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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
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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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FIG. 1. (a) The energy-angle dependence of neutron energies for the
D(d,n)?He fusion reaction. (b) The ratio between differential cross sections
for #=0°, 90°, and 180° as a function of a deuteron energy for the
D(d,n)He reaction. The angle 6 is the laboratory angle between the incom-
ing fast deuteron and the outgoing neutron.

) (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
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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.
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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.
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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 myy 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 s ]
-300 -200 -100 0 100 200 300
Component of

deuteron energy [keV]

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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FIG. 6. (Color online) A visible streak image, XUV pinhole images and
waveforms of current, current derivative, voltage, soft x rays, hard x rays,
and neutron emission recorded in Discharge No. 060922-2, with a neutron
yield of about 9 X 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)
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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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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
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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

Sl 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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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
1.82022242628303234
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 ry /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 yme/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

_ Mound < dEd ) + Nfree ( dEd )
dx Npound + Mree dx cold  "bound t Mfree dx free

dE
+ ( d) (7)
dx ions
where ny,,n,q and ny. 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 Lpl 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. V D 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,,7) 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
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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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