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The FN-II Dense Plasma Focus is a small (< 5kJ) Mather type device, where the dependence of
neutron yield and its anisotropy, in terms of deuterium filling pressure, and the neutron emission
angular distribution have been studied. Two different electrode configurations have been tested,
showing that their geometry plays an important role both on neutron yield and anisotropy. Time
integrated anisotropy has been measured with silver activation counters, on a shot to shot basis.
CR-39 nuclear track detectors are used to determine the angular distribution of neutrons, averaged
over tens of shots, showing that an isotropic pedestal accounts for 70% of the emission, while the
anisotropy component accounts for the remaining 30%. The neutron yield shows a tendency to
increase with anisotropy, as well as with the emission of hard X-rays observed on-axis. Scintillator-
photomultiplier detectors show a slight Doppler shift in the neutron energy at backward angles,
supporting the beam-target mechanism. Additional information has been obtained from time inte-

grated X-ray diagnostics, which include filtered multi-pin-hole cameras.

I Introduction

The Dense Plasma Focus (DPF) has been studied since
the late 1950’s, and its research has been stimulated
from its early days because of the simplicity of its en-
gineering, and its properties as an intense, pulsed, low
cost, source of neutrons, electron and ion beams, as
well as of soft and hard x-rays [1-3]. Although some
projections maintain the DPF might still be considered
a feasible candidate for a controlled fusion reactor [2,4],
most of the recent work has been motivated by ongo-
ing interest as a cost effective pulsed neutron and x-ray
source for a wide range of applications [5-9].

The DPF is a coaxial gun, in which the inner elec-
trode, the anode, is electrically insulated from the outer
electrode, the cathode, by ceramics or Pyrex. After
achieving a high vacuum, gas is admitted at a pressure
of a few torr. The plasma originates when a capacitor
bank is discharged through a low inductance transmis-
sion line, as spark or rail gap switches are closed within
a few mns rise time. As the discharge breaks down at

the breech of the gun, through the insulator surface,
a radial current sheath develops, giving rise to an az-
imuthal magnetic field, which drives the sheath towards
the muzzle. As a result, the sheath sweeps and ionises
the neutral gas it finds on its way. Finally, it focuses
into a plasma column at the tip of the inner electrode,
with densities in the range of 10'® — 10*°e¢m !, and
electron temperatures in the range of 0.1 — 2.0keV, de-
pending on the dimensions of the device and the energy
stored in the capacitor bank. Confinement is achieved
by the pinch effect, due to the axial current, which
ranges from 200k A in small devices up to 2M A in the
largest ones. During this phase, soft X rays are pro-
duced by bremsstrahlung. The filling gas can be chosen
in order to produce strong line radiation, and thus hard
X-rays [10]. The tip of the electrode can be designed
in such a way that the impinging electron beam can
enhance them.

It is well known from the early days of fusion re-
search that the z-pinch is a magnetohydrodinamically
unstable configuration, and that the plasma column is



destroyed, usually within 10 — 50ns. In the process of
such instabilities, ions are accelerated away from the
anode, while electrons are accelerated into it, associ-
ated with the appearence of hot-spots [11]. A reason-
able hypothesis is that strong electric fields are gener-
ated, which accelerate ions up to energies greater than
10MeV, even in small devices [12-15]. Unfortuantely,
discrepancies between conflicting theories have not been
solved yet by experimental evidence. Such issue of out-
most importance falls beyond the scope of the present
paper. If the filling gas is deuterium in a DPF, the ac-
celerated ions react against the background hot dense
plasma ions, originating a notorious neutron pulse that
ranges from 10% per shot in small devices, up to 102
in some of the largest ones. This neutron yield follows
a power law with current I that goes as I* [16], and
with the stored energy W, that goes as W¢ [2]. Fur-
ther studies on the scaling laws of DPF machines have
been carried out by Lee and Serban [17].

Throughout the past forty years, the operation of
plasma foci has been documented for stored energies
that range from 2k.J [6,10,18,19] up to 1M .J [2,20]. The
behaviour of small devices around 2k.J has been thor-
oughly studied. The influence of electrode and insulator
materials on the neutron emission, has been studied by
Rout et al. [18], and comparative studies of ion, x-ray
and neutron emission have been carried out [19]. Small
portable machines have been proposed for introspective
imaging of metallic objects and for neutronic detection
of water [8,9]. Furthermore, smaller devices with high
repetition rate have been developed for applications
such as microelectronics lithography [6] and biomed-
ical studies [7]. It can be stated that plasma focus
research has spread because of its interesting physics
phentomena, its potential applications, the simplicity
of its engineering, and its affordability.

The present work stems from the Fuego Nuevo II
Dense Plasma Focus Device with two different oxygen-
free copper electrodes. The outer electrode is arrayed
as a squirrel cage. One of the objectives of this work is
to compare the performance of two different inner elec-
trodes with equal length but different diameter. The
first electrode, hereafter called electrode I, is a solid
cylinder fully contained within the insulator, so its di-
ameter is smaller than the inner diameter of the insu-
lator. The diameter of the second one, hereafter called
electrode II, by contrast, matches the outer diameter
of the insulator. It may be surmised that the second
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one may allow a better breakdown, not only because
its path is decreased, but also because there is an edge
effect at the electrode-insulator joint. It will be shown
this is the case.

The structure of the paper is as follows: A brief
description of the FN-II device and the diagnostics rel-
evant to this work is made in section II. The latter
include time integrated silver activation and nuclear
track detectors, which were used to obtain anisotropy
and angular distribution measurements, scintillator-
photomultiplier systems, used for time resolved detec-
tion of hard X-rays and neutrons, and the multi-pin-
hole camera. The results for time integrated neutron
yield and anisotropy for each electrode will be pre-
sented and discussed in section III. Time resolved hard
X-rays and neutron signals will be presented in section
IV, showing that a slight Doppler effect for the neu-
tron energy can be detected at backward angles. Time
integrated pin-hole x-ray signals, and radiographs ob-
tained on axis will be shown in section V. Finally, some
conclusions will be drawn in section VI.

IT Description of the experimen-
tal device

A scheme of the experimental arrangement is shown in
Fig. 1. Two different inner electrodes (anodes) of equal
length (40mm long), but differing diameter have been
tested. The insulator used in both cases is a 10mm long
Pyrex sleeve, with an outer diameter of 50mm. The di-
ameter of electrode I is 40mm, while that of electrode
IT matches the outer diameter of the Pyrex sleeve. The
squirrel cage outer electrode (cathode) consists of 12
copper bars, of 8mm diameter and 36mm long each,
arrayed on a 100mm diameter circle. The capacitor
bank consists of four 1.863 uF' capacitors in parallel,
with an internal inductance of 24 nH each. The energy
is conducted through a parallel copper plate transmis-
sion line insulated by six Mylar sheets, with a total
thickness of 2.2mm. The inductance of the system has
been measured by short-circuiting the gun, and found
to be 54nH. The circuit is closed by a spark gap switch,
pressurised with air, and triggered by a micro Marx gen-
erator, which produces a 100kV pulse with a 20ns rise
time. The results obtained in this work were produced
by charging the capacitor bank at 36kV, which means
the stored energy was 4.6k.J.
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Figure 1. Scheme of the experimental arrangement, showing electrode I and the pin-hole camera.

The behaviour of the circuit is monitored with a
Rogowski coil which yields the derivative of the current
signal dI/dt. Fig. 2 shows a typical oscillogram, where
(a) is the dI/dt signal, and (b) is the signal from a
scintillator-photomultiplier detector, described below.
The dip near dI/dt = 0, corresponds to a sudden drop
of current, which occurs as impedance rises during the
compression of the plasma column. This is the signa-
ture of the focusing of the plasma column.

Time integrated measurements of the neutron yield
and its anisotropy are made with two different methods.
Silver activation detectors are used on a shot to shot ba-
sis. These consist in two Victoreen 1B85 Geiger-Muller
counters, with lateral window, 10cm long, wrapped up
in a 500um silver foil, and surrounded by 6¢em of paraf-
fin. The total size of each detector is 22e¢m high with
a 15.5¢m diameter. Their purpose is to measure the
decay of 198 Ag and 1% Ag nuclei that result from the ac-
tivation of 197 Ag and %% Ag, respectively. The paraffin
moderates the neutrons, therefore increasing the acti-
vation cross section. Both counters were placed 54cm
away from the focus, one of them on the axis of the
device, and the other one at 90°. They were calibrated
with an Am-Be neutron source, and the background
counts were monitored on a daily basis, in order to
check the invariance of their behaviour. According
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Figure 2. A typical oscillogram showing the dI/dt signal (a)
along with the one of the NE211 scintillator-photomultiplier
detector placed 5.4 m away from the column at 90° (b). The
dip in signal (a) is the signature of the pinch at maximum
current. The first pulse in (b), which almost coincides with
the dip, corresponds to hard X-rays, and the second one to
neutron emission.

to the calibration, the behaviour of both counters was
very similar, and could be considered to be the same
within two significant figures. The neutron yield per
steradian, measured by each counter, is the number of



counts collected in 60sec multiplied by (9.4+0.3) x 103.
The minimum neutron yield threshold per steradian per
minute that can be measured, determined by the back-
ground, is (4.7 £.9) x 10, Further information on this
method can be found in Ref.[21].

The second method used to measure the neutron
anisotropy, and specifically the average neutron angu-
lar distribution, consisted in using CR-39 plastic nu-
clear track detectors. Fast neutrons can be detected
with the CR-39 polycarbonate (C12H1507), either by
elastic scattering with protons from the detector ma-
terial or radiator foils, such as polyethylene placed in
front [22], or by «a particles produced by ° B(n, a) reac-
tions [23]. At higher energies, even scattered C' and O
atoms generate etchable tracks [22]. These tracks can
be chemically etched by agents such as NaOH or KOH.
This method has been used earlier at other devices to
detect neutrons of energy around 2.45 MeV [24]. How-
ever it was not used to evaluate the role of the angu-
lar distribution in the determination of the total neu-
tron yield, which is one of the purposes of this work.
Rectangular chips, with a 1.9¢m x 0.9c¢m surface and
500um thickness were placed on a circular arc of 100
cm radius, centred at the focus, outside the discharge
chamber. Five different angles relative to the gun axis
were chosen: 0°,45°,490°,135% and 170°. It was found
that, in order to detect neutrons, the CR-39 needed to
be covered with polyethylene sheets, 2 mm thick. The
detectors were exposed to 65 shots, for a filling pres-
sure of 2.75 torr. This particular choice of pressure will
be explained below. The chemical etching of the plas-
tic chips was performed by immersing them in KOH,
6.25M solution, at (60 & 1)°C for 6 hours. The track
counting was done with an optical microscope, with a
200x magnification, fixing a field of 0.36mm x0.3mm as
measurement area. Forty fields per chip were counted,
in each chip, in order to obtain better statistics. The
optical microscope is coupled to a CCD camera and a
Digital Image Analysis System (DIAS) [25], making all
the measurements process automatically.

Two scintillator-photomultiplier detectors have
been used for time resolved neutron detection. The
scintillators, NE211 and NE218, are both contained
within cylinders of equal size; 7em long and 5em di-
ameter. They are coupled to AMPEREX photomul-
tiplier tubes model 56 AVP. In order to minimise the
hard X-ray signal, the scintillators are surrounded by a
lem lead shield, and their front is covered by lead and
copper filters. Signal (b) in Fig. 2 was obtained with
the NE211 scintillator and a Pb filter 5.53mm thick,
followed by a 2.65mm Cu foil. The peak that almost
coincides with the dip of the Rogowski coil signal is pro-
duced by hard X-rays, and it is clearly resolved from the
neutron pulse by time of flight. Thus, if the energy of
the neutrons varies with the angle, this can be deter-
mined as a Doppler shift, measuring the difference in
the time of flight between the X-ray and the neutron
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peaks at different angles. Further details will be given
in section V.

Although the inner electrode is a solid cylinder, the
centre of the tip is hollow, so that hard X-rays from the
collision of the electron beam with it are hidden from di-
rect observation at 90° from the axis. A multi-pin-hole
camera was placed in that direction, for time integrated
X-ray imaging of the plasma column. Five circular pin-
holes, 400um in diameter, and separated by 4.5mm
were made on a 2mm thick Cu screen, 19c¢m away from
the axis. Each hole was covered by 25,10,5,15 and
20pum thick Al filters respectively. Although the 400um
diameter of the pinholes may be too large for getting
a proper resolution, it was chosen in order to guaran-
tee reproducibility of the five holes. The images were
recorded on X-ray dental film, placed within an evacu-
ated camera 7.6cm away from the copper screen, on a
revolver-like film back with capacity for four films. This
yields a .40 magnification of the observed object. The
time (3 min.) and temperature (20°C) of the develop-
ing process were controlled, so the intensities obtained
for different shots could be compared.

Besides the pin-hole camera, a 300um Al window
was placed on axis, 35¢m away from the inner electrode,
which allows observation of the hard X-rays produced
on the face of the inner electrode.

IIT Neutron yield and anisotropy
results

Two silver activation detectors, as described above,
were used to measure the neutron yield and anisotropy
for electrodes I and II. The number of counts obtained
during sixty seconds after each shot, were recorded for
one detector placed on axis (0°) and the other at 90°. A
wide range of filling pressures was explored, going from
1.0 to 4.5 torr. The average number of counts Ny for
the detector on axis, and Ny for the detector at 90°, as
a function of filling pressure are shown in Fig. 3(a) for
electrode T and Fig. 3(b) for electrode II. The case of
electrode I includes 400 shots, while that of electrode IT
includes 539 shots. It must be noted that for electrode
I the number of counts is barely above the background
for pressures below 1.5 torr, while electrode IT showed a
larger neutron yield at low pressures. It is also observed
that the error bars, which show the mean square devi-
ation, are smaller for electrode II. This reflects a better
reproducibility for this geometry. Generally speaking,
the neutron yield is clearly larger for electrode II than
for electrode I, the maximum being roughly 3 times as
large for the first one. This maximum appears around
3.50torr for electrode I, and is shifted down to 2.75torr
for electrode II. The corresponding scale for dYn /df2 is
given on the right of Figs. 3(a) and (b).
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Figure 3. Number of counts obtained during one minute af-
ter each shot with the silver activation detectors at 0%, (No)
and 90°, (Ngo), as functions of the deuterium filling pres-
sure. Results for electrode I are shown in (a), while those
for electrode IT are shown in (b). The right hand scale shows
the diferential yield per solid angle.

The data for both electrodes show a clearly defined
anisotropy A = Ny/Nyo, which is shown as a function
of the deuterium filling pressure in Fig. 4. Electrode II
shows a stronger A, which tends to be larger for lower
pressures, up to 2.75torr, and falls thereafter. The
anisotropy for electrode I generally falls below that of
electrode II, and remains roughly constant, within the
error bars, throughout the range of pressures explored.
A better reproducibility is found for electrode II again.
It may also be interesting to look at the scattergrams of
A for several shots vs. the number of counts of the de-
tectors. As a best case sample, Fig. 5 shows A vs. Ny
for electrode II. A linear regression shows a clear ten-
dency of anisotropy to grow with the number of counts.
This result shows the relevance of the beam-target ef-
fect as a neutron generation mechanism. It may be
surmised that the better the ion beam generation, the
larger the neutron yield will be for a given stored en-

ergy.
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Figure 4. Time integrated anisotropy for electrodes I (a)
and IT (b) as a function of the deuterium filling pressure.
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Figure 5. Scattergram of anisotrpy A vs. the number of
counts on axis Ny for electrode II.

Once the optimum pressure 2.75torr was found for
electrode I, the average angular distribution of the neu-
tron yield was determined using the CR-39 detectors.
The angular distribution of the track density, obtained
with 65 shots is shown in Fig. 6, normalised to the av-
erage value at 0°. The data obtained for positive angles
can be adjusted by a Gaussian function superposed on
a pedestal;

C

oV 2w

£(6) = B+ ——eap(~62/20%), (1)
where 6 is the angle in degrees, B = .507, C' = 82.7
and 0 = 70.6. The values obtained for the samples
at £90° confirm the symmetry of the distribution, as
can be seen from the figure. Eq.(1) can be used in or-
der to estimate by integration the total neutron yield,
introducing a proper scaling factor for B and C, us-
ing the silver activation counters data. The isotropic
pedestal contributes 70% of the neutron yield, while



the anisotropic Gaussian distribution accounts for the
remainig 30%. For the case of the 65 shots, for which
Fig. 6 was obtained, the average number of counts on
axis and at 90° are < Ny >= 2034 and < Nyg >= 1265,
which yield dYy/dQ = 1.9x107 and dYyo/d2 = 1.2x107
neutrons/str, respectively. From these values, and the
ones obtained from the adjusted curve, eq.(1), for both
positions, an optimistic scaling factor S; = 2.0 x 107
is obtained at 0°, and a pesimistic one Sy = 1.7 x 107
at 90°. They agree within 18%. Integrating eq.(1) over
the sphere, and taking the average between the val-
ues obtained for S; and Ss, the total neutron yield per
shot, for this particular set of 65 shots is found to be
Yn = (1.66 £ 0.14) x 10%. This value is 11% higher
than the one expected from the measurements at 90°,
which would be 1.5 x 108, assuming the emission were
isotropic.
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Figure 6. Angular distribution of the track population
obtained from the neutron emission, normalised to the
maximum count obtained for 0°. CR-39 chips covering a

1.9c¢cm x 0.9cm area were placed 1m away from the focus at
0°,45°,+£90°,135° and 170° from the axis.

The value of A obtained from the CR-39 data
is 1.37 &£ .05. For this particular set of shots, the
anisotropy measured with the silver activation detec-
tors, obtained on a shot to shot basis, is 1.55 + 0.22,
which is consistent within the experimental error. Be-
sides counting the track density by means of DIAS,
their diameters were also measured. All five chips were
considered for this measurement. More than 90% of the
tracks fall within a strongly peaked Gaussian distribu-
tion centred around 19.8mm, with a full width at half
maximum of 4.3mm. These are presumably produced
by protons kicked off the polyethylene plate by elastic
(n,p) scattering. This is an indication that the neutrons
that are being detected are strongly mono-energetic.
The remaining 10% of the tracks are attributable to a
neutron background, which results from reflections on
the floor and walls.
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IV Time
sults

integrated X-ray re-

Time integrated soft X-ray images of the plasma col-
umn have been obtained with a multi-pin-hole camera,
as that described in section II. Typical images obtained
with electrode I are shown in Figs. 7a and b. In the
first case m = 0 and bright-spots can be observed. The
length of the central image is 8mm, which means the
maximum size of the plasma column is around 20mm.
This case corresponds to shot 2578, where Ny = 283
and Ngg = 164. An interesting example is that of shot
2582, shown in Fig. 7b, where the column is kinked,
and a hot-spot appears in the kinked column. It looks
like an m = 0 instability occurs well after the plasma
column has been bent as a result of an m = 1 instability.
Obviously, this statement cannot be conclusive without
the support of time resolved diagnostics. In this case
Ny = 523, while Ngg = 372. However, these two cases
differ significantly from the images obtained with elec-
trode II, which are generally dimmer. A good example
is that of Fig. 8a, corresponding to shot 2745, where
the neutron yield is considerably larger: Ny, = 8876
and Ngg = 3347. This hints at the possibility that the
radiation from electrode I has a stronger line radiation
component originated by impurities, than that of elec-
trode II. Since the neutron yield is clearly greater for
the latter, it is apparent that the impurity radiation
cooling acts in detriment of neutron production.

Harder X-rays cross the 300um Al window on the
axis which can be used for radiographical purposes,
such as the those shown in Fig. 8, where the inner
details of a pencil can be observed. There is an in-
verse relationship between the intensities of such on-
axis X-rays and the soft X-rays at the pin-hole cam-
era. This can be seen as follows: An array of super-
posed Pb foils, each 63um thick was prepared, such
that the maximum thickness corresponds to five foils
315um. For shot 2745, shown in Fig. 8a, the radio-
graph of the Pb filter obtained on axis is shown in
Fig. 8b. In contrast, for shot 2744, where the neu-
tron yield is lower (Ny = 1329, Ngo = 706), the soft
X-rays at the pinhole camera are stronger, as shown
in Fig. 10a, while the radiograph on axis, Fig. 10b,
is considerably dimmer than for the former case. This
pattern is systematically observed. It may surmised
that, since the hard X-rays observed on axis are pro-
duced by the electron beam that collides on the inner
electrode, the stronger the beam, the greater is the neu-
tron yield. Thus, the electron acceleration mechanism
may be correlated with the neutron generation mech-
anism. Further time resolved studies may clarify this
possibility. On the other hand, the pinhole cameras in-
dicate that purer, impurity-free plasmas allow a better
neutron yield. This is consistent with the discussion in
the previous paragraph.



Brazilian Journal of Physics, vol. 32, no. 1, March, 2002

T

Figure 7. X-ray images for shots 2578 (a) and 2582 (b), ob-
tained with the multi-pin-hole camera shown in Fig. 2. In
both cases m = 0 instabilities can be observed. In shot 2582
the plasma column is kinked,showing an m = 1 instability,
and a hot spot can be observed at the tip.

Figure 8. (a) X-ray pin-hole images for shot 2745. The
neutron yield increases significantly with electrode II, but
the images are dimmer. (b)Radiograph of an array of five
Pb foils, obtained with the X-rays emitted on axis for shot
2745. The maximum thickness, 315um, appears on the up-
per left corner, while the minimum, 63um, appears on the
lower right corner.

V Time resolved hard X-ray and
neutron measurements

Two scintillator-photomultiplier systems have been
used for hard X-ray and neutron measurements, as de-
scribed in section II. The geometry is similar for both,
but in one case the scintillator used is NE-211, while
in the other one it is NE-218. Signal (b) in Fig. 2 was
obtained with the NE-211 at 5.4m from the axis of the
device. The first peak that almost coincides with the
dip of the dI/dt signal is a hard X-ray pulse, related
to the electron acceleration in the focus phase, while
the neutron pulse is observed in the second peak, re-
tarded by their time of flight. For this particular shot,
2909, Ny = 8545 and Ngg = 3284. The two scintillators
used in this work have similar response to the neutron
signal within 20ns. In the case of the x-ray signal the
difference is indistinguishable.

The NE-211 was found to be more effective. This
can be seen in Fig. 11, where both detectors were
placed at the same distance of 5.4m, with 6.4mm Pb
and 1.3mm Cu filters. For this shot, 3461, Ny = 1039,
and Ngg = 735. In the oscilogram shown in Fig. 11,
both detectors were placed at 5.4m from the focus, but
at different angles. The NE218 detector (signal (b)) was
placed at 90° from the axis, while the NE211 detector
(signal (a)) was placed at a 170° backwards angle. The
former was filtered with 6.4mm Pb and 1.3mm Cu,
and the latter with a set of 5.35mm Pb and 2.65mm
Cu. The hard X-ray peak can be used as a time ref-
erence for the occurrence of the focus, and the energy
of the neutrons can be measured in terms of the dif-
ference of the time elapsed between both peaks, the
main problem being that neutrons emitted at a later
time can overlap neutrons emitted earlier with smaller
energy. Thus, for 5.4 m, the equivalence between the
time difference and the energy of neutrons is given by
A(t)(sec) = .397 x 1078 E(MeV)~ /2. From the dif-
ference of occurrence of the maxima of both detectors,
a Doppler shift in the energy is clearly observed, de-
spite of the experimental error. The results are shown
in Table 1.

Table 1. Energy Doppler shifts of neutrons measured
at backward angles. The second column gives the time
of flight difference that exists between the neutron peak
measured by the detector placed perpendicular to the
axis, and that measured by the detector at an angle,
given by the first column.

Angle with Time of flight | Energy shift
respect to axis | difference (nsec) MeV
120° 18 £5 0.3+0.1
150° 22+5 0.4+0.1

170° 365 0.6+0.1
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Figure 9. Radiograph of a pencil obtained with the X-rays
that cross a 300um Al window on axis. Inner details can be
clearly observed.

Figure 10. Same as Fig.8, but for shot 2744, which produced
a smaller neutron yield: (a) Soft X-ray images obtained with
the multi-pin-hole camera. (b) The corresponding radio-
graph of the Pb foil array.
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Figure 11. Hard X-ray and neutron signals, obtained for
shot 3830, with the NE211 detector (a) at 5.4m from the
device and a 170° backward angle, and the NE218 detector
(b) at the same distance, but perpendicular to the axis. A
Doppler shift is clearly seen as a difference of the neutron

time of flight for each detector.

VI Conclusions

Two electrode configurations have been tested: one
where the electrode is fully contained within the in-
sulator (electrode I), and one where the electrode di-
ameter matches the one of the insulator (electrode II).
The neutron yield and anisotropy was found to be sub-
stantially larger for the latter case, while an improve-
ment in reproducibility was also observed. This may
be related to a better current sheath formation at the
breakdown phase, as a result of both the edge effect of
the electrode, close to the insulator, and a decrease in
the breakdown length.

This work provides evidence that neutron yield
tends to increase with anisotropy in this device, which
points to the convinience of the beam-target effect for
neutron generation. From the average angular distri-
bution of the neutron emission, measured with CR-39
nuclear track detectors, it is found that there is an
isotropic pedestal that accounts for 70% of the emission,
while the anisotropy component accounts for the re-
maining 30%. The estimation of the total neutron yield
using this information is 11% larger than what would
be expected form the silver activation detector mea-
surement at 90°, assuming the emssion were isotropic.
Further evidence of the existence of the beam-target
effect is demonstrated by a Doppler effect observed at
backward angles with scintillator-photomultiplier sys-
tems.

The pinhole camera images tend to be dimmer for
high neutron yield shots, which may be related to a
smaller line radiation from impurities, and consequently
lower radiation cooling. These images are generally
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dimmer for electrode II than for electrode I. On the
other hand, the fact that a dimmer emission of soft X-
rays at 90°, together with a brighter emission of X-rays
on axis are observed when the neutron yield is larger,
seems to indicate that the neutron generation is related
to the formation of the electron beam that impinges on
the electrode. It may be interesting to note that after
560 shots, the electron beam drilled an almost cylindri-
cal hole, 3mm wide and 6mm deep, in electrode I, while
the erosion in electrode II, after 956 shots showed as a
cone, 6mm wide and 12mm deep. Both in the cases of
soft x-ray emissions at 90°, and hard x-ray emissions
on the axis, spectroscopy will be made in future work,
in order to clarify the nature of the phenomena.
Regarding the pin-hole x-ray images, it is interesting
to point out that, in some cases, bright spots that are
related to m = 0 instabilities are observed in kinked
columns which presumably arise from m = 1 insta-
bilities. This might mean that under certain circum-
stances the m = 1 instability may have a faster growth
rate than m = 0 instabilities, against common wisdom.
However, study of this phenomena with time resolved
optical diagnostics are needed in order to clarify this.
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