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Abstract A sub-kilo-Joule plasma focus device (FMPF-

3, 14 kV/235 J) was operated with deuterium–krypton

admixtures (of 1, 2 and 5 % Kr by volume) to study the

influence of admixture ratio on neutron yield (Yn). Exper-

iments were performed for different insulator sleeve

lengths and cathode geometries. The results reveal that for

a carefully optimized electrode geometry the highest

average neutron yield is obtained with pure deuterium as

the operating gas, whereas krypton seeding leads to a

reduction in Yn. We argue that the electrode geometry and

electrical coupling play critical roles in determining the

influence of gas admixtures; and that for an optimized

plasma focus device D2-Kr admixtures may give little or no

neutron yield enhancement relative to pure D2 operation

and so the admixture operation is an evaluation method-

ology to determine the level of optimization of device

geometry.

Keywords Miniature plasma focus device � Fusion

reaction � Neutron source � Admixture gas � Neutron yield

enhancement

Introduction

One of the main applications of the plasma focus (PF)

device is as a pulsed neutron source using deuterium as the

operating gas [1, 2]. The scaling of neutron yield (Yn) with

stored energy and peak discharge current has been inves-

tigated for various PF devices [3]. However, for a specific

device with a given storage energy, the neutron yield can

be optimized through selection of parameters for the

electrode assembly geometry [4–6]. Different groups have

investigated the influence of the high-Z gases (admixed

with deuterium) on neutron yield, and concentrating mainly

on their role in the formation of micro-pinches [7] or super-

dense domains [8], stabilized pinch column effects [9, 10]

and promotion of slipping of the current sheath near the

anode surface due to the Hall effect [11]. Verma et al. [12]

investigated the correlation between neutron yield and hard

X-ray emission, and concluded that the addition of high-Z

gases resulted in higher radiation emission, tighter com-

pression and therefore a smaller final pinch radius [13, 14].

According to these authors, the higher plasma density in

the radiatively-collapsed pinched column for deuterium–

krypton admixture operation leads to neutron yield

enhancement. For the 200 J FMPF-1 device [12], they

reported a maximum of 30-fold increase in Yn: from

(1.0 ± 0.3) 9 104 to (3.1 ± 0.4) 9 105 n/shot. The

experimental results on fusion source (proton) imaging, by

Springham et al. [15] on the NX2 PF device clearly showed

that D2-Kr admixtures resulted in a smaller source size than

is the case for pure D2 operation. However, unlike the
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associated X-ray images, the fusion images showed no

evidence for the existence of hot spots, micro-pinches or

m = 0 instabilities.

Babazadeh et al. [6] observed an increase in neutron

yield by a factor of 3.5 for krypton admixture operation of

a 90 kJ Filippov type PF device (flat insert on anode end),

while the factor was 1.5 for a conical insert on the same

anode (of length 15.5 cm). This indicates that the

enhancement factor is dependent upon the device electrode

geometry: especially the anode size and shape. In addition,

for pure D2 operation the measured neutron yield with the

conical insert was about six times greater than that for the

flat anode; indicating that the yield enhancement obtained

from krypton seeding is less significant for well-optimized

PF anode geometries. Moreover, with the same 90 kJ

Filippov device, but with a shorter (11 cm) anode,

Mohammadi et al. [16] found an order of magnitude

increase in neutron yield with krypton admixtures. How-

ever, the maximum yield achieved with 3 % krypton

seeding was of similar magnitude to that obtained by

Babazadeh et al. [6] with a flat anode (non-optimized case).

However, not all the relevant experimental data accords

with a neutron yield enhancement in the presence of a high-

Z impurity. For example, Bures et al. [4] replaced the

cylindrical anode with a conical anode and showed a sig-

nificant improvement in neutron yield. However, when

different percentages of Ar and Kr were added to the D2

gas, the cylindrical anode case showed an enhancement of

neutron yield while the conical anode case did not. Rossel

and Choi [17] used the DPF-78 device (60 kV, 28 kJ) with

different admixtures of noble gases (Ne, Ar or Kr with D2)

and found a reduction in neutron yield for all admixture

ratios. Furthermore, no correlation was observed between

the total neutron yield and the hard X-ray emission or the

appearance of hot spots.

In this study, we try to find a correlation between the

influence of krypton seeding and the neutron yield of an

‘‘optimized’’ and ‘‘non-optimized’’ PF device. An opti-

mized PF device is the device that produces maximum

neutron yield. The optimized PF operation, with maximum

neutron yield, is normally achieved after a large number of

experimental iterations by optimizing device and operating

parameters such as length and material of insulator sleeve,

cathode and anode radii, length and material of anode,

deuterium gas pressure, etc. for fixed energy storage and

discharge current values. For example, the initial efforts on

FMPF-1 device with tubular cathode geometry and dif-

ferent anodes gave the neutron yield of about 104 neutrons

per shot [12, 18], which upon further optimization of anode

shape, dimension and material increased the neutron yield

to about 1.7 9 105 neutrons per shot [19]. The maximum

neutron yield of about 1.0 9 106 neutrons per shot was

finally achieved for FMPF-1 device by changing the

tubular cathode geometry to squirrel cage geometry for the

same set of anode [19]. Hence, the FMPF-1 device in

references [12] and [18] was ‘‘non-optimized’’; which was

finally ‘‘optimized’’ with maximum neutron yield in Ref.

[19].

The obvious question here is how one would know that

the FMPF-1, or any other PF, device is eventually opti-

mized or not for producing maximum neutron yield. One

simple way would be to check whether the neutron yield is

in line established neutron yield scaling laws or not. This,

however, would only roughly tell whether one is close to

optimized PF configuration, moreover the accuracy of

extent of optimization simply depend on the extent of

optimization achieved on reference PF device used for

calibration. In this study, we propose that the effect of

krypton seeding of deuterium on the neutron yield of PF

device can be used to evaluate extent of PF optimization.

Experimental Setup and Results

This paper investigates the influence of krypton gas

admixture on DD fusion neutron production from the

FMPF-3 plasma focus device [20] which has recently been

refurbished with new Pseudo Spark Gap (PSG) switches

(Thyratron TDI1-200 kA/25 kV: Pulsed technologies Ltd.,

Russia). The 2.4 lF FMPF-3 is 4-module system with each

of the 0.6 lF module, made up of two parallel 0.3 lF

capacitors, connected to the plasma focus load through a

150 kA/25 kV PSG switch. The synchronized operation of

PSG switches for all four modules is obtained using

indigenously designed 4-channel heating system (for con-

trolling the Hydrogen gas pressure inside each of the PSG

switches) and a high performance 4-channel Blumlien

pulser based triggering system of high repetition rate

(10 Hz), low rise time (\10 ns) and low jitter (±1 ns). The

use of 4-module system leads to lower total inductance

about &34 ± 2 nH for FMPF-3 device. The 2.4 lF

capacitor bank was charged to 14 kV (235 J) to achieve a

peak discharge current of *100 kA. A hollow tapered

copper anode (shown in Fig. 1) of 20 mm length (12 mm

diameter at the bottom, tapering to 8 mm at the top) was

used for all experiments. Two different insulator sleeves of

5 and 10 mm effective length (the length that protrudes

above the cathode plate) have been used to investigate the

influence of insulator length on neutron yield. Also for the

last part of experiment, the cathode rods were removed to

test a different geometry from the conventional situation to

give an example of another non-optimized geometry and to

show how the krypton seeding enhances the neutron yield

for that. For each group of experiments, the operating

pressure was scanned from 2 to 14 mbar to find out the

optimum pressure for the highest neutron yield. All
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experiments were performed in static gas fill mode with the

deuterium gas being filled at the desired gas pressure.

To measure the time-integrated neutron yield a sensitive

He-3 proportional counter with Paraffin-wax moderator

was positioned in the radial direction at 50 cm from the PF

anode. This He-3 detector was cross-calibrated against a

beryllium fast-neutron activation counter [21] using a PF

with a higher neutron yield (NX2 device).

Neutron Yield for Pure Deuterium Operation

for 5 mm Insulator Sleeve

In the first group of experiments, a series of measurements

(each comprising a 55 shot series, fired at *0.2 Hz) were

performed using 5 mm long insulator sleeve for pure deu-

terium as the working gas. This series of experiments were

done to verify the results obtained earlier by Verma et al. [20]

where the maximum neutron yield was reported to be about

1:5 � 0:2ð Þ � 106 n/shot on the similar device but with a

slightly shorter anode length. It should however be pointed

out that the charging voltage was increased from 13 kV, used

in [20], to 14 kV in the present experiment. Consequently,

the anode length was increased from 17 to 20 mm to com-

pensate for the higher plasma sheath acceleration resulting

from this higher charging voltage. The operating pressure

was scanned from 2 to 14 mbar in steps of 1 mbar. As seen in

Fig. 1, the shot-averaged neutron yield reached its maximum

value of Yn ¼ 1:8 � 0:4ð Þ � 106 n/shot at 8 mbar, and Yn

remained above 1:0 � 106 n/shot for a comparatively wide

range of pressures (5–10 mbar). The results match well with

the results obtained by Verma et al. [20]. Furthermore, the

neutron yield is found to follow the empirical scaling law

Yn � I3:4 [3] reasonably well.

Neutron Yield for Admixture Gas Operation

for 5 mm Insulator Sleeve

In the second group of experiments, with the same PF

geometry, krypton gas was mixed with deuterium in vol-

umetric ratios of 1, 2 and 5 % to investigate the effect of

high-Z gas admixture on neutron yield. For each gas

admixture ratio, the ‘‘pressure scanning’’ was performed in

the 2–14 mbar range. The average neutron yield was

measured over a series of 55 shots fired using the same

*0.2 Hz repetition rate. As seen in Fig. 2, the optimum

pressure remained at 8 mbar for 1 and 2 % krypton seeding

with enhancements of the average neutron yield of *60 %

(Yn ¼ 2:9 � 0:3ð Þ � 106 n/shot) for 1 % Kr, and *20 %

(Yn ¼ 2:2 � 0:3ð Þ � 106 n/shot) for 2 % Kr. By contrast, a

65 % reduction in the average neutron yield

(Yn ¼ 6:2 � 0:3ð Þ � 105 n/shot) along with a reduction in

optimum pressure to 6 mbar was found for 5 % Kr seeding.

These results are markedly different from those of Verma

et al. [12] for their experiments on the first version of this

device, FMPF-1 (200 J, 2.4 lF, 27 nH, T/4*400 ns). The

electrode assembly consisted of a 17 mm long stainless

steel anode of composite geometry (tapered over the last

7 mm with diameter decreasing from 12 to 6 mm) and the

chamber wall of 30 mm inner diameter acting as cathode.

An insulator sleeve of Pyrex glass with a breakdown length

of 5 mm was used. In that work, average neutron yield

enhancement factors of 30, 20 and 1.2 were obtained for

krypton seeding of 2, 5 and 10 %, respectively. For

example, the neutron yield for pure deuterium operation at

3 mbar was 1:0 � 0:3ð Þ � 104 n/shot, but increased to

3:1 � 0:4ð Þ � 105 n/shot for 2 % Kr at the same pressure.

Fig. 1 Schematic of FMPF-3 electrode assembly. For the experi-

ments in sections ‘‘Neutron Yield for 10 mm Insulator Sleeve’’ and

‘‘Neutron yield for Cathode-Less Geometry’’ an insulator with 10 mm

length has been used

Fig. 2 Average neutron yield for 55 shots (per data point) with pure

deuterium and D2-Kr admixtures with 1, 2 and 5 % volumetric ratio

of Kr. The anode length is 20 mm and insulator sleeve length is 5 mm

J Fusion Energ

123



It is worth pointing out here that the admixture-related

30-fold enhancement in neutron yield for the FMPF-1

device was obtained before the geometry of the electrode

assembly had been fully optimized. Subsequent to the work

reported in references [12] and [18], the neutron yield was

enhanced from 104 n/shot to 105 n/shot by fine-tuning the

electrode assembly shape and dimensions with tubular

cathode geometry, and finally to yields of 106 n/shot by

simply implementing the squirrel-cage cathode configura-

tion [19]. Hence, it is evident that the geometrical opti-

mizations of the FMPF-1 electrodes led to a significantly

greater increase in neutron yield than that obtained with

deuterium–krypton admixtures. Unfortunately, the krypton

admixture experiment was not done on improved version

of FMPF-1 to test the influence of krypton seeding (and

this device is not available anymore), however it obviously

shows how geometrically optimization increase the fusion

reaction, perhaps by increasing the average deuterons

energy and optimized deuterium density distribution. In

this situation, high-Z doping may reduce the DD reaction

by cooling the pinch region (higher radiation) and conse-

quently reducing the average deuteron energy.

The FMPF-3 device is an electrically upgraded version

of FMPF-1 with a lower system inductance, and hence, a

higher peak discharge current for the same operating

voltage. For the FMPF-1 (latest version) and FMPF-3

devices in well-optimized configurations, the highest

average neutron yields for pure D2 operation and 200 J

stored energy are 1:15 � 106 and 1:50 � 106 n/shot [20],

respectively; hence a 30 % difference in favor of the

FMPF-3. The peak discharge currents of the FMPF-1 and

FMPF-3 devices are approximately 87 and 103 kA,

respectively, at 14 kV operating voltage [22]. Therefore,

from the Yn � I3:4 scaling law one would expect the FMPF-

3 neutron yield to be approximately 80 % greater than that

for FMPF-1 (if at least, FMPF-1 is considered as an opti-

mized device). This indicates that some further optimiza-

tion of the electrode geometry in FMPF-3 is possible.

Table 1 shows the characteristics of two devices and their

experimental average neutron yield. For 1 % krypton

seeding in FMPF-3 the neutron yield is enhanced to a

maximum of 2:9 � 0:3ð Þ � 106 n/shot (refer to Fig. 1)

which confirms that this device’s performance with Kr

seeding is at par with FMPF-1.

It is assumed that the krypton seeding enhances the

density of pinch, (except for very high pressure) by making

the pinch more compressible by the dual effect of radiative-

cooling [23] and specific heat ratio (SHR) [24]. The

krypton ions are not fully ionized thus contributing an

inordinate proportion to the thermodynamic degree of

freedom of the ensemble, which reduces the SHR of the

mixture to significantly less than 5/3 of pure deuterium

case [23, 24]. The voltage drop in the dI=dt signal (referred

here as ‘‘depth of pinch’’) shown in Fig. 3 is a good indi-

cation of pinching efficiency for the given geometry.

Figure 2 shows an enhancement of 60 and 30 % in the

‘‘depth of pinch’’ for 1 and 2 % Kr-seeded respectively.

This relatively low level of enhancement agrees with a

computations based on the Lee model code [25] incorpo-

rating Kr-seeded thermodynamics, which predict neutron

yield enhancements typically of tens of percent.

Springham et al. [15], in Figs. 2 and 3 of their paper,

showed the different shape and size of the fusion source in

pure deuterium and D2-Kr admixture operation. For pure

deuterium, the long and wide cone-shaped fusion source

region is associated with forwardly directed high-energy

deuteron beams, whereas, the compact prolate ellipsoid

shaped fusion source observed for Kr-seeded operations

indicates greater confinement of the fusion source. We

conclude that krypton seeding plays dual and opposing

roles in PF fusion. Firstly, Kr-seeding promotes better

confinement of the fusion source and thereby increases the

ion density and interaction probability, leading to an

increased thermonuclear fusion neutron yield from the

better confined pinched plasma for geometrically non-op-

timized devices. Secondly, the Kr-seeding promotes the

radiative cooling of the pinch plasma resulting in lowering

of the average kinetic energy of deuterons (in deuterium

beam) and hence DD reaction cross-section would decrease

which will lead to reduction in neutron yield by beam-

target mechanism. Hence, Kr-seeding decreases the reac-

tion yield for geometrically well-optimized devices as for

them the beam-target mechanism is the dominant mecha-

nism of neutron production. Furthermore, in the case of

pure deuterium, all collisions (between beam deuteron and

gas target) are DD, whereas in the doped case some col-

lisions are D-Kr, which naturally decreases the neutron

yield. To summarize, the average deuteron beam energy

Table 1 Characteristics of

FMPF-1 and FMPF-3 and their

neutron yield

FMPF-1 FMPF-3

Circuit inductance (nH) 27 34

Circuit impedance (mX) 66 23

Peak current (I) 87 kA at 14 kV 103 kA at 14 kV

Neutron yield 1:0 � 104 (first version)

1:15 � 106 (latest version)

1:50 � 106

Scalable (Yn � I3:4Þ 2:04 � 106
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and deuterium number density in pinch region both influ-

ence neutron yield. Krypton seeding will increase the

deuterium number density by tighter pinch and better

confinement resulting in higher thermal neutron yield,

however the higher radiation losses results in reduction of

average deuteron energy leading to lowering of beam-tar-

get neutron yield.

For ‘‘non-optimized’’ plasma focus device both of these

parameters are not optimized i.e. deuterium number density

in pinch is low due to inefficient pinch and average deu-

teron beam energy is also low compared to optimized value

of about 100 keV; whereas for the ‘‘optimized’’ plasma

focus device these parameters are close to their optimized

values. For ‘‘non-optimized’’ device the relative increase in

the deuterium number density due to increased confine-

ment by Kr seeding is much higher than the decrease in

average deuteron beam energy due to increased radiative

cooling by Kr-seeding. In other words, the increased deu-

terium number density effect dominates over the reduced

average deuteron energy for ‘‘non-optimized’’ device

resulting in increased neutron yield. For ‘‘optimized’’

device the relative decrease in average deuteron energy is

higher or comparable to relative increase in deuterium

number density upon Kr-seeding leading to decrease in

neutron yield.

It is also pertinent to compare the Speed Factor

(SF ¼ ðI=aÞ=q0:5
0 , where I is the peak discharge current, a

is the anode radius and q0 is the optimum pressure giving

the highest average neutron yield) for the FMPF-3 device

operated in the two different configurations, the one used in

the Ref. [20] and the other one in the present investigation.

Physically, the SF parameter controls the speed of plasma

in both the axial and radial phases; and its constancy over a

wide range of plasma focus devices indicates that these all

devices operate at the same axial and radial speeds, and

hence by inference they all have the same temperatures in

the axial and radial phase [26]. Speed Factor is an

empirical formulation between the maximum discharge

current, anode radius and optimum deuterium gas pressure

and it is used by many as an optimization tool for neutron

yield maximizing, specially for initial electrode configu-

ration design for any new plasma focus device [20].

The values for SF are 82 and 65 kA= cm torr0:5
� �

for the

previous [20] and current experiments, respectively. Lee

and Serban [26] tabulated the SF for different devices and

concluded that the best SF typically lies in the range of 80–

100 kA= cm torr0:5
� �

. The SF values are used in designing

the dimensions of electrode assembly of plasma focus

device [27] and so, the first design of FMPF-3 device [20]

was also based on typical SF value. However, in one of the

best-optimized plasma focus devices (NX2 at NIE-NTU,

Singapore), it was reported to be less than 60 when oper-

ated at 11 kV/270 kA with 12 mbar of deuterium [28].

Even in the present investigation, though the SF value is

lower than the typical range it has higher neutron yield than

the previous FMPF-3 version [20] which had SF in the best

expected range. Characteristically, to attain the optimum

PF design for maximum neutron yield requires other

parameters, such as the insulator sleeve length, cathode and

anode radii, anode length and material to be adjusted on a

trial and error basis.

The typical current derivative and current signals from

FMPF-3 are shown in Fig. 4. It may be noted that the start

of the pinch phase, the starting time instant of sharp

inverted peak in current derivative signal and sudden drop

in current signal, is delayed compared to peak current

position. For example, for 8 mbar D2 operation, the quarter

time period (T=4, the time to the peak discharge current)

Fig. 3 Average depth of pinch for 55 shots (per data point) with pure

deuterium and D2-Kr admixtures with 1, 2 and 5 % volumetric ratio

of Kr for 5 mm insulator sleeve length

Fig. 4 Current derivative signal dI=dt (blue colour trace) from the

Rogowski coil for measuring the time to pinch and depth of pinch.

Discharge current I tð Þ (red colour trace) obtained by numerical

integration of dI=dt (Color figure online)

J Fusion Energ

123



for the FMPF-3 discharge with all PSGs operating syn-

chronously is about 420 ns while the average time to pinch

for 55 shots is *500 ns.

Our previous experimental results [29] on FMPF-3 with

multiple PSGs show that the synchronization of switches

has a significant effect on plasma evolution. The non-

synchronized switching initiates an uneven discharge dur-

ing the breakdown phase and remains such in axial and

compression phases. It reduces pinch plasma density and

temperature and consequently the fusion neutron yield. The

reason for this significant delay may be that the PSGs are

not working at their nominal operating parameters. In

particular, the peak current through each PSG during the

FMPF-3 discharge is about 25 kA, which is only 12.5 % of

their maximum operating current of 200 kA. Consequently,

the non-ideal commutation of the PSGs to their on-state

may result in non-uniform breakdown condition across the

insulator sleeve and consequently delay of well-defined

current sheath formation in axial acceleration phase leading

to significant delay in pinch phase compared to peak dis-

charge current instant.

This additional time delay is also manifest when we try

to fit the experimental current trace using Lee’s code [25].

Firstly, I tð Þ cannot be matched completely and secondly, it

must be shifted back around 70 ns to match the radial

phase and pinch current drop (as seen in Fig. 5). The Lee

code then predicts an average neutron yield of 9:7 � 105,

which is about half of the experimentally measured yield.

Neutron Yield for 10 mm Insulator Sleeve

The highest neutron emission efficiency in our lab was

obtained on 3 kJ NX2 plasma focus device with the record

neutron yield of 7 9 108 neutron/shot [30]. The NX2

device has the anode to insulator sleeve length ratio of

about 2 which is half of the ratio used in current device.

Hence, it was decided to increase the insulator sleeve

length to 10 mm to achieve the anode to insulator sleeve

length ratio of 2 with the aim of investigating the influence

of this parameter on neutron yield. Again, a series of 55

shots (fired at *0.2 Hz) were performed with pure deu-

terium and 1 % krypton seeding over the pressure range

from 2 to 14 mbar. As seen in Fig. 6, for pure deuterium

operation the average neutron yield for 10 mm sleeve

reached its maximum value of about

Yn ¼ 2:2 � 0:2ð Þ � 106 n/shot at 6 mbar which is about

22 % higher than the maximum neutron of about

Yn ¼ 1:8 � 106 n/shot for 5 mm insulator sleeve at 8 mbar

as seen in Fig. 5. The comparison of average neutron yield

for pure deuterium operation for 5 mm sleeve (dark blue

curve in Fig. 5) and 10 mm sleeve (light blue with cathode

curve in Fig. 6) shows that for each of the operating deu-

terium gas pressures the average neutron yield for 10 mm

sleeve was higher compared to 5 mm sleeve. This indicates

that for pure deuterium operation the 10 mm insulator

sleeve length FMPF-3 device is better optimized compared

to 5 mm sleeve length geometry.

The key point to note from Fig. 6 is that for FMPF-3

device with 10 mm insulator sleeve length which is better

optimized for pure deuterium operation with neutrons

yields higher than 5 mm device, as discussed above, the

average neutron yield decreases with 1 % Kr-seeding. It

may be reminded that for non-optimized 5 mm sleeve the

1 % Kr-seeding led to the highest increase in average

neutron yield. Hence, if the plasma focus device is fully or

better optimized (such as the 10 mm sleeve FMPF-3) then

the Kr-seeding may not result in increase in average neu-

tron yield rather the yield may decrease. Beside, having a

higher SF of 75 might be a good indication of leading to a

better geometry design, although it cannot be the only

reason.

Fig. 5 The actual discharge current from FMPF-3 (dark blue colour

trace) and the fitting current in Lee’s code (pink colour trace) (Color

figure online)

Fig. 6 Average neutron yield for 55 shots (per data point) with pure

deuterium (blue trace) and 1 % Kr admixtures seeding (red trace) for

10 mm insulator sleeve (with cathode rods); and for cathode-less non-

optimized geometry with pure deuterium (green trace) and 1 % Kr

admixtures seeding (purple trace) for 10 mm insulator sleeve (Color

figure online)
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Neutron Yield for Cathode-Less Geometry

For the final group of experiments the cathode rods were

removed to study the effect of this (presumably ‘‘non-op-

timized’’ or less-optimized geometry) on neutron yield.

The variation of average neutron yield for cathode-less

geometry for pure deuterium operation and 1 % Kr-seeding

experiments (for 55 shots series at *0.2 Hz) as a function

of gas pressure are shown in Fig. 6. The fact that cathode-

less 10 mm insulator sleeve FMPF-3 device becomes a

‘‘non-optimized’’ configuration is confirmed by signifi-

cantly reduced average neutron yield (green curve) for pure

deuterium operation as the average neutron yield decreased

by 36 % to Yn ¼ 1:4 � 0:2ð Þ � 106 n/shot at 6 mbar in

comparison to with-cathode geometry at the same pressure.

The ‘‘non-optimized’’ cathode-less 10 mm insulator sleeve

FMPF-3 geometry then exhibits the enhancement in aver-

age neutron yield with 1 % Kr-seeding with the peak

average neutron yield increase by about 30 % to

Yn ¼ 1:8 � 0:2ð Þ � 106 n/shot. These results further sup-

port the idea that neutron yield enhancement obtained with

krypton seeding is indicative of a non-optimized plasma

focus geometry. It shows that the device’s geometrical

parameters, firstly, must be designed carefully and then

improve them by trial and error to reach the optimum sit-

uation for highest neutron yield.

Figure 7 shows the depth of pinch, estimated from the

depth of dip (inverted peak) in current derivative signal, for

10 mm insulator sleeve with cathode rods (optimized

geometry) and cathode-less (non-optimized geometry)

FMPF-3 device operation. It shows the reduction in the depth

of pinch (refer to blue and red traces) by 1 % Kr seeding for

the optimized 10 mm insulator sleeve geometry with-cath-

ode rods was used. The non-optimized cathode-less geom-

etry shows the increase in the depth of pinch (refer to green

and purple traces) with krypton seeding. The results pre-

sented in Figs. 2 and 6 show that the depth of pinch increases

with the krypton seeding if the geometry is non-optimized

whereas it decreases for optimized geometry. A cross com-

parison of depth of pinch for three different geometries,

shown in Fig. 3 and Fig. 7, shows that the depth of pinch is

higher for non-optimized 5 mm insulator sleeve geometry.

However, it is not appropriate to cross-compare the depth of

pinch of two different geometries. For example, for PF

geometries with different insulator sleeve lengths, the for-

mation of current sheath at breakdown phase and conse-

quently all other phases of plasma dynamics will be affected.

This will also affect the volume, shape and duration of the

final pinch column; making it inappropriate to cross-com-

pare the electrical signals (which is controlled by the plasma

dynamics) for different geometries. Hence, it can be con-

cluded that for a given geometry the depth of pinch is related

to degree of device optimization for neutron emission.

Conclusion

In conclusion, our study shows that the krypton seeding in a

deuterium plasma focus can increase the average neutron

yield only for non-optimized devices whereas for well-op-

timized plasma focus devices, krypton seeding may lead to a

reduced neutron yield. The Kr-seeding results in higher

deuterium density in pinch column, for both ‘‘well-opti-

mized’’ or ‘‘non-optimized’’ plasma focus devices, as higher

bremsstrahlung radiation losses from high-Z plasma results

in lower pinch plasma temperature and hence lower outward

kinetic pressure and the confining magnetic pressure will

compress the pinch plasma to tighter radius. The average

deuteron energy reduces due to radiative cooling. For ‘‘non-

optimized’’ plasma focus device both of these parameters,

deuterium number density and average deuteron energy, are

not optimized; whereas for the ‘‘optimized’’ plasma focus

device these parameters are close to their optimized values.

For ‘‘non-optimized’’ plasma focus device the increased

deuterium number density effect dominates over the

reduced average deuteron energy effect resulting in

increased neutron yield. For ‘‘optimized’’ device the relative

decrease in average deuteron energy is higher or comparable

to relative increase in deuterium number density upon Kr-

seeding leading to decrease in neutron yield. Finally, for a

PF device with given electrical parameters, krypton seeding

of deuterium can be regarded as a useful tool for investi-

gating how close to neutron-optimized the geometrical

configuration of the PF electrode assembly is.
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Fig. 7 Average depth of pinch for 55 shots (per data point) with pure

deuterium (blue trace) and 1 % Kr admixtures seeding (red trace) for

10 mm insulator sleeve (with cathode rods); and for cathode-less non-

optimized geometry with pure deuterium (green trace) and 1 % Kr

admixtures seeding (purple trace) for 10 mm insulator sleeve (Color

figure online)
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