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A 17 kJ transportable plasma focus (PF) device with flexible transmission lines is developed and
is characterized. Six custom made capacitors are used for the capacitor bank (CB). The common
high voltage plate of the CB is fixed to a centrally triggered spark gap switch. The output of the
switch is coupled to the PF head through forty-eight 5 m long RG213 cables. The CB has a quarter
time-period of 4 us and an estimated current of 506 kA is delivered to the PF device at 17 kJ (60 uF,
24 kV) energy. The average neutron yield measured using silver activation detector in the radial
direction is (7.1 + 1.4) x 10% neutrons/shot over 45 sr at 5 mbar optimum D, pressure. The average
neutron yield is more in the axial direction with an anisotropy factor of 1.33 + 0.18. The average
neutron energies estimated in the axial as well as in the radial directions are (2.90 + 0.20) MeV
and (2.58 +£0.20) MeV, respectively. The flexibility of the PF head makes it useful for many
applications where the source orientation and the location are important factors. The influence of
electromagnetic interferences from the CB as well as from the spark gap on applications area can
be avoided by putting a suitable barrier between the bank and the PF head. © 2016 AIP Publishing

LLC. [http://dx.doi.org/10.1063/1.4942666]

. INTRODUCTION

Plasma focus (PF) devices have long been studied in
different laboratories across the world since their inception
independently by Fillipov' and by Mather.” They operate by
producing fast electrical discharge between a pair of coax-
ial electrodes fixed inside a chamber. The device acts as a
coaxial plasma accelerator gun in which the Lorentz force
drives the plasma sheath in the annular space between the
electrodes, making it collapse at the open end of the symmetry
axis forming hot and dense plasma. This results in emission
of an intense pulse of electromagnetic radiation as well as
stream of energetic ions and relativistic electrons. The neu-
trons are produced through fusion reactions if deuterium (D)
or deuterium-tritium (DT) mixture is used as the working gas.

Having been studied for more than five decades, both
theoretically and experimentally, the PF device is still a fasci-
nating field of research, due to the richness of underlying
physics as well as its potential applications, e.g., explosives
and contraband detection,® radio-isotopes production,* and
flash X-ray radiography.’ Realizing the potentials of the PF
device, it has been designed and operated in various energy
ranges varying from less than a joule to mega-joules.®® In
the PF devices, the energy stored in the capacitor bank (CB) is
transferred to the PF head through a spark gap (SG) switch
either using parallel flat plate transmission lines or using a
number of coaxial cables connected in parallel. While the first
scheme makes the complete system compact in geometry, easy
in maintenance and more economical, the latter has advantage
in terms of higher flexibility of keeping and moving the PF
head at any location and orientation conveniently as per the
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required application. In the mega-joule device (PF-1000) at the
IPPLM (Institute of Plasma Physics and Laser Micro fusion),
Poland,” the electrical energy stored in the 1.332 mF CB
(1064 kJ, 40 kV) is transferred to the collector plate of the PF
head using low inductance cables. Though it is cable based, it
is stationary due to the large CB and the PF head. Mathuthu
et al®' have developed a 2.3 kJ (32.6 uF, 12 kV) device
where the PF head is connected to the CB of single capacitor
using sixteen 1 m long coaxial cables. Freeman et al.?> have
developed TAMU 460 kJ (44.4 uF, 60 kV) PF device. The
CB for the 460 kJ PF device is divided into six modules. The
energy of each module is discharged to the PF head through
seventy-two RG17/14 coaxial cables. Borthakur et al.”® have
used two-electrode parallel plate SG switch to operate a 5 kJ
PF device. One side of the SG switch is screwed to the central
electrode (anode) of the PF head and the other side is connected
to the CB with thirty-two RG213 coaxial cables. All the above
mentioned devices are stationary either due to short cables
or bulkiness of the CB and the PF head, which restrict the
movement and orientation of the neutron source. Several PF
devices?®3? have been developed by us and are operated for
different applications. A compact 11.5 kJ PF device*® was
developed in which the CB (40 uF, 24 kV) is discharged to
the PF head through a SG switch using flat plate transmission
lines. In this device, the central electrode was working as one
end of the SG switch. It was used for non-destructive assay of
nuclear fissile materials (U?*%) by the delayed gamma’* and the
delayed neutron counting.®> Here we report the development
of a 17 kJ PF device in which PF head is connected to the CB
using forty-eight 5 m long flexible RG213 coaxial cables and
to the vacuum system through a 5 m long flexible stainless-
steel (SS) bellow. The flexibility of the cables and not so heavy
weight of the PF head permit the positioning of neutron source
at any convenient orientation for special applications.***> The

©2016 AIP Publishing LLC
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flexibility of the PF head is incorporated for the first time
in such type of unit. Moreover, the interference in various
measurements due to high electromagnetic noise generated
during the triggering of the spark gap and discharge of the CB
can also be avoided by putting an appropriate barrier. The
details of the design of the 17 kJ PF device along with the
neutron emission characteristics are reported.

Il. DESCRIPTIONS OF SETUP
A. The capacitor bank

The capacitor bank consists of six custom made capacitors
(10 uF, 25 nH, 25 kV each) capable of delivering 506 kA cur-
rentat 17 kJ (60 uF, 24 kV) energy of operation. The capacitors
are connected in parallel through a common collector plate
made of SS. One end of an open air SG switch is directly
connected to this plate and other end is fixed to another parallel
flat plate. This flat plate is connected to the PF head through
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forty-eight RG213 coaxial cables of 5 m length each. The num-
bers of coaxial cables are optimized for the minimization of
system inductance and convenience in mechanical assembly.
The weight of all the coaxial cables is around 40 kg. The weight
of the CB (including SG assembly) is around 325 kg and it
is placed over a movable trolley. The weight of the PF head
along with the experimental chamber is around 35 kg. Thus the
weight of the complete system with CB, spark gap assembly,
PF unit, and coaxial cables is around 400 kg. The CB is charged
to the required voltage using a compact high voltage power
supply. The power supply is remotely operated through a hand
held control panel. A negative pulse of 30 kV with <1 us rise
time is used to trigger the SG switch.

B. The plasma focus device

The schematic of the complete system is shown in
Figure 1(a). It is drawn with arbitrary scale to bring out clarity
of important features. The electrode assembly of the PF unit
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FIG. 1. (a) A schematic of the plasma focus device setup. (b) A layout of the employed diagnostic setup.
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is of squirrel cage geometry. Dimensions of the electrodes
have been chosen so that the axial run down time of the
plasma sheath matches with the quarter time-period of the
CB discharge current as described in the snowplow model for
the axial phase. The characteristic axial transit time of the
plasma sheath is taken as’¢

(477 - a)zgp 12
“r uln(b/a) Ig '

Here I is peak current, p is mass density of the gas, u is
permeability of the free space, and a and b are radius of
the inner electrode (anode) and the outer electrode (cathode),
respectively. The quarter time-period of the discharge current
can be estimated using [m(LoCo)'/?]/2, where Ly and C, are
the static inductance and the capacitance of the system. The
electrodes are made of SS and their dimensions are chosen
for operations at 24 kV voltage. The exposed length and the
diameter of the anode are 77 mm and 60 mm, respectively. The
cathode consists of twelve rods (12 mm diameter each) fixed
around the anode. The annular spacing between the anode and
the cathode is 25 mm for efficient snowplowing of the plasma
and the neutral gas by the accelerating plasma sheath in the
run down phase. The anode has been given hollow shape at
the tip to avoid erosion due to relativistic electrons accelerated
in downward direction in the post pinch phase. The effective
length of the quartz insulator is chosen around 4 kV/cm of
the operating voltage, viz., 54 mm for uniform plasma sheath
formation in the initial breakdown phase.>’

ey

C. The experimental plasma chamber

The PF electrode assembly is mounted inside a high vac-
uum compatible experimental plasma chamber. One of the side
ports of the chamber is used for evacuation and gas filling
during the PF device operation. The experimental chamber is
connected to a diffstac (diffusion pump with rotary pump) high
vacuum pumping system through a flexible SS bellow of 5 m
length. The chamber is also connected to the D, gas storage
cylinder having a Swagelok make bellow sealed valve through
a 6 mm diameter flexible copper tube for D, gas filling. During
experiments, this chamber is evacuated to a base pressure of
<107 mbar and then filled with D5 gas to the desired pressure
of a few mbar. The filling gas pressure was measured using an
Edward make capsule dial gauge (0-25 mbar pressure range).

D. Diagnostics

The current derivative (dI/dt) waveform was monitored
using a Rogowsky coil. The dI/dt waveform was integrated
to get current [I(t)] waveform with a calibration factor of
1500 kA/V. The voltage signal was measured using resistive
divider made of copper sulphate (CuSQOy,) solution. Two silver
activation detectors (SADs) were kept at a distance of 0.5 m
from the PF anode tip in the axial [along (0°) to the anode
axis] direction and the radial [perpendicular (90°) to the anode
axis] for the neutron yield (Y,) measurement. The neutron
yield anisotropy [Yn(0°)/Y,(90°)] was estimated. Both the
SADs were in situ calibrated using a Pu-Be neutron source
of known strength. Two identical plastic scintillator detectors
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(PSDs) were kept in the axial and in the radial directions for
time resolved hard X-rays and neutron measurements. Time
of flight (TOF) method was used to estimate neutron energy.
Each PSD was having a NE102A plastic scintillator of 50 mm
diameter and 50 mm thickness coupled to an XP2012 (Philips)
photomultiplier tube. Both the detectors were placed in the
same direction and at the same distance from PF head for a
few PF shots for synchronization study. All the time resolved
signals were recorded in a digital storage oscilloscope having
1 GHz bandwidth and 5 GS/s sampling rate. This was placed
inside a Faraday cage. The layout of the employed diagnostic
set up is shown in Figure 1(b).

lll. RESULTS AND DISCUSSION
A. Short circuit inductance measurement

The plasma focus electrodes were shorted at the top to
measure the short circuit time period and inductance of the
complete system. The inductance (Lo = T2/47%Cy) and the
peak current [Iy = Vo(kCp/Lo)%>] at V, voltage were esti-
mated from the time period (T) and the voltage reversal (k)
values measured using short circuit current derivative signal.
All forty-eight RG213 cables were added in multiple steps.
At each step, the time period was measured. As expected, the
inductance reduced with the increasing number of cables as
shown in Figure 2. The inductance decreased by a factor of
2.6 from 1080 nH for two cables to 421 nH for six cables. It
further decreased by a factor of 2.5, i.e., to 169 nH for twenty-
four cables. The variation of inductance (L) with number of
cables could be fitted using a power function as

L=A+B-N¢ 2)

where N is the number of RG213 cable. A, B, and C are
constants given in Table 1.

This closely matches with the expected variation of induc-
tance of a system having fixed inductance A and N number of
cables each of inductance B. Forty-eight cables have been cho-
sen for the minimum possible inductance of the PF system and
for convenience in mechanical assembly. The short circuit time
period and the inductance with forty-eight cables are 16 us and
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FIG. 2. Variation in short circuit inductance of plasma focus device with
numbers of coaxial cables.
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TABLE I. Values of fitting parameter and standard error.

Constant Value Standard error
A 71.41 21.3

B 1962.03 74.3

C -0.96 -0.06

108 nH, respectively. Maximum current of 506 kA is estimated
to be discharged to the PF unit at 24 kV charging voltage.

B. Neutrons and hard X-ray measurement

The PF device was operated with D, gas at pressure range
of 3-8 mbar at 17 kJ CB energy. Typical signals of current
derivative (dlI/dt), current [I(t)], and voltage [V(t)] are shown
in Figure 3. This device has been operated for more than 500
shots with an average of eight to ten shots per day. Each shot
was taken with fresh D, gas filling at the desired pressure.
A time gap of around 15 min was maintained between two
shots. This time gap is necessary to provide sufficient time
for cooling of the quartz insulator after the shot as this heats
up®” in the initial breakdown phase. The observed maximum
neutron yield was 8.4 x 108 neutrons/shot over 47 sr at 5 mbar
D, pressure using SAD detector kept in the radial direction
The reported neutron yields as per the various scaling laws for
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-1000 T T T
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FIG. 3. Typical current derivative (dl/dt), current [I(t)], and voltage [V(1)]
signals.
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PF devices are Y, ~ 1.7 x 10719 x I,>-3 (with I is in Amp)*!
or Yo~ 1.8 x 10" x Ip*>® (I, is 0.3-5.7 MA).** The neutron
yields estimated from the given scaling laws at 506 kA current
are 1.13 x 10° neutrons/shot and 1.35 x 10° neutrons/shot,
respectively. It is close to experimentally measured neutron
yield in our 17 kJ PF device. The neutron yields from the PF
devices in other laboratories along with our 17 kJ PF device
are plotted in Figure 4 for comparison.

The average neutron yield was evaluated at all D, pres-
sures. Variation in the neutron yield in the radial direction with
the D, pressures at 17 kJ energy is shown in Figure 5. The
average neutron yield increases to maximum of (7.1 + 1.4)
%108 neutrons/shot at 5 mbar pressure (optimum pressure) and
it starts decreasing with further increase in D, pressure. The
average values are estimated from 10 consecutive PF shots at
each D, pressure. The neutron yield anisotropy Yo°/Ygo° (ratio
of the neutron yield in the axial direction to the radial direction)
has also been evaluated. The neutron yield anisotropy in-
creases with increase in D, gas pressure reaching a maximum
at 5 mbar and then decreases with further increase in pressure
as shown in Figure 6. The maximum neutron yield anisotropy
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FIG. 5. Variation in neutron yield in radial direction with deuterium gas
pressure.
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FIG. 6. Variation in neutron yield anisotropy with deuterium gas pressure.

is of 1.33 £0.18 at 5 mbar D, gas pressure. The possible
reason for neutron yield anisotropy is beam-target mechanism
for neutron production. The variation in neutron yield anisot-
ropy with D, pressure is due to variation in energy spectrum
of deuterium ions responsible for the beam-target fusion.’*
Typical signals from the pickup loop as well as through
the PSDs at 2 m distance in the axial and radial directions are
displayed in Figure 7. Similar signals at 4.5 m distance are
shown in Figure 8. The first peak is due to the hard X-rays and
the second peak is due to the neutrons. It was observed that the
X-rays were completely or maximum attenuated by putting a
50 mm thick lead block in front of the PSDs. The neutron
peak was also reaffirmed by the TOF separation between two
peaks (X-rays and neutrons) which changed by changing the
distance of the PSD from the PF device. The TOF was used to
estimate neutron energy in both the directions (assuming that
the neutrons and hard X-rays were generated at the same time).
The energy of neutrons produced from D-D nuclear fusion
reactions through thermonuclear mechanism is expected to
be close to 2.45 MeV. The evaluated TOF separations for
2.45 MeV neutron at 2 m and 4.5 m are supposed to be
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86 ns and 193 ns, respectively. But the observed different
separation time implies that the neutron energy is more than
2.45 MeV in both the directions. Moreover, the neutron energy
estimated from the TOF separation is more in the axial
direction compared to the radial direction. Higher neutron
energies (greater than 2.45 MeV) suggest non-thermal process
(beam-target mechanism) of neutron production in the PF
device. The neutron energy varies in both the directions with
the change in D, gas pressure. The neutron energy anisotropy
Eo°/Ego° (i.e., ratio of the neutron energies in the axial to radial
directions) was estimated using signals from two PSDs in the
axial and in the radial directions, respectively, at different
D, gas pressures. The variation of neutron energy anisotropy
as a function of D, gas pressure is shown in Figure 9. The
neutron energy anisotropy initially increases with increase
in D, gas pressure reaching a maximum of 1.35+0.09 at
5 mbar and then decreases with further increase in pressure.
The average values of neutron energies in the axial and the
radial directions are also found to be maximum at 5 mbar D,
pressure and the corresponding values are (2.90 + 0.20) MeV
and (2.58 +0.20) MeV, respectively. The variations in the
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FIG. 9. Variation in neutron energy anisotropy with deuterium gas pressure.
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neutron energy anisotropy show similar trends with the filling
pressure as that of the neutron yield anisotropy. The possible
reason may be that the accelerated deuterium ions, which are
responsible for the beam-target neutron emission,>**>** have
higher energy and fluence in the axial direction compared to
the radial direction at different filling gas pressures.

The pulse durations, i.e., full width at half maximum
(FWHM) as well as intensities of the hard X-rays and neutrons
were measured in both the directions as a function of D, gas
filling pressure and at a distance of 2 m from the tip of the PF
anode. It was found to be more in the axial direction compared
to the radial direction. The average pulse durations of the hard
X-rays in the axial and the radial directions are (47 + 6) ns and
(42 + 3) ns, respectively, at optimum 5 mbar D, pressure. The
average pulse durations of neutrons in respective directions are
(42 £ 6) ns and (39 + 5) ns, respectively, at optimum pressure.

IV. CONCLUSION

A transportable pulsed neutron source based on a flexible
plasma focus head has been developed. The PF head is con-
nected to the CB using forty-eight 5 m long RG213 cables and
to the vacuum pumping system using 5 m long SS bellow. The
total inductance of the unitis 108 nH and the maximum current
estimated to be delivered to the PF head is 506 kA. The PF
device was operated from 3 to 8 mbar of D, gas pressure. The
average neutron yield is (7.1 £ 1.4) %108 neutrons/shot over
4m sr with average neutron yield anisotropy of 1.33 +0.18
at 5 mbar D, pressure (optimum pressure). The average
neutron energies in the axial and radial directions are (2.90
+0.20) MeV and (2.58 + 0.20) MeV, respectively, at same D,
pressure (5 mbar). The coincidence of the maximum neutron
yield and the maximum neutron energy indicates beam-target
interaction of accelerated deuterium ions with the background
neutral gas in the experimental chamber. The variation in
neutron yield anisotropy and neutron energy anisotropy with
D, pressure is possibly due to variation in energy spectrum of
deuterium ions responsible for beam-target fusion.

The separation of PF head from the CB makes the PF
device safe in operation. It also reduces the interference caused
in the signals due to high electromagnetic noises generated
during the CB discharge. Moreover, the mechanical vibrations
of the triggered spark gap do not get transferred to the insulator
due to the separation of the CB and PF head. This will enhance
the life of ceramic insulators. This PF device has been operated
for more than 500 shots without changing the quartz insulator.
This PF device may prove to be useful for applications where
the location and the orientation of the neutron source are
important factors.
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