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Confined ion energy >200 keV and increased fusion yield in a DPF
with monolithic tungsten electrodes and pre-ionization
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To reduce impurities in the dense plasma focus FF-1 device, we used monolithic tungsten electro-

des with pre-ionization. With this new set-up, we demonstrated a three-fold reduction of impurities

by mass and a ten-fold reduction by ion number. FF-1 produced a 50% increase in fusion yield

over our previous copper electrodes, both for a single shot and for a mean of ten consecutive shots

with the same conditions. These results represent a doubling of fusion yield as compared with any

other plasma focus device with the same 60 kJ energy input. In addition, FF-1 produced a new

single-shot record of 240 6 20 keV for mean ion energy, a record for any confined fusion plasma,

using any device, and a 50% improvement in ten-shot mean ion energy. With a deuterium-nitrogen

mix and corona-discharge pre-ionization, we were also able to reduce the standard deviation in the

fusion yield to about 15%, a four-fold reduction over the copper-electrode results. We intend to fur-

ther reduce impurities with new experiments using microwave treatment of tungsten electrodes,

followed by the use of beryllium electrodes. Published by AIP Publishing.
https://doi.org/10.1063/1.4989859

I. INTRODUCTION—THE DENSE PLASMA FOCUS
(DPF) DEVICE

DPF is a compact and simply constructed device first

developed in the 1960s by N. V. Filippov in the USSR and by

J. W. Mather in the United States and has been studied by doz-

ens of groups over the last 50 years, resulting in a large and rich

literature. It consists of two concentric cylindrical electrodes

enclosed in a vacuum chamber. The chamber is evacuated to

low pressure and then backfilled to several Torr with the fuel

gas. A pulse of electricity with a rise time of 0.2–10 ls from a

capacitor bank is discharged across the electrodes during opera-

tion.1 In operation, as the capacitors discharge, the gas is ion-

ized and a current sheath, often consisting of pinched current

filaments,2,3 forms and runs down the electrodes. When the

sheath reaches the end of the inner electrode (the anode), the fil-

aments pinch together in the center, forming dense, magneti-

cally confined hot spots or plasmoids.4,5 The plasmoids emit

X-rays with energies from several keV to over 100 keV. X-ray

pinhole images have demonstrated that the plasmoids can be

tiny, with radii of hundreds of microns or less.6–9 The plas-

moids can have densities in the range of 1020–1021 cm�3. These

densities were measured by a number of independent methods,

including heavy ion and secondary product fusion,10,11 CO2

laser scattering,12 and X-ray line intensities.13 These plasmoids

emit intense beams of accelerated ions and electrons.14–18

Neutrons from fusion reactions are emitted from the device in

large quantities (up to 1013) per shot.

II. ANALYSIS OF IMPURITY EFFECTS

There is good evidence that heavy-metal impurities limit

the fusion yield in mega-ampere plasma focus devices.19

Such impurities decrease the conductivity of the plasma in

the current-carrying sheath, leading to disruption of current

filaments through over-heating.20 The elimination of the

filaments, combined with enhanced radiation from the impu-

rities, limits the density in the current sheath. This in turn

leads to lower plasma density and thus lower fusion yield in

the plasmoid that forms during the focus phase. In addition,

the disruption of the highly magnetized filaments allows the

formation of additional current sheaths, draining energy

from the plasmoid and further reducing fusion yield. Third,

the unequal distribution of impurities leads to asymmetric

compression, also reducing density and yield.

We can calculate approximately the amount of impurity

of a given element that is required to disrupt the filaments. A

heated plasma moves into a cool plasma or neutral gas in a

way that minimizes the total dissipation of energy. The two

principal ways energy is dissipated from the current sheath

in a plasma focus device are through electrical resistance of

the current moving through the sheath and through hydrody-

namic friction of the sheath moving through the background

medium. Electrical resistance is minimized by an even distri-

bution of current, but hydrodynamic friction is minimized by

filamentation—the balance between the two processes deter-

mines if filamentation will occur.

Hydrodynamic dissipation power is

PF ¼ 0:5 nav3
Arf LNlMp ergs=sð Þ; (1)

where vA is the Alfven velocity of the current sheath, Mp is

the mass of a proton, l is the mean atomic mass, na is the fill

gas particle density, and N, rf, and L are the filaments num-

ber, radius, and length, respectively.

Electrical resistive dissipation power is

Pr ¼
1

2
� gLI2

Npr2
f

ergs

s

� �
; (2)

where g is the electrical resistivity, and I the total current in

statamperes.
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The sum of the two terms will be minimized for

r3
f ¼

4 gI2

N2pnav3
AlMp

cm3ð Þ: (3)

It will be difficult for filaments to form unless rf < pra/2 N,

where ra is the anode radius, so

r3
a >

32 gNI2

p4nav3
AlMp

cm3ð Þ: (4)

Since

I2 ¼ pr2
anav2

Ac2lMp; (5)

we then have

ra >
32gNc2

p3vA
cmð Þ: (6)

This can be interpreted as a lower limit on the magnetic

Reynolds number

Rm ¼
4pravA

gc2
; (7)

Rm > 128N=p2; (8)

if we take the linear dimension as ra. If we instead take the

linear dimensions as rf,

Rm > 64=p: (9)

So, to form vortices, the flow velocity must be considerably

larger than the magnetic diffusion velocity on the scale of

the filament radius.

To see the effects of impurities, we can write the resis-

tivity, g, as

g ¼ 2
ffiffiffiffiffiffi
2p
p

e2fz2
i

ffiffiffiffiffiffi
me
p

lnK

3 kTeð Þ3=2

; (10)

where f is the fraction of ions with charge zi, Te is electron

temperature in eV, I the total current in A, and z is the ratio

of electron-to-ion density.

We can approximately assume that magnetic and ther-

mal pressure are balanced in the sheath, so

kTe ¼
1

2
� lMpv2

A

zþ 1ð Þ : (11)

Combining (10) and (11)

g ¼ 8
ffiffiffi
p
p

e2fz2
i lnK

3zMpv3
A

 !
l= zþ 1ð Þ
� ��3

2
me

Mp

� �1
2

: (12)

We can then use (6) to produce a dimensionless criterion for

filament formation and a limit on impurity

fz2
i <

3

256

� �
p

5
2 zþ 1ð Þ=l
� ��3

2
Mp

me

� �3
2 ra

re

� �
zb4

NlnK

� �
; (13)

¼ 7� 10�26razv4
A zþ 1ð Þ=l
� ��3

2
1

NlnK

� �
; (14)

where re is the classical radius of the electron and b is vA/c.

We can take as an example the conditions in FF-1 at the

end of the run-down phase with vA¼ 1.1 � 107 cm/s,

ra¼2.8 cm, and deuterium fill pressure 20 Torr. With 16

cathode vanes, we take the minimum N to be 32, as the fila-

ments will tend to form in counter-rotating pairs. Then, fczi
2

<11, where fc is the critical concentration above which we

expect no filamentation. For tungsten impurities this would

put the limit at 20% by mass. So, with impurity above this

level, it is unlikely that filamentation will exist at the end of

the run-down.

By comparison with our previous results, in 2013 we

ran FF-1 with a cathode consisting of 14-cm long cylindri-

cal Cu rods screwed into a tungsten plate and a 2.8 cm

radius Cu anode that was plated with Ag. We estimated19

in these experiments an impurity level of about 50% of the

deuterium mass. If this was about half Cu and half Ag then

fzi
2 ¼17. In this case, our theory would predict no fila-

ments survive to the end of run-down, which is what we

observed.

If we want to be sure that the filaments can form (or re-

form if disrupted) before the end of the run-down, we have

to require an impurity fraction f that is low enough so that fil-

amentation begins adequately early in the run-down. While

typical filamentation growth times of the order of rf/vA are

much shorter than the rundown-time, we can conservatively

require that the sheath be unstable to filamentation no later

than half-way through the rundown time. At this point vA

will be approximately 0.7 times the peak value at the end of

the run-down.

Assuming the source of the impurity is at the start of the

run-down (as is shown in Sec. III) the fraction fc will be

higher in the earlier phases of the rundown, roughly in

inverse proportion to the distance the sheath has traveled,

which in turn is roughly proportional to vA
2. Therefore f at

the end of run-down is inversely proportional to vA
6, and

thus is about fc/8, so in this case fc zi
2 < 1.4.

We can thus approximately distinguish a low-impurity

regime with f zi
2 < 1.4, where we expect filaments to be pre-

sent at the end of run-down and a high-impurity regime, fzi
2

>11, where filaments will almost certainly not be present,

with an intermediate impurity regime in between, where fila-

mentation is uncertain.

III. SOURCES OF IMPURITY

Two primary sources of impurities are vaporization of

electrode metal from arcing between separate pieces of the

electrodes and vaporization of the anode by runaway elec-

trons during the initial breakdown of the plasma.19 In order

to eliminate the first source, we installed monolithic electro-

des in the FF-1 device in 2015. These electrodes are single

pieces, connected to the rest of the circuit outside the vac-

uum chamber, so no arcing vaporization is possible. To pro-

vide mechanical rigidity to the cathode, the usual rods are

replaced by vanes (Fig. 1). To reduce the second source, we

changed the material of the electrodes from copper to tung-

sten, which is more heat-resistant. In addition, we imple-

mented a pre-ionization procedure, so as to reduce the
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energy of the electrons in the main discharge. Pre-ionization

has been used successfully with the DPF by several groups

of researchers.21–25

Initial tests of the new electrodes in 2015 demonstrated

the sensitivity of tungsten to oxide contamination. In the

presence of heated deuterium, tungsten oxide reacts to form

hydrogen tungsten bronze (HxWO3). While tungsten is

highly heat-resistant, tungsten bronze easily dissociates start-

ing at 500 �C.26 Also, both tungsten bronze and tungsten

oxide have low thermal and electrical conductivity, so heat

up rapidly when exposed to high current density. We

observed the production of characteristically golden-colored

tungsten bronze layers on the electrodes and inner vacuum

chamber surfaces, leading to high levels of tungsten impuri-

ties in the plasma.

We identified the main sources of oxygen as water

vapor outgassing from silicone gaskets and other surfaces,

and release of oxygen from chromium oxide layers in the

stainless steel vacuum chamber. To reduce these sources,

we had the vacuum chamber coated with 4 lm of TiN, and

we baked-out the chamber and electrodes under vacuum for

two weeks at a temperature of 120 �C. The virtual leak rate

from outgassing was reduced from 12 to 1.3 lTorr per

minute.

Finally, we doubled the length of the vacuum chamber

by moving the floor of the chamber from 15 cm from the

anode to 45 cm away in order to eliminate the splash-back

onto the electrodes of material eroded from the tip of the

anode near the pinch region.

Unfortunately, we did not succeed in entirely eliminat-

ing oxides due to a faulty valve introducing some trapped

water vapor and to possible oxide formation during the bake-

out itself. However, the oxides were unquestionably reduced

as evidenced by a substantial reduction in the amount of col-

ored tungsten bronze deposits.

IV. EXPERIMENTAL SET-UP

In testing the pre-ionization, we initially used a shunt resis-

tor from the capacitor charging circuit. We ran a series of shots

with pure deuterium using this set-up. However, we found this

led to a series of arc breakdowns, often concentrated in a single

region of the anode. Despite the small current involved, about

100 A, we observed that these arcs could produce tungsten

dust, so were still able to vaporize the tungsten oxides. In addi-

tion, the exact conditions of pre-ionization at the time the main

current turned on were not constant from shot to shot. To avoid

this effect, we switched to a separate pre-ionization circuit with

an adjustable high-voltage power supply providing microam-

pere currents through a 1.25 GX resistance (Fig. 2). With pure

deuterium, we found that we could not achieve a steady,

corona-discharge pre-ionization (CDP). We were then able to

get a steady corona discharge for pre-ionization with a

deuterium-nitrogen mix with N> 3% by volume. However, we

were only able to achieve a pinch with fusion yields for

N< 6%. Within this range, the best performance was consis-

tently obtained 4.4%–4.8% N.

We fired a bank of eight capacitors with a total of 75 lF

capacitance charged to 40 kV, for a bank energy of 60 kJ.

This produced a 1.2 MA peak current with a rise time of

about 1.8 ls. The anode and cathode have the same length,

14 cm, with anode outer radius being 2.8 cm and the 16

vanes of the cathode touching a circle with radius 5 cm.

They are separated by an alumina insulator with a length of

2.8 cm.

V. RESULTS

A. Reduction in impurity

We found evidence that the new conditions did indeed

reduce the erosion from the anode near the insulator. First,

the dip in current that occurred during the first 100 ns of the

current rise was substantially reduced in the new shots rela-

tive to those with copper electrodes and no pre-ionization

(Fig. 3). On average, the total energy lost in these dips

declined by 50% with the new conditions as compared to the

old, which clearly reflected a reduction in energy absorbed

by vaporization and ionization of material from the anode

surface.

This was confirmed following the firing run by direct

examination of the anode. During a 125-shot run with silver-

coated copper anode, an easily measurable reduction of over

200 lm was observed in the anode diameter in the 0.8 mm

wide region near the insulator. No such reduction was mea-

surable with a 150-shot run with the tungsten anode, putting

an upper limit on the erosion of about 25 lm. In addition, we

FIG. 1. Monolithic tungsten cathode and anode installed on FF-1. Vanes

have replaced the standard rods in the cathode.

FIG. 2. Pre-ionization circuit connects an adjustable high-voltage power

source (max 60 kV) to the central anode of FF-1 through a 1.25 GX resis-

tance. To protect the power supply during the shot, we included an inductor

coil and capacitor.
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used a Fourier analysis of audio produced by rubbing the

two anode surfaces near the insulator. This showed a roughly

3-fold reduction in roughness at long (100-lm) wavelengths

for tungsten relative to copper, again confirming a substantial

reduction in erosion.

We also measured a reduction in the effect of impurities

on the speed of the run-down phase. Using S. Lee’s simula-

tion model,27 shots from both the copper-electrode shots and

the tungsten anode shots were fitted, allowing the external

inductance to be varied in the simulations. We had previ-

ously measured the external inductance of the circuit using

high-pressure N shots to be 26 nH. However, to fit the copper

electrode results, the simulation inductance had to be

increased to 40 nH, while the tungsten result could be fit

with an external inductance of 30–32 nH.

These results are consistent with a reduction in impurity

mass by about a factor of three and thus a factor of 10 reduc-

tion in impurity by ion number, given the mass ratio of tung-

sten to copper. Due to tungsten’s greater z, the reduction of

the fz2 factor is then from about 17 to 9, thus moving only

from the high to medium impurity level.

This is for a typical shot in the tungsten series. It is more

difficult to estimate the range of impurity. The near-UV

spectra showed tungsten lines that were quite consistent

from shot to shot as measured as a fraction of the continuum

intensity. The minimum-intensity lines were only about 10%

less than the mean. But the variability of run-down time,

discussed below, indicated a wider range of impurity, with

the minimum calculated impurity values roughly 60% below

the mean. The Lee simulation fits indicate an intermediate

minimum value of about 35% below the mean.

The contribution of tungsten oxides to the plasma was

clearly evidenced in the optical-NIR spectra obtained from

slits pointed at the anode above the region of the pinch.

These showed a clear peak at 777 nm, typical of oxygen.

B. Energy transfer and fusion yield

The reduction in impurity was accompanied with an

improvement in conditions at the pinch. The “early beam,”

an increase in current immediately before the strong decrease

in current at the time of the pinch, had been observed consis-

tently with the copper electrodes.2 However, this phenome-

non was essentially eliminated with the tungsten electrodes.

We used both pure deuterium and deuterium-nitrogen fill

gases. With the first shots with pure D and arcing pre-

ionization, we achieved a 56% increase in best-shot fusion

yield compared with the previous copper electrodes, to 2.5

� 1011 neutrons. We also increased mean yield for a sequence

of 10 shots by 66% to 1.5 � 1011 neutrons (see Table I). For

comparison, the peak yield was 50% higher than the yield of

any other plasma focus device at 1.2 MA and double the yield

of any other PF for a bank energy of 60 kJ. See Herold et al.
for comparison values from other researchers.28

Using D-N mix and corona-discharge pre-ionization, we

almost matched the increase in mean yield for pure D,

increasing this by 56%, although we did not match the

increase in single-shot yield.

In addition, very significantly, with corona-discharge

pre-ionization (CDP) we observed a four-fold decrease in

shot-to-shot variability over a ten-shot run as compared with

copper electrodes and nearly 3-fold reduction as compared

with the pure D results with arcing pre-ionization. These

results are quite similar to those obtained using pre-

ionization with much smaller-current PF devices. The large

reduction in variability strongly indicates that much of the

well-known shot-to-shot variability in PF devices is due to

unsymmetrical breakdown, which pre-ionization greatly

reduces.23

The D-N, CDP shots also produced a 40% increase in

mean ion energy for a single shot (June 7, 2016, shot 6), to a

record of 240 6 20 keV for any PF device. This is a record

FIG. 3. The early dip in current at about 70 ns after pulse initiation is greatly

reduced with tungsten electrodes and pre-ionization (upper curve) as com-

pared to copper electrodes and no pre-ionization (lower curve).

TABLE I. Results are compared between copper electrodes, tungsten with pure D, and tungsten with D-N mix with and without corona discharge pre-

ionization. Mean values are shown for the best ten-shot sequence. Statistically significant (at 1% level) differences from the copper results are shown in bold

and results obtained outside the ten-shot sequences are shown in parentheses.

Electrodes material

(condition) Gas

Total

pressure

(Torr)

Number

of shots

Neutron yield

(single-shot) � 1011

Neutron yield

(mean 10 shots) �1011

Neutron

Yield s.d. (%)

Mean ion

energy

(single-shot) keV

Mean ion

energy (mean

10 shots) keV

Copper D2 24 10 1.6 0.9 55 135 (170) 77

Tungsten D2 18-20 8 2.5 1.5 38 200 71

Tungsten

(No Pre-ionization)

D2 þ N2 18 7 1.9 1 41 124 78

Tungsten

(Pre-ionization)

D2 þ N2 18 10 1.7 1.4 14 225 (240) 124
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for confined ion energy in any fusion-fuel plasma using any

device. A second shot (June 2, 2016 shot 8) was measured

with Ei of 225 keV. We observed as well a 61% increase

over the best copper results in Ei averaged over 10 consecu-

tive shots with the same conditions.

These results exceeded a previously reported record in

2012 of 170 keV for confined mean ion energy in the same PF

device with copper electrodes.29 It also exceeded the

100–200 keV gyrating ions reported by Kubes et al. in 2015.30

We measured mean ion energy Ei by time-of flight

measurements of neutrons at 11 m and 17 m from the device

axis. The TOF PMTs were located at the height of the end of

the anode, perpendicular to the machine axis. They had a

collimated field of view of only 2 cm vertically from the tip

of the anode. As described previously,7 the spread in neutron

velocities in the perpendicular direction must be due to high-

energy ions which are confined within the central plasmoid

produced at the tip of the anode (Fig. 4). The duration of the

neutron production, measured both by projecting back the

TOF signals and by a third PMT located at 1.34 m, is 40 ns,

and the neutron yield was 1.6 � 1011.

In these shots, as in previous work30 with FF-1, the neu-

trons observed cannot be mainly produced by an axial beam

passing through either a dense plasmoid or through the back-

ground gas. Such a beam would produce a strong asymmetry

in neutron distribution, with far more neutrons in the axial,

down-beam direction than horizontally. We observed no

such large asymmetry.

Comparing neutron measurements by cross-calibrated

bubble detectors at 4� and 90� from the axis, we found an

asymmetry for 10 shots of only 1.3 6 0.1 towards the axial

direction. By contrast, if the neutrons were produced by a

beam interacting with the 1.6 m-long column of deuterium

in the vacuum chamber and drift tube, we would expect

more than 100 times as many neutrons at the 4� than at the

90� detector. Thus, only confined ions that are gyrating

within the plasmoid, not moving in an axial beam, can pro-

duce the neutrons observed.

Of course, there is no reason to believe that these ions

are Maxwellian in velocity distribution, and therefore we do

not refer to the ion mean energy as a temperature. In a previ-

ous work,29 we have calculated the density of the plasmoids

as about 3 � 1019 cm�3 and for that density, 250 keV ions

will take a few microseconds to thermalize, far longer than

the 40 ns lifetime of the plasmoids.

On the other hand, there is also no evidence in our

results for two populations of ions with widely different Ei.

The distribution of neutron arrival times is sufficiently close

to the expected Gaussian curve that we can exclude, for a

wide range of hypothesized parameters, a relatively cold,

dense background plasma colliding with a 500 keV fast ion

population to produce collisions with 250 keV average

energy. The colder ions would produce a central, sharply

peaked distribution of neutron arrival times while the hot

ions colliding with each other would produce greater-than

Gaussian wings to the arrival time distribution. We observed

neither. However, a very-low-energy background plasma

within the plasmoid with Ei< 7 keV would produce too few

neutrons to be observed, so we cannot exclude that possibil-

ity. Neither do we see any positive evidence for it.

For comparison, we performed 6 shots with no pre-

ionization but with the same D-N mix. While the number of

shots was limited, the mean fusion yield, yield variability,

and Ei were essentially identical with that for the copper

electrodes. The difference between mean fusion yield of the

10-shot pre-ionization run and the 7-shot no- pre-ionization

run was significant at the 2 sigma level. For Ei, only the D-N

CDP shots had significant increase over copper, with both

the no-preionization D-N mix and arcing-preionization pure

D having the same mean Ei as copper.

Energy transfer to the pinch also increased significantly

from the copper to tungsten electrodes. The average voltage

spike at the time of the pinch increased by 120% from 37 to

81 kV and the maximum spike for a single shot increased

from 45% from 62 to 90 kV. Based on inductance calcula-

tions using the formulas of Bruzzone et al.,31 we calculated

that maximum energy transfer into the pinch increased to

about 8 kJ. For energy transfer, there was no significant dif-

ference among the preionization and no-preionization

conditions.

After the first 100 shots, which was after 50 shots with

pinches, fusion yield began to deteriorate, reverting to about

the same levels as copper electrodes by the time the series

ended at 150 shots. The last shots showed a return as well of

the early beam phenomenon and an increase in the early dips

in current. While the reason for the decline is not deter-

mined, it seems likely that the increased roughening of the

anode surface probably led to increasing asymmetry in

breakdown and therefore in the current sheath and subse-

quent pinch.

C. Correlations of yield, Ei, and V with impurity

To further test the hypothesis that increases in fusion

yield and Ei are due to decreases in impurity, we looked at

correlations with run-down time. We expect the run-down

time to vary inversely with fill pressure or, for a mix, with

total gas mass density. We wanted to compensate for this

dependence, so that the deviation from the expected run-

FIG. 4. PMT signals at 11.5 m (red) and 17.5 m (blue) plotted against neu-

tron energy, determined by time of flight. The vertical scale of the NTF sig-

nal is expanded to match that of the FTF. There is good agreement with a

FWHM of 1.16 6 0.02 MeV for a mean ion energy of 240 keV.
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down time would be due to a greater or lesser mass of impu-

rity. We found that for the range of pressures we used, the

run-down time could be adequately fitted by a linear depen-

dence on pressure of -34 ns/Torr D. We thus used an adjusted

run-down time as a measure of impurity

ta ¼ t� 34:5 PD þ 7PNð Þ; (15)

where ta is adjusted run-down time (ns), t is measured run-

down time (time from start of pulse to maximum voltage),

PD is deuterium fill pressure in Torr, and PN is nitrogen fill

pressure.

As can be seen from Table II and Fig. 5, there are signif-

icant (at the 1% level) correlations of peak voltage and Ei on

ta for the entire sample of shots using tungsten. For yield

(Fig. 6), the situation is somewhat more complex, as there

are significant differences in the correlations for different

conditions. The pure D shots and the early D-N mix shots

share similar correlation, although the D-N mix has less scat-

ter. But there is a significantly lower-yield for the later D-N

mix shots, after shot 50.

D. Correlation of yield and pre-ionization level

We also tested the correlation of the pre-ionization with

the yield. While the arcing pre-ionization conditions were

not nearly as controllable as those with CDP, they did pro-

vide data that allowed us to see how yield varied with the

ionization level achieved during pre-ionization.

In conditions where no runaway electrons are expected,

the energy that an electron acquires between collisions with

neutrals is just

Ee ¼ Ee=nr; (16)

where E is the electric field, e the electron charge, n the neu-

tral particle density, and r the collision cross section of the

neutrals.

We thus have

Ve ¼ 2eE=mnrð Þ1=2; (17)

I ¼ neveAe; (18)

ne ¼ I=A mnr=2eEð Þ1=2; (19)

where I is pre-ionization current right before the main break-

down, ne is the electron particle density (equal to ion particle

density), m is the electron mass, and A is the area of the cur-

rent. If we assume A to be constant, we can observe the other

variables for each shot. The current I was measured from the

recorded drop of the anode voltage over the recorded time

for the voltage drop

I ¼ DVCp=tp: (20)

DV is the voltage drop immediately before the main current

rise (see Fig. 7), Cp is the capacitance of the plates changed

during pre-ionization (which is a constant), and tp is the time

for the voltage drop.

TABLE II. Analysis of shots.

Correlation Sample N Slope r

Log Ei on log ta all 48 �8.36 0.48

Log V on log ta all 48 �1.94 0.44

FIG. 5. Both the ion mean energy Ei and the peak voltage V show signifi-

cant correlations with the adjusted pinch time. Lines show linear log-log fit

to all shots.

FIG. 6. Log fusion yield (J) plotted against log adjusted pinch time (ns).

Pure D shots with arcing pre-ionization are blue trapezoids, D-N mix with

CDP are red squares during first 50 pinches, green triangles during last 50

pinches. D-N mix with no pre-ionization are denoted as purple circles.
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The resulting data, limited only to shots with fill pressure

of 18 6 2 Torr (Fig. 8), show a significant correlation at the

1% level between the calculated ne and yield, with a near dou-

bling of yield between the low and high end of the ne range.

Of course correlation does not prove causation, and both

higher yield and higher ne could be due to a common cause,

such as a smother anode surface leading to a more symmetri-

cal breakdown. However, the significant decrease in yield

without pre-ionization indicates that pre-ionization probably

increases yield by allowing a more symmetrical initiation of

the main current pulse.

There was no significant correlation of ne with rundown

time, so it seems unlikely that the effect of pre-ionization is,

for these experiments, through a greater reduction of impurity.

VI. CONCLUSIONS AND PLANS FOR FURTHER
EXPERIMENTS

Despite remaining impurities, the combination of tung-

sten electrodes and pre-ionization was able to demonstrate a

three-fold reduction of impurities by mass and a 10-fold

reduction by ion number. With the new set-up, FF-1 pro-

duced a 50% increase in fusion yield over the copper electro-

des, both for a single shot and for a mean of ten consecutive

shots with the same conditions. These results represent a

doubling of fusion yield as compared with any other plasma

focus devices with the same 60 kJ energy input. In addition,

the device produced a new single shot record of 240 keV for

mean ion energy, higher than for any other confined fusion

plasma, and a 50% improvement in ten-shot mean ion

energy. With a deuterium-nitrogen mix and corona-

discharge pre-ionization, we were also able to reduce the

standard deviation in the fusion yield to about 15%, a four-

fold reduction over the copper-electrode results.

These encouraging results were accompanied by the dis-

appearance of the early beam phenomena and a concurrent

doubling of the mean energy deposited in the pinch region,

and a 45% increase in the single-shot deposited energy, as

measured by the spike in the voltage at the time of the pinch.

This improved efficiency in energy transfer to the pinch is,

in our view, the likely immediate cause of the improved

yield and Ei, although we cannot yet demonstrate that

conclusively.

The range of impurity values, around 0.0015 by number,

that we calculate for these shots imply values of fz2 within

the range our theory predicts will probably not allow fila-

ment formation, and we saw no evidence that filaments actu-

ally were present in the later phases of the run-down. So we

do not attribute the improvement in performance to the

achievement of filamentation, which would have greatly

increased plasmoid density. Rather, the results are most con-

sistent with the more modest reduction in impurity leading to

greater symmetry of the sheath, the elimination of the early

beam and a more efficient transfer of energy into the pinch.

To achieve optimal results, impurities must be further

reduced, to reach the “low impurity regime” defined in Sec.

III. In new experiments with tungsten electrodes, we are

using a microwave heating of flowing hydrogen gas to more

effectively remove the oxides. Beyond these experiments,

we plan in the near future to replace the tungsten electrodes

with beryllium electrodes, which will entirely eliminate the

problem of high-Z impurities by excluding high-Z materials.
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