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Neutron Emission Characteristics of NX-3 Plasma Focus Device: Speed Factor as the Guiding Rule for Yield Optimization
Rishi Verma, R. S. Rawat, P. Lee, T. L. Tan, Hashim Shariff, J. Y. Goh, S. V. Springham, A. Talebitaher, Usman Ilyas, and A. Shyam
Abstract—This paper reports the results of characterization and optimization experiments carried out on a newly developed NX-3 dense plasma focus device (20 kJ @ 20kV, quarter time period of ~3s and 10kJ/600kA @ 14kV) at Plasma Radiation Source Lab, NIE, Nanyang Technological University, Singapore. Initial experiments were conducted with an electrode assembly configuration having anode radius and length of 20 and 160 mm respectively for detailed neutron emission characterization of NX-3 device followed by further optimization of neutron yield using various other electrode configurations designed using Lee Code. At 10kJ operation, the average neutron yield of the order of 109 neutrons/pulse in 4sr were obtained for the deuterium filling gas pressure range of 6 to 8mbar. The neutron yield of ~4.6109 neutrons/pulse at 10kJ/6mbar is highest ever reported for a device with the same stored energy.  The neutron anisotropy measurements points to the beam target mechanism as the dominant neutron production mechanism for NX-3 plasma focus device. Further optimization of neutron yield in NX-3 was achieved with the peak average neutron yield being enhanced from ~(2.38±0.31)×109 neutrons/shot for initial electrode configuration to about ~(3.40±0.43)×109 neutrons/shot for the electrode configuration with anode radius and length of 26 and 140mm respectively. The analysis of neutron yield results for various electrode assembly configurations demonstrates the speed factor as a key optimization tool for maximization of neutron yield.
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Introduction
s
INCE its conception in early 1960’s, the dense plasma focus (DPF) device has been recognized as an intense source of energetic ions, electrons, soft/hard x-rays and neutrons (when operated with deuterium). The operation of plasma focus device involves the transfer of electrical energy stored in the capacitor bank across the coaxial cylindrical electrodes assembly (i.e. central anode and outer cathode) in a gas filled chamber which results in initiation of discharge along the surface of an insulator sleeve at closed end of the coaxial electrode assembly. In due course of time an axisymmetric current sheath is formed which then accelerates axially and finally converges radially in on the axis of the anode until a minimum radius is reached resulting in the formation of magnetically compressed short-lived (~50 – 100ns), high temperature (1 – 2keV), and dense (~1019-20 cm-3) pinched plasma column (focus). The short-lived pinched plasma column is soon disrupted by the rapid growth of magneto-hydrodynamic (MHD) instabilities. Coincident with this disruption, bursts of ions, electrons, soft/hard x-rays and neutrons are produced [1].
In the recent years, due to diversified potential applications of neutron sources in the noninvasive interrogation of explosives and narcotic drugs by using Pulsed Fast/Thermal Neutron Analysis (PFTNA) technique [2], thermonuclear reactor wall material studies [3], dark matter research [4], radioisotope production [5], medical neutron therapy [6] and soil humidity measurements [7]; there has been an fast growing demand of efficient commercially viable pulsed neutron sources with appreciable flux. Amongst various competing technologies [8,9] dense plasma focus (DPF) device based pulsed neutron sources have evolved as relatively most simple, reliable and long lasting alternative. Realization of this fact has revitalized research and development of plasma focus device in wide energy range by various research groups across the globe [10-13]. In order to make plasma focus devices useful, for the widest possible range of applications, it is mandatory to have sufficient time averaged neutron flux, typically in the order of 107 – 1010 n/s [14], by operating the device either in single shot or in repetitive mode [15,16]. To meet such requirement of high flux, reliable neutron source that can be used for applied research, a 20kJ plasma focus device named NX-3 has been developed at Plasma Radiation Sources Lab, National Institute of Education, Nanyang Technological University, Singapore. 
For a given device, the neutron emission depends on the specific design and operating parameters of the DPF. This includes configuration, shape and material of the electrode assembly, insulator shape and material, stored energy, discharge current, gas composition and the filling gas pressure. In this paper, along with detailed description of system hardware, design and construction, we present the neutron emission characteristics of newly developed NX-3 dense plasma focus device for various electrode assembly configurations with an aim of device optimization and to explore the correlation between the neutron yield and the speed factor [17].
 NX-3 Plasma Focus Device: Electrical Layout, Electrode Assembly And Diagnostics Arrangement 
Electrical Layout and Characteristics of NX-3 DPF Device
The NX-3 plasma focus device is driven by a 100F, 20kJ modular capacitor bank. It comprises of eight parallely connected, 2.5kJ (12.5F, 20kV, 80% reversal, 150 kA) low inductance (<40nH) metal-can capacitors (#SM203YW012H procured from Aerovox Corp., USA), arranged in modular fashion. The quarter time period of the discharge current is ~3s. For rapidly transferring the energy stored in capacitors to the DPF load, 150kA/20kV hold-off pseudospark (PS) switches (model #TDI1-150k/25 procured from M/s Pulsed Technologies Ltd., Russia) [16] have been installed on each capacitor. The specified inductance and jitter of PS switch is 20nH and 3ns. It may be noted that unlike pressurized sparkgap switches, pseudospark switch (PS) is a sealed low pressure-switching device with cold cathode. Similar to the classical hydrogen (H2) thyratron, the range of operating pressure for the pseudospark switch corresponds to the conditions of the left side of the Paschen curve, where the electron free path for ionization is much in excess of the main electrode separation. Pseudospark switches have sealed stacked ceramic-metal construction, with H2 as a buffer gas in the pressure range 0.2 to 0.6 mbar (in operational mode). The H2 pressure inside switch is adjusted by varying H2 generator heater current. Pure hydrogen is the most preferred gas in energy transfer switches due to following reasons: (i) fastest turn-on compared with other pure gases and their mixtures, (ii) fastest recovery that facilitates highest repetition rate, and (iii) lowest electrode-erosion rate. The synchronized operation of PS switches for all eight modules was achieved using an indigenously designed 8-Channel reservoir heating system (for controlling the Hydrogen gas pressure inside each of the PS switches) and a high performance 8-Channel Blumlein pulser based triggering system of low rise time (<10ns) and low jitter (±1ns). 
[image: main_ckt_BW]
Fig.1. ScematicReperesentation of main electrical circuit in NX-3 DPF device.
The schematic representation of main electrical circuit for NX-3 device is shown in Fig. 1. The eight modules of capacitor bank (C1 – C8) are individually attached with eight in-line single pseudospark switches (PS1 – PS8). On the high voltage side, the eight-capacitor modules are charged in parallel by the constant power charger ‘RCS 3000’ (procured from M/s Converter Power Inc., USA). The trigger inputs (T1 – T8) are used to simultaneously switch all the PS switches to discharge the stored energy of modules (C1 – C8) into the plasma focus load. To protect the charger from high reverse voltages exceeding the maximum ratings, two resistors R1 and R2 (1kΩ, 300W) are used in the charging circuit. The eight inductors, L1 – L8 (of 360μH each), in the charging path of capacitors have the specific function of isolating the modules during discharge. Under the situation when one of the switches fails to fire, the fault current is lowered because of the large inductance in the discharge path and thus the chances of cross flow of energies in-between the modules is avoided. The function of the high voltage (HV) relay (model #E30-DT-40-1-31-BD procured from M/s Ross Engg. Corporation, CA, USA) is to connect charging terminals with capacitor bank, only when charging command is enabled else all the capacitors are in dump mode by default.
The connections between the capacitors to PS switches and PS switches to DPF load were done using suitable combinations of rigid transmission lines in coaxial/parallel plate geometry and parallel coaxial cables to achieve optimized electrical characteristics, ease and flexibility of connectivity and the best utilization of available limited space. For interconnection between capacitor and PS switch, an individual PS switch is rigidly mounted over capacitor head in the coaxial geometry so as to minimize the connection inductance and ensure symmetric flow of the discharge current. For connecting each of the modules to the collector plate assembly of the DPF device, eight numbers of 3 meter long URM67 cables (with rated inductance of ~250nH/m) were used in parallel. The collector plate assembly of DPF device, which provides mounting platform for DPF coaxial-electrode assembly and DPF vacuum chamber, is a parallel plate configuration and accepts 64 nos. of URM67 coaxial cables coming from eight different modules (i.e. 8 cables from each module). In between the plates, 5mm thick Teflon sheet has been used for insulation. The assembled collector plate assembly is depicted in NX-3 experimental setup shown in Fig. 2. The termination of cables (coming from various modules) underneath the collector plate assembly is also shown in the inset. The measured total inductance, contributed by: capacitor bank + transmission lines + switch + focus tube is about 542nH. 
[image: Fig2]
Fig.2. The newly commissioned NX-3 plasma focus device. The inset shows the electrode assembly configuration A20Z160.
The Electrode Assembly





1) Initial Electrode Assembly Dimensions: According to Lee and Serban [17] most of the neutron optimized plasma focus devices have the typical speed factor s, with  (where, is the peak discharge current in kA, is the anode radius in cm and is the filling gas pressure in Torr), of about 898 kA cm-1 Torr-1/2. Hence by using the short circuit peak discharge current measured by current probe and by approximating a deuterium operating pressure (in the range of 5 – 10mbar), the preliminary value of anode radius is obtained. Based on the quarter time period of the discharge current, which represents the time for the discharge current to reach the maximum value, the approximate anode length (Za) was estimated using the relation  where va and vr represent the typical axial and radial speeds of current sheath in axial and radial phases having typical values of about 10 and 25 cm/µs, respectively [18]. 
The initial coaxial electrode assembly of the NX-3 plasma focus head consists of a cylindrical anode of stainless steel (SS) having length (z) of 160mm, radius (a) of 20mm and a squirrel cage cathode, consisting of twelve, 12mm diameter brass rods, uniformly spaced on a coaxial circle of radius (b) of 51mm. This electrode assembly is named as A20Z160 (where A and Z symbolize anode radius and length in mm) and can be seen in the inset of the photograph shown in Fig. 2. A 60mm deep cavity of 32mm diameter was bored at the center of anode to reduce the ablated metal impurity during the pinch phase. An insulator sleeve of Pyrex glass with a breakdown length of 30mm was placed between the anode and cathode. The inner and outer diameter of insulator sleeve is 33mm and 40mm, respectively.
2) Other Electrode Assembly Configurations for Further Optimization and Investigation of Correlation between Speed Factor and Neutron Yield for NX-3: While the experiments were being conducted and analyzed using initial electrode assembly configuration A20Z160, the further optimization of NX-3 neutron yield and an investigation of finding the correlation between the speed factor and the neutron yield were planned. For this purpose, various electrode configurations were finalized using the Lee Code [19, 20] using the electrical parameters of NX-3 device and some simple assumptions. The quarter time period of NX-3 PF device (~ 3µs) is similar to that of the UNU-ICTP PF device [17, 19] and hence it was assumed that the Lee Code model parameters of mass and current shedding factors [19, 20] for NX-3 device are similar to both of these devices. Various electrode configurations were finalized in such a way that the Lee Code simulations allow the operation of device over different speed factors and the simulated neutron yields remain within a factor of 2 for all configurations. The dimensional details of all electrode assembly configurations (A20Z160, A26Z160, A55Z160, A20Z140, A26Z140 and A55Z70) along with Lee Code simulated neutron yields are given in Table I. The cathode radius, b, was increased to 81mm for A55Z160 and A55Z70 configurations to accommodate the 55mm radius anode.
C. Diagnostics Setup for NX-3
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The employed diagnostics includes – (i) Rogowski Coil: The fast electric discharge current drives all physical processes in the plasma focus device; in turn all physical processes in the focus affect the current waveform [21]. Thus discharge current waveform is the most important indicator of plasma focus performance and was measured using a high bandwidth Rogowski coil. (ii) 3He proportional counter for neutron yield measurement: A high sensitivity 3He proportional counter was used for the measurement of neutron output in 4sr. A 3He neutron detector tube #2533 (from LND Inc., USA) placed inside a cylindrical polyethylene moderator of 8cm thickness (estimated using MCNP i.e. Monte Carlo N-Particle Transport Code) was used for D-D neutron yield measurement. (iii) Beryllium activation counters for measuring anisotropy in neutron
TABLE I
Different electrode assembly configurations and corresponding optimum neutron yields obtained using Lee Code (based on the current and mass factors from UNU-ICTP device) along with their experimentally measured yields


	Anode Design
	Anode radius
(a)
	Anode Length
(z0)
	Cathode Radius
(b)
	Optimum Neutron Yield by Lee Code
(neutrons/pulse)
	Experimentally measured optimum Neutron Yield (neutrons/pulse)

	A20Z160
	20 mm
	160 mm
	51 mm
	6.7×108
	(2.40.3)109

	A26Z160
	26mm
	160 mm
	51 mm
	7.0×108
	(2.50.2)109

	A55Z160
	55mm
	160 mm
	81 mm
	3.9×108
	(1.10.1)107

	A20Z140
	20 mm
	140 mm
	51 mm
	6.8×108
	(1.50.1)109

	A26Z140
	26 mm
	140 mm
	51 mm
	8.0×108
	(3.40.4)109

	A55Z70
	55 mm
	70 mm
	81 mm
	7.3×108
	(1.10.6)109



yield: A calibrated pair of identical size Beryllium activation counters was used for measuring anisotropy in neutron yield. The details of beryllium activation counter are provided elsewhere [22]. (iv) Scintillator photomultiplier detectors (Plastic and CsI) for time resolved measurements: For the time resolved measurements of neutrons and hard x-rays emission, combination of two different scintillators NE-102A (diameter – 52mm, thickness – 40mm) and CsI (diameter – 50mm, thickness – 50mm) were used along with 14-stage high gain photo-multiplier tube EMI 9813BK. The CsI scintillator, in combination with NE-102A plastic scintillator, was to unambiguously discriminate hard x-ray and neutron peaks as CsI has very low cross section for fast neutrons but reasonably high cross section for hard x-rays having energy in the range of 15 – 150keV. The greater details of these diagnostics can be found elsewhere [10, 15, 16, 21, 22].
Results and Discussion
This section is divided into two sub-sections: the first subsection reports the results and discussion for initial electrode assembly configuration of A20Z160 and second subsection reports the neutron yield and its correlation with speed factor for various electrode configurations.
Neutron Yield, Stability and Anisotropy for A20Z160 Electrode Assembly Configuration
The performance of the NX-3 device, with A20Z160 electrode assembly configuration, was investigated for the single shot operation mode for the charging voltage and deuterium filling gas pressure in the range of 12 to 15kVand 3 to 10mbar, respectively. For reducing the effect of contamination on radiation yields, the gas was refreshed after every five shots. Neutron yield measurements were done by using the 3He detector placed at a distance of 1.5m in the side-on direction. The measured average neutron yield and time to pinch (defined as the time from breakdown to the pinch formation) at different D2 gas pressures for A20Z160 are shown in Fig. 3 and 4, respectively. It may be noted from the results depicted in Fig. 3 and 4 that the neutron yield increased with the increase in charging voltage as the stored energy as well as the peak discharge current flowing through the system increased. The neutron yield maximized at 15kV, ~8mbar D2 filling gas pressure producing the average maximum neutron yield of about (2.8±0.3)×109 neutrons/shot. Recently, from a compilation of experimental data over a wide range of energies, neutron yield scaling has been thoroughly reviewed by S. Lee et al. [23], using the five-phase Lee model (RADPFV5.13) [19], and found to follow Yn~ (3.21011)Ipinch4.5where Ipinch is the pinch current that actually participates in the focus pinch phase. Following this latest scaling law, with the estimated pinch current of ~330kA (from Lee model [19]) at ~15kV discharge, the expected yield is about ~2109 neutrons/shot. This is in the same order as measured experimentally.The time to pinch, being 3.3±0.1s at ~8mbar was found consistent with the quarter time period of the capacitor bank (i.e. ~3.0s under short circuit condition) and ensured the matching of anode design parameters with electrical discharge characteristics of NX-3 device. It may be noted that, each of the data points shown in the respective graphs is an average of 5 plasma focus shots. 




The neutron yield trends at various operating voltage/stored energy show that besides an optimum pressure that produces maximum neutron yield, there also exists upper and lower pressure limits for neutron production.  This can be explained using the effect of ambient gas pressure on thermonuclear and beam target mechanisms. From a thermonuclear point of view [24], the optimum neutron yield can be achieved provided the peak current occurs simultaneously with pinch. This condition was shown to have the interdependence among anode length, charging voltage and filling gas pressure. If two of the parameters are kept fixed, then the third can be fine tuned to satisfy the condition for obtaining the optimum yield. Moreover, logically, the initial increase in filling gas pressure increases the plasma density in the pinch, increasing thereby the reaction rate probability and the neutron yield. But beyond a critical pressure (which depends on the other operating parameters of the focus machine) increasing the pressure does not increase the neutron yield as the time to pinch increases further and the pinch does not occur simultaneously with peak current resulting in lower heating of the pinch plasma and thus lowering of neutron yield. The growth time  of the Rayleigh-Taylor (RT) instability in accelerated dynamic pinches is given by , where  is the sheath acceleration and  is the dominant wavelength of perturbation [25]. In this relation, it may be noted that instability growth time varies inversely with sheath acceleration. At lower pressures since the sheath acceleration becomes very high therefore the RT instability develops so rapidly that it prohibits even the formation of a well defined pinched plasma column that leads to inefficient beam-target interaction and hence poor neutron yield. Near the optimum operating pressure, the current sheath acceleration is adequate for efficient instability formation. This results in strong instability generated deuteron beam resulting in higher neutron yield by efficient beam-target mechanism [26].
Since gradual degradation in neutron yield with the subsequently increasing number of shots during the run is a widely evidenced fact in all energy ranges of plasma focus devices, the reproducibility of neutron yield performance in NX-3 plasma focus device was also investigated. Fig. 5 shows the bar plot of the neutron yields for a sequence of 30 shots in the purging and non-purging mode. In purging mode, the evacuation (up to ~10-4 mbar) was done after every sequence of five consecutive shot and then the chamber was refueled with pure D2 for the next series. In the non-purging mode, the chamber was evacuated only once before starting series of discharges and then all 30 consecutive shots were taken under static gas fill conditions. While operating the device in either mode inter-shot interval of ~1 minute was maintained to allow temperature relaxation.  The charging voltage and D2 filling gas pressure was kept fixed at ~14kV/6mbar through out this investigation.

[image: pressure_scan]
Fig.3. Average neutron yield at different charging voltages and D2 gas filling pressures for A20Z160 electrode assembly configuration.
[image: time_to_pinch]
Fig.4. Average time-to-pinch at different charging voltages and D2 gas filling pressures for A20Z160 electrode assembly configuration.
[image: Nyield_stability]
Fig.5. Bar plot of neutron yields obtained for purging and non-purging mode of operation at 14kV/6mbar.
It may be observed from the results shown in Fig. 5 that in the purging mode of operation, the first shot of five shot sequence always gave the maximum yield (refer the neutron yields of 1st, 6th, 11th, 16th, 21st and 26th shots designated as R1 in the graph). A record yield of ~4.7109 neutron/pulse may also be noted on the 11th shot. The relative comparison of neutron yields reported by various 
TABLE II
Relative comparison of Eo and N reported by various laboratories.
	Laboratories
	Energy/ Eo         (kJ)
	Neutron Yield/ N (neutrons/pulse)

	Los Alamos [27]
	12 – 38
	(4 – 20)109

	Limeil [28]
	16.4 – 48
	(2.5 – 12)109

	Culham [29]
	27 – 51
	(1 – 7)109

	Nashville [30]
	25
	(2.4 – 10)109

	NX–3 [this work] 
	10
	(1 – 4.7)109


laboratories [27-30] of their plasma focus devices operating in the similar energy range as that of NX-3 device has been indicated in Table II.The trend of slight degradation in neutron yield in subsequent shots (after the first shot) remains consistent throughout. Conversely, in non-purging mode (i.e. under the static gas fill condition) no specific trend in the neutron yield fluctuation was observed. The average neutron yield of 30 shots was ~(20.2)109 neutron/pulse for the purging mode; and ~(1.80.1)109 neutron/pulse for non-purging mode. The minor reduction in average neutron yield for longer shot sequence may be attributed to the contamination of the fuel gas due to significant anode material ablation by the high current discharge in large plasma focus devices. 
[image: Fig]
Fig.6. Oscilloscope traces of (i) current derivative signal on Ch1 from Rogowski coil, and (ii) hard x-ray / neutron signal on Ch2 from SPMT1 and on Ch3 from SPMT2. Note: Horizontal (H) scale is 100ns/dv and Vertical (V) scale is 2V/div.
The oscilloscope traces of the typical signals (Ch2 and Ch3) from the scintillator-photomultiplier detectors SPMT1 (having NE102A plastic scintillator) and SPMT2 (having CsI inorganic scintillator) and the corresponding current derivative signal (Ch1) measured by the Rogowski coil, for a typical shot at 15kV/ 8mbar D2 filling gas pressure are collectively shown in Fig. 6. Both the scintillator photomultiplier detectors were placed in the side-on direction at the same distance of 3m from the plasma focus. For avoiding saturation of the signals, the SPMT’s were screened using 8mm lead sheets. Two distinct peaks were observed in the SPMT signals (Ch2 and Ch3) with a time difference of ~140ns between them. The first peak is of non-thermal, hard x-rays produced by the interaction of instability generated energetic electrons with the stainless steel anode, whereas the second peak was confirmed to be due to neutrons on the basis of time of flight separation. The coincident and overlapping trace of SPMT2 detector signal on the SPMT1 detector signal also confirmed the identity of hard X-ray and neutron peak. The relatively lower cross section of CsI scintillator for neutrons is evident in the corresponding trace. The typical durations of hard X-ray and neutron pulses (estimated from full width at half maximum i.e. FWHM) were 50±7ns and 40±5ns (assuming that majority of emitted neutrons have typical energy ~2.45MeV).
In order to match the timing of SPMT signals, identical lengths of double-shielded coaxial cables were used for signal transport. The delay of ~50ns in hard X-ray peak with respect to the steep minimum of the current derivative signal is due to the inherent delay of ~30ns in the photomultiplier tube signal and the excess length of cables used for the transport of SPMT detector signals. 
The estimation of anisotropy in the neutron fluence is an important investigation to characterize the plasma focus device as neutron source. It also helps to identify the prevailing dominant mechanism of neutron production in a device. As mentioned in the section 2.3, for measuring fluence anisotropy Y0/Y90  (i.e. neutron flux ratios in the axial and radial direction) cross-calibrated pair of Beryllium detectors was used. The detectors were placed at the identical distances of 28cm from the anode top in the end-on and side-on directions outside the chamber. 
[bookmark: _GoBack]During the anisotropy investigation the charging voltage was kept fixed at ~14kV and D2 filling gas pressure was varied in the range of 4 to 8mbar. The relative variation of average neutron anisotropy as a function of pressure is shown in Fig. 7. Each data point shown in the graph is an average of 5 shots. The average neutron anisotropy of ~3.2 at 4mbar, ~2.9 at 6mbar and ~2.5 at 8mbar indicates that the neutron production mechanism at play depends upon the operating gas pressure, a result which was also obtained by Zakaullah et al [31]. The presence of relatively large anisotropy, under neutron-optimized conditions, indicates a deuteron velocity distribution with a peak along the axis and rules out the possibility of purely thermonuclear neutron emission [10]. Graph shown in Fig. 8 represents the variation of the neutron anisotropy as a function of the neutron yield for each of the 5 plasma focus shots at each pressure setting. It may be observed in the graph that at all pressure settings; higher neutron yields have been obtained with correspondingly higher neutron anisotropies. For the optimum pressure of 6mbar, the maximum neutron yield of ~3109 neutron/pulse coincides with the peak neutron anisotropy of ~3.2 indicating the dominance of beam target mechanism of neutron production in NX-3 plasma focus device.
[image: Anisotropy]
Fig.7. Variation in neutron anisotropy as a function of D2 gas filling pressure for A20Z160 electrode assembly configuration.
[image: anisotropy_nyield]
Fig.8. Neutron anisotropy as a function of total neutron yield for discharges at 4mbar, 6mbar and 8mbar D2 gas filling pressures for A20Z160 electrode assembly configuration (relative measurement error is about 1%).
  Neutron Yields for Various Electrode Assembly Configurations; Speed Factor as an Optimization Tool
The average neutron yield in the deuterium pressure range of 0.25 to 9mbar at 14kV (~10kJ) for different electrode assembly configurations (A20Z160, A26Z160, A55Z160, A20Z140, A26Z140 and A55Z70) was measured. The variation in average neutron yield and the time to pinch as function of deuterium filling gas pressure is plotted in Fig. 9 and 10 respectively. The peak average neutron yield, refer Fig. 9, was ~(2.38±0.31)×109 neutrons/shot for initial A20Z160 configuration which increased marginally to ~(2.54±0.24)×109 neutrons/shot for A26Z160 but increased significantly by about 1.4 times to ~(3.40±0.43)×109 neutrons/shot for A26Z140. The increase in anode radius from 20 to 26mm while keeping the anode length same at 160mm increased the yield marginally; but the increase in anode radius with simultaneously decrease in anode length to 140mm increased the yield significantly. It seems to suggest that increasing anode radius and reducing anode length from the initial A20Z160 configuration increased the average neutron yield. The other three anode configurations (A20Z140, A55Z70 and A55Z160), however, resulted in lower average neutron yield. One of these electrode configurations, A55Z70 has a further increase in anode radius and reduction in anode length as compared to initial A20Z160 and new A26Z140 configurations but the average neutron yield has rather decreased. It means that either there is no particular rule to follow or there is a limit to variation in anode dimensions along the line of a specific trend/rule to further optimize the neutron yield. 
[image: Fig11-YnVsPressure]
Fig.9. Average neutron yield for different electrode assembly configurations at 14kV charging for different D2 gas filling pressures.
It is also interesting to note that electrode assembly configurations with significantly higher anode radius of 55 mm (i.e. A55Z160 and A55Z70) were able to produce pinch plasma column (confirmed through the dip in current derivative signal of Rogowski coil) and neutron yield at low filling gas pressures of less than 1 mbar. The average neutron yield dropped significantly by almost about two orders of magnitude to 107 neutrons/shot for electrode assembly configuration A55Z160 i.e. when only the anode radius was increased significantly to 55mm from initial 20mm or optimized 26 mm anode while keeping the anode length same at 160mm. The reduction in anode length to 70mm for the anode of radius 55mm in A55Z70 increased the average neutron yield back to the level of high 108 to low 109 neutrons/shot. 
[image: Fig14-PressureVsTimeToPinch]
Fig.10. Average time to pinch for different electrode assembly configurations at 14kV charging for different D2 gas filling pressures.
The comparison of plots in Fig. 9 and 10 indicates that for most of the electrode configurations (A20Z160, A26Z160 and A26Z140) higher average neutron yield was obtained when the time to pinch was about 3.2 to 3.6 µs; which is close to the quarter time period of the NX-3 PF device. However, for the electrode configuration A55Z160 even though the time to pinch in the similar range was obtained for some of the operating pressures, refer Fig. 10, but the neutron yield was relatively low whereas A55Z70 had relatively low time to pinch between 2.4 to 2.6 µs but the average neutron yield was significantly better. This further emphasizes that the rule for neutron yield optimization is not unique or simple but it is rather a complex mix of few interdepending variables such as the one in speed factor [17]. To gain the better understanding of the trends of neutron yields for different electrode assembly configurations the corresponding speed factors, s, were investigated.


Figure 11. Average neutron yield as function of speed factor for different electrode assembly configurations at 14kV charging. The band shows the range of typical values of speed factor for neutron optimized devices [17].

The average neutron yield is plotted as a function of speed factor in Fig. 11. The speed factor, , is calculated using Io=600kA (the peak discharge current at 14kV charging voltage), the anode radius a of the given electrode assembly configuration, and the pressure P as the experimentally measured filling gas pressure of deuterium (converted in Torr). According to Lee and Serban [17], most of the neutron optimized plasma focus devices have the typical speed factor value of about 898 kA cm-1 Torr-1/2, depicted by a band in Fig. 11. The Fig. 11 shows that for all electrode assembly configurations the values of speed factor was mostly higher than the typical value for neutron optimized devices. The configuration A26Z140 with highest neutron yield had speed factor ranging from about 94 to 153 kA cm-1 Torr-1/2 while the configuration A55Z160 with lowest neutron yield had very high speed factors in the range from 187 to 250 kA cm-1 Torr-1/2. It is remarkable to note that lower is the deviation in value of the speed factor from the reported typical value for neutron optimized focus devices the higher is the average neutron yield from the NX-3 device. This highlights the reliability of the speed factor as the guiding rule for neutron yield optimization in plasma focus device. 
Conclusion
In conclusion, NX-3 dense plasma focus device has been successfully commissioned and demonstrated as reproducible, high yield pulsed neutron source producing average yield in the order of ~109 neutrons/pulse with pure deuterium operation. The precisely engineered device construction and judiciously chosen initial electrode assembly configuration (A20Z160) with the help of Lee Code formulations made the realization of this high performance device possible. A record neutron yield ~4.6109 neutrons/pulse was demonstrated at 10kJ/14kV/6mbar/pure D2. With DT operation the yield is expected to be in the order of ~1011 neutrons/pulse (due to the 100 higher cross section of DT reaction at low energies). The neutron yield reproducibility/stability investigation demonstrated a systematic trend in neutron yield performance for the purged mode of operation. First shot of each batch resulted in substantially larger neutron yield than the followed shots. In the non-purging mode of operation neutron yield from shot to shot fluctuated widely. Anisotropy in the neutron fluence of NX-3 plasma focus device was found to be relatively higher i.e. ~2.9 at optimum setting of 10kV/6mbar. Also, higher neutron yields have been found to be associated with higher anisotropy. This corroborates the dominance of beam target mechanism of neutron production in NX-3 device. 
The further optimization of NX-3 neutron yield and an investigation of finding the correlation between the speed factor and the neutron yield were conducted using various electrode configurations (A20Z160, A26Z160, A55Z160, A20Z140, A26Z140 and A55Z70). These configurations were finalized using the Lee Code [19, 20] based on the electrical parameters of NX-3 device and some simple assumptions to allow the operation of device over different speed factors subjected to the conditions that the simulated neutron yields remain within a factor of 2 for all configurations. It was found that for all electrode assembly configurations the values of speed factor were mostly higher than the typical value (898 kA cm-1 Torr-1/2) for neutron optimized devices and lower is the deviation in value of the speed factor from the reported typical value the higher is the average neutron yield from the NX-3 device. Since the speed factor for the A26Z140, the best among the six configurations used, was still on the higher side therefore one can conclude that further optimization is still possible if the speed factor can be shifted to the typical values (the band drawn in Fig. 11) proposed by Lee and Serban [17]. The trend shows that it probably possible to further increase the average neutron yield in NX-3 PF device to about (4.0-4.5) ×109 neutrons/shot.
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