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Abstract

[1] A measured total current waveform is input into the 5-phase radiative plasma focus model. The output of the code includes a fitted computed total current waveform, and computed time histories of plasma current, tube voltage, axial and radial trajectories and speeds, plasma inductance, inductive magnetic energy, energy dissipated by ‘dynamic resistance’, work done by the magnetic piston, soft x-ray yield and averaged uniform as well as peak plasma number density and temperature. Neutron yield is computed using a beam-target mechanism. Indicative focus dimensions and lifetime are also obtained. This method is therefore a good starting point for general diagnostics of the plasma focus. 

[2] 
Moreover, without the distraction of typical all-consuming attention on micro features, this simple model takes an overall view, and in so doing, provides new insights into the crucial question currently faced by the plasma focus community. Neutron yield, Yn, saturation is observed in large installations, as storage energy E0 exceeds half MJ. 


Is there a fundamental mechanism at work?  

This paper identifies a major factor responsible for the saturation. Plasma focus devices, big or 
small, are observed to have essentially the same energy per unit mass. Speeds, including axial 
speed are therefore the same, leading to the same ‘dynamic resistance’ (call this DR0) which acts 
on the circuit during the current rise axial phase, for all focus devices. A small focus has a large 
surge (unloaded) impedance Z0>> DR0; whilst multi-MJ device has Z0<<DR0. That, in essence, 
causes the peak total current Ipeak, hence also pinch current Ipinch, consequently the current-
dependent Yn, to tend to saturate.
This current-based model is demonstrated to be useful as a reference indicator for various diagnostics; as well as providing insights into performance scaling with Ipinch, Ipeak, E0 and circuit parameters, including current and neutron saturation effects.  The paper also looks at beyond-saturation possibilities.

1 Introduction
In the early 1960’s, Professor Nikolai Filippov [1] and Professor Joe Mather [2]  independently invented the plasma focus, thus giving many of us here the academic
interest we have today.
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Joe Mather (front row, third from left)
               Nikolai Filippov (second from right)

In 1971, David Potter published his Numerical Studies of the Plasma Focus, a two-dimensional fluid model which estimated neutron yield concurring with experimental yields, and concluded that these neutrons were the result of thermally reacting deuterons in the hot pinch region [3]. 1988 saw the formation of the AAAPT which enabled small groups to play a significant role in plasma focus research. In 1997 the ICDMP was established in Warsaw and now operates one of the biggest plasma focus machines in the world, the PF1000 [4]. In between these dates and up to now, 45 years of research have been conducted measuring all aspects of the plasma focus [4], imaging for dynamics, interferometry for densities, spectroscopy for temperatures, measurements on neutrons and radiation yields, and MeV particles. The result is the commonly accepted picture today that mechanisms within the focus pinch, such as micro- and MHD instabilities, acceleration by turbulence and 'anomalous' plasma resistance are important to  plasma focus behaviour, and neutron yields are non-thermonuclear in origin. 

One of the most important properties of the plasma focus is that all plasma focus, from the smallest to the biggest, exhibit energy density constancy [5]. The smallest sub-kJ plasma focus has the same energy density (per unit mass) as the largest MJ plasma focus. They have practically the same temperatures, and practically the same speeds. The differences: plasma volumes and lifetimes; with anode radius a~ current I, pinch radius rp~a, pinch length~a and pinch lifetime~a. 
Among the many applications of the plasma focus, one of the most exciting is related to its neutron yield Yn which scales [6] according to Yn~E02, corresponding to an expected I~E00.5. Prospect was raised in those early research years that, following this scaling, breakeven would be attained at ~100 MJ. However it was quickly shown that as E0 approaches 1 MJ, a neutron saturation effect was observed; in other words, Yn does not increase much more as E0 was increasingly raised above several hundred kJ [7]. So now, the following question becomes important:
Is the observed saturation due to effects such as improper formation of current sheaths, or some other technical problems [8] or

Is there a fundamental reason for this saturation?

This paper will throw some light onto this question. Based on insight gained from numerical experiments we will identify a major factor contributing to the neutron saturation. The insight is based on a simple model, which does not concentrate on the complexities of the focus pinch (and thereby distract). The model allows the numerical researcher to look at the overall picture and in so doing, some basic ideas emerge which are quite illuminating. 
We will come back to this question in the second part of this paper after we discuss the model and modelling for diagnostics.
2  Plasma focus circuit and dynamic resistance
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Fig 1. Schematic of the Plasma Focus
We use a simple model (Fig 1), with the electrical model depicted in Fig 2. The capacitor bank has capacitance=C0 and total inductance external to the tube (static inductance) L0, with a small stray resistance r0. The total discharge current I(t) flows into the coaxial tube and a fraction fc of this current (we call fcI(t) as the plasma current) takes part in the plasma dynamics. The remaining fraction (1-fc) shunts across the backwall insulator and stays there, not taking part in the plasma dynamics. Electrically, we treat the plasma focus mechanism, in both the axial and radial phase, purely as a time varying inductance L(t).
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Fig 2. Plasma Focus circuit used in the code

2a Tube inductance and dynamic resistance
Axial phase: L(t)=2x10-7ln(b/a) z(t); z(t) is the time varying axial position of the piston.
In the radial phase: L(t)= 2x10-7ln(b/rp)(zf) where rp is the time-varying radial position of the radially collapsing CS (also called the magnetic piston) and zf is the time-varying  length of the elongating radially imploding structure. 

Although the plasma CS is represented purely as an inductance, it is immediately important to recognise, from basic physics, that whenever an inductance changes with time, a quantity of 0.5(dL/dt)I2 is dissipated as power to the system. In other words the quantity half Ldot (we call dL/dt as Ldot) is an electrical RESISTANCE due to motion. Hence we call the quantity half Ldot as the dynamic resistance. 

In the case of the plasma focus it is not difficult to understand this. The magnetic piston (CS) is driven by the JXB force at highly supersonic speed, driving a shock wave ahead of it. The shocked plasma layer is thus imparted with kinetic and thermal energy, taking energy from the magnetic field in a dissipative manner. The amount of energy extracted from the electrical circuit is easily computed by integrating 0.5 (dL/dt)I2, using the relevant current. Essentially, whatever happens to the plasma subsequently e.g. excitation and ionization,  radiation, instabilities, plasma streaming, current/plasma disruption, beam acceleration, it turns out that the dynamic resistance powers all these effects, through a chain of mechanism; the first of which is the dynamic resistance.
It also turns out that the dynamic resistance, is the key to understanding a major effect causing neutron saturation in large plasma focus machines. Perhaps rather surprisingly it is the dynamic resistance of the axial phase that largely determines the saturation. The complexities of the focus pinch phase have played a huge decoying role in masking the fact that the answer of neutron saturation lies in the relatively simple axial phase.
We note that this important quantity, the dynamic resistance strongly depends on speeds as follows:

In the axial phase:

DR0= Half Ldot= 10-7ln(c)(dz/dt))~7mOhm; for c=b/a=2 and axial speed of 105m/s.
This value does not depend on the size of the plasma focus, only on the radius ratio and the end axial speed [Note both these two quantities are about the same for small and large plasma focus machines; Hence DR0 is about the same for the smallest to the largest plasma focus machines.]
In the radial phase:

Half Ldot= 10-7[ ln(b/rp)(dzf/dt)-(zf/rp)(drp/dt) ]
But more of this later. We now give a brief description of the model code. 
2 The 5-phase Model
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The five phases are summarised [9] as follows:

a. Axial Phase: Described by a snowplow model with an equation of motion which is coupled to a circuit equation. The equation of motion incorporates the axial phase model 
Fig 3. Illustrating the Axial and Radial Phases
parameters: mass and current factors fm and fc. The mass swept-up factor fm accounts for not only the porosity of the current sheet but also for the inclination of  the moving
current sheet- shock front structure, boundary layer effects, and all other unspecified effects which have effects equivalent to increasing or reducing the 
amount of mass in the moving structure, during the axial phase. The current factor fc accounts for the fraction of current effectively flowing in the moving structure (due to all effects such as current shedding at or near the back-wall, current sheet inclination). This defines the fraction of current effectively driving the structure, during the axial phase.

b.  Radial Inward Shock Phase: Described by 4 coupled equations using an elongating slug model. The first equation computes the radial inward shock speed from the driving magnetic pressure. The second equation computes the axial elongation speed of the column. The third equation computes the speed of the current sheath, (magnetic piston), allowing the current sheath to separate from the shock front by applying an adiabatic approximation. The fourth is the circuit equation. Thermodynamic effects due to ionization and excitation are incorporated into these equations, these effects being particularly important for gases other than hydrogen and deuterium. Temperature and number densities are computed during this phase using shock-jump equations. A communication delay between shock front and current sheath due to the finite small disturbance speed [27] is crucially implemented in this phase. The model parameters, radial phase mass swept-up and current factors fmr and fcr are incorporated in all three radial phases. The mass swept-up factor fmr accounts for all mechanisms which have effects equivalent to increasing or reducing the amount of mass in the moving slug, during the radial phase. The current factor fcr accounts for the fraction of current effectively flowing in the moving piston forming the back of the slug (due to all effects). This defines the fraction of current effectively driving the radial slug.

c.  Radial Reflected Shock (RS) Phase: When the shock front hits the axis, because the focus plasma is collisional, a reflected shock develops which moves radially outwards, whilst the radial current sheath piston continues to move inwards. Four coupled equations are also used to describe this phase, these being for the reflected shock moving radially outwards, the piston moving radially inwards, the elongation of the annular column and the circuit. The same model parameters fmr and fcr are used as in the previous radial phase. The plasma temperature behind the reflected shock undergoes a jump by a factor close to 2. Number densities are also computed using the reflected shock jump equations.
d.  Slow Compression (Quiescent) or Pinch Phase: When the out-going reflected shock hits the inward moving piston, the compression enters a radiative phase in which for gases such as neon,. radiation emission may actually enhance the compression where we have included energy loss/gain terms from Joule heating and radiation losses into the piston equation of motion. Three coupled equations describe this phase; these being the piston radial motion equation, the pinch column elongation equation and the circuit equation, incorporating the same model parameters as in the previous two phases. The duration of this slow compression phase is set as the time of transit of small disturbances across the pinched plasma column. The computation of this phase is terminated at the end of this duration.
e. Expanded Column Phase: To simulate the current trace beyond this point we allow the column to suddenly attain the radius of the anode, and use the expanded column inductance for further integration. In this final phase the snow plow model is used, and two coupled equations are used similar to the axial phase above.  This phase is not considered important as it occurs after the focus pinch. 
We note [10] that in radial phases b, c and d, axial acceleration and ejection of mass caused by necking curvatures of the pinching current sheath result in time-dependent strongly center-peaked density distributions. Moreover the transition from Phase 4 to Phase 5 is observed in laboratory measurements to occur in an extremely short time with plasma/current disruptions resulting in localized regions of high densities and temperatures. These centre-peaking density effects and localized regions are not modeled in the code, which consequently computes only an average uniform density and an average uniform temperature which are considerably lower than measured peak density and temperature However, because the 4 model parameters are obtained by fitting the computed total current waveform to the measured total current waveform, the model incorporates the energy and mass balances equivalent, at least in the gross sense, to all the processes which are not even specifically modeled. Hence the computed gross features such as speeds and trajectories and integrated soft x-ray yields have been extensively tested in numerical experiments for several machines and are found to be  comparable with measured values.

4  From Measured Current Waveform to Modelling for Diagnostics
4a Fitting the computed current waveform to the measured waveform
Procedures [9,10] for the numerical experiments 

The Lee model code [9] is configured [9-16] to work as any plasma focus [17] by inputting:

Bank parameters, L0, C0 and stray circuit resistance r0;  
Tube parameters b, a and z0 and 
Operational parameters V0 and P0 and the fill gas. 
The computed total current waveform is fitted to the measured waveform by varying model parameters fm, fc, fmr and fcr one by one, until the computed waveform agrees with the measured waveform. 

First, the axial model factors fm, fc are adjusted (fitted) until the (1) computed rising slope of the total current trace and (2) the rounding off of the peak current  as well as (3) the peak current itself are in reasonable (typically very good) fit with the measured total current trace(see Fig 4, measured trace fitted with computed trace) . 

Then we proceed to adjust (fit) the radial phase model factors fmr and fcr until (4) the computed slope and (5) the depth of the dip agree with the measured. 

In this case, after fitting the 5 features (1) to (5) above,   the following fitted model parameters are obtained:  fm=0.1, fc=0.7, fmr=0.12, fcr=0.68.
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Fig. 4.  Illustrating fitting the computed total current trace to the measured current 
trace. NX2; 11kV: 2.6 Torr neon
4b The role of the current
From experience it is known that the current trace of the focus is one of the best indicators of gross performance. The axial and radial phase dynamics and the crucial energy transfer into the focus pinch are among the important information that is quickly apparent from the current trace [9].

The exact time profile of the total current trace is governed by the bank parameters, by the focus tube geometry and the operational parameters. It also depends on the fraction of mass swept-up and the fraction of sheath current and the variation of these fractions through the axial and radial phases. These parameters determine the axial and radial dynamics, specifically the axial and radial speeds which in turn affect the profile and magnitudes of the discharge current. There are many  underlying mechanisms in the axial phase such as shock front and current sheet structure, porosity and inclination, boundary layer effects and current shunting and fragmenting which are not simply modeled; likewise in the radial phase mechanisms such as current sheet curvatures and necking leading to axial acceleration and ejection of mass, and plasma/current disruptions. These effects may give rise to localized regions of high density and temperatures. The detailed profile of the discharge current is influenced by these effects and during the pinch phase also reflects the Joule heating and radiative yields. At the end of the pinch phase the total current profile also reflects the sudden transition of the current flow from a constricted pinch to a large column flow. Thus the discharge current powers all dynamic, electrodynamic, thermodynamic and radiation processes in the various phases of the plasma focus. Conversely all the dynamic, electrodynamic, thermodynamic and radiation processes in the various phases of the plasma focus affect the discharge current. It is then no exaggeration to say that the discharge current waveform contains information on all the dynamic, electrodynamic, thermodynamic and radiation processes that occur in the various phases of the plasma focus. This explains the importance attached to matching the computed total current trace to the measured total current trace in the procedure adopted by the Lee model code. Once matched, the fitted model parameters assure that the computation proceeds with all physical mechanisms accounted for, at least in the gross energy and mass balance sense.

4c Diagnostics-Time histories of dynamics, energies and plasma properties computed from the measured total current waveform by the code

During each adjustment of each of the model parameters the code goes through the whole cycle of computation. In the last adjustment, when the computed total current trace is judged to be reasonably well fitted in all 5 waveform features, computed times histories are presented, for the first time, as follows: (for the NX2 operated at 11 kV, 2.6 Torr neon [18].)
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Fig 5a Fitted computed Itotal
                   Fig 5b. Computed Itotal & Iplasma
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Fig 5c. Tube voltage


    Fig 5d. Axial trajectory and speed

[image: image10.emf]   Computed Radial trajectory, Shock & Reflected Shock
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            Fig 5e. Radial trajectories

    Fig 5f. Length of elongating structure
[image: image12.emf]   Computed Radial speeds, Shock, Reflected Shock & elongation
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Fig 5g. Speeds in radial phases
     Fig 5h. Tube inductance-axial & radial phases
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Fig 5i: Total inductive energy

Fig 5j: Comparing piston work and DR energy
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[image: image17.emf]Computed averaged & peak ion number density
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Fig 5k: DR axial and radial phases       Fig 5l: Peak & averaged uniform ni
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[image: image19.emf]Computed averaged and peak plasma temperature
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 Fig 5m: Peak & averaged uniform ne      Fig 5n: Peak and averaged uniform T
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Fig 5o. Neon Soft x-ray power
4d Comments on computed quantities
The computed total current trace typically agrees very well with the measured because of the fitting. The beginning and end of the radial phase are indicated in Fig 5a.
Plasma currents are rarely measured. We had done a comparison of the computed plasma current with measured plasma current for the Stuttgart PF78 which shows good agreement of the computed from the measured plasma current. The computed plasma current in this case is shown in Fig 5b.
The computed tube voltage is difficult to compare with measured tube voltages in terms of peak values, typically because of poor response time of voltage dividers. However the computed waveform shape in Fig 5c. is general as expected.

The computed axial trajectory and speed, agree with experimental obtained time histories. Moreover, the behaviour with pressure, running the code again at different pressures, agrees well with experimental results.

The radial trajectories and speeds are difficult to measure. The computed trajectories Fig 5e agree with the scant experimental data available. The length of the radial structure is shown in Fig 5f. Computed speeds radial shock front and piston speeds and speed of the elongation of the structure are shown in Fig 5g.
The computed inductance (Fig 5h) shows a steady increase of inductance  in the axial phase, followed by a sharp increase (rising by more than a factor of 2 in a radial phase time interval about 1/10 the duration of the axial phase for the NX2). 
The inductive energy (0.5LI2) peaks at 70% of initial stored energy, and then drops to 30% during the radial phase, as the sharp drop of current more than offsets the effect of sharply increased inductance. (Fig 5 i)
In Fig 5j is shown the work done by the magnetic piston, computed using force integrated over distance method. Also shown is the work dissipated by the dynamic resistance, computed using dynamic resistance power integrated over time. We see that the two quantities and profiles agree exactly. This validates the concept of half Ldot as a dynamic resistance. The piston work deposited in the plasma increases steadily to some 12% at the end of the axial phase and then rises sharply to just under 30% in the radial phase.
Dynamic resistance is shown in Fig 5k. The value of the DR in the axial phase,  together with the bank surge impedance, are the quantities that determine Ipeak. 

The ion number density has a maximum value derived from shock-jump considerations, and an averaged uniform value derived from overall energy and mass balance considerations. The time profiles of these are shown in the fig 5l. The electron number density (fig 5m) has similar profiles to the ion density profile, but is modified by the effective charge numbers due to ionization stages reached by the ions.

Plasma temperature too has a maximum value and an averaged uniform value derived in the same manner; and are shown in fig 5n. 
Computed neon oft x-ray power profile is shown in Fig 5o. The area of the curve is the soft x-ray yield in J.
Pinch dimensions and lifetime may be estimated from Fig 5e and 5f.
The model also computes the neutron yield, for operation in deuterium, using a phenomenological beam-target mechanism [19] which has been calibrated at 0.5 MJ. The model does not compute a time history of the neutron emission, only a yield number. 

Scaling Laws
Numerical experiments using the model have also been carried out systematically over wide ranges of energy, optimizing pressure, anode length and radius, to obtain
scaling laws, of which the ones for Yn [15] are listed here:  

Yn=3.2x1011Ipinch4.5 ;  Yn=1.8x1010Ipeak3.8;    Ipeak  (0.3 to 5.7), Ipinch  (0.2 to 2.4) in MA.



Yn~E02.0 at tens of kJ to Yn~E00.84 at MJ level (up to 25MJ).
For neon soft x-rays: 

    Ysxr=8.3x103xIpinch3.6 ;   Ysxr=600xIpeak3.2 ;     Ipeak (0.1 to 2.4), Ipinch  (0.07 to1.3) in MA.



Ysxr~E01.6 (kJ range)  to Ysxr~E00.8 (towards MJ).

5 Insight into Neutron saturation
Besides being accurately descriptive and related to wide-ranging experimental reality, desirable characteristics of a model include predictive and extrapolative scaling. Moreover a useful model should be accessible, usable and usable-friendly and should be capable of providing insights. Insight however cannot be a characteristic of the model in isolation, but is the interactive result of the model with the modeler or model user. 
5a Neutron Saturation- numerical experiments agree with measurements

Now we come back to the dynamic resistance and its role in neutron saturation. 
The problem has been recently discussed by M. Scholz [8] among others. Following Scholz we show a chart (Fig 6) depicting the deterioration of the neutron scaling as E0 increases. The neutron yield  measured in various large experiments are plotted on the same graph as the expected graph extrapolated from the Yn~E02 scaling shown by lower energy experiments in the tens and low hundreds of kJ. This Chart depicts the idea of neutron saturation. Note that the capacitor banks all operate at several tens of kV and the increase of E0 is essentially through increase of C0.

[image: image21.emf]
Fig 6. Illustrating neutron saturation observed experimentally (from [8])
The scaling laws presented earlier derived from numerical experiments using the model have already shown (see Fig 7) that the deviation from Yn~E02 is to be expected as E0 goes beyond the low hundreds of kJ; the deviation being towards poorer scaling with the index dropping below 1.
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Fig.7    Illustrating Yn ‘saturation’ observed in numerical experiments using the Lee model code (small black crosses) compared to measurements on various machines (larger coloured crosses)
We state that the Lee model code computes Yn which generally agree with the experimental Yn measurements from a range of machines. The agreement includes the tendency for the Yn to deteriorate from Yn~E02 significantly as E0 exceeds hundreds of kJ, exhibiting the so-called neutron ‘saturation’ effect.
5a Current ‘saturation’ is inevitable due to axial phase dynamic resistance

We wish now to identify the specific physical mechanism, inherent in the model and the plasma focus operation, for the deficiency from Yn~E02. We first compare the waveform of a small plasma focus with that of a big one, see Fig 8. Both these cases are for operation in deuterium.
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Fig 8a. Small PF-400J:  0.4 kJ

        Fig 8b  Large PF1000 (0.5 MJ) 
       28 kV 6.6 Torr deuterium


     27kV 3.5 Torr deuterium
Small focus: The axial phase <1 us current risetime is matched to the axial transit time, followed by ~0.1 us current dip (typically dropping <5%of peak current) corresponding to the short duration radial phase. Typical end axial speed is 10 cm/s (105 m/s)

Large focus: 10 us risetime and flat-top current trace during the axial phase, merging (rounding) into a large current drop of 2 us (dropping 30-40% of peak current). Typical end axial speed is also10 cm/s (a105 m/s)

The following Table 1 compares typical surge (unloaded) impedance Z0=(L0/C0)1/2 of the capacitor banks of small plasma focus with that of a MJ plasma focus. Also compares the dynamic resistance of the axial phase and the radial phase.

	Table 1: Comparing the effect of dynamic resistance of axial phase on Ipeak for small and large banks
	
	
	

	
	
	Axial Phase
	Axial phase
	
	Radial Phase

	
	Z0
	DR0 (half Ldot)
	Ipeak dominated by
	
	DR (half Ldot)

	Small PF
	100 m
	7 m
	Z0
	
	100 m
	

	MJ PF
	1 m
	7 m
	DR0
	
	100 m
	


From Table 1, and earlier discussions, we note the following points:

1. Typically current rises to peak value Ipeak during axial phase. In other word, axial phase determines the magnitude of Ipeak.
2. Small PF: axial phase dominated by Z0, Ipeak ~ V0/Z0
3. MJ PF: axial phase dominated by DR0: Ipeak ~ V0/(half Ldot)

In the axial phase, half Ldot is a constant value for all plasma focus devices. Thus, for a fixed V0, as energy is increased towards MJ levels, Ipeak progressively increases less and less, and approaches an asymptotic (saturated) value of V0/(half Ldot), as E0 is progressively increased by increasing C0. This DR analysis alone is sufficient to show that Ipeak has a tendency towards saturation. This is inevitable and is due to the increasing dominance of the axial phase dynamic resistance during the current risetime.
To develop this idea further, we show Table 2,  in which E0 of a plasma focus capacitor bank is increased from sub kJ to 50 MJ, by increasing its C0; at a fixed V0=30 kV and with L0=30 nH c=b/a=2 (which fixes the dynamic resistance at fixed axial and radial speeds). In the table we list E0, C0, Z0=(L0/C0)0.5, bank stray resistance r0=0.1Z0, axial phase dynamic resistance=, DR0=Half Ldot= 10-7ln(c)(dz/dt)) with dz/dt fixed at 105m/s, peak unloaded current I0=V0/Z0, total load=r0+DR0+Z0, Ipeak estimated from V0/(r0+DR0+Z0); and Ipeak computed from L-C-R circuit. Thus the last two columns compare our simple DR analysis with an L-C-R computation (also assuming a constant DR).
	
	
	
	
	
	Unloaded
	Load
	Ipeak estimated
	Ipeak

	E0
	C0
	Z0
	r0
	DR0
	I0
	Zt=r0+ DR0+Z0  
	from V0/Zt
	from

	kJ
	nH
	M
	uF
	M
	 kA
	M
	kA
	LCR

	0.45
	1
	173.21
	17.32
	6.9
	173
	197.43
	152
	156

	2.25
	5
	77.46
	7.75
	6.9
	387
	92.11
	326
	337

	4.50
	10
	54.77
	5.48
	6.9
	548
	67.15
	447
	464

	22.50
	50
	24.49
	2.45
	6.9
	1225
	33.84
	886
	937

	45
	100
	17.32
	1.73
	6.9
	1732
	25.95
	1,156
	1,234

	135
	300
	10.00
	1.00
	6.9
	3000
	17.90
	1,676
	1,819

	225
	500
	7.75
	0.77
	6.9
	3873
	15.42
	1,945
	2,126

	270
	600
	7.07
	0.71
	6.9
	4243
	14.68
	2,044
	2,238

	360
	800
	6.12
	0.61
	6.9
	4899
	13.64
	2,200
	2,416

	450
	1000
	5.48
	0.55
	6.9
	5477
	12.92
	2,321
	2,554

	585
	1300
	4.80
	0.48
	6.9
	6245
	12.18
	2,462
	2,714

	720
	1600
	4.33
	0.43
	6.9
	6928
	11.66
	2,572
	2,838

	900
	2000
	3.87
	0.39
	6.9
	7746
	11.16
	2,688
	2,967

	1080
	2400
	3.54
	0.35
	6.9
	8485
	10.79
	2,781
	3,070

	1260
	2800
	3.27
	0.33
	6.9
	9165
	10.50
	2,857
	3,153

	1440
	3200
	3.06
	0.31
	6.9
	9798
	10.27
	2,922
	3,224

	1665
	3700
	2.85
	0.28
	6.9
	10536
	10.03
	2,990
	3,298

	1935
	4300
	2.64
	0.26
	6.9
	11358
	9.81
	3,060
	3,371

	2250
	5000
	2.45
	0.24
	6.9
	12247
	9.59
	3,127
	3,441

	4500
	10000
	1.73
	0.17
	6.9
	17321
	8.81
	3,407
	3,722

	9000
	20000
	1.22
	0.12
	6.9
	24495
	8.25
	3,638
	3,933

	22500
	50000
	0.77
	0.08
	6.9
	38730
	7.75
	3,870
	4,118


Table 2. Discharge characteristics of equivalent PF circuit., illustrating the saturation of Ipeak with increase of E0 to very large values
Results of numerical experiments (constant voltage banks) are shown in Fig.9a which compares the Lee model [15] computation with our simplified DR analysis. The difference in results is mainly due to a ‘current overshoot effect’ which lifts the value of Ipeak before the axial DR fully sets in. This effect is due to detailed interactions between the static inductance and the tube inductance, moderated by the bank capacitance;  which are automatically accounted for in the coupled circuit and motion equations. Thus the Lee model computation is more detailed and accurate. However the DR analysis shows the same tendency of Ipeak towards saturation.  This confirms that the physical mechanism responsible for the tendency towards current saturation is just the axial phase DR. 
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Fig 9a. Ipeak computed from DR analysis       Fig 9b, Ipeak vs E0 on log-log scale

compared to model simulation

5b Current ‘saturation’ leads to neutron yield ‘saturation’

As can be seen from Table 2 and Fig 9a, there is a progressive reduction in the increase of Ipeak with E0, from as low as several hundred kJ. This is made more apparent on a log-log scale of our DR analysis as shown in Fig 9b. We look at the index m in the relationship Ipeak~E0m, and note that m~0.5 at tens of kJ but starts decreasing strongly at hundreds of kJ eventually going down to lower than 0.1 at tens of MJ. Although there is no saturation to a constant value of Ipeak, the sharp decrease in trend before 1MJ gives rise to a reducing trend in Ipeak. How does the saturation of Ipeak affect the neutron yield? Firstly, as the trend reduces for Ipeak, it also reduces for Ipinch, since Ipinch is typically a fraction of Ipeak; and even if this fraction is not a constant, as Ipeak saturates, Ipinch would also saturate.
In an earlier work we had already shown that  Yn scales as Ipinch4.5; as was presented in an earlier section of this paper. Hence the reduction in trend of Ipinch with E0 causes a reduction in trend of Yn with E0 as shown in Fig.10. 
Thus, the above simplified DR analysis has identified one primary cause for the observed neutron saturation. This is simply the dynamic resistance of the axial phase. 
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Fig 10. Trend reduction in Yn vs E0.
6   Conclusion and Discussion
1.  Reference points for plasma focus diagnostics are provided by the model, which 
after a 5-point  fitting of computed Itotal waveform against measured waveform is 
able to give realistic time histories of dynamics, energies and plasma properties, 
with soft x-ray yields; also neutron yields. 
2.   Systematic numerical experiments then provide insight into neutron and soft x-ray 
scaling laws, as functions of Ipinch, Ipeak and E0. Experience gained from the 
numerical experiments confirms that the scaling against Ipinch is the more robust 
and reliable.
3. A further insight is the identification of a major factor contributing to Yn saturation. It is current saturation due to the effect of the axial phase dynamic resistance, which dominates the circuit current rise more and more, as the bank capacitance increases, with progressively increasing E0 towards hundreds of kJ and more. Nukulin & Polukhin [20] had deduced a current saturation using a wrong assumption that z0 would increase in proportion to C0. If their assumption were correct all that needs to be done to overcome the current saturation would be to reduce z0. But unfortunately the current saturation does not depend on the length z0 but rather depends on the speed dz/dt, more specifically on DR0. We can say further that the same effect would saturate all current-dependent yields such as for example the soft x-ray yield. 
4. The scaling predicted by numerical experiments to multi-MJ level gives guidelines as to what must be at least achieved as plasma focus devices are scaled up. If plasma focus Yn meets the scaling law as predicted, then no other effects need to be considered. If the performance is even worse than that predicted by the scaling, then there may be other factors involved, such as improper sheath formation leading to additional current shunting effects.

5. The modelled scaling also provides insights on possible ways to improve Yn.
It is better to increase storage energy by increasing charging voltage. For example SPEED II [21,22] uses  Marx technology to have a generator of 300kV with high driver 
impedance of 60 mOhm. With E0 of under 200 kJ, the system could give 
 Ipeak of 5 MA and Ipinch just over 2 MA. Could the technology be extended to 
  1MV? That would raise Ipeak to beyond 15 MA and Ipinch to over 6 MA. Also 
  multiple Blumleins at 1 MV, in parallel, could provide driver impedance of 100 
  mOhm, matching the radial phase dynamic resistance and 
provide fast rise currents peaking at 10 MA with Ipinch value of perhaps 5 MA. Bank energy would be several MJ.
6. The push to higher currents may be combined with proven neutron yield enhancing methods such as doping deuterium with low % of krypton [23].


Further increase in pinch current might be by fast current injection near the start 
of the radial phase. This could be achieved with charged particle beams or by 
circuit 
manipulation such as current-
stepping [24-26]. The Lee model is ideally 
suited for testing circuit manipulation schemes.
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