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Abstract 

We report on experiments exploring X-ray emission from an X-pinch driven by a small Marx-

waterline generator supplying 50 kA with a risetime of 50 ns and a peak voltage of ~250 kV. Both 

standard crossed wire loads and hybrid loads utilizing conical metal electrodes with a single short 

wire in between them were studied, and in both cases reliable modes of operation were obtained 

for X-ray radiography. Soft (few keV) and Hard (>5 keV) X-ray emission characteristics were 

observed. With standard X-pinches, soft radiation emanated from a small hot spot about 3 µm in 

size, along with hard radiation from a ~200 µm region close to this hot spot. With hybrid X-pinches 

the hot spot was <7 µm in size. There was a clear correlation between the soft and hard X-ray 

emission – pinches that produced intense soft X-ray emission from a small hot spot also produced 

the most intense, localized hard X-ray emission.     

 

I. Introduction 

 Over the last twenty years X-pinches have become a popular source of X-rays for point 

projection radiography in the high energy density physics community [1-7]. The X-pinch is one 

of the most powerful small sources of soft (say < 5 keV) X-ray radiation with a flux 1015–1016  

W/cm2 sr [3, 8-10]. The unique micron size, picosecond duration hot spot from which these soft 

X-rays are emitted enables its use in examining a large variety of physical [1, 5-7, 11-13] and 

biological [7, 14] objects. In particular, the use of X-pinch based soft X-ray radiography in analysis 

of wire array Z-pinches was key to understanding the formation of long lived wire cores that 

ablated slowly during these experiments, radically changing the view of the implosion process 

[2,11-13].  

 More recently the use of an X-pinch as an intense source of hard x-ray radiation has been 

explored [15, 16]. The majority of this radiation is generated by beams of accelerated electrons 

formed during and just after the explosion of the hot spot interacting with dense plasma adjacent 

to it. This radiation has energies >5 keV (often to many 10s of keV) and a source size ~ 40-200 

µm. It can be used for imaging of relatively large and dense objects [14-16], and initial studies 

have explored its use as a source for X-ray diffraction in material physics experiments [17].  
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In general 2 types of X-pinch have been studied: the standard X-pinch configuration, 

typically made of 2-4  wires ~1 cm long that are arranged to cross and touch at a central point; and 

the simpler hybrid X-pinch where 2 metal cones apart replace the majority of the wires, and a 

single wire 1-2 mm in length connects their points [18]. In both cases observations that hot spot 

formation in the X-pinch requires a rate of current rise to be > 1 kA/ns; at significantly lower 

levels, the formation of a hot spot has not been detected and a bright radiation source not obtained 

in any experiment [19]. So far, however, there are has been no reported lower limit on the peak 

current required for the formation of the hot spot.  

With currents of 100 to 150 kA and rise times of about 100 ns, high quality hot spots are 

reliably formed from standard X-pinches. Above 200 kA hybrid X-pinches have been widely 

explored and hot spot formation seen. At lower levels of peak current, though, data is sparse and 

neither reliability of hot spot formation, nor any relation between hotspot formation and hard 

emission has been widely studied. We note that in this parameter space, many experiments have 

relied on ‘modern’ small-scale generators with low inductance capacitors discharging directly 

through the load, rather than the traditional Marx-pulse forming line-switch technology  [20-22]. 

Here the voltage provided by the driver is much less than that provided by more traditional Marx-

waterline methods (~80 kV compared to many 100s of kV), which could both reduce the reliability 

of hot spot formation and might limit hard X-ray production. Such low drive voltages also limit 

the inductance of the X-pinch configurations that can be used, which in practice means a very 

closely spaced return current path reducing diagnostic access. 

Here we present initial experiments that explore both the soft and hard X-ray emission of 

X-pinches driven by a small Marx-waterline type generator. This produces peak currents of only 

50 kA current, but due to the high voltages obtained from the waterline, (~ 250 kV) current rise 

rates of >1 kA/ns are maintained throughout the majority of the experiment, despite the use of a 

high inductance load configuration that enables diagnostic access. The structure of the rest of this 

paper is as follows. In section II we describe the experimental set up and diagnostics used to 

measure the size and quality of the emission from the X-pinch. In section III we discuss the results 

of the experiments with both standard X-pinches and hybrid X-pinches. In section IV we present 

our conclusions and ideas for future research directions.  

 

II. Generator and diagnostics. 

Experiments were performed on the ‘Nene’ pulsed power generator at Imperial College 

London (fig. 1). Originally built to perform capillary discharge X-ray laser experiments [23], the 

generator was modified in ~2002 to demonstrate a ‘table top’ X-pinch concept [24, 25]. However, 

these experiments provided little information on hard X-ray emission from the standard X-pinch, 
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and the hybrid X-pinch configuration had not yet been developed. More recently the pulsed power 

system was substantially improved, increasing the peak current and improving the diagnostic 

access, producing a fast turn-around, easy to use platform for several pulsed power experiments.  

 

 

Fig. 1 Schematic and picture of the Nene pulsed power generator at Imperial College. The Marx 

bank discharges into a 0.5 m long waterline via a HV coax cable. The load section has 8 KF40 

ports for diagnostics. 

 

 

In its present configuration the generator consists of a portable Marx bank with four 0.15 

μF capacitors that are charged in parallel to 45 kV. These discharge in series through a 5 m long 

HV coax cable, to a 0.5 m long, 1.5 Ω water dielectric pulse-forming line, ringing the peak voltage 

up to ~250 kV. Near peak voltage a self-break SF6 filled spark gap connects the waterline to the 

load section.  
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At these voltages and rise times, no complex diode stack was required for insulation of the cathode 

in the load section, and instead this was mounted on a simple 2 cm thick PMMA disk. The anode, directly 

above the cathode, was connected to the lid of the load section which providing a coaxial return current 

path at 25 cm diameter -  a total inductance of ~30 nH. In standard X-pinch experiments the separation 

between the electrodes was 1 cm, with hybrid loads stainless steel cones were mounted onto the electrodes 

with a gap of 1 – 1.5 mm between their tips. A Rogowski groove directly above the anode monitored current 

that passed through the X-pinch. A typical current pulse through a 2x5 µm tungsten X-pinch load is seen 

in fig. 2. Nene provided 52 kA  current in 0-100% rise time of 60ns. The 10-90% rise time was 39ns, with 

~1.1 kA/ns being provided over this time. 

 

 

Fig. 2 Current pulse provided by Nene through a 2 x 5 µm tungsten wire  X-pinch. 

 

 

Eight radial KF40 vacuum ports equally spaced around the circumference of the load 

section enabled unobstructed access of the X-pinch for a variety of diagnostics. A 100 mm turbo 

pump, mounted on the lid  provided vacuums of better than 1x10-4 mbar within 10 minutes of 

loading the X-pinch.  

Several diagnostics were used to locate and analyze the region of the X-pinches that 

produced X-rays. 2D information was provided by a pinhole camera utilizing four 100 m holes 

with different filters. The filter transmission windows, shown in fig. 3a, were selected to explore 

mainly softer X-ray emission with bands in the 1-8 keV region. Information was recorded on 

Fujifilm TR or SR imaging plates. A slit-step wedge camera [26] employed a 200 µm horizontal 

slit, again usually backed by an imaging plate. A set of different thickness Al filters all mounted 

on a common 12.5 m Ti filter probed harder radiation from the pinch, as shown in fig. 3b.  
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Fig. 3 Transmission of filters mounted on (a) pinhole and PCDs filters, (b) slit step wedge camera 

and point-projection radiography cameras. 

 

 

Magnification and resolutions of both the pinhole camera and slit step wedge depend 

strongly on the source size compared with the size of the aperture used. If the source is much 

smaller than the aperture (e.g. a few micron hotspot that is much smaller than a 100 µm pinhole), 

effectively the image will be a point projection radiograph of the aperture. The magnification of 

this image will then be given by the ratio (p+q)/p, where p is the x-pinch to aperture distance and 

q the distance from the aperture to the image plate, and the geometric or source spread resolution 

at the image will be determined by  (source size * q)/p. If the source is much larger than the 

aperture (e.g. a cm scale wire emitting X-rays along its entire length, and a 100 µm pinhole), the 

aperture effectively projects an image of the source. The magnification of this image will be given 

by q/p, and the geometric resolution by (aperture size ) *(1+ q/p). In between these limits one has 

to carefully consider the different contributions to image sharpness and combine the geometric 
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resolution with any detector resolution limitations and diffractive effects. Whilst image plates are 

highly sensitive to X-rays, they have a relatively coarse resolution of 50 µm. Hence in several 

experiments with a high enough yield of X-rays Kodak DEF film was instead used, which offered 

a much higher resolution. Given the energies of the X-rays being imaged (at least 1 keV, usually 

>2 keV), the effects of diffraction (~ q * wavelength / aperture size) were relatively small in most 

camera configurations at 1-5 µm. 

More quantitative measurements of the size of the emission region were made using point-

projection imaging of different test objects including metal gauzes, arrays of etched apertures and 

wires. As with the slit step wedge camera different thickness Al filters were used in combination 

with a 12.5 µm Ti filter to  explore how the different energy X-rays imaged the test objects, and 

this was related back to the size of the emission region. Again image plates or Kodak	DEF	were	

employed	to	record	the	results.		

In some experiments a spectrograph with spherically bent quartz crystal of 180 mm 

diameter was placed in separate chamber to monitor detailed radiation spectra between 2-2.5 keV 

with an axial resolution of about 200 µm. 

	 Time	resolved	measurements	of	x‐ray	emission	from	the	X‐pinch	were	obtained	using	

two	 diamond	 PhotoConducting	 Detectors	 (PCDs)	 with	 6	 µm	 Al	 and	 20	 µm	 Be	 filters	 to	

recorded	soft	radiation	in	the	each	shot	and	Si‐diode	with	100	µm	Al	filter	for	radiation	with	

energy	>5	keV.	

 

III. Experimental results 

 One of the first aims of the experiments was to find (if possible) wire materials and 

diameters that would result in reliable X-pinch operation – i.e. always produce a small, short lived 

hot spot, and optimize the soft X-ray emission characteristics. Initial estimates of the size of the 

wires required for X-pinch operation might be obtained from scaling laws of mass implosion, such 

as those employed in ref 27. Here the authors take  Π = µo I2 τ2 / (4 π mi r2)  to be constant between 

different implosions [28] where I is the peak current, τ is the implosion time (which can be set as 

the ~the risetime of the generator), mi is the liner mass per unit length, and r is the pinch radius. 

Increasing the radius is the only way to vary mi for solid-density on-axis matter, so mi should scale 

linearly with current and implosion time. In ref 29, successful X-pinches experiments at 3-400 kA, 

with risetimes ~100 ns had masses ~80x10-6 g/cm, those at ~250 kA with 250 ns risetimes has 

masses 30-60 x10-6  g/cm, hence for a 50 kA, 50 ns risetime generator we might require masses 1-

6 x 10-6 g/cm. However, such scaling does not take into account the effects of radiative loss on the 

X-pinch as it undergoes compression. This is important in high Z materials, and may explain why 

previous attempts to use aluminum X-pinches at low currents have not produced the short radiation 
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pulses / high resolution images associated with good hot spot formation [24]. Hence for 

experiments we decided to use molybdenum and tungsten wires, both of which were readily 

available in relatively thin sizes (13 µm and 5, 7.5 and 10 µm respectively) approaching the linear 

masses estimated from scaling arguments. 

Table 1,  shows a summary of the X-pinch experiments performed, along with notes on the 

size/quality of the hot spot and the size of any hard X-ray source (> ~5 keV) along with its relative 

intensity.  Although statistics are small, they indicate that a single hot spot with a small size and 

intense burst of soft x-ray was reproducibly recorded in standard X-pinch configurations using 

four 5 µm W wires and hybrid X-pinches with one 13 µm Mo wire. All other configurations tested 

showed only weak or somewhat unreliable hot spot formation. We can also see that, with only one 

exception, good hard X-ray emission was correlated with the production of the good single hotspot.  

Table 1. Data about X-pinches studied in the experiments. * indicates that emission was not intense 

enough to register on DEF film hence we cannot accurately measure size of hotspot 

Load Linear mass of X-
pinches 

Number 
of 

shots 

Details of hot spot 
formed 

(determined from 
radiographs with 

E>2 keV)

Size of hard X-ray (>5 
keV) emission area and 
relative intensity 
 

2x7.5 µm W 
standard X-pinch   

17x10-6 g/cm 2 No hotspot in either 
shot 

Weak emission from 
large area (mm) in each 
shot 
 

2x5 µm W 
standard X-pinch   

10.7x10-6 g/cm 5 3 shots with no 
hotspot formation 
 
2 shots with a single 
good hotspot* 

Weak emission from 
large area in all 3 shots 
 
Small, intense hard X-
ray sources (exact size 
cannot be determined 
due to resolution) in both 
shots 
 

4x5 µm W 
standard X-pinch 

21.2x10-6 g/cm 6 5-shots with one 
bright hotspot of size 
~3 µm 
 
 
1 shot with 2 weak 
hotspots 

Each shot has small 
intense hard X-ray 
sources with size ~200 
µm  
 
Weak hard radiation 
source.  
 

1x13 µm Mo 
hybrid X-pinch 

13.5x10-6 g/cm 3 3 shots with single 
hotspot, each <7 µm 

Each shot had small  
hard source~150 µm 

1x10 µm W hybrid 
X-pinch 

15.2x10-6 g/cm 1 No hotspot 1 large hard radiation 
source ~ 1 mm 
 

1x7.5 µm W hybrid 
X-pinch 

8.5x10-6 g/cm 2 2 shots each with  2 
weak hotspots 

1 shot had a small size 
hard radiation source 
~150 µm in size, 1 with 
large source , ~1 mm 
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Qualitative differences between experiments in which a good hotspot is formed or not are 

shown in figs. 4, 5 and 6 which display pinhole images, slit step wedge images and point projection 

radiographs from two experiments with X-pinches made of 2 x 5 µm tungsten wires. The pinhole 

images in fig. 4a (good hotspot) show a small, well defined emitting region at the cross over of the 

wires, whilst in fig. 4b, though there is emission from the crossing point, it is far less well defined. 

We also note that in fig. 4a emission is seen from the cross over point, along the wires towards the 

anode of the X-pinch. This is common on most pinhole images of  X-pinches that have formed 

good hotspots, and is thought to be related to fast electrons formed during/after the hot spot has 

collapsed travelling along the wires and interacting through bremsstrahlung with the colder, dense 

plasma here. The slit step wedge camera image in fig 5a (good hotspot) is again well defined with 

sharp edges and has obvious, transitions between different thickness filters on the step wedge. The 

magnified image annotated with ‘1’, ‘2’ and ‘3’ shows the position of emission relative to the 

pinhole images in fig. 4a. Within the resolution of the diagnostic, the hardest emission appears to 

emanate from around the area of the hot spot. Emission from the area close to the hot spot is also 

observed in softer filters, e.g. viewed through just the 12.5 µm Ti filter without any aluminium 

step wedge. In fig 5b, the step wedge camera image taken in an experiment without a good hotspot, 

no similar sharp edges are discernable in any transmission window, hard nor soft. The same effect 

is seen in the point projection radiographs shown of a metal mesh in Fig 6a (good hotspot) and b 

(no hotspot). Radiographs in fig 6a showed better resolved images of the mesh through all different 

filters, suggesting a relatively small hard source of radiation compared to fig 6b. where resolution 

was lacking over the entire image. 

 

 

Fig. 4 Images from pinhole camera system for two experiments with 2 x 5 µm wire tungsten X-

pinches. The X-pinch to pinhole distance was ~ 18 cm and the pinhole to image distance ~ 19 cm.  
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Images were recorded on SR image plate and the scale refers to distances measured on the image 

itself. 4(a) shows images obtained from an X-pinch which formed a high quality, small hot spot at 

the cross over point, visible in all the pinhole images irrespective of the filter employed. 4(b) shows 

images from an X-pinch where a hot spot was not properly formed, here there is no obvious hot 

spot on any filter, with the possible exception of the 20 µm Be that transmits the softest radiation.  

 

 

 

Fig. 5 Images from the slit step wedge camera for the same two experiments with 2 x 5 µm wire 

tungsten X-pinches shown in fig. 4. The X-pinch to slit distance was ~ 18 cm, the slit to image 

distance ~ 24 cm. Images were recorded on SR image plate and the scale on the image refers to 

distances measured on the image itself. In 5(a), the image from the X-pinch where a good hotspot 

formed, intense radiation can be seen across all filters – from the softest 12.5 µm Ti filter (sampling 

energies >2 keV), to that with an additional 240 µm of Al (sampling energies >7 keV). 1,2 and 3 

on the image correspond to the regions shown in fig. 4(a). By contrast the image in 5(b), where 

the X-pinch did not form a good hot spot, shows diffuse radiation from a larger area. All filters 

also show lower intensity than in fig. 5(a).  
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Fig. 6 Point projection radiography images for the same two experiments with 2 x 5 µm wire 

tungsten X-pinches shown in fig. 4 and fig. 5. The test object was a stainless steel woven mesh 

with nominal inter-wire distance ~0.4 mm. The images were recorded on SR image plate. The X-

pinch to mesh distance was ~ 12 cm, and the mesh to image distance ~ 38 cm. 6(a), the image 

made by the x-pinch that formed a good quality hot spot, shows significantly better resolution than 

6(b) across all parts of the image. Different filters across each image sampled radiation from >2 

keV (the 12.5 µm Ti filter) to >8 keV (the Ti filter with 300 µm of Al). 

 

 

 We can now look to determine more quantitative data on both the soft emission (from the 

hot spot) and harder X-ray emission for standard X-pinches. In experiments with 4 x 5 µm tungsten 

wires, the intensity of emission was enough to enable the use of Kodak DEF X-ray film. A slit 

step wedge image from such an experiment is shown in fig 7. A line out of radiation passing 

through just the 12.5 µm Ti filter (fig. 7a) shows a sharp image of the slit - in agreement with the 

measured size of the slit - on a less intense background of emission that is skewed towards the 

anode. This corresponds to a point projection image of the slit, produced by the intense soft X-ray 

emission from the small hot spot, overlaid with less intense, harder bremsstrahlung emission from 

fast electrons close to the hot spot. The later can be more readily seen in the line out of fig. 7b. 

This shows radiation from behind the 12.5 µm Ti filter and an additional 120 µm of aluminum, 

sampling energies > 6 keV. With this filtering, emission appears to be come from a larger, less 

defined area centered 100-200 µm away from the hot spot towards the anode. This would be caused 

by fast electrons formed during/after the hot spot hitting dense material adjacent to it. The size of 

the hard X-ray emission region, estimated from the larger image size and its lower resolution, is 

~200 µm. This agrees well with estimates based on point project radiography of coarse meshes 

and targets.  
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Fig. 7 Image from slit step wedge camera for an experiment with 4 x 5 µm tungsten wires, recorded 

by Kodak DEF film. The X-pinch to slit distance was ~ 18 cm, the slit to image distance ~ 24 cm. 

Line outs of the image are plotted through regions with just a 12.5 µm Ti filter, sampling radiation 

> 2 keV, and through a region with a 120 µm Al filter added to the Ti filter, sampling radiation > 

6 keV. Scales on the line outs take into account magnification as point projection. 

 

 

A point projection image of a (nominally) 125 µm steel aperture taken with 4 x 5 µm 

tungsten wire X-pinch is shown in fig. 8. This image was recorded on DEF film again behind a 

12.5 µm Ti filter, sampling radiation > 2 keV – hence the image formed would again be dominated 

by intense emission from the hot spot. A line out of the image shows that intensity falls off over 

~5-10 µm at its edges, which we can associate with the resolution of the image due to the 

combination of size of the hot spot, detector resolution and diffraction. The effect diffraction on 

the image for radiation of 2 keV was calculated as ~1 µm, whilst the resolution of the film and 

scanner contributed ~2-3 µm. This suggested a source size in the region of 4 – 10 µm.  
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Fig. 8 Point projection radiography image of steel aperture from an experiment with 4 x 5 µm 

tungsten wires. The X-pinch to aperture distance was ~ 18 cm, the aperture to image distance ~ 57 

cm. The radiograph was filtered with a 12.5 µm Ti filter, sampling radiation > 2 keV and was 

recorded on Kodak DEF film. The scale on the lineout take into account magnification as point 

projection. 

 

 

The geometry of the experimental set up prevented the use of extremely large 

magnifications for directly getting a better measurement of the hot spot from point projection 

imaging. Instead we were able to estimate this utilizing phase contrast imaging. A 4 x 5 µm 

tungsten pinch was used to radiograph a biological object with very fine features – in this case a 

bee held between 2 x 50 µm mylar sheets1. This was again imaged by DEF film behind a 12.5 µm 

																																																								
1	We	note	this	bee	was	found	already	dead,	no	bees	were	harmed	in	these	experiments.		
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Ti filter (fig. 9). The bee is partly transparent to radiation reaching the film, and the effect of a 

phase contrast is clearly seen [30]. Without the phase contrast phenomenon, many small and thin 

parts of the bee would not be observed.  For example, the hair on the head of the bee is clearly 

visible and has the thickness about 4 µm (fig. 9 lineout 2). Observing the effects of diffraction on 

intensity close to an edge can be compared to Fresnel–Kirchhoff integrals makes it possible to 

determine the source size with an accuracy that exceeds the diffraction limit [31].  Fig. 9 lineout 1 

shows diffraction effects measured by lineout across the antenna of the bee. Matching the variation 

in intensity across this line out suggested a hot spot size about 3 µm. This is similar to the size of 

the hot spots formed in X-pinches on the XP generator [32]. 

  

 

Fig. 9 Point projection radiography image of a bee from an experiment with 4 x 5 µm tungsten 

wires. The radiograph was filtered with a 12.5 µm Ti filter with 100 µm of plastic used to hold the 

bee in place, so sampled radiation > ~3 keV. The image was recorded on Kodak DEF film with an 

x-pinch to bee distance of 33 cm and a bee to image distance ~20 cm. Enlarged sections of the bee 

show the effects of phase contrast on the image, where diffraction effects display details that would 

be unseen if it were not for the small size of the hotspot. Line out 1, across the antenna of the bee 

shows these affects clearly, along with a calculation of the diffractive effects expected from a 

source ~3 µm in size. Line out 2 shows variations in intensity across hairs on the bee. Scales on 

the lineouts take into account magnification as point projection. 

 

 

Similarly to the standard X-pinch, a repeatably good configuration was also found for 

hybrid X-pinch experiments. However, as shown in table 1, the best results were obtained with a 
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single 13 µm molybdenum wire rather than a tungsten wire. We note here that using 2 or more 13 

µm molybdenum wires would have significantly over massed a standard X-pinch. As no smaller 

diameter wires of molybdenum were readily available, this was not used in our standard X-pinch 

tests (though experiments on larger generators regularly use it).  

As can be seen in the signals from filtered PCD detectors in fig. 10, the time at which the 

hotspot is formed and emission observed from the hybrid pinch is ~10 ns later than from a standard 

X-pinch with 4 x 5 µm tungsten wire, despite its significantly lower linear mass (13.5x10-6 g/cm 

vs. 21.2 g/cm). In experiments on larger generators, the linear mass of hybrid pinches does have 

to be lower than for standard pinches to produce similar emission time and ensure good emission 

characteristics [33]. In our experiments, the hybrid electrodes were also of slightly higher 

inductance which may have reduced peak current delaying it further. The duration of emission was 

equal to the temporal resolution of the oscilloscope, 1ns, so in reality could be significantly less. 

Estimations of radiated energy using PCD signals (1 ns burst duration) and DEF film sensitivity 

[34] give about an X-ray yield of ~0.1 mJ for energies above 2 keV for both the 4 x 5 µm tungsten 

pinch and 1 x 13 µm molybdenum hybrid pinch. 
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Fig. 10  Current through and X-ray emission from (a) a standard 4 x  5µm tungsten X-pinch and 

(b)  a hybrid X-pinch with one 13 µm Mo wire and a 1 mm interelectrode gap. X-rays were 

monitored using diamond PCDs placed 31 cm from the pinch that were filtered to see radiation > 

2 keV. Both X-ray bursts are at the limit of the scopes resolution (1ns). Despite the lower linear 

mass the hybrid pinch emits X-rays ~10ns later than the standard pinch. 

 

 

 The size and hardness of the emission from the hybrid pinch was analysed using the same 

techniques as for the standard pinch (fig. 11). Qualitative information provided by pinhole imaging 

showed strong emission from inbetween the 2 electrodes of the hybrid pinch. Slit images, taken 

on DEF film, indicated the size of the hot spot was again relatively small, producing a good point 

projection image of the slit on the film. With harder filters, the size of the emission region appeared 

to be smaller than in standard X-pinches, and less intense. This was confirmed using point 

projection radiography. Fig. 12, shows radiographs of apertures taken with both types of x-pinch, 
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with energies >3 keV being registered on DEF film and those >7 keV registered on SR imaging 

plate. At energies >3 keV, the images of the apertures taken via. the hybrid pinch displayed the 

same spatial resolutions as the standard pinch, suggesting a similarly sized hotspot. Radiographs 

at energies >7 keV, however displayed lower intensities and appeared to indicate a smaller spatial 

size.      

 

 

Fig. 11 Images from (a) the pinhole camera and (b) the slit step wedge camera for an experiment 

with a hybrid X-pinch using 1 x 13 µm molybdenum wire. The pinhole images suggest a hot spot 

has been formed between the electrodes of the hybrid pinch. The slit step wedge shows intense, 

well defined emission on the 12.5um filtered area sampling radiation >2  keV – again suggesting 

a hot spot has been formed. Emission seen behind harder filtered channels is of lower intensity 

than that observed in standard X-pinches. 
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Fig. 12 Comparison of point project radiographs of an array of apertures taken using a standard 4 

x 5 µm tungsten X-pinch (a and b) and a 1 x 13 µm hybrid x-pinch (c and d).  In both cases the X-

pinch to aperture distance was ~ 18 cm, the aperture to image distance ~ 57 cm. Two different 

transmission windows were used, the first filtered by just 12.5 µm Ti gave information >2 keV 

and was recorded by DEF film. An SR image plate placed behind the film utilized the film as an 

additional filter to record radiation above ~ 7 keV. Radiographs >2 keV were directly comparable, 

indicating similar sized hot spots were formed in the hybrid and standard X-pinches. Radiographs 

above 7 keV suggested that whilst harder X-rays from the hybrid pinch still emanated from a 

relatively small region, they were less intense than from a standard X-pinch. 

 

 

 Spectra recorded during both standard and hybrid x-pinch experiments showed intense 

continuum radiation in all X-pinches with good hot spot formation. In the case of the hybrid pinch 

with 1 x 13 µm molybdenum, Ne like Molybdenum lines were also observed, enabling the spectra 

to be calibrated (fig. 13). Line emission came from the majority of the area in between the 

electrodes, however the continuum radiation was at the resolution limit of the spectrograph, 

coming from an area <200 µm in size.  
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Fig. 13 X-ray spectrum of hybrid x-pinch with 1 x 13 µm molybdenum wire taken using a spherical 

quartz crystal. The spectrum shows emission from Ne like Mo lines at ~2 keV which extend over 

a length of 1-2 mm from the cross point. An intense band of continuum radiation from 2-2.5 keV 

is seen at the crossing point of size <200 µm.    

 

 

IV. Conclusions 

We have demonstrated that a small 50 kA, 50 ns generator, built using a ‘traditional’ Marx-

waterline configuration, can reliably drive both standard and hybrid X-pinches, in each case 

producing a few µm scale hot spot that emits a short pulse of soft X-ray radiation.  Hard X-ray 

emission from the X-pinches also occurs and its quality (emission size and intensity) appears to 

be directly related to hot spot formation. Both soft and hard X-rays were utilized for the 

radiography of test-objects. The hot spot size was determined from calculations of Fresnel–

Kirchhoff integrals and was about 3 µm; hard X-ray emission was from a region about 200µm in 

size.  

 In the future we plan to further optimize the hard X-ray emission, exploring methods to 

reduce the size of that emission. We will also further study the dependence of wire material on X-

pinch performance at these relatively low current levels, in particular examining why we were able 

to obtain good standard X-pinch operation with Tungsten wires, but in a hybrid X-pinch 

configuration Tungsten did not perform well - whilst a similarly massed Molybdenum wire gave 

good soft and hard emission characteristics. Given the portable nature of the generator (it is easily 

moveable on built-in wheels) we aim to utilize it to radiograph several external experiments and 

potentially as a source of radiation for X-ray diffraction and absorption studies over the next year.   
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Figure Captions 

Fig. 1 Schematic and picture of the Nene pulsed power generator at Imperial College. The Marx 

bank discharges into a 0.5 m long waterline via a HV coax cable. The load section has 8 KF40 

ports for diagnostics. 

 

Fig. 2 Current pulse provided by Nene through a 2 x 5 µm tungsten wire  X-pinch. 

 

Fig. 3 Transmission of filters mounted on (a) pinhole and PCDs filters, (b) slit step wedge camera 

and point-projection radiography cameras. 

 

Fig. 4 Images from pinhole camera system for two experiments with 2 x 5 µm wire tungsten X-

pinches. The X-pinch to pinhole distance was ~ 18 cm and the pinhole to image distance ~ 19 cm.  

Images were recorded on SR image plate and the scale refers to distances measured on the image 

itself. 4(a) shows images obtained from an X-pinch which formed a high quality, small hot spot at 

the cross over point, visible in all the pinhole images irrespective of the filter employed. 4(b) shows 

images from an X-pinch where a hot spot was not properly formed, here there is no obvious hot 

spot on any filter, with the possible exception of the 20 µm Be that transmits the softest radiation.  

 

Fig. 5 Images from the slit step wedge camera for the same two experiments with 2 x 5 µm wire 

tungsten X-pinches shown in fig. 4. The X-pinch to slit distance was ~ 18 cm, the slit to image 

distance ~ 24 cm. Images were recorded on SR image plate and the scale on the image refers to 

distances measured on the image itself. In 5(a), the image from the X-pinch where a good hotspot 

formed, intense radiation can be seen across all filters – from the softest 12.5 µm Ti filter (sampling 

energies >2 keV), to that with an additional 240 µm of Al (sampling energies >7 keV). 1,2 and 3 

on the image correspond to the regions shown in fig. 4(a). By contrast the image in 5(b), where 

the X-pinch did not form a good hot spot, shows diffuse radiation from a larger area. All filters 

also show lower intensity than in fig. 5(a).  

 

Fig. 6 Point projection radiography images for the same two experiments with 2 x 5 µm wire 

tungsten X-pinches shown in fig. 4 and fig. 5. The test object was a stainless steel woven mesh 

with nominal inter-wire distance ~0.4 mm. The images were recorded on SR image plate. The X-

pinch to mesh distance was ~ 12 cm, and the mesh to image distance ~ 38 cm. 6(a), the image 

made by the x-pinch that formed a good quality hot spot, shows significantly better resolution than 
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6(b) across all parts of the image. Different filters across each image sampled radiation from >2 

keV (the 12.5 µm Ti filter) to >8 keV (the Ti filter with 300 µm of Al).    

 

Fig. 7 Image from slit step wedge camera for an experiment with 4 x 5 µm tungsten wires, recorded 

by Kodak DEF film. The X-pinch to slit distance was ~ 18 cm, the slit to image distance ~ 24 cm. 

Line outs of the image are plotted through regions with just a 12.5 µm Ti filter, sampling radiation 

> 2 keV, and through a region with a 120 µm Al filter added to the Ti filter, sampling radiation > 

6 keV. Scales on the line outs take into account magnification as point projection. 

 

Fig. 8 Point projection radiography image of steel aperture from an experiment with 4 x 5 µm 

tungsten wires. The X-pinch to aperture distance was ~ 18 cm, the aperture to image distance ~ 57 

cm. The radiograph was filtered with a 12.5 µm Ti filter, sampling radiation > 2 keV and was 

recorded on Kodak DEF film. The scale on the lineout take into account magnification as point 

projection. 

 

 Fig. 9 Point projection radiography image of a bee from an experiment with 4 x 5 µm tungsten 

wires. The radiograph was filtered with a 12.5 µm Ti filter with 100 µm of plastic used to hold the 

bee in place, so sampled radiation > ~3 keV. The image was recorded on Kodak DEF film with an 

x-pinch to bee distance of 33 cm and a bee to image distance ~20 cm. Enlarged sections of the bee 

show the effects of phase contrast on the image, where diffraction effects display details that would 

be unseen if it were not for the small size of the hotspot. Line out 1, across the antenna of the bee 

shows these affects clearly, along with a calculation of the diffractive effects expected from a 

source ~3 µm in size. Line out 2 shows variations in intensity across hairs on the bee. Scales on 

the lineouts take into account magnification as point projection. 

 

Fig. 10  Current through and X-ray emission from (a) a standard 4 x  5µm tungsten X-pinch and 

(b)  a hybrid X-pinch with one 13 µm Mo wire and a 1 mm interelectrode gap. X-rays were 

monitored using diamond PCDs placed 31 cm from the pinch that were filtered to see radiation > 

2 keV. Both X-ray bursts are at the limit of the scopes resolution (1ns). Despite the lower linear 

mass the hybrid pinch emits X-rays ~10ns later than the standard pinch. 

 

Fig. 11 Images from (a) the pinhole camera and (b) the slit step wedge camera for an experiment 

with a hybrid X-pinch using 1 x 13 µm molybdenum wire. The pinhole images suggest a hot spot 

has been formed between the electrodes of the hybrid pinch. The slit step wedge shows intense, 

well defined emission on the 12.5um filtered area sampling radiation >2  keV – again suggesting 
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a hot spot has been formed. Emission seen behind harder filtered channels is of lower intensity 

than that observed in standard X-pinches. 

 

Fig. 12 Comparison of point project radiographs of an array of apertures taken using a standard 4 

x 5 µm tungsten X-pinch (a and b) and a 1 x 13 µm hybrid x-pinch (c and d).  In both cases the X-

pinch to aperture distance was ~ 18 cm, the aperture to image distance ~ 57 cm. Two different 

transmission windows were used, the first filtered by just 12.5 µm Ti gave information >2 keV 

and was recorded by DEF film. An SR image plate placed behind the film utilized the film as an 

additional filter to record radiation above ~ 7 keV. Radiographs >2 keV were directly comparable, 

indicating similar sized hot spots were formed in the hybrid and standard X-pinches. Radiographs 

above 7 keV suggested that whilst harder X-rays from the hybrid pinch still emanated from a 

relatively small region, they were less intense than from a standard X-pinch. 

 

Fig. 13 X-ray spectrum of hybrid x-pinch with 1 x 13 µm molybdenum wire taken using a spherical 

quartz crystal. The spectrum shows emission from Ne like Mo lines at ~2 keV which extend over 

a length of 1-2 mm from the cross point. An intense band of continuum radiation from 2-2.5 keV 

is seen at the crossing point of size <200 µm.    
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig7 
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Fig8 
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Fig9 
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Fig10 
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Fig. 11 
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Fig12 
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