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Investigation of the Measured and Computed
Neutron Yield From the PF-24 Device
Operated With D2-x%Ar Admixture
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H.-J. Kunze, and S. H. Saw

Abstract— Many experiments have been carried out on the
(16.8 kJ, 17 kV) dense plasma focus PF-24 device operated
with pure deuterium and deuterium-argon admixture. The main
purpose of the work was to investigate the influence of the doping
argon on the average total neutron yields experimentally and
numerically. The 103 discharges (34 for D2 , 69 for D2 -x%Ar,
where x = 3, 5, 10, 15, 22, 25, 30, 45, 60) were performed in
four experimental sessions under constant total initial optimum
pressure of about 2.2 torr. The total current and its time
derivative traces, as well as the total neutron yield values,
were recorded, and the electro-kinetic plasma parameters were
estimated for each shot. The Lee model has also been adapted
for gas mixture plasma focus modeling, and then the enhanced
code was used for simulation of each of the PF-24 discharge
with D2 and D2 -x%Ar. The fitting parameters for each shot are
found and discussed. The measured and computed values of the
neutron yield and the electro-kinetic plasma parameters are in
good agreement. The obtained results showed that there is no
neutron yield enhancement with argon seeding. The scaling law
of the neutron yield Yn against argon fraction has been deduced.
Additionally, our results illustrate that the PF-24 plasma focus
device has an optimized configuration for the DD fusion neutron
emission.
Index Terms— D2 -x%Ar gas mixture, Lee model code, neutron
yield, plasma focus device.
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I. I NTRODUCTION

A

PULSED neutron source is one of the major applications
of the plasma focus (PF) operated with deuterium filling
gas [1], [2]. Studies on the neutron yield (Yn ) versus the
current and stored energy for different PF devices have been
carried out, and scaling laws have also been deduced [3]–[5].
The neutron yield emitted from PF devices changes according to electrode geometry [6], gas pressure [7], and stored
energy [8]. Nevertheless, the neutron yield optimization has
also been investigated by finding the optimum electrode shape,
and geometry [9]–[11], and D2 gas pressures [12], as well as
various research groups, have reported experimental results
on PF operated with gas mixtures. The influence of the gas
mixture ratios on the structure of pinches [13], [14], plasma
density [15], and stabilized pinch column effects [16], [17] has
been investigated and discussed. Moreover, experiments on the
3.3-kJ PF device [18] operated in deuterium and deuteriumargon admixtures revealed an enhancement of neutron yield
by more than 80% as compared to pure deuterium discharges
when the deuterium filling gas is doped with 30%–40% of
argon by mass. The presence of a small amount of high
Z gas in the deuterium discharge may induce the radiative
collapse phenomena, resulting in the stronger pinching action.
Good compression and tighter pinch would lead to an effective
increase in the interaction time between the energetic ions and
the hot plasma. The onset of instabilities and the formation of
local necking in the plasma column after the focus phase can
cause severe disruption and further enhance the acceleration
of the deuteron beam [19]. The maximum neutron yield was
achieved with 3% krypton seeding on the 90-kJ Filippov
device, and an order of magnitude increase was found in
the neutron yield with krypton admixtures [20]. The results
of the experiments on the Dena PF have shown that the
use of admixture gas can increase the number of neutron
productions [21]. The registered increment was three times the
value without the added particles for 1% of Krypton. It was
postulated that by controlling the velocity of added particles,
one could increase the current and decrease the confinement
time. It was further postulated that the neutron production
depends strongly on the pinch current and weakly on the
confinement time [19], [22]. Aliaga-Rossel and Choi [23] used
the DPF-78 device (60 kV, 28 kJ) with different admixtures of
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noble gases (Ne, Ar, or Kr with D2 ) and found a reduction in
the neutron yield for all admixture ratios. They also observed
an increase in the neutron emission anisotropy and changes
in the pinching phase according to the atomic number of
doping. Furthermore, no correlation was observed between
the total neutron yield and the appearance of hot spots. For
sub-kilojoule PF devices, the neutron yield appears to be
strongly consolidated compared to pure deuterium operation.
Verma et al. [24] concluded that the addition of krypton
gas resulted in higher radiation emission, tighter compression, and therefore, a smaller final pinch radius. The higher
plasma density in the radiatively collapsed pinched column for
deuterium–krypton admixture operation leads to neutron yield
enhancement. For the 200-J FMPF-1 device, they reported a
maximum of 30-fold increase. For a 500-J PF device, there
was found to be an increase of fivefold and eightfold for neon
and argon doping, respectively [25], and 3.6-fold on argon
and krypton doping [9]. On the other hand, another carefully
designed experiment showed no such enhancement. A subkilojoule PF device (FMPF-3, 14 kV/235 J) was operated with
deuterium–krypton admixtures (of 1%, 2%, and 5% Kr by
volume) to study the influence of admixture ratio on neutron
yield Yn . Experiments were performed for different insulator
sleeve lengths and cathode geometries. The results revealed
that for carefully optimized electrode geometry, the highest
average neutron yield is obtained with pure deuterium as the
operating gas, whereas krypton seeding leads to a reduction in
the Yn . Talebitaher et al. [26] argue that the electrode geometry
and electrical coupling play critical roles in determining the
influence of gas admixtures; and that for an optimized PF
device, D2 -Kr admixtures may give little or no neutron yield
enhancement relative to pure D2 operation, and so the admixture operation is an evaluation methodology to determine
the level of optimization of device geometry. One possible
mechanism for enhancement is that the krypton seeding could
enhance the density of pinch, by making the pinch more
compressible by the dual effect of radiative cooling [27] and
specific heat ratio (SHR) [26]. Since the krypton ions are
not fully ionized, they contribute an inordinate proportion
to the thermodynamic degree of freedom of the ensemble,
which significantly reduces the SHR of the mixture to less
than 5/3 of pure deuterium case [27]–[29]. This increases the
compressibility of the krypton-doped deuterium. Furthermore,
the presented results by Veloso et al. [30] on 400-J PF showed
that the argon doping on deuterium discharges reduces the
breakdown voltage needed to originate the initial plasma sheet
over the insulator surface. These obtained results are independent on the mixed gas pressure and the load mass density.
They also illustrated that the average axial velocities of the
plasma sheet and its geometrical shape and curvature remain
nearly constant, which point out that the global dynamics of
the discharge remain invariable with the argon doping; but
the energy of the plasma components alters. This difference
can be possibly related to the differences in the final neutron
emission of such configurations. Besides, a summary of the
neutron yield variations emitted from the PF operated with
different admixtures of gases (He, Ne, Ar, or Kr with D2 )
was also displayed [30].
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In our previous work, a series of experiments and simulations were carried out on the PF device PF-24 operated
with deuterium gas for different conditions. Comparison of
the neutron yield versus pressure using the five-phase Lee
code was made at each point of pressure. The good agreement
between measured and computed neutron yield values was
achieved for the lower values of measured Yn , as well as
for all the computed and measured electro-kinetic plasma
parameters [7]. We now proceed with an experimental and
numerical investigation of neutron yield emitted from PF24 device operated with D2 -x%Ar gas admixture for different
conditions.
II. E XPERIMENTAL S ETUP
The PF-24 is the Mather type medium energy PF device
[7], [31], which can be operated up to about 100 kJ of energy
stored in the capacitor bank. The capacitor bank of the PF24 consists of 24 pulse capacitors connected in parallel through
the spark-gaps with the anode plate. The total capacitance of
the capacitor bank (C0 ) is 116.12 μF (the capacitance of each
condenser is measured), and it can be charged from 16 to
40 kV (the present operational charging voltage is 17 kV). The
pumping system ensures a high base vacuum in the chamber
at the level of 10−6 torr. The experimental chamber of the
PF-24 has a set of coaxial electrodes divided by an insulator
in the form of a ring. The central electrode (anode) is made
of a pure anaerobic solid copper rod. It is about 17 cm long
inside the chamber (z 0 ) and 3.1 cm in radius (a). The outer
electrode (cathode) is made of 16 stainless steel rods. Each
rod is about 17 cm long inside the chamber and 0.6 cm
in radius. The 16 rods are placed on the circumference of
the circle with the central rod in the middle. The radius of
the circle is about 5.5 cm (cathode radius), and the inner
radius is about 4.9 cm (b—reduced cathode radius). The PF24 is equipped with several diagnostic systems. The electrical
traces of total current and current derivative over time are
measured using the standard electric diagnostic tools: the
Rogowski coil (calibrated) and the magnetic probe, respectively [7], [31]. Both probes are placed in the collector area
of the PF-24. The DD fusion neutron yield is measured
using a calibrated beryllium activation counter placed just
above the experimental chamber [31], [32]. Fig. 1 presents
the registered current trace and its time derivative trace for
the discharge #17071102 performed in 85%D2 -15%Ar mixture
under the total pressure of 2.19(±0.07) torr. Based on the
traces, the determined experimental parameters of plasma for
mea = 695(±14) kA,
this discharge are: the maximum current Imax
mea
the current flowing through the pinch I p = 552(±56) kA,
the time to current sheet collapse tcmea = 2.22(±0.08)μs
and the time to pinch formation t mea
= 2.38(±0.06)μs.
p
Moreover, the registered total neutron yield for this discharge
Ynmea = 2.1(±0.1) × 108 n/discharge.
III. E NHANCED L EE C ODE FOR P LASMA F OCUS
O PERATED W ITH G AS A DMIXTURES
The five-phase Lee code [33]–[35] couples the electrical
circuit with PF dynamics, thermodynamics, and radiation.
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as to extend its simulation capability to include admixtures at
different volumetric ratios [37]. In addition to the usual device,
bank, operating and model parameters, user of the enhanced
Lee code for Admixtures will need to key in parameters for the
two gases used—molecular weight (MW1 and MW2 ), atomic
number (ZN1 and ZN2 ), dissociation number (key “1” for
monatomic gas and “2” for diatomic gas), and their volumetric
ratio (v 1 and v 2 ). Note that if deuterium is used as one of the
gases, its parameters must be keyed in as gas 1. Moreover, a
code based on the steady-state Corona model is introduced as
a subroutine within the Enhanced Lee Code for Admixtures
to find the effective charges—Z eff1, Z eff2 , Z eff —of the plasma
and its SHRs—γ1 ,γ2 ,γ .
The effective molecular weight (MW), atomic number (ZN),
and dissociation number (DN) of the admixture plasma are
found using the volumetric fractions, v 1 and v 2 , of the two
gases used in the admixture operation. Then the effective
charge number for the admixture plasma Z eff is also found
after taking into account the relative volume and effective
charge of each species: Z eff = v 1 Z eff1 + v 2 Z eff2 . Where Z eff1
and Z eff2 are found using the following equation:
 Z n−i
Nelectron,i
z=0 (z Nz,i )
= 
.
(2)
Z eff,i =
Z n−i
Nion,i
z=1 Nz,i
Fig. 1. Measured current (top trace) and the current derivative over time
(bottom trace) of the PF-24 discharge: #17071102; 85%D2 -15%Ar mixture;
mea , the pinch
p0 = 2.19(±0.07) torr. The values of the maximum current Imax
current I pmea , the time to collapse tcmea , and the time to pinch t mea
were
p
determined as indicated on the graph.

Neutron yield using a phenomenological beam-target neutron
generating mechanism [19] was incorporated [22], [36] in the
Lee code based on the vacuum diode mechanism. In the model,
a beam of fast deuteron ions is produced by a vacuum diode in
a thin layer close to the anode, with plasma disruptions generating the necessary high voltages. The generated deuteron
beam interacts with the hot dense plasma of the focus pinch
column to produce the fusion neutrons. The beam-target yield
(Yb−t ) was deduced [36] as
Yn = Yb−t = Cn n i I p2 z 2p ln(b/r p )σ U −1/2

(1)

where n i is the maximum pinch ion density per discharge
(average and uniform along pinch dimensions), I p is the initial
current through the pinch (uniform along pinch dimensions)
comp2
symbol later in the text), r p and z p are the final pinch
(I p
radius and length, b is the cathode radius, σ is the cross section
of DD fusion reaction (for the beam energy equal to three
times maximum voltage induced Vmax ), n is the branch, and
U is the disruption-caused diode voltage [19]. Data fitting gave
U = 3 Vmax , where Vmax is the maximum voltage induced by
the radially collapsing current sheet and Cn = 8.54 × 108
(all quantities in SI units) is a constant which was calibrated
[36] at an experimental point of 0.5 MA from a graphical
presentation of all available measured Yn data from different
PF devices (global constant).
The wide range of applications of the Lee code and the
increased interest in the use of admixtures in PF devices
inspired us to undertake the enhancement of the Lee code so

In (2), Nz,i is the number of ions of type i (deuterium or argon) in the zth state. Wherein, the summation
is carried out starting from z = 0 or z = 1 state up to Zn
state of ion type i . Equation (2) was developed based on the
ratio of Nelectron,i to Nion,i , which are the total number densities
of electrons and ions in all states, respectively, derived from
atoms of type i . The SHR of the admixture plasma γ can be
found using the relationship between its degree of freedom f
and the effective charge of each species. Assuming that the
thermal equilibrium is achieved among all the particles in the
admixture plasma, the degree of freedom f for the admixture
plasma can be expressed as
f =3+

v 1 U1 + v 2 U2
1
2 kT [v 1 (1 +

Z eff1 ) + v 2 (1 + Z eff2 )]

.

(3)

In (3), U1 and U2 are the total energy of the plasma column
expended on gas 1 and gas 2 for ionization, v 1 and v 2 are the
fractions of gas 1 and gas 2, respectively, Z eff1 and Z eff2 are
the effective charge numbers of gas 1 and 2, respectively, T
is the plasma temperature (average and uniform along pinch
dimensions), and k is the Boltzmann’s constant. The U1 and
U2 are calculated using the following equation:
Ui =

Z
n−i

(Nz,i Uz,i ).

(4)

z=1

In (4), Nz is the number of ions at the zth ionized state of
type i and Uz is the amount of energy required to ionize a
neutral gas atom of type i to z state. Wherein, the summation
is carried out starting from z = 1 state up to Zn state of
ion type i . Once the degree of freedom is found for the
admixture plasma, using (2)–(4), its SHR can easily be found
(γ = (2 + f )/ f ).
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Fig. 2.
Input sheet for the Enhanced Lee Code for Admixtures (as an
example for 95%D2 -5%Ar mixture in the PF-24). The L 0 , C0 , r0 , V0 , b, a,
and z 0 are the static inductance, static capacitance, stray resistance, charging
voltage, reduced cathode radius, anode radius, and anode length, respectively.
The massf, currf, massfr, and currfr are the axial mass factor ( f m ), axial
current factor ( f c ), radial mass factor ( f mr ), and radial current factor ( f cr ),
respectively. The p0 , MW, ZN, At-1 mol-2, and v are the total initial gas
pressure of the mixture, molecular weight numbers, atomic mass numbers,
dissociation numbers (DN), and volumetric ratios of the gases, respectively.
Wherein, indexes 1 and 2 refer to the first (deuterium) and second (admixture)
gas filling the experimental chamber of the device.

For neutron yield calculations, the code is configured to
work as the PF-24 PF device by inputting the bank, the tube,
the operational parameters, and filling gas parameters. The
tube parameters include anode radius (a), reduced cathode
radius (b), and anode length (z 0 ). The bank parameters include
static inductance (L 0 ), capacitance (C0 ), and stray resistance
(r0 ). The operating parameters include charging voltage (V0 )
and operating pressure ( p0 ). The filling gas parameters include
atomic mass numbers (ZN1 and ZN2 ) and molecular weight
numbers (MW1 and MW2 ) for both gases, their volumetric
ratio (v 1 and v 2 ), and dissociation number (DN1 and DN2 )—
the number of atoms in each molecule (see Fig. 2).
The enhanced Lee model code simulates the total current.
Four model parameters are used representing the mass sweptup factor ( f m ) and the plasma current factor ( f c ) for the axial
phase, as well as the mass swept-up factor ( f mr ) and the
plasma current factor ( f cr ) for the radial phases. These four
model parameters are used to account for the experimentally
observed mass loss and current loss in an axial and the radial
phase of discharge, respectively (percentages of total mass
and the current flowing between the electrodes in the axial
and radial phases). After each run, the user changes one of
the model parameters so as to improve the fitting of the
computed to the measured current trace for the next run. This
fitting procedure is done sequentially starting with f m and
f c while inspecting the fit of the current trace in the axial
phase before the current dip and then proceeds to f mr and fcr
while inspecting the fit of the current dip. Additionally, static
inductance L 0 and stray resistance r0 parameters may be finetuned from run to run during the fitting procedure of current
traces.
In general, it is well known that the current signal from
a PF is one of the best performance indicators that can be
obtained. Some of the most important information that can be
derived using the Lee model, like the axial and radial phase

Fig. 3. Computed current (top trace) and the computed current derivative
over time (bottom trace) of the PF-24 discharge: #17071102, 85%D2 -15%Ar
at p0 = 2.19 torr. The theoretical plasma parameters are the maximum current
comp
comp
comp1
comp2
Imax , the time to collapse tc
, and the pinch current I p
and I p
comp1
comp2
determined at the time t p
and t p
, respectively, are indicated on the
graph.

dynamics, as well as radiation yields, are dependent on the
current flow in the plasma. Moreover, once fit, the code outputs
the following realistic data: dynamics and energy content of
the phases, pinch geometry, temperatures and densities, line
radiation and neutron yields [33], [34]. In this paper, all
experimental discharges (experimental current traces) were
fit individually with simulated discharges (simulated current
traces) using four model parameters, as well as L 0 and r0
parameters.
IV. R ESULTS AND D ISCUSSION
A. Performed Discharges and Fitting Procedures
The experiments have been carried out on the (E 0 =
16.8 kJ) PF-24 device operated with the pure deuterium and
deuterium-argon admixture. The 103 discharges (34 for D2 ,
69 for D2 -x%Ar, where x = 3, 5, 10, 15, 22, 25, 30, 45, 60)
were performed at 17 kV of charging voltage in the four
experimental sessions (according to the date and operational
period of the PF-24) under constant total initial optimum pressure of about 2.2 torr. The total current and its time derivative
traces, as well as the neutron yield values, were recorded, and
the electro-kinetic plasma parameters were estimated for each
shot. Then, they were compared with the computed results
obtained by the enhanced Lee model.
For this purpose, the Lee model code was operated as the
PF-24 device with D2 and D2 -x%Ar. Then, using the fitting
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TABLE I
C OMPARISON OF M AIN PARAMETERS D ESCRIBING THE F OUR E XEMPLARY D ISCHARGES

procedures [38], [39], the computed total current waveforms
were sufficiently well fit to an experimentally measured current
for different percentages of argon. As an example, the fit
computed current trace and its time derivative trace for the
discharge #17071102 simulated in 85%D2 -15%Ar mixture
under the total pressure of 2.19 torr are presented in Fig. 3.
Based on the traces presented in Fig. 3, the determined
theoretical plasma parameters for the discharge #17071102 are
comp
the maximum current Imax = 691 kA, the current flowing
comp1
= 609 kA determined at the
through the pinch I p
minimum of dI/dt, the current flowing through the pinch
comp2
= 545 kA determined at the computed start of pinch
Ip
comp
= 2.20 μs, the
phase, the time to current sheet collapse tc
comp1
= 2.34 μs as the instant of
time to pinch formation t p
comp2
= 2.39 μs
minimum dI/dt, and time to pinch formation t p
as the instant of computed start of pinch phase. The computed
comp
for this discharge is equal to 2.1 ×
total neutron yield Yn
8
10 n/discharge.
The results of the analysis of the four exemplary discharges
for different percentages of argon (x = 15, 10, 5, 3) are
collected in Table I and displayed in Fig. 4. Table I contains
the determined measured and computed plasma parameters
mea , I comp , I mea , I comp1 , I comp2 , t mea , t comp1 , and t comp2 ,
Imax
max
p
p
p
p
p
p
comp
values of the
including measured Ynmea and computed Yn
total neutron yields. Fig. 4 shows the comparison of measured
and computed traces, where Fig. 4(a) shows the discharge
#17071102 for 15% of Ar in the gas mixture, Fig. 4(b) shows
the discharge #17083108 for 10% of Ar, Fig. 4(c) shows the
discharge #17071801 for 5% of Ar, and Fig. 4(d) shows the
discharge #17092811, for 3% of Ar. Results from both Table I
and Fig. 4 suggest the reasonable coincidence of the measured
and computed data for different percentages of argon.
B. Acquired Parameters Describing Performed Fitting
Procedures
The basic result of the fitting procedure applied to all
103 discharges individually is the set of values of L 0 , r0 , fm ,
f c , f mr , and fcr parameters determining each simulated discharge (together with other input parameters of the Enhanced
Lee model code, see Fig. 2). Figs. 5 and 6 demonstrate
the variations of the L 0 and r0 values, respectively, and
Fig. 7 demonstrates the variations of the f m , f c , f mr , and fcr
model parameters during all numerical experiments for various

fractions of argon. It is noticed that the model parameters,
as well as L 0 and r0 parameters, are required to obtain the
good fit, have variable values for pure deuterium, and each percentage of argon in the admixture. For the model parameters,
this is attributed to the processes variations occurring within
each PF-24 discharge, including the dynamics, energetics,
and thermodynamics. Fig. 5 presents L 0 values versus argon
fractions, and it is clear that L 0 most probably ranges between
20 and 25 nH and has almost constant trendline. Fig. 6 shows
the slightly rising trendline for r0 values with the increasing
percentage of argon. However, both fit lines in Figs. 5 and 6
have small values of the determination coefficient (R 2 equal
to about 0.004 for L 0 and 0.05 for r0 ), indicating possible
large deviations from the fit trend lines for the given discharge.
A similar situation is achieved when exponential curves are fit.
The summary plots of the fm , fc , fmr , and fcr model
parameters [Fig. 7(a)–(d)] show the diminishing trend with
increasing concentration of argon in the admixture – exponential functions that were fit to each of the four sets of points.
The achieved determination parameters R 2 of the fits for the
f m , f c , f mr , and fcr are equal to about 0.61, 0.66, 0.47, and
0.56, respectively. This suggests strong decreasing tendencies.
The decreasing tendencies can be ascribed to the fact that
deuterium particles are much lighter as compared to argon.
As the current sheet accelerates along the axial direction
of the PF device, it tries to sweep up all the particles in
its path. However, it is more likely that the heavy argon
particles will not be collected by the accelerating current
layer. With an increasing concentration of the heavy argon
particles, the percentage of the filling gas, left by the current
sheet, increases. This leads to smaller axial ( f m ) and radial
mass ( f mr ) factors, as can be seen in both Fig. 7(a) and (c),
respectively. The axial current factor ( f c ) for pure deuterium
is 0.7 [Fig. 7(b)], and the radial current factor ( f cr ) fluctuates
between 0.6 and 0.9 [Fig. 7(d)]. However, these factors tend
to decrease when the percentage of Ar increases in the gas
mixture.
C. Comparison of the Measured and Computed Plasma
Parameters
The good results of the fitting procedure of current traces
in the Lee code allow computation of approximated values of
other plasma parameters like, a final axial velocity or average
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Fig. 4. Measured (black solid lines) current and current derivative over time traces together with the fit one (red dashed lines) for the PF-24 discharges.
(a) #17071102, 85%D2 -15%Ar at p0 = 2.19(±0.07) torr. (b) #17083108, 90%D2 -10%Ar at p0 = 2.14(±0.12) torr. (c) #17071801, 95%D2 -5%Ar at
p0 = 2.25(±0.01) torr. (d) #17092811, 97%D2 -3%Ar at p0 = 2.25(±0.01) torr.
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Fig. 5. Static inductance (L 0 ) variations versus argon fraction in the gas
mixture.

Fig. 6. Stray resistance (r0 ) variations versus argon fraction in the gas
mixture.

sheet velocity (v z = z 0 /tc ); an on-axis shock velocity; a
radial piston velocity; the pinch dimensions and the pinch
duration, as well as the velocity factor, also known as the
1/2
drive parameter [SF =(Imax /a)/ p0 ] [40]. All the plasma
parameters displayed in this subsection below in the form of
graphs represent values averaged over all discharges at the
given Ar fraction and series—about eight discharges were used
to calculate every single average value.
First, the values of parameters describing the kinematics
of the plasma sheet are presented: the time to collapse (tc ),
the time to pinch (t p ), and the average axial velocity (v z ).
Fig. 8(a)–(c) shows a credible consistency between the computed and measured results for these kinematic quantities.
From Fig. 8(a) and (b), it is noticed that the tc and t p have
an increasing tendency when deuterium is doped with argon,
while the v z pursues a contrary behavior [see Fig. 8(c)]. This
is connected with the fact that the absolute masses, which are
being swept by the moving plasma sheet, increase with Ar
fraction (Ar ions are about 10 times heavier than D2 ions)
despite the decrease of f m values.
Next, the maximum current (Imax ) values are presented in
Fig. 8(d). The Imax values increase with Ar fraction due to
changes in the dynamic plasma inductance and decrease in the
average axial velocity of the current sheet. The obtained results
show good agreement between the measured and computed
values of the Imax , which range from 517–668 kA over
different argon fractions [see Fig. 8(d)] with the maximum
average value at 78%D2 –22%Ar. As can be seen in Fig. 8(d),
the drive parameter (SF) also has a slightly rising trend with
argon percentage. It is related to the increasing trend of the
1/2
maximum current where SF =(Imax /a)/ p0 .
The measured and computed values of current flowing
through the pinch (I p ) are also found to be in good agreement,
and there is no manifested clear dependence on the percentage
of argon [see Fig. 8(f)]. Moreover, it can be seen in Fig. 8(b)
and (f) that the computed values of the time to pinch and the
comp2
pinch current at the beginning of the pinch phase start (t p
comp2
and I p
) usually better match the measured values than the
values corresponding to the minimum of current derivative

(t p
and I p
). Nevertheless, both types of computed
points are within the range of errors of the measured values
or exceed them slightly.
The good agreement between the above mentioned measured and computed results increases further confidence that
the Enhanced Lee Code for Admixtures can realistically
compute the neutron yield from the PF-24. Thus, the neutron
yields emitted from the PF-24 operated with D2 and D2 -x%Ar
have been measured for the various percentages of argon and
compared with the computed results obtained by the Lee
model. The results are demonstrated in Fig. 9(a) and (b).
The large vertical error bars in Fig. 9(a) represent standard
deviation values ±σ while the counter errors are of the size of
points or smaller. The good consistency between the measured
comp
neutron yields can be observed.
Ynmea and computed Yn
In fact, only for discharges in pure D2 in series I, III, and
IV (highest measured average values of Ynmea ) relatively large
comp
differences between Ynmea and computed Yn
are present.
It has also been found that there is a systematic reduction in
the average neutron yield from the PF-24 with Ar fraction for
all series of discharges analyzed separately. However, if Ynmea
values from two different series are compared against each
other, an increase in the average Ynmea can be observed. For
example, the Ynmea for 0% of Ar fraction (pure D2 discharges)
in series II has a smaller value than the Ynmea for 3% of
Ar fraction in series III. This means that the PF-24 device
has shown significant changes in the total neutron emission
between different experimental sessions performed at different
periods of time (weeks and months). Moreover, the spread
of Yn values from single discharges for 0% of Ar fraction
from series I to IV is completely different. This is probably,
mainly connected with the copper impurities that penetrated
into plasma, arcing, deformation of anode rod with a number
of discharges, and in general, not fully symmetrical current
sheet. As proof, a significant change in the average velocity of
the plasma sheet, as well as current flow, can be observed for
pure D2 discharges (see Fig. 8). These changes are expected
to be caused by changes in the total mass of the sheet,
as a result of different amount of impurities in the plasma.
For, example, during the series I, the average total neutron

comp1

comp1
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Fig. 7. Variations of model parameters for the axial phase (a) mass swept-up factor ( f m ) and (b) plasma current factor ( f c ) and for the radial phase (c)
mass swept-up factor ( f mr ) and (d) plasma current factor ( f cr ) during all numerical experiments for various fractions of argon.

yields [Fig. 9(a)] were the highest, and the average maximum
currents were also the highest [Fig. 8(d)]; the current sheets
were moving the fastest on average (pure D2 discharges)
[Fig. 8(a)–(c)]. Moreover, significant deformation of anode
shape was observed on the top right side of the face of the rod
(not symmetrical deformation), and a large amount of copper
was sprayed all over the experimental chamber.
Despite the different behavior of the PF-24 device during
different series of discharges, when average values of Ynmea are
calculated without taking into account division into different
series the scaling law can be obtained, see the fit line in
logarithmic scale (or exponent in linear scale) in Fig. 9(b).
The equation describing the curve (scaling law) can be presented as Yn = 2.3 × 108× exp(−0.079 ×x%Ar). And the
determination coefficient R 2 for the fit exponential (or line)
function is as high as 0.93.
Our obtained results are consistent with the previously
reported experimental results, in which, the reduction in neutron yield with different admixtures of noble gases has been
already observed for the high energy PF [23], as well as in

the sub-kilojoule optimized PF device (FMPF-3, 14 kV/235 J)
operated with deuterium–krypton admixtures [26].
Finally, for a PF device with given electrical parameters,
noble gas seeding of deuterium can be regarded as a useful
tool for investigating how close to neutron-optimized the
geometrical configuration of the PF electrode assembly is, for
a given total initial gas pressure [26]. So, based on the above
illustration and our present results, we can say that the PF24 PF device has the optimized configuration for neutron yield.
This is in agreement with the previously determined relation
of the Ynmea versus D2 pressure for the PF-24—at about 2.25
torr (3 mbar) of pure D2 maximum of the average neutron
emission was stated [7]. However, it should be mentioned
that the radiative cooling effect (plasma radiative compression)
may simply not appear in some of the PF devices under given
conditions or its influence can be insignificant regardless of
them being optimized or nonoptimized. This may be due
to the possible separation of D and Ar fractions [41], the
development of different instabilities and internal complex
structures [42], [43] appearing during the discharge, or due
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Fig. 8. Measured (solid symbols) and computed (open and gray symbols). (a) Time to current sheath collapse (tc ). (b) Time to current sheath pinching (t p ).
(c) Average axial current sheath velocity (v z ). (d) Maximum discharge current. (e) Velocity factor (SF). (f) Current flowing through the pinch (I p ) versus
different percentages of argon in the mixture.

to the achievement of high plasma opacity state quickly
[44], [45]. Assuming that there will be no significant rise in
the deuterium ion concentration and some additional cooling
(loss of energy) will be present (smaller energy stored into
plasma), the consequent effects result in smaller total neutron

emission. Additionally, the observed increase of Yn with higher
Ar doping during some previous experiments may be the result
of changes in the operation of PF devices during different
periods of time (assuming that other PF devices show similar
behavior as the PF-24). Thus, it is important to perform control
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neutron yield. The scaling law of the neutron yield Yn against
argon fraction has been deduced as well.
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