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Measurements on plasma focus ion beams include various advanced techniques producing a
variety of data which has yet to produce benchmark numbers. Recent numerical experiments using
an extended version of the Lee Code has produced reference numbers and scaling trends for
number and energy fluence of deuteron beams as functions of stored energy E,. At the pinch exit
the ion number fluence (ions m?) and energy fluence (J m?) computed as 2.4-7.8x10% and 2.2-
33x10° respectively were found to be independent of Eo from 0.4 — 486 kJ. This work was
extended to the ion beams for various gases. The results show that, for a given plasma focus, the
fluence, flux, ion number and ion current decrease from the lightest to the heaviest gas except for
trend-breaking higher values for Ar fluence and flux. The energy fluence, energy flux, power flow
and damage factors are relatively constant from H, to N, but increase for Ne, Ar, Kr and Xe due to
radiative cooling and collapse effects. This paper reviews this work and in a concluding section
attempts to put the accumulating large amounts of data into the form of a scaling law of beam
energy Epeam versus storage energy Eg taking the form for deuteron as: Epeam= 18.2E,"*; where
Ebeam 18 in J and Ey is in kJ. It is hoped that the establishment of such scaling laws places on a firm
footing the reference quantitative ideas for plasma focus ion beams.

Keywords: Plasma Focus; Plasma Focus Modelling; Plasma Focus Ion Beams.

1. Introduction

A recent survey1 of ion beam measurements in plasma focus (PF) devices showed a wide
range of experimental methods producing results (using mostly inappropriate, even
confusing units) which are neither correlated among the various methods and machines
nor show any discernible scaling or trend. That paper suggested that since the ion beam
exits the focus pinch as a narrow beam with little divergence, the exit beam is best
characterized by the yield of ion number per unit cross-section per shot or the fluence per
shot. To compute the fluence that paper noted that D-D neutron yield and scaling were
already successfully computed by means of a beam-gas target neutron generating
mechanism”® in the Lee Model code’. Since the deuteron fluence was already implicit in
the neutron yield equation, it was a natural step to deduce the deuteron fluence equation,
incorporate it in the Lee Model code and hence compute the fluence and other ion beam
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properties. This was done for a number of machines. The main results' were that:
deuteron number fluence (ions m?) and energy fluence (J m?) computed as 2.4-7.8x10%
and 2.2-33x10° respectively were independent of storage energy E, from 0.4 — 486 kJ.
Typical inductance machines (33-55 nH) produce 1.2-2x10" ions per kJ carrying 1.3-4 %
Ey at mean ion energy 50-205 keV. Thus that paper defined appropriate ion properties
and established reference numbers for these properties for the case of deuterons.

A second paper followed® to compute beam ion fluence and flux and other beam
properties such as the damage factor in various gases: H,, D,, He, N», Ne, Ar, Kr and Xe.
That study may be useful to assist in the selection of gases for materials application such
as damage studies where gases with high ion beam damage factor and power flow may be
important; or in materials fabrication where uniformity may require a gas having a lower
damage factor whilst having higher values of fast plasma stream energy with a bigger
radial distribution.

The PF dynamics is divided into two major phases’'": the axial and the radial. In the
axial phase a current sheath is driven down the coaxial channel between the anode and
concentric cylindrical cathode in the direction from left to right in Figl'% At the end of
the axial phase, the radial phase begins in which a cylindrical current sheath is driven
radially inwards, preceded by a shock wave. When the shock wave goes on-axis a
stagnated pinch column is formed with the boundary of the stagnated region moving
outwards. This boundary may be characterised as a reflected shock wave (RS) separating
a radially inward region of doubly shocked gas of higher density and temperature from
the outer region of inward streaming plasma driven by the inward moving radial current
sheath (piston). When the outwardly moving RS meets the incoming piston the focus
pinch phase begins. The radiation from the dense hot pinch plasma may become
sufficient to affect the plasma dynamics in terms of radiation cooling and radiation
collapse” in the case of high Z gases such as Ar, Kr or Xe. From experimental
observations it was suggested'® that Ar (Z=18) is the transition gas in the sense that for
gases with Z<18 the pinching proceeds as a column whereas for gases with Z>18 the
pinching breaks the column up into a line of densely collapsed hot spots. The dynamics
of the current sheath causes large changes of inductance dL/dt and rates of change of
current dI/dt. Large electric fields are induced. These and the extreme conditions of the
pinch lead to observed plasma disruptions. Besides electromagnetic radiations from the
focus, particles are also emitted: generally ion beams axially away from the anode and
relativistic electrons (REB) towards the anode. In this paper we focus on the ion beams.
We use the mechanism proposed by Gribkov et al’. A beam of fast deuteron ions is
produced by diode action in a thin layer close to the anode (see Fig 1'%), with plasma
disruptions in the pinch generating the necessary high voltages, terminating the quasi-
static nature of the pinch so that its duration is related to the transit time of relevant small
disturbances across the pinch column’.

During the radial compression phase, energy is imparted to the plasma and stored in
the increasing inductance of the pinch column. Some of this accumulating energy is
emitted as radiation, primarily line radiation in the case of high Z gases and also provided
to the ion and REB. The remnant energy may be considered to manifest in the fast plasma
stream (FPS).
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Fig. 1. Schematic12 of the post- pinch FIB (fast ion beam illustrated here with deuterons) and FPS (fast plasma
stream) indicated by the post-pinch shock wave.

2. The Method

2.1. The ion beam flux and fluence equations

We proceed to estimate the flux of the ion beam. We write the ion beam flux as Jy=nyvy
ny=number of beam ions Ny, divided by volume of plasma traversed, vy=effective speed of
the beam ions. All quantities are expressed in SI units, except where otherwise stated.

We derive n,, from pinch inductive energy considerations and v, from the accelerating
voltage taken as diode voltage U with this resulting equation:

Flux = J, = 2.75x10" (£/[MZs]"){(n[b/r,])/(t,))} L pinen YU fons m?s™" (1)

where M=ion mass, Z.g=average effective charge of the ion in the pinch, b=cathode
radius, ry=pinch radius and IL,,.y=pinch current. The parameter f is the fraction of energy
converted into beam energy from the inductive energy of the pinch. Analyzing neutron
yield data'**and pinch dimensional-temporal relationships'> we estimate f,=0.14.

In this manner starting from first principles we derived exactly the same equation as
we did using empirical formula calibrated at a 0.5MJ point of neutron yield. In this
derivation we need only one additional condition: f,=0.14 and the approximate scaling'’:
t:lO’Gzp. This condition f.=0.14 is equivalent to ion beam energy of 3%-6% E, in the
case when the pinch inductive energy holds 20%-40% of E,. Our extensive study of high
performance low inductance PF classified'® as Type 1 shows that this estimate of f, is
consistent with data. We summarise the assumptions:

(i) Ion beam flux Jy is n,vy, with units of ions m2s!,
(ii) Ton beam is produced by diode mechanism?,
(iii) The beam is produced uniformly across the whole cross-section of the pinch,
(iv) The beam speed is characterized by an average value vy,
(v) The beam energy is a fraction f, of the pinch inductive energy, taken as 0.14 in the
first instance; to be adjusted as numerical experiments indicate,
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(vi) The beam ion energy is derived from the diode voltage U,
(vii) The diode voltage U is U=3V,,,; a relationship obtained from data fitting in
extensive earlier numerical experiments™.

The value of the ion flux is deduced in each situation by computing the values of Zy;,
Ip, Ipinen and U; configuring the Lee Model code with the parameters of the specific
machine and gas. The code and the procedure are discussed in more detail in the next
section.

2.2. The Lee Model Code

The code’ couples the electrical circuit with PF dynamics, thermodynamics and radiation.
It is energy-, charge- and mass- consistent. It was described in 1983® and used in the
design and interpretation of experiments”'*'"'®. An improved 5-phase code incorporating
finite small disturbance speed'’, radiation and radiation-coupled dynamics was used™*,
and was web-published® in 2000 and 2005>. Plasma self- absorption was included® in
2007. It has been used extensively as a complementary facility in several machines, for
example: UNU/ICTP PFF17’18’20’21, NX221’24, NX121, DENAZ. It has also been used in
other machines for design and interpretation including sub-kJ PF machines*’, FNII* and
the UBA hard x-ray source™®. Information computed includes axial and radial dynamics'’
and pinch properties'”, SXR emission characteristics and yield®**"***3*  design of
machines'>'7*"?*2 " optimization of machines®®'"*® and adaptation to Filippov-type
DENAZ, Speed-enhanced PF' was facilitated. Plasma Focus neutron calculations3’6,
current and neutron yield limitations4'6, neutron saturations’(’, radiative collapse”, current-
stepped PF” and extraction of diagnostic data®™’
current signals have been studied ’. The code is currently being used to produce reference

numbers for ion beams in plasma focus machines operated in various gases'®.

. 16,40
and anomalous resistance data from

2.3. Procedure used in the numerical experiments

We use the NX2?! for these numerical experiments to study the number and energy flux
and fluence in various gases including : H,, D,, He, N,, Ne, Ar, Kr and Xe, giving a good
range in mass and charge numbers. We configure the NX2 as follows:

e Capacitor bank parameters: Ly=20 nH; Cy=28 UF, r,=2.3 mQ,

e Tube parameters: b=4.1 cm; a=1.9 cm, zy=5 cm,

e  Operating parameters: V=14 kV; Py= appropriate range of pressures.

Here Lj=static inductance, Cy=bank capacitance, ro=short circuited resistance of
circuit; b=cathode radius, a=anode radius, z,=effective anode length; V,=charging
voltage and Py=operating pressure. A range of pressures ia chosen so that the PF axial
run-down time covers a range encompassing 0.5 to to 1.3 of the short-circuit rise time so
that the the strongest and also the weakest pinches occur within the selected range. For
each shot the dynamics is computed and displayed with ion beam properties. For H,, D5,
He, N, and Ne the procedure is relatively simple even though Ne already exhibits
enhanced compression due to radiative cooling.
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For Ar, Kr and Xe, the radiation yield (almost wholly the line yield) is severe and
radiative collapse has to be adjusted in terms of minimum radius of compression ry,
(defined by radius ratio ry,;,/a) and time of the pinch; so that the remnant FPS energy
remains at least minimally positive. This adjustment involves studying the line yield, the
ion beam energy and the FPS energy as well as the value of f, point by point. The final
results contain a degree of uncertainty; each strong radiative collapse point could be
adjusted a little differently (by 10% or so) in distribution of energies. However extensive
studies show that despite uncertainty of the few strong radiative collapse points the
picture of energy distributions is clear and unambiguous.

We point out here that we model the radiative collapse as a whole column whereas
experimental observations'® indicate that Ar is the transition gas below which (lighter
gases) the pinch compresses as a column whilst for heavier gases (Kr and Xe) the
compression breaks up into a line of hot spots. Our numerical experiments indicate from
energy considerations that when the compression breaks up into hot spots the current
does not all flow through the hot spots. There is a substantial flow of current in a less
compressed column in which the line of hot spots is ‘embedded’. The effect of energy
transfer and inductance is less severe than indicated by collapse-as-a-column modelling.

3. Results and Discussions

3.1. Discharge current and general dynamics

Figure 2(a) shows the PF current computed for the NX2 that is fitted to the measured
current to obtain the model parameters f,, f., f, and fcr32‘33‘41. Figure 2(b) shows the
computed radial trajectories of the radially inward shock wave, the reflected radially
outward shock wave, the piston trajectory and the pinch length elongation trajectory.

N : Radial Traj ies
Fig 1. Discharge Current 30

H 380 —Tatal Current kA [] 25 4

£ A @

- — 3

% 150 \ Voltage kV § H E 20 4

& £

2300 %2

>°§50 T 52315 —— Radial Inward Shock

T £ag —— Radial Piston

540 2 §_§ 107 — Pinch Elongation

5450 3839 — Radial Reflected Shodl
%2

=450 222 5

s 7 S35

£ a0 1 E 2§ 0 T T T T

(T T = I‘—. o= T s 50 100 150 200 2%0

g 500i0 05 10_Time inmicrosec 2 PE 30 -5

3 5 | I | 2

= Time in ns, from start of radial phase

Fig. 2. NX2 Ne 3 Torr (a) Typical discharge current (b) Radial trajectories.

3.2 Radius ratios for various gases

The appropriate range of pressures is widest for the lightest gas H,, operated from 1 Torr
with 70 Torr still producing a weak pinch. For D, and He the range reduces to 1- 40 Torr;
for Ne: 0.1 to 10 Torr; for N,: 0.1 to 6 and for Xe: 0.05-1.8 Torr.
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Fig. 3. Radius ratio vs P in Torr for different gases. RRL=radius ratio limited to 0.04; RCTL=radiative cooling
time limited to a fraction of the pinch duration.

Figure 3 illustrates the compression of the PF pinch. In H,, D, and He the radius ratio
stays above 0.15, the 3 lines staying together up to 10 Torr towards 0.2 for D, and He;
and 0.18 for H,. The higher pressures are not shown in Fig 3. For N, the radius ratio
drops from 0.15 to 0.13 over its useful range of operation. Ne shows signs of enhanced
compressions between 3 to 5 Torr indicated by the smaller radius ratio down to a
minimum of 0.08 at 4 Torr. Ar shows strong radiative collapse with a radius ratio of 0.04
(a cut-off value designed to make the energy distribution adjustments feasible) over a
narrow range of pressure around 2.0 Torr; Kr from 0.5-2 Torr whilst Xe over 0.3 to 1.5
Torr, these latter being a large proportion of their range of operation.

3.2. Ion beam flux for various gases

Figure 4a shows the flux in ions m™” s™' for the various gases. The H, curve starts at low
pressures with a value of 6x10% at 1 Torr, rising to peak of 1.9x10%® at 25 Torr.
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Fig. 4. a) Flux in ions m™s” vs Pressure in Torr for various gases, b) Flux, expanded scale (re-calculated, some
values more accurate than previously published®). RRL and RCTL are defined in the caption of Fig 3.

A detailed study shows that 25 Torr is the pressure where the magnetic piston work is
optimised for best ion flux for NX2 in H,. The flux then drops to 10°® at 70 Torr. The D,
and He curves show the same trend with lower peak flux of 1.4x10® and 7x10*
respectively at 15 Torr. N, shows the same trend peaking at 3.6x10*’ at 3 Torr. Ne
shows an accentuated peak of 6.6x10%” at 4 Torr Fig (4b), corresponding to observed
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radiative enhanced compression at 4 Torr (Fig 3). Ar flux undoubtedly displays effect of
radiative collapse peaking at a highly accentuated 8x10*” at 2 Torr. For Kr although the
radiative compression is even greater than Ar, the flux is fairly flat at 1.4x10% in the
region of 1 Torr; due to the much greater energy per ion of greatly increased mass
numbers of 84. The competing effects are more complicated than our first discussion here
and will become clearer as we discuss the other properties. Xe shows the same flat flux
curve as Kr around 6x10%. Summarising: the beam ion flux drops as the mass number of
the ions; with accentuating factors provided by radiatively enhanced compression.

3.3. Ion beam fluence for various gases

The shape of the curves and the trend with gases are very similar to the flux; the fluence
being the flux multiplied by the ion beam pulse duration. The peak values of the fluence
(ions m™) range from 8x10% for H, to 6x10" for Xe; again with clearly radiation-
enhanced values of 2x10% and 1.7x10* (ions m?) for Ar and Ne respectively. The
values for each gas are placed in Table 1 for comparison of the main ion beam properties.

3.4. Beam ion number per kJ

Figure 5 a-c show that the beam ion number per kJ range from 10'® for the lightest gases
to 1.5x10'* for Xe in the radaitive enhanced regime.

1E+16 5 1E+15 0 2E413 am ion number per | 0
il \ 2
—t—H2 2EH3 1 ey
—=-D2 \ Fi—He
—d—He ——
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0.E+00 0.E+00 + 0.E+00
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Fig. 5. Beam ion number/kJ as function of P (Torr) in various gases (a) range up to 40 Torr (b) expanded
showing up to 10 Torr (c) up to 3 Torr to show Kr and Xe graphs. RRL and RCTL are defined in Fig 3.

3.5. Beam energy in the various gases
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Fig 6. Beam energy as % E, versus P (Torr) in various gases. RRL and RCTL are defined in Fig 3.
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The results of the numerical experiments show that although the beam ion number is the
lowest (see Fig 5) for the heaviest gases Ar Kr and Xe, yet these beams also carry the
largest amounts of energy at 8-9% E, compared to around 5-8% for the other gases. This
is because the energy per ion more than compensate for the low numbers.

3.6. Damage factor

The damage factor is defined as power flow density multiplied by (pulse duration)’”. It
ranges from the highest value of 2x10'> (Wm™s™’) for Xe to below 10'° for the lightest
gases. This quantity is considered to be important for assessing the utility of a beam for
damage simulation of plasma-facing wall materials in fusion test reactors. (Note: As an
approximation, the pulse duration is assumed to be the pinch duration.). The large values
of damage factor for Kr and Xe are due to the very large energy per ion for these gases
due to radiative collapse.

o 10 20

Fig. 7. Damage Factor (a) showing the lighter gases (b) the heavier gases. ). RRL and RCTL are defined in the

caption of Fig 3.
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3.7. Tabulation of ion beam properties in various gases for comparison

The above results and some others are tabulated for comparison in Table 1.

Table 1: NX2 Properties and computed Ion beam characteristics (some values have been re-calculated and are

more accurate than previously published® values.)

NX2 H2 D2 He N2 Ne Ar Kr Xe
Pressure (Torr) matched 30 15 15 2 3 2 0.5 0.41
Tpeax (KA) 397 | 397 | 397 | 395 | 382 | 406 | 390 394
7, (cm) 28 |28 |28 |28 |28 |30 |24 23
1, (cm) 033 | 032 | 031|024 | 022 | 008 | 008 |008
1 (ns) 37 37 |37 |26 21 21 9 5
Zeit 1 1 2 64 |85 | 115 |24 28
Ton Fluence (x10*m™?) 7.0 52 |26 |08 |08 1.7 | 0.15 0.03
Ton Flux (x107m™s™) 19 14 |7 32 5.0 8.0 1.9 0.7
Mean ion energy (keV) 54 54 108 | 553 927 5250 | 18601 | 215664
FIB Energy (%Eo) 75 |53 |53 |47 |41 |93 |48 7.6
Dam Fr (x10""Wm%s*?) 3.2 23 |23 |45 5.1 98 55 170
Ton Number/kJ (x10'*) 86 61 31 53 |28 1.1 0.16 0.02
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4. Conclusion

In this paper we reviewed the flux equation of ion beams in PF for any gas. The flux
equation is incorporated into the code and the number and energy flux and fluence from
different gases are computed for NX2. The results portray the properties of the ion beam
at the pinch exit. The ion fluence ranges from 7x10% (m'z) for H,, decreases through the
heavier gases to 1.7x10% for Ar and more dramatically to 0.03 x10%° for Xe. The very
small fluence value of Xe is due to the very large energy of the Xe ion, with average Z.s
of 28 and accelerated by large electric fields induced in the radiative collapse.

The ion number goes from 86x10" per kJ for H,, decreases to 2.8x10" per kJ for Ne
and then to 0.02 x10'* for Xe. The beam energy drops slightly from 7.5 % of E, for H, to
4.1% of E,, for Ne and then increases to 9% for Ar and 7.6 % for Xe. The damage factor
is highest for Xe at 170x10'® Wm™ s dropping to about 100x10'" for Ar and to 2-5x10'
for the lighter gases. The results for Kr and Xe and to a lesser extent in Ar are very much
affected by the way the radiative collapse is modeled; whilst those from H, to Ne are not
affected by radiative collapse. Overall one might express the opinion that for damage
studies, Ar might be the best compromise candidate gas, having a good damage factor,
good beam energy and the best beam ion number amongst the 3 heaviest gases.

As a concluding note: we are carrying out many series of numerical experiments on
machines from sub-kJ to 1 MJ. A main objective is to obtain and efficiently present
relevant scaling laws. One of the first results we have obtained (for PF deuteron beams) is
presented in Fig 8. This is an attempt to put ion beam reference numbers on the same
footing as neon soft x-ray yield Y, (Y scaling law has been obtained in numerical
experiments* whilst it is well-known that neutron scaling law is firmly established®*°).

100090 - Beam Energy in J vs Eo in kJ

Bemm energy i -]

0l L0 10.0 1000 1000.0
Eo in kd

Fig. 8. Establishing a first scaling law for deuteron beam energy.

From Fig 8: Epean(J) = 18.2E01‘23 (Ep in kJ). We note the considerable scatter with
square of residual ‘R* of 0.89, deviating considerably from the perfect value of 1.00.

We emphasize that this is a first attempt that needs to be confirmed with more
numerical experiments and with laboratory measurements, in order to put quantitative
ideas of ion beams on a firm footing.
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