-pinch facilities as sources of neu-
trons. This is why we present peak neutron yields achieved
with other deuterium gas puffs in Fig. 10. In these experi-
ments, the cathode—anode gap was 20 mm except the 1cm
long gas puff at the University of California in Irvine. Figure
10 shows that the total number of neutrons scales as 3002
in the 0.3—17 MA region.
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FIG. 10. Neutron yields from deuterium gas puff Z—pinches.lg'zmz‘27 We
left out the peak neutron yield at 2-3 MA on the Angara-5-1 (Ref. 19)
because it was achieved with a strong axial gradient of linear density. In
case of more axially homogeneous gas puffs on the Angara-5-1, neutron
yields were smaller and very close to those achieved on the GIT-12.
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This scaling is close to Y;, oc I°**%3 which was obtained
with Mather-type plasma foci by Bernard.*® Milanese* and
Soto™ found a more favorable dependence for plasma foci
Y, oc I*7. At this point, we should note perhaps that neutron
yields produced in mega-ampere plasma foci are higher than
these of deuterium Z-pinches with similar currents. Therefore,
one may ask why the configuration of a Mather-type plasma
focus is more efficient with respect to neutron production. A
possible explanation could be related to a longer plasma col-
umn (i.e., higher inductances and lower currents during the
pinch phase together with an abundance of neutrons for a
given neutron yield per 1cm), to an extra neutron yield pro-
duced in a surrounding gas, or to a better optimization due to
a larger amount of experiments. In our opinion, the principal
distinction between both configurations is a higher axial gradi-
ent of the linear density and more significant zipper in a
plasma focus. Mega-ampere D, gas puffs on the S-300 (Ref.
27) clearly showed that 100keV deuterons are accelerated
with a high efficiency in a lower density plasma after the stag-
nation. Because of the axially homogeneous gas puff, also the
density of a target plasma is low. Subsequently, neutron yields
are lower than those in PFs where a large number of neutrons
are produced in a dense structure at the heel of the current
sheath.*’ In order to achieve higher neutron yields in mega-
ampere deuterium Z-pinches, it seems convenient to "simu-
late" a plasma focus-like geometry. Such a geometry has been
tried on the Angara-5-1Z-pinch in Troitsk where a strong
axial gradient of a linear density was achieved with a short
delay between the initiation of the current generator and the
breakdown pin pulse. This way, more than 10'? neutrons were
emitted within 50 ns at a current of 2 MA.

E. Comparison with plasma foci

Our previous experiments on the S-300 demonstrated
several similarities between deuterium gas puffs and plasma
foci on a MA level?’” We could give two neutron
pulses,”'%#34¢ the efficient production of 100keV deuter-
ons'®>? and broad radial spectra’®'%3-* a5 examples. The
experiment on the GIT-12, which provides two different cur-
rent rise-times somewhere between fast Z-pinches and
plasma foci, confirmed these observation. Such conclusion
has significant implications for Z-pinch and plasma focus
research. First, as far as Z-pinch research is concerned, it is
possible to use experimental results which have been
achieved in well-diagnosed plasma foci during the long-
lasting plasma focus research. As for the plasma focus study,
deuterium gas puff Z-pinches could provide important results
about fusion processes at currents above 2 MA. At these cur-
rents, successful plasma focus experiments have not been
carried out because of a low impedance of generators.'* In
Z-pinches, neutron yields are usually lower. But, on the other
hand, the fixed length of a Z-pinch column and a less signifi-
cant zipper enable to correlate plasma dynamics and neutron
emission and to calculate plasma energetics more precisely.

As far as differences between gas puff Z-pinches and
plasma foci are concerned, one might also like to discuss the
contribution of the thermonuclear mechanism which depends
on ion temperatures 7, ion densities 7, and confinement times
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7. All plasma foci maintain almost the same value of ion den-
sities and implosion velocities of 10'® — 10" cm ™ and
(2-3) x10° m/s, respectively.’® With increasing currents of
plasma foci /, it is necessary to increase the dimensions of
these devices®' as R oc a oc [ , where R and «a stand for a final
pinch radius and an anode radius, respectively. The product
of density n and confinement time 7t is given by
nt o< nR/+/T. Since ion densities and plasma temperatures
in plasma foci are almost constant, nt is proportional to the
current nt oc R o I.

Deuterium gas puffs are not so restricted by initial pa-
rameters as plasma foci. This way, higher implosion veloc-
ities or higher ion densities could be achieved. For instance
on the GIT-12 as well as on the S-300 generators, the ion
densities and implosion velocities were about 10*° ions/cm’
and (3-4) x 10° m/s, respectively. On the Z accelerator, the
ion density reached 2 x 10 cm 3, whereas the implosion
velocity was estimated as approximately 10° m/s. In compar-
ison with plasma foci, higher temperatures and smaller
dimensions of gas puffs result in shorter stagnation and neu-
tron emission times. All these facts influence the product of
density n and confinement time 7. Assuming the constant ini-
tial diameter of gas puffs and the same current rise-time,
higher currents I require higher initial and final densities of
deuterium ions n o I2. Then, keeping the temperature con-
stant, the product nt scales as « nR/ VT o n < I%. It means
that in Z-pinches, the Lawson product increases with higher
currents faster than in plasma foci. Besides, Z-pinches are
able to reach higher implosion velocities and temperatures
more convenient for fusion. With regard to this, neutron
measurements at higher implosion velocities are very rare
and more experiments are needed to draw substantial conclu-
sions about neutron production mechanisms in gas puff Z-
pinches.

V. SUMMARY AND FUTURE WORK

In conclusion, the plasma dynamics and the neutron pro-
duction in the deuterium gas puff Z-pinch were studied on
the GIT-12 generator. The experiment was carried out with
the double shell gas puff on the 2-3 MA current level. The
influence of two different current rise rates (3kA/ns and
20kA/ns) on the neutron emission was researched. At the be-
ginning of the neutron production, the neutron emission cor-
related with soft x-rays and a significant fraction of neutrons
could be explained by the thermonuclear mechanism. Never-
theless, the peak of the neutron emission occurred 40 ns after
the soft x-ray peak. The peak neutron yield of (2.0 =0.6) x
10'" was achieved without the POS when the load current
approached 2 MA during the stagnation. We believe that the
neutron yield can be further increased if the two following
issues are solved: First, the spread of deuterium inside the
experimental chamber should be reduced; second, it is neces-
sary to suppress early current penetration inside the inner
shell and to prevent an inner shell from imploding before an
outer shell arrives. We would like to focus on these phenom-
ena during our future gas-puff experiments on the GIT-12
generator. The neutron TOF detectors, mainly the detector at
1.4m, are now able to distinguish the first neutron pulse
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from the main neutron emission. Therefore, it will be possi-
ble (1) to study the influence of various parameters on the
first neutron pulse and (2) to optimize the neutron emission.
Obtained results can be valuable to benchmark numerical
codes and to address issues specific for deuterium. While a
large number of studies are devoted to x-ray radiation of
high-Z materials, the information about mega-ampere deute-
rium Z-pinches is rather rare. In this respect, we believe that
our experiment contributes at least a little to this unexplored
area.
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