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The coded aperture imaging (CAI) technique has been used to investigate the spatial distribution of

DD fusion in a 1.6 kJ plasma focus (PF) device operated in, alternatively, pure deuterium or

deuterium-krypton admixture. The coded mask pattern is based on a singer cyclic difference set

with 25% open fraction and positioned close to 90� to the plasma focus axis, with CR-39 detectors

used to register tracks of protons from the D(d, p)T reaction. Comparing the coded aperture

imaging proton images for pure D2 and D2-Kr admixture operation reveals clear differences in size,

density, and shape between the fusion sources for these two cases. VC 2012 American Institute of
Physics. [http://dx.doi.org/10.1063/1.4752256]

Investigation of the detailed nature of deuterium-

deuterium (DD) fusion in the plasma focus (PF) remains one

of the most challenging aspects of PF research. Considerable

overall support for beam-target models of PF fusion derives

from their compatibility with experimental measurements1–3

of neutron yield, anisotropy, energy (from time-of-flight),

and emission duration. However, details of the mechanisms

responsible for deuteron acceleration, the distributions of

deuteron energies and directions, the role of magnetic gyra-

tion, and the spatial extent of the fusion source are still

poorly understood. Fusion source imaging is a strong

approach which can help to confirm or reject various PF

fusion models. However, due to the penetrating nature of

fast neutrons and the relatively small dimensions of the

fusion source, it is extremely difficult to arrange a satisfac-

tory scheme for pinhole/collimation imaging of the neutron

emission. On the other hand, it is fairly easy to make a satis-

factory pinhole for the �3 MeV fusion protons. And since

the two fusion reactions D(d, p)T and D(d, n)3He occur with

almost equal probabilities, the neutron and proton yields per

shot are very similar. Furthermore, comparing the fusion

proton images for each PF shot with its corresponding x-ray

image (which shows the hottest and densest plasma regions)

should highlight any contributions from thermonuclear

fusion within the pinch.

J€ager et al.4 have reported one of the few experiments in

which DD fusion proton imaging was performed on a PF de-

vice. These measurements were carried out on the large

machine, POSEIDON,5 with a stored energy of 280 kJ and a

correspondingly high neutron/proton yield of �1011 per shot.

They obtained good precision proton images using a pinhole

covering a solid-angle of 1.46� 10�4 sr. However, single

pinhole proton imaging is much less feasible for small PF

devices (i.e., below about 5 kJ stored energy) due to the low

number of proton tracks recorded. To overcome this limita-

tion and obtain bright fusion source images for the 1.6 kJ

NX2 device,6 we have employed the coded aperture imaging

(CAI) technique using mask patterns based on singer cyclic

difference sets7 (CDS). Fusion images were obtained for sin-

gle PF shots with neutron yields in the range 1–3� 10.8

Singer set patterns permit the mask open fraction to be

selected so as to obtain a near optimum signal-to-noise ratio

(SNR) for a source of a given spatial extent.8 For the experi-

ments, we report in Ref. 6, the 20� 20 pixel mask had 57

square holes of 400 lm side, giving a total open area of

�9 mm2 and a position resolution of �1 mm. A hollow an-

ode was used for those measurements, which necessitated

placing the CAI cameras at 45� forward viewing angles so as

to obtain an unobscured view of the pinch column (approxi-

mately half of which lay “inside” the hollow anode). The

depth-of-field problem and lack of space to increase mask

area are disadvantages of this oblique viewing arrangement.

To obtain brighter proton images with better resolution,

a larger mask has been designed with 341 square holes of

300 lm side, giving a total open area of 30.69 mm2. The hol-

low PF anode was replaced with a conically tipped anode

(see Fig. 1) and the CAI camera was positioned close to the

FIG. 1. Schematic of experimental setup showing: NX2 plasma focus, CAI

mask, CR-39 detector, and two beryllium neutron activation counters (posi-

tioned axially and radially). The x-ray pinhole imaging system is not shown.

0003-6951/2012/101(11)/114104/4/$30.00 VC 2012 American Institute of Physics101, 114104-1
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PF radial direction, so that the whole pinch could be imaged.

The 91� 15 mask pattern used is based on a Singer CDS

with p¼ 1365 pixels and h¼ 341 holes (open fraction of

q¼ 0.25). The mask pattern rows (oriented perpendicular to

the z-axis) were spaced by a factor of 6 to increase the image

SNR and avoid excessive overlap of proton tracks on the sur-

face of the CR-39 detectors. By convention, the positive z
(or downstream) direction is parallel to and away from the

anode. The overall dimensions of the mask are then almost

square: 27.3(horiz)� 25.5(vert) mm2. The mask was fabri-

cated by laser-drilling square holes of 300 lm side in 50 lm

stainless steel foil using an Avia-X Q-switched third-

harmonic Nd:YVO4 diode-pumped laser.

CR-39 nuclear track detectors (Intercast Europe Srl,

Parma, Italy) were employed to register the DD fusion protons.

A 75 lm thick Kapton film was placed immediately in front of

the CR-39 detectors to stop all energetic charged particles

(mostly deuterons) other than the �3 MeV protons. The CAI

camera system was located inside the NX2 vacuum chamber

close to the radial PF direction. As shown in Fig. 1, the lowest

row of mask holes was level with the anode-tip. The source-to-

mask and mask-to-detector distances were d1¼ 44 mm and

d2¼ 40 mm, respectively, giving an open solid angle of

1.32� 10�2 sr. The dimensions of the CR-39 detectors used

were 67 (horiz)� 77 (vert) mm2 giving a fully coded field of

view6 (FOV) in the source plane of 2.8� 1.7 cm2. Hence, the

anticipated �1.0� 0.3 cm2 fusion source of the NX2 lies eas-

ily within this FOV. The resolution of CAI camera (i.e., the

magnified pixel size in the source plane) for this geometry is

0.63 mm. The internal angle of the conical anode tip is 130�,
and the coded mask spans the angular range 60� to 90� relative

to the PF axis. The pinch current for good shots was close to

300 kA, and hence the deflection of proton trajectories in the

magnetic field around the dense plasma column was analogous

to that described in Ref. 6. The anode cone-angle and CAI

camera position were chosen based on these proton trajectory

calculations to ensure that protons emitted from the upstream

end of the pinch column could reach the CAI camera

unobstructed.

An x-ray pinhole camera was employed to record the

time-integrated image of the hot (�keV) plasma x-ray source

for each shot. It comprised a 1/3 in. CCD sensor with

768� 576 pixels, and a laser-drilled pinhole through 50 lm

thick tungsten foil. The demagnification for this pinhole

camera was 4.5. For pure deuterium operation, the pinhole

was covered with a 20 lm Be filter to cut all photons with

energies below �700 eV. For deuterium-krypton operation, a

12.5 lm Ti plus 50 lm Be filter combination was used. Both

sets of filters transmit the Cu Ka and Kb x-rays of energies

�8 and 8.9 keV, which permits the position of the copper an-

ode tip to be observed in many of the x-ray images.

To measure the time-integrated neutron yield and anisot-

ropy, two beryllium fast-neutron activation counters9 were

positioned 25 cm from the anode tip in the axial and radial

directions, respectively. A plastic scintillation detector, posi-

tioned 3 m from the PF anode in the radial direction, meas-

ured the time-resolved neutron emission; a 5 cm thick lead

block placed in front of this detector strongly attenuated the

hard x-ray radiation emitted during the PF discharge. To

measure the time-resolved hard x-ray emission two more

scintillation detectors, cesium-iodide (CsI:pure) and barium-

fluoride (BaF2), were positioned adjacent to the plastic scin-

tillation detector but without the Pb-shielding. These two

crystals have short scintillation decay times: CsI:pure 15 ns

and BaF2 0.6 ns (fast component). However, BaF2 also has a

slow component with a decay time of 630 ns and consider-

ably higher light yield than the fast component. Therefore,

for the hard x-ray pulse, the BaF2 signal is useful mainly for

observing its rise-time, while the CsI signal gives a measure

of its duration and integrated energy.

For the pure D2 series of shots, the NX2 plasma focus

was operated in its neutron yield optimized regime: 13 mbar,

11 kV/1.6 kJ. Several CR-39 detectors were exposed to sin-

gle PF shots: these being the first shot fired after evacuating

the chamber and filling with deuterium gas, so that there

should be no significant effect from the gas impurities, which

usually accumulate over a series of shots. In spite of different

neutron yields and anisotropies, the fusion source images

showed quite similar spatial distributions. We have selected

one “good shot” (1365-I23-A) as an example. This shot had

a high neutron yield of 3.2� 108, but in other respects is

fairly typical of the results obtained. The high neutron ani-

sotropy of 2.4 indicates a high average energy for deuterons

producing fusion via the beam-target interaction. For this

shot, Fig. 2-right shows a cone-shaped fusion source of

�11 mm length. The source width is �2 mm near the anode,

and widens to �5 mm near the top of the cone, with the high-

est fusion density occurring at z¼ 3 mm. The high SNR

value of 21.8 for this image is a consequence of the high

number of proton tracks (�174 000) recorded on the CR-39

detector. The corresponding x-ray image, Fig. 2-left, shows a

hot dense pinch region (of �4 mm length and �0.5 mm

width) above the anode tip. It also shows considerable x-ray

emission from the copper anode tip due to bombardment by

the energetic electron beam emitted from the pinch.

Comparison of the x-ray and fusion proton images indi-

cates that the zone with the highest concentration of DD

fusion occurs close to the downstream end of the hot dense

plasma column. This can be understood in terms of deuterons

being accelerated (predominantly in the þz direction) by the

rapidly constricting magnetic field around the pinch, and so

reaching their highest kinetic energies at the downstream

end of the pinch column, where they produce fusion

FIG. 2. Proton CAI fusion source image (right) and x-ray image (left) for

pure D2 gas operation (shot 1365-I23-A).

114104-2 Springham et al. Appl. Phys. Lett. 101, 114104 (2012)
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reactions with the approximately stationary and relatively

high density deuterium gas within the “fountain” at this end

of the pinch. This cone-shaped fusion zone at the end of the

pinch column is consistent with the more extended conical

distribution of fusion, due to forwardly directed deuteron

beams, observed in another plasma focus device.10 Of

course, there is also a concentration of fusion production

along the length of the pinch column (where the ion density

is at its highest) before the accelerated deuterons have

attained their maximum energy.

There is no noticeable indication of m¼ 0 or m¼ 1

instabilities in these fusion source images, and they are also

not observed in the corresponding x-ray images. This might

be due to the rapid disruption of the plasma pinch, so the

x-ray emission time was too short to show any strong hot

spot in the pinch column (the term “hot spot” is convention-

ally used to refer to particularly dense and high temperature

(>1 keV) regions within the pinch column). However, it has

been found that the occurrence of hot spots in the pure deute-

rium pinch can be highly dependent on operating pressure.18

Also, it is apparent that the fusion source is more localized

above the pinch column, and so there may be no correlation

with column instabilities.

Another aspect of plasma focus fusion that this study

helps to elucidate is the influence of high-Z noble gas admix-

tures (with deuterium). Enhancement of bremsstrahlung

x-ray yield for admixture gas operation has been reported for

experiments on several PF machines,10–13 and it is claimed

that this higher x-ray emission both stabilizes the pinch col-

umn and increases the plasma density through enhanced

compression14 as a result of the radiation cooling mecha-

nism.15,16 A secondary factor contributing to this enhanced

compression is the increased thermodynamic degrees of free-

dom in this gas mixture due to the incomplete ionization of

the Kr component, which reduces the specific heat ratio of

the mixture to significantly less than 5/3 (the value associ-

ated with dissociated pure deuterium).16 The CAI fusion

source images clearly show the different size and density of

the fusion emission zones for pure D2 and D2-Kr admixture

(98% D2þ 2% Kr by vol.) operation. The NX2 was operated

with the same parameters as for D2 (i.e., 13 mbar, 11 kV/

1.6 kJ). After firing several shots, it was apparent that the

higher x-ray yield from the D-Kr plasma typically saturated

the CCD sensor. So, for the D2-Kr measurements, the 20 lm

Be filter was replaced by a 50 lm Be plus 12.5 lm Ti filter,

for which the x-ray transmittance lies predominantly in the

1.0 to 2.5 keV energy range.

The majority of fusion source images in the D2-Kr

admixture case show a similar structure. For the selected il-

lustrative shot, 1365-I28-A, the neutron yield was 4.1� 108.

The relatively low neutron anisotropy of 2.17 indicates a

lower average energy of beam deuterons involved in the

fusion reactions. The image of fusion source in Fig. 3-right

appears as a prolate ellipsoid of �2 mm width and �6 mm

length, with the highest concentration of fusion near the geo-

metrical center (z¼ 6.5 mm). A very high SNR value of 50.8

for this image is due to the high number of proton tracks

(187 000) and compact geometry of the source.

The corresponding x-ray image (Fig. 3-left) clearly

shows the existence of high density hot spots possibly associ-

ated with m¼ 0 instabilities in the final compression. The

pinch column length is only �3 mm. The hot plasma is dis-

tributed quite evenly along the z-axis. The m¼ 0 and m¼ 1

instability structures responsible for the break-up of the

pinch column are not evident in the fusion source images,

which indicate that the deuterons are accelerated along the

pinch column and react mostly above the pinch.

In conclusion, this paper reports the implementation of

the coded aperture imaging technique for fusion source

imaging in the plasma focus device. We have obtained good-

resolution time-integrated bright images of the DD fusion

source for single shots in a 1.6 kJ plasma focus device oper-

ated in pure deuterium or a deuterium-krypton gas

admixture.

The fusion source in pure deuterium appears cone-

shaped, narrower near the anode, and wider at the top, but

most concentrated in the central region of the pinch. There is

no evidence for the existence of hot spots or m¼ 0 instabil-

ities in the fusion source image or even in the pinch x-ray

region. The observed neutron anisotropy values (>2.0) to-

gether with the lack of axial structure in the fusion proton

images are a strong indication that beam-target fusion is dis-

tributed along the length of the pinch column, and to a lesser

extent, within the fountain-shaped region of high gas density

at the downstream end of the column. The lack of spatial cor-

relation between the regions of fusion and x-ray emissions

for the D2-Kr shots shows that any contribution from thermo-

nuclear fusion is relatively small. Moreover, the downstream

displacement of the fusion source relative to the x-ray source

shows that, although it is not associated with m¼ 0 instabil-

ities or micropinches, the zone of deuteron acceleration is

quite compact and located within the x-ray emitting region.

The model of plasma focus fusion most consistent with our

observations is that based on ion (deuteron) acceleration

within a plasma diode,17 which results from anomalous resis-

tivity in the pinch.

In contrast to the pure deuterium case, Kr-doped opera-

tion produces a prolate ellipsoidal fusion source, which is

smaller and more concentrated in the centre. The x-ray

images clearly show the existence of hot spots/micro-pinches

in the final compression phase, and the resultant radiation

cooling leads to this compact highly compressed plasma

pinch.

FIG. 3. Proton CAI fusion source image (right) and x-ray image (left)

for D2-Kr gas admixture operation (shot 1365-I28-A).
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