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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

A T PRESENT, Z-pinches are intensively researched as
powerful and efficient laboratory sources of soft X-rays

[1], [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)3He fusion reaction of 6 × 1013 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-Ω 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
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Fig. 1. Deuterium gas-puff hardware. (a) Cathode, gas-puff nozzle.
(b) Anode, stainless steel mesh.

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 µs.
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 µg/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.

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-µm Al, 10-µm
Al, and 15-µm Cu filters), was used to observe the plasma in
various spectral ranges with a spatial resolution of 100 µm.
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 × 109.

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 × 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(En, t) was reconstructed from
time-resolved neutron signals S(x, T ) 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 + 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 t = 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 × 104 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 × 109.

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 × 109.

impedance during the implosion and stagnation RP + L̇P =
(V − LPİ)/I exceeded 0.04 Ω (in the shot with the high-
est neutron yield, the plasma impedance was about 0.15 Ω).
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/dt 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

Fig. 6. End-on and side-on (radial 3) energy spectra of neutrons, shot
No. 070614-1, the neutron yield of about 2 × 109.

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 × 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 × 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 Ω, and the
highest implosion velocity. The peak neutron yield exceeded
1010 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 1010 on 2-MA current level is also consistent with I4 scaling
and neutron yields obtained on the Saturn generator (2 × 1012

at 7.5 MA current [21]) and on the Z machine (3 × 1013 at
15 MA current [5]). However, on the other hand, neutron yields
up to 1012 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 × 108

for a deuterated fiber Z-pinch and 109 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)3He fusion reaction (i.e., much
lower than 3.3 MeV), the neutron energy is given mainly by

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 〈|E⊥|〉 was 35 keV. The average kinetic en-
ergy of reacting deuterons was 〈Ed〉 = 〈Ex + Ey + Ez〉 =
2〈|E⊥|〉 + 〈|E‖|〉 .= 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 L̇P > 0 or by the increasing
current İ > 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 L̇P. Furthermore, it is highly
probable that the resistive voltage RPI significantly contributed
to voltage peaks because the induced voltage LPİ was negative
during the neutron emission.

On the Angara 5-1 generator, the plasma impedance was
between 0.1 and 0.3 Ω. 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 Ω) 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 Ω.
However, the peak neutron yield was achieved in the case of
plasma impedance of 0.15 Ω. 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 1010 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 2.42 ± 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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