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Abstract: 
Laser shadowgraphy has been used to investigate the plasma sheath dynamics in a miniature 
plasma focus device (FMPF-3, 14 kV / 235 J). The occurrence of Magneto-Hydro-Dynamics 
(MHD) instabilities are compared for pure deuterium versus deuterium-krypton admixture 
operation, over the range of gas pressures 2 to 12 mbar. A cathode-less geometry was also 
tested to study the influence of cathode configuration on current sheath formation and 
compression. The average neutron yield, measured using 3He proportional counters, is 
compared for different geometries and gas pressures. The synchronization of the 4 pseudo-
spark-gap switches was found to be a major factor influencing the plasma sheath dynamics 
and neutron yield. To make a fair comparison of operation with different gas pressures or 
admixture proportions, the level of switch synchronization must be in the same range. Laser 
shadowgraphs of early stage dynamics show that poorly synchronized discharges result in 
asymmetric plasma sheath formation, and asymmetries in the accelerated sheath typically 
persist till the end of the final compression. 

Keywords: Plasma Focus Device; Laser Shadowgraphy; Plasma Dynamic; Switches’ 
Synchronization; Admixture Gas 

Introduction: 
The FMPF-3 is a high repetition rate, low energy, fast, miniature plasma focus device [1]. 
FMPF-3 is designed as a 4-module system. Each module comprises two parallel 0.3 μF 
capacitors and a 150 kA/25 kV pseudo-spark-gap (PSG) switch, which couples the capacitors 
to the plasma focus load. Synchronized operation of the four PSG switches is crucial for 
achieving efficient plasma pinching in the FMPF-3 device. Kalaiselvi et al. [2] reported that, 
due to inconsistent synchronous operation of the 4 PSG switches, only about 40–50% of 
FMPF-3 shots exhibited effective plasma pinching. They found that if the synchronization 
between any two of the PSGs was out by >100 ns then either pinching did not occur or was 
very weak. It was concluded by Kalaiselvi et al. [3] that aging of the PSG switches was the 
underlying reason for their inconsistent operation. Replacement of the four old PSGs by new 
units resulted in a substantial improvement in FMPF-3 pinching efficiency, with 94% of shots 
exhibiting effective plasma pinching. 

The experiments reported in this paper were conducted before the replacement of the old 
PSGs. It was hypothesized that synchronized and non-synchronized PSG operation would be 
reflected in recognizable differences in the plasma dynamics of the FMPF-3 device. The aim 
of this work is to investigate the anticipated difference in plasma dynamics using laser 
shadowgraphy. 
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Previous plasma focus studies have found that electrode geometry strongly influences 
neutron yield. One study of a miniature plasma focus device reported an increase in neutron 
yield by two orders of magnitude, from 104 [4] to106 n/shot, by fine-tuning the electrode 
assembly shape and replacing a tubular cathode by a squirrel-cage configuration [5]. 

In addition, several studies report enhancement of the neutron yield by seeding the deuterium 
working gas with high Z noble gases; the resulting increase in specific heat ratio (SHR) and 
rate of radiative-cooling [6, 7] leads to a more stable and tightly compressed plasma pinch 
column. This increases the deuteron target density encountered by D+ ions accelerated within 
the pinch column, and consequently increases the neutron yield. On the other hand, high Z 
seeding also reduces the temperature of the plasma pinch and consequently will reduce any 
contribution from thermonuclear fusion. A comparison between the shape and size of fusion 
source, plasma pinch column and Rayleigh-Taylor instability in NX2 plasma focus device 
was discussed in our earlier paper [8]. The proton source images obtained by means of coded 
aperture imaging technique [9] clearly show greater compression of the fusion source in the 
case of krypton seeding. The significantly enhanced x-ray emission, for admixture gas 
operation, also produced very evident (sometimes multiple) sausage (m=0) instabilities in x-
ray images of the pinch. However, both the proton and x-ray images were time integrated 
images and did not allow us to see the evolution of the plasma sheath.  

Laser shadowgraphy, Schlieren and interferometry techniques are invaluable for imaging 
rapidly varying density gradients, shock waves and turbulence in plasmas. These techniques 
have enabled plasma focus researchers to measure plasma parameters as well as to image 
plasma dynamics [10-14]. The three distinct phases of plasma sheath evolution comprises the 
breakdown phase, axial phase and radial collapse phase, and have been studied by several 
groups. Yamada et al. [10] have observed the Rayleigh-Taylor instability in the earlier stage 
of plasma implosion during the final compression phase using the laser shadowgraphic 
technique. It has also been observed that current sheath formation in breakdown phase 
depends on the operating pressure, insulator surface, total stored energy and electrode 
configuration [15-17]. Kormpholz et al. [15] have observed that the gliding discharge stays 
near the insulator surface for a while and then expands radially and axially. Similarly, Zhang 
et al. [14] have observed that the current sheath in the plasma focus starts to build up a few 
100 ns after initiation of the discharge. They suggest that the electrical breakdown and the 
formation of current sheath strongly influence the dynamics of final focus phase. The 
uniformity of the breakdown phase can be improved by optimization of the anode and 
cathode separation, anode length and insulator sleeve length. However, obtaining good 
contrast shadowgrams for the breakdown phase is very challenging as the plasma density is 
low; of the same order as the initial gas density. Instead, we focused on obtaining 
shadowgrams from the early axial rundown phase until the end of the radial collapse phase, 
together with the neutron yield measurement, while recording the current traces for each of 
the 4 PSG switches, so as to investigate the influence of PSG synchronization. 
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Experimental Setup: 

The fast miniature plasma focus device FMPF-3 was operated at 14 kV charging voltage 
(235 J bank energy) [1] with either pure deuterium or a deuterium-krypton admixture at the 
selected pressures. As shown in Fig. 1, the copper anode has a 20 mm long tapered section 
(top: 8 mm, bottom: 12 mm diameter) projecting beyond a 10 mm long cylindrical insulator 
sleeve. Originally, six cathode rods were arranged in a squirrel cage configuration at 15 mm 
radius from the axis, however, two cathode rods were removed so that laser light can pass 
through the plasma and reach the camera unimpeded. 

 

 

 

 

 

 

 

 

 

For shadowgraphy, laser light pulses (~100 ps duration, ~1 mJ energy, 532 nm wavelength) 
are produced from the second harmonic of a Nd:YAG laser (LOTIS TII, model: LS 2152). 
This is a custom made laser with external and internal triggering systems for the laser pump 
and Q-switch. As shown in Fig. 2, the original 2 mm diameter laser beam is expanded to a 
60 mm diameter parallel beam directed perpendicular to the plasma focus axis. After passing 
through the plasma region the beam is focused on a 1 mm pinhole. This pinhole arrangement 
greatly reduces the amount of plasma light reaching the camera. Further rejection of the 
plasma light is achieved by a narrow-band interference filter placed between the pinhole and 
camera. Neutral density filters were also required in front of the camera to avoid image 
saturation. In addition to laser shadowgraphic time-resolved images, time integrated (400 μs 
exposure) images were also captured using a V211 Phantom camera (1280×800 pixels 
maximum, 2 μs minimum exposure time). The laser system, cameras, microcontroller card 
and computers for data accusation and control were located within a Faraday cage to 
minimize the influence of electromagnetic noise produced during the FMPF-3 plasma focus 
discharge. The laser light passed through a 1 cm diameter hole in Faraday cage wall to reach 
the shadowgraphy setup. 

 

 

 

 

Figure 1: Photograph of the FMPF-3 electrode geometry. 
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The plasma focus discharge trigger system, laser and camera, all are operated by a 
programmed remote control system based on microcontroller “Discovery STM32F4” using 
“eclips” software. For each shot the signal sequence starts with a “camera trigger” signal for 
camera initiation, which is followed by a “camera F-sync” signal which opens the shutter for 
the pre-set 400 μs interval. The “laser pump” signal then starts the population inversion 
process; about 200 μs is required to reach maximum population (starting the pre-lasing). With 
a delay of 130 μs, the “trigger pulse” is sent to discharge the capacitor bank through the 4 
pseudo spark gaps. The discharge system delay time and its jitter are ~70 µs and ~20 µs 
respectively. The program then waits for the discharge current signal (dI/dt) from the 
Rogowski coil to rise above a threshold value, indicating the start of plasma discharge. 
Setting the desired time delay after the dI/dt signal, the “Q-switch” signal is then sent to 
trigger the laser. For sequential shots, the time delay is increased in 20 ns time steps in a loop 
of 20 shots. This covers the whole period of discharge from early axial phase to final 
compression and collapse. The quarter time period for FMPF-3 is about 450 ns and the 
shadowgrams are collected from -300 ns to +100 ns relative to the instant of maximum dip in 
dI/dt; this instant is designated to be 𝑡 = 0 ns. The overall signal timing diagram is shown in 
Fig. 3. The actual shadowgraph image time is determined using a photodiode (positioned on 
the glass window of FMPF-3 chamber) which is peripherally exposed to the expanded laser 
light beam. Hence, the measured time difference between the dI/dt and photodiode signals 
(compensated for cable lengths) gives a jitter-free exposure time value. 

 

 

 

 

 

 

Figure 2: Schematic diagram of plasma shadowgraphy optical setup with Nd:YAG laser. 
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To observe the qualification of 4 PSGs and their synchronization in discharge time, the 
signals of the magnetic loops placed beside each PSG were recorded. The synchronization 
level is a quality factor and so to make them as a quantity, we ranked them in accordance to 
their switching time difference (delay to the first fired PSG) as follow and are shown in Fig. 4:  

2 ≡ all PSGs start with a time difference of less than 50 ns (the best situation)  

1 ≡ only one of them has a delay more than 200 ns,  

0 ≡ more than 2 PSGs have a time delay more than 200 ns, 

The time-integrated neutron yield was measured by a sensitive He-3 proportional counter 
with Paraffin-wax moderator, located in the radial direction and 50 cm from the source. All 
signals were recorded by using 3 YOKOGAWA digital oscilloscopes (model: DL9140 – 
5 GSample/sec –1 GHz) and were triggered by leading edge of dI/dt signal.  

 

 

 

Figure 3: The signal timing diagram for shadowgraphy to control the camera, laser system 
and plasma focus triggering. 
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Results and Discussion: 
Two series of experiments with 80 shots each in 4 rounds (with each round comprising 20 
shots fired at ~0.2 Hz, followed by gas refill) were performed with pure deuterium and 
admixture gas over the pressure range from 2 to 14 mbar. For admixture gas, we added 1% 
volumetric ratio of krypton to investigate the influence of high Z noble gas seeding on plasma 
sheath dynamics. As it was mentioned before, for shadowgraphy purpose each of the 20 shots 
of every round was captured with the delay increment of 20 ns to cover the entire range of 
plasma evolution from early axial phase to the collapse phase. In Fig. 5, the shadowgrams 
show a relatively lesser dense and diffused plasma sheath in pure deuterium gas operation in 
comparison to the admixture gas. It is in agreement with the fusion proton imaging [4] which 
shows the smaller source size in admixture gas operation. 

However, as it can be seen in Fig. 6 (solid lines) that in spite of having a diffused plasma 
pinch column, the pure deuterium operation has higher maximum neutron yield at its 
optimum pressure (𝑌n = 2.2 × 106  at 6 mbar) in comparison to the admixture gas (𝑌n =
2.0 × 106 at 8 mbar). The reduction in neutron yield shows that better confinement (in this 
case, due to krypton seeding) does not necessary result in higher neutron yield. 

Figure 4: The different time delay between PSG switches to show their level of synchronization. 
They are ranked from the top to bottom, 0, 1 and 2 respectively. 
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To investigate the influence of device’s electric components characteristics (mainly PSGs) on 
neutron yield, two above mentioned series of experiments were repeated. Surprisingly, this 
time, the krypton seeding shows an enhancement of more than 2 times for neutron yield from 
𝑌n = 1.2 × 106  n/shot for pure deuterium to 𝑌n = 2.7 × 106  n/shot for admixture gas (see 
Fig. 6 dashed lines) and also an optimum pressure shifting from 6 mbar to 10 mbar for pure 
deuterium.  

 
 

Figure 6: Average neutron yield for pure deuterium and admixture gas operation in two different 
series of shots. 

Figure 5: Shadowgrams of plasma evolution for different phases; and comparison between 
pure deuterium and admixture gas operation. 
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To find the reason of this behavior, the magnetic coils signals from 4 PSGs were analyzed 
and ranked based on their relative delay time as explained in experimental setup section. This 
was motivated from our previous observation that due to some reasons the PSG switches 
were not operating synchronously and affected the soft x-ray emission from this device [2]. 
Figure 7 shows the average synchronization level for 4 series of shots, normalized by 2 (the 
best situation). For first two series of shots, both of them have a moderate (~50%) and almost 
similar synchronization level; in contrast with two last series, which show a clear difference 
in average synchronization level, specially at 6 mbar, showing 5 times drop from 75% to 15% 
for admixture gas and pure deuterium operations respectively. Although, it is a random 
behavior and we could not control it (except adjusting the PSG heating rate), however, this 
leads us to conclude that for a fair comparison between different gas pressure or admixture 
ratio or in a general case, measuring any kind of radiation from plasma focus device, the 
average synchronization level must be in the same range. For this, we tried to compensate the 
neutron yield by upgrading their synch level to 100% (as an ideal and fair situation) by 
multiplying the neutron yield to inverse of sync level. The results (shown in Fig. 8) are very 
interesting as the both series are showing the same trends and more or less the same neutron 
yield.  

 
Figure 7: Variation of PSGs’ synchronization level affecting plasma pinch formation and neutron 
yield. 
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Figure 8: Average neutron yield of previous series (Fig.6) after compensation by sync level (Fig.7). 

 

Figure 9 shows the plasma sheath shadowgrams at different time instant in non-synchronized 
situation. They show the asymmetry in plasma sheath at early stage of axial phase (indicating 
the non-uniform discharge in breakdown phase) which usually remains uneven till end of 
final compression. The relative delay in firing of PSGs causes a delay in gas breakdown 
(ionization) on the respective side of the electrode assembly to which the PSG is connected 
and consequently, there is a relative delay in axial current sheath formation on that side 
leading to asymmetry, for example refer to image captured at 𝑡 = −250  ns in Fig.9. In 
compression phase, the shockwave moving in front of plasma sheath will not collide and 
reflect not at the center of anode and resulting in an uneven and low density plasma pinch 
formation and accordingly lower neutron yield. 

 

 

 

 

 

 

 

Figure 9: The laser shadowgrams for non-synchronized situation. 
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Another important point in pure deuterium operation which can be seen in shadowgrams is 
the existence of a non-confined and crooked plasma sheath formation (see Fig. 10) even in 
the best synchronized situation. This indicates that the cathode radius should be increased to 
avoid the so called micro-discharging between anode and cathodes beside the main plasma 
sheath. It results in an uneven and thick plasma pinch column at final compression and 
reduces the radiation yield.  

For the final group of experiments the cathode rods were removed, hereinafter referred as 
minus cathode rods geometry (M-CRG), to study the influence of cathode rods on the neutron 
yield. Again, two series of 80 shots were performed for M-CRG with pure deuterium and 1% 
krypton admixture gas over the pressure range from 2 to 12 mbar. The variation in average 
neutron yields for minus cathode rods geometry (M-CRG) is shown in Fig. 11. The maximum 
average neutron yield for M-CRG was found to be 𝑌n = 1.4 × 106 n/shot for pure deuterium 
and 𝑌n = 1.8 × 106 n/shot for 1% krypton admixture gas operations. The maximum average 
neutron yields for M-CRG were mostly less than the corresponding yields obtained for plus 
cathode rods geometry (P-CRG), as shown in Fig. 6, except for the second sequence of 
experiments with pure deuterium (refer Fig. 6) which had relatively poor average 
synchronization level (refer Fig. 7). The shadowgraphic images of plasma dynamics in axial 
and radial phases for M-CRG are shown in Fig. 12 for both gas cases. Comparison of 
shadowgrams of Figs. 5, 9 and 12 shows that M-CRG results in a more sharply defined and 
symmetrical current sheath (for both gas cases) than is so for P-CRG. However, as the 
maximum average neutron yield for P-CRG is greater than for M-CRG, it follows that P-
CRG represents the neutron-optimized configuration of the plasma focus.  

Figure 10: Micro-discharging effect 
due to anode-cathode short distance. 
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Figure 11: The average neutron yield for minus cathode rods geometry (M-CRG). The sync level of 
these series of shots is shown in top-right corner. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12: The shadowgrams of minus cathode rods geometry (M-CRG) for pure deuterium 
and admixture gas operation. 
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Conclusions: 

The plasma sheath dynamic of FMPF-3 miniature plasma focus device (operating with pure 
deuterium and 1% krypton admixture) has been studied using laser shadowgraphy technique. 
The results show that for multi-modular devices, like FMPF-3, with multiple switches; the 
synchronization of switches (in our case, pseudo spark gaps) has an important role and 
significant effect on experimental results and for a fair comparison of different experimental 
series, they must have the same average synchronization level. The non-synchronization 
results in an uneven discharge during the breakdown phase which leads to asymmetric axial 
current sheath formation and uneven final compression with reduced pinch plasma density 
and temperature and consequently the lower radiation production like DD fusion neutron 
yield. 

 

Acknowledgment: This study was supported by AcRF Tier 1 research grant 
No. RP1/11RSR provided by Nanyang Technological University, Singapore.  

 

References: 
[1]  R. Verma, R.S. Rawat, P. Lee, S.V. Springham, and T.L. Tan, J. Fusion Energy 32(1), 

2-10 (2013). 

[2]  S.M.P. Kalaiselvi, T.L. Tan, A. Talebitaher, P. Lee, R.S. Rawat, Physics Letters A 377, 
1290-1296 (2013). 

[3]  S.M.P. Kalaiselvi, T.L. Tan, A. Talebitaher, P. Lee and R.S. Rawat, Physics Letters A 
378, 804-809, (2014). 

[4]  R. Verma, P. Lee, S. Lee, S.V. Springham, T.L. Tan, R.S. Rawat, and M. Krishnan, 
Applied Physics Letter 93, 101501 (2008). 

[5]  R. Verma, R.S. Rawat, P. Lee, S. Lee, S.V. Springham, T.L. Tan, and M. Krishnan, 
Physics Letter A 373, 2568-2571 (2009). 

[6]  S. Lee, S.H. Saw, and J. Ali, J. Fusion Energy 32, 42–49 (2013). 

[7]  S. Lee, Australian J. Physics 35, 891-895(1983). 

[8]  S.V. Springham, A. Talebitaher, P.M.E. Shutler, S. Lee, R.S. Rawat, P. Lee, Applied 
Physics Letters 101, 114104 (2012). 

[9]  P.M.E. Shutler, S.V. Springham, A. Talebitaher, Nuclear Instr. and Methods in Physics 
Research Section A 709, 129-142(2013) 

[10] Y. Yamada, Y. Kitagawa, I. Tsuda and M. Yokoyama, J. Phys. Soc. Jpn 49, 433 (1980). 

[11]  S. Lee, M.A. Alabraba, A.V. Gholap, S. Kumar, K.H. Kwek, M. Nisar, R.S. Rawat, and 
J. Singh, IEEE Trans. on Plasma Sci. 18(6), 1028-1032 (1990). 



13 

[12]  L. Soto, C. Pavez, F. Castillo, F. Veloso, J. Moreno, S. K. H. Auluck, Physics of 
Plasmas 21(7), 072702 (2014). 

[13]  K. N. Mitrofanov, V. I. Krauz, P. Kubes, M. Scholz, M. Paduch, E. Zielinska, Plasma 
Physics Reports 40(8), 623-639 (2014). 

[14]  T. Zhang, X. Lin, K. A. Chandra, T.L. Tan, S.V. Springham, A. Patran, P. Lee, S. Lee 
and R.S. Rawat, Plasma Source Science and Technology 14(1), 368-374 (2005). 

[15]  H. Krompholz, W. Neff, F. Ruhl, K. Schonbach and G. Herziger, Phys. Lett. A77, 246 
(1980). 

[16]  W. Kies, Plasma Phys. and Contr. Fusion 28, 1645 (1986). 

[17]  M. Lu, M. Han, T. Yang, C. Luo and T. Miyamoto, IEEE Trans. Plasma Sci. 29, 973 
(2001). 

https://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=3EW7P7WSxgOMHLSZtkj&author_name=Soto,%20L&dais_id=16180047&excludeEventConfig=ExcludeIfFromFullRecPage
https://apps.webofknowledge.com/OneClickSearch.do?product=WOS&search_mode=OneClickSearch&excludeEventConfig=ExcludeIfFromFullRecPage&colName=WOS&SID=3EW7P7WSxgOMHLSZtkj&field=AU&value=Pavez,%20C
https://apps.webofknowledge.com/OneClickSearch.do?product=WOS&search_mode=OneClickSearch&excludeEventConfig=ExcludeIfFromFullRecPage&colName=WOS&SID=3EW7P7WSxgOMHLSZtkj&field=AU&value=Pavez,%20C
https://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=3EW7P7WSxgOMHLSZtkj&author_name=Veloso,%20F&dais_id=16179834&excludeEventConfig=ExcludeIfFromFullRecPage
https://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=3EW7P7WSxgOMHLSZtkj&author_name=Moreno,%20J&dais_id=1500023&excludeEventConfig=ExcludeIfFromFullRecPage
https://apps.webofknowledge.com/OneClickSearch.do?product=WOS&search_mode=OneClickSearch&excludeEventConfig=ExcludeIfFromFullRecPage&colName=WOS&SID=3EW7P7WSxgOMHLSZtkj&field=AU&value=Mitrofanov,%20KN
https://apps.webofknowledge.com/OneClickSearch.do?product=WOS&search_mode=OneClickSearch&excludeEventConfig=ExcludeIfFromFullRecPage&colName=WOS&SID=3EW7P7WSxgOMHLSZtkj&field=AU&value=Krauz,%20VI
https://apps.webofknowledge.com/OneClickSearch.do?product=WOS&search_mode=OneClickSearch&excludeEventConfig=ExcludeIfFromFullRecPage&colName=WOS&SID=3EW7P7WSxgOMHLSZtkj&field=AU&value=Kubes,%20P
https://apps.webofknowledge.com/OneClickSearch.do?product=WOS&search_mode=OneClickSearch&excludeEventConfig=ExcludeIfFromFullRecPage&colName=WOS&SID=3EW7P7WSxgOMHLSZtkj&field=AU&value=Scholz,%20M
https://apps.webofknowledge.com/OneClickSearch.do?product=WOS&search_mode=OneClickSearch&excludeEventConfig=ExcludeIfFromFullRecPage&colName=WOS&SID=3EW7P7WSxgOMHLSZtkj&field=AU&value=Paduch,%20M
https://apps.webofknowledge.com/OneClickSearch.do?product=WOS&search_mode=OneClickSearch&excludeEventConfig=ExcludeIfFromFullRecPage&colName=WOS&SID=3EW7P7WSxgOMHLSZtkj&field=AU&value=Zielinska,%20E

	JOFE-34-4-794_cover
	JOFE-34-4-794

