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3 Time-integrated pinhole x-ray diagnostics

3.1 Introduction

Experiments on characterization of the stable column mode (SCM) at the SPEED2

plasma focus were carried out so far with two different anode geometries. We call the “big

anode geometry” the set-up with anode diameter 108mm (stored energy 57-67kJ). In the

“small” anode set-up, the anode diameter 78mm and the stored energy 37kJ. In both

experiments the capacitor bank was charged to 180kV.

The reason for the “small” anode experiments was to find out whether the SCM can be 

established in small experiments less powerful than SPEED2. Mainly the results of this work 

are connected with the “small” geometry. As it is often useful to compare data of plasma

parameters obtained in both experiments, in the following sections the results will be

presented concerning both geometries.  Data obtained by other scientists of the plasma focus

group will be also used for comparison and properly cited.

3.2 Experimental setup

The experimental set-up for recording of the time-integrated filtered pinhole images

was similar for both geometries and is presented in Figure 3-1. Plasma images were recorded 

on the KODAK x-ray film using different filtering.

z

pinholex-ray film anode

Figure 3-1.  Experimental setup of time integrated pinhole diagnostics.
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For the “big anode” case results of plasma imaging with neon injection were reported 

in  [Kies et al 2000].  Images produced by radiation with wavelengths shorter than 1nm have

shown that a bright plasma column with diameters ≤ 1mm and visible lengths of about 10mm 

are usually formed.

For neon injection a series of images was obtained in a “small anode” geometry using 

a double-pinhole installation. Primarily one pinhole was covered with 10µm Be foil, the other 

with 12µm Al. Transmissions of each filter are presented in Figure 3-2. Pinholes were made

with a sharpened needle in a 1mm Cu foil. The diameter of the pinholes measured with a

microscope was about 100µm.

0,0 0,5 1,0 1,5 2,0 2,5 3,0
1E-3

0,01

0,1

1
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 Al 12µm

 Be 10µm

Figure 3-2. Transmission of the 10µm Be and 12µm Al filters.

There are two changeable parameters determining the composition of the plasma and

thus compression regime: the time delay ττ between the gas valve opening and initiation of the 

discharge and the primary pressure p before the fast valve. Both parameters can influence the 

number of particles of the injected gas above the anode (in the discharge chamber). The

pressure p has a lower limit of about 3bar due to technical parameters of the fast valve. The

upper pressure limit is about 6bar.

3.3 Images of the plasma column.

It was found that at delay times of neon injection ττ <5ms no pinch image is produced 

on the x-ray film, but only a weak image of the anode surface. At such short delay times a

very small amount or even nothing of the injected gas has reached the anode end (determined 
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by the length of gas transport pipes). This results in pure deuterium pinches producing

intensive neutron pulses, but weak or no SXR. At delay times ττ ≥5ms images of the plasma

are clearly seen. The anode surface is quite well distinguishable in most cases. The gas valve 

pressure was first set to p=3.0 bar. Produced images were weak, so any quantitative analysis

would be difficult. The pressure was therefore increased to p=3.5bar and the time delay to

ττ=6ms, which gave brighter images, but no change in geometry and structure of plasma

images was noticed. 

The experimental set-up allows for obtaining plasma images above the anode. In fact a 

part of the pinch can be hidden. This can be understood from Figure 3-3, where the anode

construction is shown.

Gas injection

Figure 3-3 Actual view of the pinhole camera into the pinch region.

1
c

m

Anode surface

a) b) c)
Figure 3-4. Time-integrated images of plasma columns produced in the SPEED2 PF. The left 

image in the frame is filtered with 12µm Al, the right one with 10µm Be.

Images of the pinch plasma are seen as column-like objects above the anode surface

(Figure 3-4). Plasma columns consist of an axially symmetrical diffuse column of typically

1.4-1.8mm (FWHM) in diameter near the anode. The visible length of the diffuse column

depends on filtering and injection parameters. For both filters (10µm Be; 12µm Al) the length 

is in the range of 1-2cm with the optical density of the image decreasing with increasing
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distance from the anode. The diffuse column length behind 10µm Be filter is somewhat

smaller than behind 12µm Al filter.

In many shots a thin bright narrow plasma column 2-4mm in length and about 0.3-

0.5mm in diameter is seen embedded into the diffuse column (Figure 3-4a,b), which

corresponds also to observations made for the “big anode” geometry. Normally, the axis of

symmetry is the same for both plasma columns. But in some cases bright filaments are

radially displaced or/and slanted to the side with respect to the discharge axis. The diameter of

the bright column behind 12µm Al is smaller than behind 10µm Be.

Longer filaments (Figure 3-4b) are positioned a few mm away from the anode in z-

direction. At the filament end, which is close to the anode an opening cone is seen on most

images, which probably indicates the existence of particle beams from the compressed region.

A few shots exist where only diffuse columns are seen with a bright point on the

anode surface (Figure 3-4c).

An example of scans of images of a diffuse column and of a bright narrow column are 

given in Figure 3-12.

Comparing the optical density of differently filtered images gives estimates of the

effective wavelength of the image-producing radiation. For this estimate we assume that the

radiation is monochromatic and that film optical densities are proportional to intensities of the 

radiation, which have passed two different filters (linear film response). 
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Figure 3-5. Be 10µm to Al 12µm transmission ratio.
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It was found that an optical density in the center of the bright column is approximately 

1.3 times higher for the 10µm Be filtered image than for the 12µm Al filtered image.  A ratio

of transmission of Be 10µm and Al 12µm filter foils used in the experiment is presented in

Figure 3-5. A value of 1.3 corresponds to the effective radiation wavelength λEf f ≈ 0.2nm.

3.4 Estimation of the plasma temperature

Rather short effective wavelengths of the radiation, which forms plasma pinhole

images (ë  0.2 nm) allow us to suppose that the plasma radiates mostly due to free-free and 

free-bound transitions. (Shortest line radiation of H- and He-like ions is below 0.9 nm.) In

this case the spectral radiation intensity may have a comparatively simple dependence on the

plasma electron temperature. Further we have made an attempt to estimate the plasma

temperature of the columns based on comparing of image optical densities produced by the

plasma radiation behind different filters.

An information, which is needed for this estimate, concerns

i) a relevant model of plasma spectra for different electron temperatures,

ii) the transmission of the filters used in the experiment,

iii) the spectral sensitivity of the film used.

The following sources have been used for obtaining information concerning these

three points (details will be given later):

i) Modeling of neon plasma spectra were made using two computer codes – “FLY”, 

developed by R.Lee in LLNL (USA) and “NOMAD”, the code developed by

Yu.Ralchenko in Weizmann Institute (Israel).

ii) Transmissions of different filters for a wide spectral range are well known and can 

be found in different sources, for example at www-cxro.lbl.gov.

iii) Characteristics of the x-ray film used (KODAK DEF5) were systematically

studied and reported [Henke et al 1986] (We assume that DEF5 film is a replica of 

the KODAK DEF1 film, characterized by Henke et al.) For the DEF1 film, results 

were reported in an energy range of 1keV-10keV. We have found that for

temperature evaluation the DEF response for photon energies below 1keV is also

needed. Therefore, we have applied a DEF film model, proposed by Henke, to

obtain the film response in the energy range 0.5-1keV as required by our

experiment.



30

3.5 Characterization of KODAK DEF5 X-ray film

In this section we present a simplified phenomenological model describing the film

response, which have been used for calculation of DPF5 x-ray film spectral sensitivity. 

A double-emulsion film has a gelatin-like protective coat of thickness t0 (supercoat),

photosensitive emulsion of thickness T, polyester base tb, then again the emulsion and a

supercoat with the same geometrical properties on the other side of the film as depicted in

Figure 3-6.  (Note that the supercoat is transparent to the VIS radiation. Special precautions in 

experiments should prevent it from reaching the film). Each layer can be characterized by its

linear absorption coefficient spectral dependence.

Emulsion+ supercoat

Polyester

Emulsion+ supercoat

tb

Polyesterbase

Emulsion

Supercoat
t0

T d

Figure 3-6. Geometrical properties of the KODAK DEF film

The radiation intensity penetrated through the supercoat is

Eq 3-1

where µ0(í) is the linear absorption coefficient of the supercoat. Figure 3-7 shows the

dependence of the supercoat linear absorption coefficient µ0(í) on the photon energy. 

As can be seen, the absorption in the supercoat with thickness 1µm is essential for

photon energies below 1.5keV. As a result, the film sensitivity is small for low energy

photons and is increasing for higher energy photons. 

Part of the radiation I1(í), which is absorbed in the next photographic layer consisting 

of AgBr grains and gelatin, is 

Eq 3-2

where µ/ (í) is the linear absorption coefficient of “AgBr+gelatin” emulsion. Only the part of

,)exp()()( 0001 tII µνν −=

,))exp(1)(()( /
112 TII µνν −−=
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100 1000 10000
1E-3

0,01

0,1

1

10

 Gelatin, 1.40g/cm^3
 AgBr, 6.47g/cm^3 ()
 Heterog.abs.coeff. (for AgBr+Gelatin)

µm
-1

E, eV

Figure 3-7 Linear absorption coefficients used in the DEF film model.

the I12 that is absorbed by AgBr grains(but not in the gelatin) will contribute to the film

optical density. It can be described by introducing of a coefficient ç(í,I) ≤ 1 as

Eq 3-3

With an increase of the photon energy the first photographic layer becomes more and

more transparent to radiation. As a result, a sensitivity of the first photographic layer

decreases, as the energy absorbed in it decreases.

Similar considerations are applicable to the second emulsion. At significantly high

energies, photons not absorbed in the first three layers (supercoat, the first emulsion and

polyester base), reach the second emulsion and generate an additional optical density. 

Eq 3-4

Thus, the second emulsion extends the film sensitivity to higher photon energies. An increase 

in photon energies will make the second emulsion also transparent to the incident radiation.

From this point, with the increase of photon energies the double-emulsion KODAK DEF film 

becomes less and less sensitive to the incident radiation.

For low intensity an optical density of the film is proportional to the energy absorbed

in the photosensitive emulsion layer by AgBr grains

.)())exp(1)(exp()()( /
000

'
12 νηµµνν ⋅−−−= TtII

.)()exp(1)(exp()()( //
000

'
34 νηµµµµνν ⋅−−−−−= TtTtII bb
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Eq 3-5

The spectral sensitivity of the film can be expressed as a number of photons needed to 

generate a certain constant optical density. We will designate this value as “reverse

sensitivity” (RS). Finally, RS for both emulsions can be written as

Eq 3-6

where ηη (νν,I) is the factor describing which part of the absorbed radiation contributes to the

optical density, A is a scale factor.

Calculation of ηη (νν,I) factor.

To calculate a coefficient ç a next approach can be explored. Generally an emulsion is 

a heterogeneous system of AgBr grains embedded in gelatin with a volume fraction of AgBr

equal to V. For a highly dispersed mixture, when the AgBr-grain size is small compared with 

the reciprocal linear absorption coefficient of AgBr, the system can be considered

homogeneous. The homogeneous absorption coefficient is given by

Eq 3-7

The general case was studied by Henke et al [Henke et al 1984a]. The heterogeneous system

is modeled as a system of s layers of thickness d equal to the effective grain size, with the

grains absorbing as equivalent, aligned cubes. It is assumed that the total optical transmission 

of the emulsion may be given by the product of the monolayer-section transmissions. A full

model for calculation of ηη (νν,I) factor is given in the appendix.  The heterogeneous absorption 

coefficient may be expressed as

Eq 3-8

As it was said before, we intend to extend the Henke model to low photon energies.

For calculations we have used absorption coefficients µ0 and µ1 that were taken from the
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compilation of Henke et al.[Henke et al 1984b]. The coefficient µ/ was calculated with Eq 3-8

and is shown in Figure 3-7 together with absorption coefficients of emulsion materials.

Polyester transmission was obtained from the CXRO web page [CXRO]. In the

spectral region of interest it was fitted by a formula ττ = exp(-d⋅(P1/hν)3.02).

2000 4000 6000 8000 10000
1E-5

1E-4

1E-3

0,01

0,1

1

Model: Filter: y=exp(-185*(P1/x)^P2)
P1 798.18669 ±0.1188
P2 3.02

Polyester C
5
H

4
O

2
; 1.40g/cm3

d=185µm

T
ra

ns
m

is
si

on

E, eV

Figure 3-8 Polyester transmission.

Geometrical properties of the DEF were reported by [Henke et.al 1986]:

t0=1.0µm (determined by a model equation fitting the low energy x-ray exposure data),

T=13µm,

d=1.6µm (from electron microscope film cross-section photos),

tb=185µm and  V=0.40

For the optical-density response of the one-emulsion coated with gelatin-like

supercoat with respect to incident radiation an equation was obtained

Eq 3-9

where D is the optical density generated within the film, I the number of incident photons per 

square micrometer and α=µ//sinθ. Fitting parameters a=0.680µm-1 and b=1.69µm2.

For the second emulsion response the formula is slightly modified:

Eq 3-10
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where µb is the linear absorption coefficient of the polyester base (C5H4O2, ρ=1.40 g/cm3).

Finally for the double-emulsion response without saturation, we assume that

Eq 3-11

Solving this equation for I with D=const=D0 yields a film spectral sensitivity I(ν,D0). For

some applications it is useful to have information about a contribution of each emulsion layer 

to the formation of optical density. By solving equations separately for the first and the

second emulsions, the reverse sensitivity (RS) of each emulsion vs. photon energy was

obtained. RS has the meaning of the number of photons over 1 µm2 required to generate a

density of D0.
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ph

/µ
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Figure 3-9  Intensity I that is required to generate a specular density D0.1=0.5, versus photon 

energy E

A composite curve can also be calculated from reverse sensitivities (RSs) of each emulsion

with the assumption that optical density D is proportional to number of photons as

Eq 3-12

I1, I2 are DEF sensitivities of the 1st and the 2nd emulsion respectively.

.)()),(( 21 DDID +=νν

,
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3.6 Modeling of the plasma radiation spectrum.

Modeling of the plasma radiation spectrum has been used in this work for two

purposes: evaluation of an electron temperature from filtered time integrated pinhole images

and evaluation of plasma parameters from time resolved spectral measurements (see Chapter

5). Two numerical codes applicable for these purposes are known: programs “FLY” [Lee

1995] and “NOMAD” [Ralchenko et al 2001]. Using both these codes has its advantages and 

drawbacks.  The code “FLY” is commercially available and easy to use, but restricted mainly 

to spectra of K-ions and has a fixed set of atomic levels included in calculations. It hardly

allows to analyze a possible role of electron or ion beams in spectra excitations. The code

“NOMAD” covers a wider range of ions, including ions with filling L and even M-electronic

shell. The last feature predetermined a choice of the code “NOMAD” for calculation of the

recombination continuum of neon plasmas. Line radiation was calculated both using the code 

“FLY” and a simple atomic model based on data of collisional rates given in [Sobelman et al 

1981]. Results of line radiation calculations were close to each other, but for some

temperature range did not show regular temperature dependence. The Bremsstrahlung was

calculated using Eq.C1 (Appendix).

It is known that in a plasma focus directed electron and ion beams may be produced,

which in some cases can be a reason for strong radiation. Nevertheless for estimation of

plasma temperature we assume, that the electron energy distribution is Maxwellian and can be 

described by the temperature.

3.7 Choice of a filter set.

The absorption cross section of the absorber has an edge structure at energies

corresponding to the ionization energies of various atomic shells. Beyond the edges, the

absorption coefficient is a monotonically decreasing function of the incident photon energy

Eq 3-13

where the α coefficient is close to 3 for all materials, σ0 depends on the material used.

The radiation intensity thus incident on the detector is an integral of radiation density

behind the filter over all frequencies and plasma lifetime

,)( 0
0

α

ω
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 Eq 3-14

where all processes with emission of the photon contribute to P.

We consider the radiation intensity due to recombination and Bremsstrahlung passing

through the filter. Intensities of Bremsstrahlung and recombination radiation between

recombination edges have the same exponential dependence

Eq 3-15

On the other hand the transmission of filters is

Eq 3-16

Since 10ì m Be filters (Figure 3-2) have a high transmission for K-ions line radiation, 

they were not used in the analysis. A set of images was produced with 90µm and 200µm

beryllium filters. Images were recorded with a double-pinhole (∅40µm) set-up on the

KODAK x-ray film. 

Nevertheless, transmission of the 90µm Be filter in the wavelength region of H-like

neon line emission (resonance transitions 2p-1s) is still relatively high. It is therefore

necessary to take the line emission of this ion into account when modeling the spectrum. For 

simplicity reasons, all line radiation of H-like neon calculated with NOMAD for the given

temperatures was assigned to 1s-2p and 1s-3p transitions.

Radiation spectra were calculated numerically for a set of plasma temperatures from

300eV to 5keV.  An example of emitting spectra for temperatures 300 and 1000 eV is shown 

in Figure 3-10. The model spectrum corresponding to the electron temperature 300eV and

1000eV after different filters is presented in Figure 3-10.
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Figure 3-10. Model spectrum. Left) Te=300eV. Right) Te=1keV
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It can be seen that for the filter of 200ì m Be the relative input of line emission into the 

total intensity is insignificant. When considering images of a neon plasma filtered with

200ì m Be it is possible to neglect line radiation. 

If F0(ω) is the number of photons necessary to produce the optical density D0=0.5 on

the KODAK x-ray film, then optical density produced on the time-integrated images is

Eq 3-17

where Tω is the filter transmission.

Eq 3-17 was numerically integrated for each filter and given temperatures using the

results of the previous sections. The calculated ratio of optical densities vs. electron

temperature for the taken pair of filters is given in Figure 3-11.
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Figure 3-11 Ratio of produced image optical densities vs. the plasma electron temperature.

3.8 Data evaluation and results (Te)

Calculated ratios of optical densities of images of plasmas with different electron

temperatures were compared with experimental data. An example of scans of a “bright

narrow” column images with 90 and 200 ì m of Be is shown in Figure 3-12 (upper scan). The 

lower frame of the same picture represents results for a “diffuse column” image in the same

shot. For different shots the ratio of optical densities for the “bright narrow” image type was

measured to be between 1.5 – 1.7.  Plasma temperature of the bright plasma column (upper

plot) was found to exceed 1keV.
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For the “diffuse” plasma column the measured ratio was somewhat higher, close to 2, 

with a corresponding electron temperature around 700-800 eV.

X, mm

Figure 3-12. Pinhole time-integrated image scan.
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