
Introduction 

Many Plasma-Focus (PF) experiments, which were per-
formed in different laboratories, showed an optimistic
scaling of the neutron emission. These scaling laws for the
fusion neutron yield (Yn) from the Plasma-Focus facilities
are described by the simple formulae: 

Yn ≈ W0
α and        Yn ≈ Imax

β, 

where W0 is the initial energy input, Imax is the maximum
value of the main discharge current, α = 2.0–2.2 as well as
β = 3.3–4.4 depend on a machine type and input energy
value. For the PF-360 facility [3] it was found that α = 2.1
and β = 3.2. 

There were some papers, which suggested that it is poss-
ible to extend this scaling to a higher discharge current and
initial energy values [1], but there is no experimental veri-
fication of this hypothesis so far. On the contrary, it was
found that the promising scaling laws are valid only up to
some critical levels, at which the neutron yield saturates
(or even decreases) [2, 5]. The record neutron yields from
the largest PF machines operated at 1 MJ level, reached
about 1012 neutrons/shot only. 

The PF-360 machine was built during the turn of the 70s
and 80s [3]. Measurements of emission characteristics of
charged particles, neutrons, and X-rays from the PF-360
device were carried out in the 90s [6–9]. For that purpose
the use was made of various time-integrated and time-
resolved diagnostic techniques. From shots performed at
W0 = 171 kJ the maximum neutron yield was about 2×1011

neutrons/shot. Since intense pulses of fast neutrons could
be applied for different purposes, ranging from basic
nuclear studies (e.g. the production of short living iso-

PROCEEDINGS
NUKLEONIKA 2001;46(Supplement 1):S65–S68

Studies of Plasma-Focus discharges within 
the PF-360 facility equipped with a planar
D2O-ice target

Jaroslaw Zebrowski, 
Jaroslaw Baranowski, 

Lech Jakubowski, 
Marek Sadowski 

J. Zebrowski", J. Baranowski, L. Jakubowski, M. Sadowski 
Department of Plasma Physics and Technology (P-V), 
The Andrzej Soltan Institute for Nuclear Studies (IPJ), 
05-400 Otwock-Swierk by Warsaw, Poland, 
Tel.: +4822/ 7180611, Fax: +4822/ 7793481, 
e-mail: zebrowski@ipj.gov.pl

Received: 23 October 2000, Accepted: 9 January 2001 

Abstract The paper reports on investigations of dense magnetized plasmas produced within a modernized PF-360 facility,
which was operated with an additional planar cryogenic target placed in the front of the electrode outlet and covered with
D2O-ice layers. The main aim of these studies was to overcome the neutron saturation effect and to increase the maximum
neutron yield from PF discharges by using fast deuteron beams. Such beams are usually emitted from a pinch region and can
produce fast neutrons from D-D reactions during their interactions with the additional target. 

Key words cryogenic target • ion-beams • neutron yield • plasma focus • X-rays 



topes) to application-oriented research (e.g. fast neutron
radiography), it was decided to continue neutron optimiza-
tion studies. 

Experimental setup 

The PF-360 facility was equipped with coaxial electrodes
made of pure copper. The inner and the outer electrodes of
the Mather-type were 120 and 170 mm in diameter, respect-
ively. The length of these electrodes was about 300 mm.
The base of the inner electrode (anode) was embraced with
a ceramic insulator of 80 mm in length. The main experi-
mental chamber of the PF-360 machine was filled up with
pure deuterium, the initial pressure varying from 6.0 to 12.0
mbar. The PF-discharges were powered from a capacitor
bank of 288 µF (sometimes 270 µF). The charging voltage
was limited to 30 kV for safety reasons, and the initial en-
ergy W0 was equal to 130 kJ (and sometimes to 122 kJ from
the 270 µF capacitor bank). 

In order to increase the neutron yield, it was proposed to
make use of fast deuterons. The directed beams of acceler-
ated primary deuterons, which usually escape from the PF
pinch column, contain a large number of fast deuterons, e.g.
a moderate energy (about 70 kJ) PF-shot can emit 1015

deuterons of energy above 300 keV mainly in the down-
stream direction [4]. Such energetic deuterons can evident-
ly be used for the production of fast neutrons from D-D
reactions within a solid-state target containing deuterium,
e.g. in the form of a heavy-ice layer. For that purpose the
cryogenic target system might be applied and operate as a
“cold nose” adopted to produce a thin heavy-ice layer. Such
a system could contain an appropriate metal cylinder
cooled down by blowing a liquid nitrogen stream. We used
thermally insulated metal tubing, which might be adjusted
along the z-axis of the PF-360 experimental chamber. In our
case the cryogenic target was formed upon a thick copper
plate, which was fixed to the front plate of the cold cylin-
ders, as shown in Fig. 1. 

In that case D-D fusion, neutrons should be produced
mainly by fast deuterons propagating along the z-axis. The
main metal plate was connected with a Dewar-type tubing
fixed in a special adapter flange. It enabled the target plate
to be positioned on the z-axis, at a chosen distance from the
PF electrode outlet. The target plate could be cooled down
from inside by a flow of liquid nitrogen, which might be sup-
plied through an additional tubing inserted into the men-
tioned axial Dewar tube. 

In order to ensure the deposition of a heavy-ice layer on the
target plate only, other surfaces of the target system were
protected with an additional thermal shield. To make possi-
ble the formation of a heavy-ice (D2O) layer upon the tar-
get plate in the experimental chamber there was installed
an additional vacuum valve, which supplied a small amount
of heavy water. A thickness of the D2O-ice layer was varied
within the range from 0.3 to 2 mm by a change in amount of
the injected heavy water and cooling medium flow. A
scheme of the planar target positioning is presented in Fig.
2. When the described cryogenic target was placed on the z-
axis near the coaxial electrode outlets, fast deuterons from
the collapsing current sheath could bombard the heavy ice
layer and a considerable increase in the fusion neutron pro-
duction of beam-target origin should be achieved. In order
to estimate which part of the total PF-360 neutron yield is
of a beam-target origin there are needed some additional
neutron anisotropy measurements. The described cryogenic
target, before its installation within the PF-360 experimen-
tal chamber, was tested within an auxiliary vacuum stand.
After successful tests, the target system was installed within
the PF-360 facility and there were prepared different diag-
nostic tools for measurements of charge particles, neutrons,
and X-rays. Time-integrated measurements of neutron
emission were performed with two calibrated silver-activa-
tion counters placed at different distances from the main
axis of the coaxial-electrodes. Time-integrated measure-
ments of the X-ray emission were carried out with two VAJ-
type radiometers. The X-ray emission measurements were
also performed with a pinhole camera equipped with a thin
beryllium filter. Time-resolved measurements of X-ray
peaks were carried out by means of filter-scintillator sets
coupled through optical cables with photomultiplier heads.
Time-resolved neutron signals and very hard X-ray signals
were measured with two scintillator-photomultiplier probes
placed side-on, at a distance of 2.7 and 3.8 m from the elec-
trodes outlet, at different angular positions.

Experimental results 

Several series of PF shots were performed with the use of
the planar cryogenic target, when it was placed on the z-axis
of the PF-360 machine, at different distances from the elec-
trode ends. The most important observations were the
measurements of neutron yield, which were performed at
different positions of the planar cryogenic target and at vari-
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Fig. 1. Scheme of the planar cryogenic-target system, which was
designed for the PF-360 experimental chamber. The metal cylinder
with the “empty slice” part can be cooled down by vaporization of the
liquid nitrogen stream, which can be injected through the thin axial
tubing.

Fig. 2. Positions of the planar cryogenic target inside the main experi-
mental chamber of the PF-360 facility. 



ous initial filling-pressures, ranging from 6.0 to about 12.0
mbar D2. The neutron yields were averaged over the series
of successive (mostly 5) PF shots performed under identical
experimental conditions. A considerable increase in the
average neutron yield (from 2.4×1010 to 3.8×1010) under the
determined experimental conditions (p0 = 8.0 mbar D2, U0
= 30 kV, W0 = 130 kJ) was observed during the performed
optimization series. When the neutron yields were averaged
over the series of the PF discharges carried out at U0 = 30
kV, and W0 = 130 kJ, the optimal position of the target was
found at a distance l0 = 225 mm from the electrodes ends,
as shown in Fig. 3. 

The X-ray emission from the PF pinch column did not
change considerably when the planar cryogenic target was
placed in different axial positions, but not too close to the
electrode outlet. The X-ray pinhole pictures, as taken side-
on for shots with the cryogenic planar target, showed a com-
plex inner structure of the pinch, as shown in Fig. 4. It can
be easy seen, that the target placed far from the electrode
ends (at l0 = 450 mm) did not influence the pinch forma-
tion. The target covered with the heavy-ice layer and placed
close to the electrode ends (at l0 = 160 mm) could induce
some changes in the formation of the X-ray emitting plas-
ma column, but they did not seem to be of importance. It

should also be noted that a comparison of the voltage and
current-waveforms showed that the position of the planar
cryogenic target did not influence PF discharges consider-
ably. It was valid, when the target was placed not too close
to the electrode outlet, i.e., at a distance l0 > 80 mm.
Simultaneously with the time-integrated neutron measure-
ments there were also performed time-resolved studies by
means of scintillation detectors. They confirmed that the
fusion-produced neutrons are emitted in several pulses,
which are correlated with the discharge current peculiarity
and hard X-ray pulses. The time-resolved measurements
within the PF-360 machine revealed the appearance of one
and sometimes two neutron pulses. In the case of the men-
tioned two-peak emission the successive neutron pulses
were identified with two different phases of the neutron
production, i.e. with the maximum compression and with
the m=0 instability development, as in other large PF
experiments [2]. Some examples of time-resolved neutron,
X-ray, and discharge current signals are presented in Fig. 5. 

Summary and conclusions 

The most important results of the neutron yield studies
described above can be summarized as follows: 

• Measurements of the neutron emission with the pres-
ence of the planar cryogenic target demonstrated a con-
siderable increase in the average neutron yield (from
2.4×1010 to 3.8×1010) under the determined experimental
conditions. 

• Technical conditions for the application of such cryo-
genic targets in the PF-360 facility require further inves-
tigation and optimization. 

• Optimization measurements of the neutron emission,
with the use of the planar D2O-ice target, should be per-
formed also in other PF facilities of higher energy. In
such a case, a new neutron scaling law for the cryogenic
target discharges could be estimated. 
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Fig. 5. Examples of time-resolved waveforms of the discharge current
(I), hard X-rays (Xh) and neutron signals (N1 and N2) obtained from
the scintillator-photomultiplier neutron probes. The measurements
were performed for the PF-360 facility operated with a D2O-ice pla-
nar target at U0 = 30 kV and W0 =130 kJ. 

Fig. 3. Average neutron yields as a function of the initial deuterium
pressure. The measurements were performed with the D2O-ice planar
target at different axial position. The initial conditions of PF-360 dis-
charges were U0 = 30 kV and W0 = 130 kJ. 

Fig. 4. X-ray pinhole pictures taken side-on for shots with the planar
cryogenic target, which was placed in different axial positions. The
PF-360 discharges were performed at U0 = 30 kV, and W0 = 130 kJ.
The left picture shows the pinch region, when the planar target with-
out cooling was applied, and the right one was taken with the target
covered with the D2O-ice layer. 
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