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In this Letter we report the effect of two different cathode structures – tubular and squirrel cage, on
neutron output from a miniature plasma focus device. The squirrel cage cathode is typical of most DPF
sources, with an outer, tubular envelope that serves as a vacuum housing, but does not carry current. The
tubular cathode carries the return current and also serves as the vacuum envelope, thereby minimizing
the size of the DPF head. The maximum average neutron yield of (1.82 ± 0.52) × 105 n/shot for the
tubular cathode at 4 mbar was enhanced to (1.15 ± 0.2) × 106 n/shot with squirrel cage cathode at
6 mbar operation. These results are explained on the basis of a current sheath loading/mass choking
effect. The penalty for using a non-transparent cathode negates the advantage of the smaller size of the
DPF head.

© 2009 Elsevier B.V. All rights reserved.

A long-standing problem of plasma focus devices has been to
elucidate the mechanism of neutron production and the correlation
between various factors that influence the neutron yield. Over the
past few decades various attempts have been made to enhance the
neutron yield from deuterium plasma focus devices, for their prob-
able use in fast-neutron activation analysis (FNAA) applications [1],
by optimizing various parameters such as anode geometry [2], an-
ode material [3], insulator sleeve material and length [4,5], centre
electrode polarity [6], radioactivity assisted pre-ionization [7,8] and
high-atomic number gas admixture concentration [9].

Recently many groups have reported the development of minia-
ture plasma focus devices as portable neutron sources [10–15].
A potential limitation of such miniature sources is the fact that the
neutron output tends to scale roughly as (current)4 or as (stored
energy)2. Hence as one scales down to the sub-kilojoule range
(with <100 kA currents) there is a premium on finding ways in
which to increase the neutron output above the observed, unfa-
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vorable scaling criteria. Among these options is to vary the cath-
ode geometry, which is the province of this Letter. The influence
of cathode structure on neutron emission is an important issue
since in the typical miniature plasma focus devices, the conven-
tional bar/squirrel cage cathodes are replaced with tubular cath-
odes [10,11] that double as vacuum barriers and hence reduce the
size of the DPF “head”. However, the price for this miniaturization
in term of its effects on neutron yield has not been investigated;
hence in this Letter we describe the effect of conventional squirrel
cage cathode structure as opposed to that of newly adopted tubu-
lar cathode structure on the neutron yield.

We present results from two different types of cathode geome-
tries (whilst maintaining other operating conditions/parameters
and varying only the pressure to optimize the neutron output) on
neutron emission from newly developed fast miniature plasma fo-
cus device – FMPF-1 [9,10].

The capacitor bank of the FMPF-1 consists of four 0.6 μF, 30 kV
capacitors in a compact layout. The detailed design and character-
ization of this device have been described elsewhere [10]. In the
present arrangement, the optimized electrode assembly consists of
a 15 mm long stainless steel hollow anode of composite geometry
(tapered over the last 5 mm with diameter decreasing from 12 mm
to 7 mm) and the cathode diameter is 30 mm. These electrode as-
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Fig. 1. Layout of time resolved and time integrated neutron diagnostic set-up.

sembly dimensions are improved over the dimensions mentioned
in our previously published work [10] and they provide better neu-
tron yields as discussed later.

A specially designed Rogowski coil (having response time
<3 ns) was used for electrical diagnostics. To measure time inte-
grated neutron yields, a high sensitivity 3He detector arrangement
has been used [10,16]. To acquire the time resolved history of
emitted radiation, a ‘dual time of flight’ arrangement consisting
of two identical scintillator photomultiplier detectors – PMT-1 and
PMT-2 was used. Each of the scintillator photomultiplier detectors
consists of an NE102A plastic scintillator (of thickness 40 mm and
diameter of 50 mm) and photomultiplier tube EMI 9813B (biased
at −1800 V and enclosed inside 1 cm thick Aluminum casing). The
PMT-1 was placed radially (90◦) at a distance of 0.5 m from the
anode face, whereas PMT-2 was placed axially (0◦) at a distance
of 1.5 m from the anode face along the anode axis. A schematic
drawing of this arrangement is shown in Fig. 1. In the insets im-
ages of the utilized tubular and squirrel cage cathode structures
are shown as inset (a) and inset (b), respectively.

The effects of tubular and squirrel cage cathode geometries on
neutron and hard X-ray (HXR) emissions for different fill pressures
are investigated at the fixed stored energy of 230 J (with about
80 kA peak discharge current at 13.8 kV charging voltage). The re-
sults were obtained for averages of 20 shots for every choice of
deuterium gas pressure. To reduce the effect of electrode particu-
late contamination on neutron output, the gas was refreshed after
every five shots. A nominal pressure increase of ≈0.05 mbar was
observed after each set of 5 shots.

Our experiments with two different cathode geometries have
demonstrated that the final pinch characteristics and in particu-
lar, the emission of neutrons is strongly influenced by the cath-
ode structure. The measured average neutron outputs for tubu-
lar and squirrel cage cathode geometries, for different D2 filling
gas pressures, are shown in Fig. 2. A remarkable enhancement in
neutron yield was observed with squirrel cage cathode operation.
The maximum average neutron output of (1.82 ± 0.52) × 105 and
(1.15 ± 0.2) × 106 n/shot were measured for tubular and squirrel
cage cathode geometries, respectively. It is also observed that the
neutron yield peaked at the higher gas pressure 6 mbar for squir-
rel cage cathode while it peaked at 4 mbar for tubular cathode
structure.

Time resolved information about the hard X-ray and neutron
emission is obtained using the scintillator photomultiplier detec-
tors PMT-1 and PMT-2 for tubular and squirrel cage cathodes.
Those data are shown in Fig. 3 along with corresponding di/dt
signals. The first peak in the PMT signals of these two figures

Fig. 2. Neutron yield versus D2 filling gas pressure for tubular and squirrel cage
cathode.

Fig. 3. Current derivative signal trace with HXR/neutron signal recorded with side-
on (PMT-1) and end-on (PMT-2) scintillator-photomultiplier detector with (a) tubu-
lar cathode, (b) squirrel cage cathode.

(shown as Ch2 and Ch3), is of non-thermal, hard X-rays pro-
duced by the instability accelerated electron beam upon hitting
the anode target. The second peak is confirmed to be that of
neutrons, on the basis of time of flight estimates, assuming that
the hard X-rays and neutrons are created at the same time in
the pinch. Since the PMT-1 and PMT-2 were placed at a distance
of 0.5 m (radially) and 1.5 m (axially), from and along the an-
ode axis, subsequent registration of neutron pulses (i.e. second,
delayed peak in the respective signals) at about 23 ± 2 ns and
66±3 ns, respectively, after the emission of hard X-ray pulses con-
firms that the second peak is due to ≈2.45 MeV D–D neutrons.
The relative time difference of 45 ± 3 ns, between the neutron
pulses, recorded by the channels Ch2 and Ch3 also re-confirms
the neutron pulse emission. The average duration of HXR and
neutron pulses, estimated from the FWHM of the corresponding
peaks and averaged over 20 shots, in the axial/radial direction
are 18 ± 3 ns/12 ± 2 ns and 16 ± 3 ns/16 ± 2 ns, respectively, for
tubular cathode operation (Fig. 3(a)), and 18 ± 2 ns/15 ± 2 ns and
46 ± 3 ns/45 ± 2 ns, respectively, for squirrel cage cathode opera-
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tion (Fig. 3(b)). The ∼30 ns delay in the appearance of HXR peak
(Ch2 and Ch3 trace in the respective figures) from the peak of the
current derivative signal (Ch1 trace) is because of the inherent la-
tency in the PMT.

In the plasma focus, the run-down phase allows the transfer
of electrical energy from the capacitor bank to the magnetic en-
ergy behind the accelerating current sheath a fraction of which is
rapidly pumped into the pinch plasma column at the end of radial
compression phase in a relatively short time, leading to efficient
compression and heating [17]. Under stationary initial gas condi-
tions (unlike in a supersonic gas puff) it is impossible to decou-
ple the final radial compression phase and corresponding plasma
phenomena from those occurring during the breakdown and ax-
ial run down phases [18]. Therefore, while considering losses in
a typical (non-gas-puffed) plasma focus device, the thermal flow
down the axis during axial acceleration is an important considera-
tion.

The very high temperature achieved in the plasma focus is
mainly the result of the axis-symmetric properties of the implod-
ing shock. Since in the case of the tubular cathode, the outer elec-
trode is an impermeable wall, when there is momentum flowing
parallel to the shock, to obtain pressure balance along the shock
and near the wall, the plasma density adjacent to the wall must
increase. This momentum flowing parallel to the shock thus acts as
a sink for the incoming plasma and causes a drop in temperature
with increasing radius (as the magnetic pressure falls). With lower
temperatures adjacent to the cathode wall and in particular lower
electron temperatures, the shock is broadened (with increase in
thickness) through resistive diffusion of the magnetic field [19,20].
Aggregation of plasma density near the cathode wall also affects
the final temperature that is achieved in the pinch, owing to the
fact that compression ratio is mainly dominated by ρpinch/ρshock
and only a partial fraction (about 15%) of the plasma is collected
into the ensuing pinch [19]. Hence, in the case of tubular cathodes,
due to larger contact area (in comparison with squirrel cage cath-
ode), deleterious effects because of plasma aggregation near the
cathode wall are expected to be more pronounced, with a conse-
quent reduction in neutron output.

Another important noticeable observation in the graph shown
in Fig. 2 (neutron output vs. filling gas pressure); is the relative
shift in the optimum base pressure range with the use of tubu-
lar and squirrel cage cathode geometries [21]. The difference in
the optimum base pressure range for the two cathode geometries
can be explained by the fact that since the geometry of the squir-
rel cage cathode, allows mass to pass through, during the axial
run down phase, the inter-electrode space is relatively clear. In
the case of tubular cathodes the outward flow is blocked (due to
current sheath canting), then the channel (i.e. the inter electrode
space) tends to get constricted due to growing thickness of ‘con-
tact layer’. When this layer gets thick enough the channel tends
to get loaded/choked. In addition, the outward moving particles
are reflected back along with impurities from cathode wall caus-
ing substantial increase in thermal bremsstrahlung radiation loss
[22] due to impurity addition. In any case, with the use of tubular
cathode geometry the cross sectional area of the channel gets ef-
fectively reduced, which accounts for loading of current sheath at
comparatively lower operating pressure. This observation is corrob-
orated by the measurements shown in Fig. 4, where the variation
in time to pinch from the breakdown phase (which includes axial
acceleration phase and compression phase, defined as tp in the
current derivative signal shown in the inset), at different filling
gas pressures is plotted, for the tubular and squirrel cage cath-
ode geometries. Usually in a typical plasma focus device operation,
the characteristic time tp , increases with the increase in operat-
ing pressure due to increased load on the current sheath in the
axial phase. In the graph shown, larger slope angle of the opera-

Fig. 4. Time to pinch versus D2 filling gas pressure for tubular and squirrel cage
cathode operation.

tion curve for tubular cathode (by contrast to squirrel cage cathode
operation), indicates comparatively higher loading of the current
sheath, even at lower pressures. The squirrel cage cathode seems
to lessen much of these effects and thus performs with better effi-
ciency resulting in higher yields.

Interestingly, it may also be noted that, the ‘time to pinch’
witnessed for the corresponding cathode geometries (tubular and
squirrel cage) at which the neutron yield maximizes is the same
i.e. ∼550 ns, while operating at 4 mbar and 6 mbar, respec-
tively. This observation also corroborates the current sheath load-
ing/choking effect with use of tubular cathodes.

Recently, neutron yield scaling has been thoroughly reviewed by
S. Lee et al. [23–25], using the five-phase Lee model (RADPFV5.13)
[26], and found to follow Yn ∼ Ix

pinch where Ipinch is the pinch
current that actually participates in the focus pinch phase and
x is found to vary in the range of 3–5 for different plasma fo-
cus devices. To realistically simulate the experiment using Lee
model, firstly the circuit parameters, electrode dimensions, oper-
ating voltage and gas pressure are keyed into the code, then the
computed current trace is ‘fitted’ to the experimental peak dis-
charge current trace, by adjusting four ‘model parameters’. These
four parameters for ‘fitting’ are axial mass swept-up factor fm and
axial current factor fc (which characterize axial phase electrody-
namics), radial mass factor fmr and radial current factor fcr (which
characterize radial phase dynamics). These model parameters are
then fine-tuned till the computed trace is in close agreement with
the experimentally measured peak discharge current trace [24].
The main objective of using the Lee code is to investigate the
changes in the fitting model parameters and electrodynamic be-
havior for the two cathode geometries to deduce and understand
the corresponding changes in plasma dynamics and pinch current.
The fine tuned electrical circuit parameters used for the simu-
lation of respective geometries are: 2.4 μF, 32.9 nH and 60 m�

for tubular cathode operation and 2.4 μF, 31.0 nH and 67 m� for
squirrel cage cathode operation. A typical ‘fitted’ trace of squir-
rel cage cathode operation at 6 mbar gas pressure is shown in
Fig. 5. Values of ‘model parameters’ that have been obtained for
‘best fit’ with tubular and squirrel cage cathodes (at 4 and 6 mbar,
respectively), along with peak/pinch current estimations are sum-
marized in Table 1. The two key differences that can be noticed
from Table 1 are (i) for tubular cathode structure, the values of ax-
ial mass swept-up factor fm and radial mass factor fmr are about
∼1.82 and ∼2.2 times higher, respectively, than that obtained for
squirrel cage cathode operation which supports the argument and
observation of the mass loading of the current sheath for tubular
operation and (ii) the estimated pinch current is lower for tubu-
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Fig. 5. A “fitted” current trace for squirrel cage cathode operation at 6 mbar filling
gas pressure.

Table 1
Model parameters and simulation results

Cathode fm fmr fc fcr Ipinch/Ipeak

Tubular 0.31 0.33 0.62 0.84 54 kA/81 kA
Squirrel cage 0.17 0.15 0.62 0.89 58 kA/80 kA

lar cathode operation supporting the lower neutron output for this
cathode.

In conclusion, our investigation shows a notable enhancement
in the neutron output for the squirrel cage geometry as compared
to that of a tubular geometry. In a tubular cathode structure, ow-
ing to the impermeable wall and relatively larger surface area, the
plasma density rises near the cathode wall, causing the shock to
be radially broadened through resistive diffusion of the magnetic
field. This results in the narrowing of the effective channel cross-
section, causing loading of the current sheath along with increased
contact layer resistance thereby resulting in lower pinch efficiency.
It may also be realized from the Lee model fitting of our exper-
imental results that operation with tubular cathodes also affects
the current going out from the main current sheath to the resid-
ual plasma as a consequence well-known “current leakage” effect.
The fraction of peak discharge current that actually goes from main
current sheath to the pinch (i.e. pinch current Ipinch) is reduced for
tubular cathode operation supporting the lower neutron output for
this cathode. Also in operation with tubular cathodes, addition of
impurities (due to back reflected particles from the cathode wall)
during the axial flow, may result in a substantial drop in temper-

ature due to increased radiation loss which is also consistent with
the reduction in neutron output.
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