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A B S T R A C T

Comparative study of fast focus mode (FFM) and slow focus mode (SFM) of INTI Plasma Focus device at 12 kV,
based on Lee Model, are presented in this paper. Results of numerical experiments for D, Ne, and Ar gases at
different pressure ranges show that as a rule-of-thumb, diameter-optimized SFM is considered to occur when fast
plasma stream speed generated by pinch column is equal to the peak axial phase speed. SFM occurs at the high-
pressure range of operation when beam ion energy is typically less than a few keV. Results of speed factor, fast
ion beam energy, FPS energy, FIB damage factor, plasma footprint radius for FFM and SFM at different pressures
of D, Ne, and Ar are presented. These results may be used to predict different applications of both modes: for
example, the intense beam and flow energetics in FFM may be of interest in irradiation of surfaces for damage
studies; whilst in SFM, the larger area of reduced intensity of plasma flow and very low energy per beam ion
result in more uniform irradiation over a larger area of target. This larger more uniform area of irradiation has
distinct advantages in nanophase material synthesis by diameter-optimized SFM.

1. Introduction

Dense Plasma Focus (PF) device can produce directed hot (1 keV)
fast (107 cm/s) dense (1016 - 1019 cm−3) plasma streams, fast ion beam
(0.01–100MeV), electron beam (0.01–1MeV), soft (0.1–10 keV) and
hard (10–1000 keV) X rays and fusion neutrons (2.45 and 14MeV).
These PF devices are used for irradiating different materials to pulsed
beams of various types; ion, electron, X-radiation, neutron, high power
plasma streams and shock waves [1–5].

Pulsed plasmas at high temperatures and densities are produced in
these PF devices [6,7]. Future reactors will use the fusion reaction
D + T → n (14.1 MeV) + 4He (3.5MeV) for power production. Ra-
diations of neutrons together with alpha particles and heavy ions from
the walls of the plasma chamber will be prone to cause damage to ex-
posed surfaces. PF devices operated in conventional energy optimized
‘fast’ mode are sources of similar intense radiation and hence are sui-
table to study the behavior of materials under such intense fusion-re-
lated radiation. Specifically, tungsten, and other prospective plasma-
facing materials may be tested with PF devices [1,8].

On the other hand, nano-materials fabrication and production are

also important applications of PF devices [9]. For such purposes the
radiations and beams need to be controlled. The intensities have to be
reduced and for some applications the pinch phase may be required to
be so much softened that practically this final sub-phase of compression
may even to be eliminated [1,9]. Such a controlled softening of plasma
focus conditions has led to the idea of the Slow Focus Mode (SFM)
[10,11]. The ZaP flow z-pinch using essentially much softer plasma
flows than in conventional z-pinches has similarly attempted to de-
monstrate effectiveness in an area of material application [12].

The aim of this paper is to investigate the Fast Focus Mode (FFM)
and Slow Focus Mode (SFM) of INTI PF and compare their properties
with an aim to improve their performance for material science appli-
cations. In this research we will highlight the contrast in conventional
use of PF's (i) to produce intense ion beam and streaming plasma pulses
from FFM, with the controlled production of (ii) high power long
duration uniform flow of plasma ions and streaming plasma pulses from
SFM. This contrast is vividly demonstrated using Lee Model Code at
different pressures of D, Ne, and Ar gases.
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2. Numerical experiments

Physical Simulation helps to improve the understanding of the
phenomena. When applied to the development of manufacturing pro-
cess simulation can guide the direction of the process, increase preci-
sion and can improve efficiency and lower the cost of the process.
Numerical simulation has become an important method for process
study, design, construction and optimization. By using numerical ex-
periments, a process can be modeled and optimized for better perfor-
mance. In the case of PF devices there are a variety of modeling
methods [13–17]. A pre-1995 version of Lee Model Code omitted the
crucial element of ‘communication delay’ between the driven shock
front and the driving magnetic force [18,19]. This omission was re-
medied after 1995 [20,21]. The post- 1995 version has an acceptable
correlation with experimental results especially in terms of dynamics
and radiation yields.

The axial phase adopts the snow-plow model whilst the radial in-
ward shock phase uses the slug model with thermodynamics [22–24].
The pinch phase is radiation-coupled. Circuit equations are rigorously
coupled with the dynamics so that the code is mass, energy and charge
consistent. The code uses mass swept-up and effective current factors
fm, fc, (for axial phase) and fmr, and fcr (for radial phase). These model
parameters are experimentally measured by fitting computed current
traces with those obtained in laboratory experiments. Insights including
optimum static inductance and current and neutron scaling and sa-
turation have resulted [25,26]. The pinch phase incorporates radiation-
coupled motion resulting in computation of radiative-collapse in the PF
pinch [27]. Computations of Soft X-ray (SXR) have been validated by
measurements in INTI PF [28] with Ne. This has led to optimization of
the INTI PF for Ne SXR production [29].

The code computes both beam-target and thermonuclear compo-
nents of fusion neutrons and has generated neutron scaling laws
[30,31]. Likewise scaling laws for SXR and ions are obtained in terms
of, total current, pinch current and stored energy [31–33].

Fast ion beam (FIB) and fast plasma stream (FPS) are computed
[34]. A fast plasma stream (FPS) is associated with the post pinch
processes [29]. The code computes the energy of the FPS. Recently
interferometric studies of PF-400 J are published with estimates of FIB
and FPS properties [35]. These measured values are validating the
computed values from our code [36]. Specifically, computed power
flow density (energy flux) and damage factor are 2.45× 1012Wm−2

(twice the published experimental value) and 1.78× 108 Wm−2 s0.5

(almost the same as published experimental value) respectively [36].
Moreover, a recent search has compiled further verification of com-
puted versus measured beam current densities from a 2.3 kJ PF and a
2.2 kJ [37–39].

The above verification of the estimates of ion beam numbers and
properties gives confidence for these quantities to be computed for the
present project to study the comparative performance of INTI PF in FFM
and SFM.

INTI PF has 0.95 radius copper hollow anode with length of 16 cm.
The 3.2 cm radius cathode is formed of six copper bars surrounding the
anode. It stores 3 kJ in a single fast 30 μF capacitor when operated at
15 kV. The static inductance of the discharge circuit is 120 nH. At
12 kV, INTI PF operates in its time-matched FFM at relatively low
pressures of filling gas; for example, 3 Torr of D. (By time-matched we
mean that the radial phase starts at or not too far below peak current).
Then, by suitably increasing the filling gas pressure it operates in SFM.

Previous studies have shown that in a low energy PF device, and
even across two PF devices of similar energies, the model parameters
fm, fc, fmr, and fcr may be considered to be almost constant over a range
of pressures [40]. This enables us to fix earlier fitted values of the model
parameters for the INTI PF, which we show in Table 1 which also shows
values of tube, model and operational parameters together with static
inductance of 120 nH and circuit stray resistance of 12mΩ.

In the following section we show and discuss the results. Figs. 1–9

show the results for the pressure range of 1–14 Torr D, 1–5.5 Torr Ne,
and 0.2–2.4 Torr Ar. From the results, we conclude that the time-mat-
ched pinch for INTI PF at 12 kV for D, Ne, and Ar occurs at 3 Torr,
2 Torr, and 1 Torr respectively. From the results, we select 3 Torr D,
2 Torr Ne, and 1 Torr Ar for FFM operation of INTI PF machine and
14 Torr D, 5.5 torr Ne, and 2.4 Torr Ar for diameter-optimized SFM
operation.

3. Results and discussion

The speed factor S (current per unit anode radius divided by square
root of density) in an electromagnetic device [41] is a measure of the
plasma speed in the device. Replacing the dependence on density as a
dependence on pressure separates the range of S on the scale of useable
pressure for D, Ne, and Ar. Fig. 1 shows that by increasing the pressure
in INTI PF, the value of S decreases from 137 kA/(cm Torr )at 1 Torr D
(FFM but too fast for time-matching since the radial phase starts long
before the discharge current peaks) to 43 kA/(cm Torr ) at 14 Torr
(SFM). This covers the useable range of INTI PF operated in D. For Ne,
the value of S at FFM of at 2 Torr is 109 kA/(cm Torr ) and for its SFM
operation at 5.5 Torr is 69 kA/(cm Torr ). Also speed factor of Ar drops
from 156 kA/(cm Torr ) for 1 Torr FFM to 104 kA/(cm Torr ) for
2.4 Torr for SFM.

The final size of the pinch column at the end of the pinch phase, for

Table 1
Tube, model and operation parameters of INTI PF.

Tube Parameters

L0 (nH) C0 (uF) b (cm) a (c) z0 (cm) r0 (mΩ)

120 30 3.2 0.95 16 12

Model Parameters

Gas Mass factor
fm

Current factor fc Radial mass
factor fmr

Radial current factor
fcr

D 0.08 0.7 0.16 0.7
Ne 0.04 0.7 0.2 0.7
Ar 0.05 0.7 0.2 0.7

Operational Parameters
Gas Vo (kV) Po (Torr) MW A At-1

mol-2

D 12 3 4 1 2
Ne 12 2 20 10 1
Ar 12 1 40 18 1

Fig. 1. Speed factor versus pressure in INTI PF.
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this diameter-optimized (case when the diameter of the pinch is at
maximum value) SFM is shown as rSFM in Fig. 2; and is considered as
the plasma stream exit radius. In the case of D operated in SFM, the
plasma stream has a cross sectional area “ASFM” at pinch exit 6 times
more than for FFM “AFFM”:

= = ≈

A
A

r
r

( 3.18
1.31

) 6SFM

FFM

SFM

FFM

2

In the case of Ne “ASFM” is 18 times more “AFFM”.
In the case of Ar, in optimized FFM the pinch compresses to very

small radius due to radiative collapse, resulting in area enhancement of
more than 200 times [24]. The maximum diameter of pinch exit for Ar
for SFM is computed as 11.6 mm. The bigger pinch exit diameter is
important for deposition applications. The comparable values for Ne
and D are both just over 6mm. Fig. 3 shows the pinch exit radius as a
function of pressure.

Computed values of average FIB energy (per ion) for D, Ne, and Ar
versus filling gas pressure in INTI PF are presented in Fig. 4. During
optimized FFM operation, average FIB energy per ion for D and Ne are

49 keV and 60 keV respectively while for SFM operation their values are
0.17 keV and 6 keV, respectively. Thus, average FIB energy per ion for
D and Ne during SFM are 285 and 10 times lower than for FFM

Fig. 2. Presents the computed radius versus time (r–t), graph depicting the
radial trajectories of the inward-moving shock and piston when operated in D.
When the inward shocked plasma stagnates on the axis of symmetry, a reflected
shock (RS) moves outwards, its trajectory is also shown in Fig. 2. The compu-
tation follows the RS shock outwards until it hits the inward-moving piston,
whereupon the trajectory of the pinch is also presented. The pinch trajectory is
computed until its end, the duration being determined by the transit time of
small disturbance speed across the radial dimension of the pinch. The LHS of
Fig. 2 shows that at 3 Torr D the RS hits the piston decisively, but the piston is
compressing inwards strongly driven by the current at or near its peak value.
Thus, a strongly compressing pinch results with the radius of the pinch reducing
until it reaches its maximum compression at minimum radius. The RHS of Fig. 2
shows the situation at 14 Torr D. Note that the piston trajectory is slowing down
and is approaching a zero slope when it is hit by the RS. Because of the high
pressure and the slow axial speed, the radial phase is reached when the current
has already peaked and dropped to less than half the peak value. Thus, the
piston is only weakly compressing. The RS pushes the weak piston outwards
and at the end of the pinch phase the pinch has a large diameter. When the
pressure is increased beyond 14 Torr, the trajectory of the piston turns upwards
so much that the RS does not reliably catch up with the piston. Hence, we
consider that beyond 14 Torr no reliable pinch occurs; and 14 Torr D is taken as
the diameter-optimized SFM.

Fig. 3. The radius of pinch exit in INTI PF for D, Ne, and Ar. Fig. 2. Computed
radial trajectories of INTI PF based on Lee Model Code for 3 Torr D(left) and
14 Torr D(right); FFM (left), SFM (right).

Fig. 4. Fast ion beam energy (per ion) versus D, Ne, and Ar pressure in INTI PF
based on Lee Model Code.

Fig. 5. FIB damage factor for D, Ne, and Ar in INTI PF.
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operation. These values for Ar are 91 keV and 1 keV respectively for
FFM and SFM operations; i.e. the average FIB energy for SFM is 91
times lower than for FFM.

Decrease in average FIB energy per ion leads to decrease in FIB
damage factor in INTI PF. Fig. 5 shows damage factor versus

operational pressure in D, Ne, and Ar. As seen in Fig. 5 the maximum
damage factor, are in FFM operation at about 3 Torr, 2 Torr and 1 Torr
respectively for D, Ne, and Ar. Damage factors of FFM operation using
D, Ne, and Ar are 423, 427 and 4700 times higher than their values
during SFM operation.

Computed numbers of ions per shot in INTI PF for D, Ne and Ar
versus gas pressure, show that the highest ion production is at the
highest gas pressure we operated in the case of D (14 Torr), Ne
(5.5 Torr) and Ar (2.4 Torr). As mentioned earlier, SFM operation pro-
duces much higher number of ions than FFM operation as seen in Fig. 6.

Our computation shows that FPS energy (total energy of FPS) of
SFM for D, Ne, and Ar is only slightly lower than that in FFM. However,
the SFM FPS energy per ion for D and Ne (Fig. 7) are 285 and 400 times
lower than for FFM in INTI PF. Also, SFM FPS energy per ion for Ar is
8200 times lower than for FFM. Thus, the energy of each FPS ion is not
so high as to be damaging (but high enough for beneficial materials
interaction); yet the total energy the FPS ions carry for target interac-
tion in SFM is almost as high as in FFM.

As shown in Fig. 8, the ratio of FPS energy to FIB energy; per ion, in
the case of SFM is so much higher than that of FFM for D, Ne, and Ar in
INTI PF. In SFM the FPS for INTI PF working in D, is 560 times that of
FIB while in FFM the same comparison is 20 times. For Ne this ratio is
246 and 26 for SFM and FFM respectively. Also, for Ar, this ratio for
SFM operation at 2.4 Torr is 1222 and about 15 for FFM.

The FPS speed to axial velocity ratio versus pressure is shown in
Fig. 9. It appears that the diameter-optimized SFM occurs for each of
the three gases when this ratio has a value just below 1. As a convenient
rule-of-thumb we may consider that diameter-optimized SFM occurs
when the FPS speed is equal to plasma axial velocity at the end of axial
phase. This is the highest pressure at which the focus pinch still occurs.
It may also be considered as the operating pressure of slowest SFM. At
any higher pressures the reflected shock does not reach the piston and
the PF device operates as an electromagnetic shock tube with no pinch
effect. As a rule-of-thumb, the biggest plasma footprint area with post-
pinch FPS may be considered to be achieved when the ratio of the FPS
speed to axial velocity is equal to 1.

In summary, the computations show that INTI PF is suitable for
nano-material synthesis and material deposition using the SFM opera-
tion because of following reasons:

• Average FIB energy per ion for SFM is much lower than for FFM;
resulting in lower damage factor

• Damage factor for SFM is much lower (108 and lower) than for FFM

• Plasma footprint area for SFM is much bigger than for FFM

• The ratio of FPS energy to FIB energy for SFM is higher than for FFM

• FPS energy per ion for SFM is much lower than for FFM; yet high

Fig. 6. Number of ions per shot in INTI PF versus D, Ne, and Ar pressure based
on Lee Model Code.

Fig. 7. FPS energy per ion in INTI PF for D, Ne, and Ar.

Fig. 8. FPS energy to FIB energy ratio in INTI PF for D, Ne, and Ar.

Fig. 9. FPS speed to axial velocity ratio in INTI PF for D, Ne, and Ar.
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enough for interaction with targets for fabrication purposes

• Low ion current density, bigger plasma footprint area and higher
number of ions per shot accompanied by equal FPS and axial speed
for SFM can produce more uniform plasma stream than for FFM.

The above points appear advantageous for materials deposition and
seem consistent with observations made in irradiation experiments on
tungsten and graphite targets (see concluding paragraph of Section 4
Conclusions).

Moreover, the plasma focus has been proposed for fusion first wall
material investigations using the FFM operation which is the normal
intense mode of operation of PF. This has been claimed for the cases of
several PF devices ranging from the big PF1000 to several small PF
devices [1–5,9,10,41,42]. INTI PF belongs within this range of devices
particularly in terms of constancy of fluence and flux, energy fluence
and energy flux and damage factor across the range of devices [32,34].
The constancy of damage factor across the range of PF devices essen-
tially means that all properly optimized PF devices are suitable for fu-
sion first wall investigations, the difference being in the size of test
target samples. The bigger devices are suitable for testing bigger target
samples whilst the smaller devices are limited to smaller target samples.
Specifically, for the INTI PF the following are shown by our computa-
tion:

• Average FIB energy per ion for FFM is higher than for SFM

• Damage factor for FFM is so much higher (1010 and greater) than for
SFM

• FPS energy per ion for FFM is higher than for SFM

• High ion current and current density, smaller plasma footprint area
accompanied by higher energy ions of FFM can make more effective
damages on material surfaces than SFM.

4. Conclusion

Numerical experiments based on Lee Model Code using different
pressures of D, Ne, and Ar show that INTI PF in its FFM operation may
be suitable for material investigations from the point of view of high ion
current and current density, high energy ions and high damage factor
(greater than 1010). On the other hand, operating in pinch diameter-
optimized SFM, the average FIB energy, average FPS energy per ion and
damage factor for SFM is much lower than for FFM while energy into
plasma and number of ions per shot for SFM is higher than for FFM.
Moreover, the ratio of FPS energy to FIB energy for SFM is higher than
for FFM. The low ion current density, higher number of ions per shot
and bigger plasma footprint area in diameter-optimized SFM could
make INTI PF more suitable for nano-material synthesis and material
deposition. It is expected that such diameter-optimized SFM regimes
could be defined for other plasma focus machines also in addition to
their usual FFM regimes.

With regards to experimental verification of the SFM and FFM, we
note the following results which are published [43,44]. As the pressure
is increased, the focus pinch occurs progressively at later times and
lower currents. The focus pinch intensity (as shown from focus voltage
spike) decreases until at sufficiently high pressure, all indications of the
focus pinch has disappeared. Clearly at high enough pressures, the
device no longer pinches. The SFM occurs near the highest pressure
when the focus spike (with corresponding indications on the rate of
change of current measurement) is still present, both experimentally
and in computations. We have confirmed the agreement between
computations and measurements in this respect. Since the FIB is caused
by the inductive and or anomalous resistive voltages of focus pinch, all
experimental evidence and concurring computational results indicates
that the energy per beam ion is reduced for the higher pressure SFM.
Thus, for SFM operation whilst still producing a good energetic plasma
streams FPS, the FIB is no longer damaging, and the interactions with
target in SFM is mainly through the FPS.

Preliminary exposures of targets to the radiations and plasmas from
the INTI PF have also been made at different pressures and distances
from the focus pinch. At 12 kV, 2.5 Torr D, a tungsten target facing the
focus pinch at a distance of 4 cm (ie four anode radius), we identified
from marks on the target that the FIB had a footprint of just under 2mm
(not limited by a double aperture placed between the pinch and the
target); whilst the FPS has a footprint of more than 4mm being limited
by the double aperture. As the pressure was increased to 12 Torr D,
there was no central mark made by the FIB and the FPS footprint had
increased to more than 12mm. These results are consistent with our
computational findings of SFM operation of a larger and more uniform
interaction of FPS with the target, with a minimum of FIB damage. This
paper presents the convergence of experimental and numerical results
in establishing the concept of the Slow Focus Mode in kJ machines as an
advantageous operational mode for working on the surface of materials.
Clearly further studies are needed to more comprehensively understand
and explain the complex interaction of fusion plasmas with walls be-
yond the simple picture that may be portrayed by invoking any one
parameters such as the damage factor. (We thank the Reviewer for
stressing this.)
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