
Introduction 

One of the fundamental plasma parameters is the elec-
tron density. The knowledge of spatial electron density dis-
tributions during plasma evolution allows one to analyse a
number of physical processes, such as: thermodynamic
expansion of plasma, plasma-magnetic field interaction,
flows and outflows of plasma, and MHD plasma instabil-
ities. In order to obtain the electron density distribution,
laser interferometry is usually used. This method was
employed by the present authors in many experiments,
also on plasma-focus devices [1–3, 5]. The main problem of
the interferometric measurement is to obtain enough qual-
ity  interferograms. The plasma generated in plasma-focus
devices is still a very difficult object for investigation by
means of the interferometric method. This is mainly due to:

– high frequency of interference fringes, above a spatial
resolution of CCD cameras, 

– high refraction of the probing laser beam. 

In the case of very great plasma-focus devices, interfero-
metric investigations are very difficult or sometimes
impossible. This situation has occurred with the PF-1000
device, which is under investigation by the authors. 

In order to obtain information about the spatial distribu-
tion of the electron density in the PF-1000 device, a special
method was prepared. In this method plasma images
obtained simultaneously by means of a frame optical cam-
era and laser shadowgraphy are used instead of interfero-
grams. This special method made it possible to obtain
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many interesting information about the plasma-focus phe-
nomenon in the PF-1000 device. The investigations were
carried out with deuterium as filling gas. 

Physical bases of the presented method 

In order to determine the electron density, the plasma
radiation intensity recorded by means of the frame optical
camera was used. Spectral range of the registered plasma
light was limited to a very narrow range by means of an
interference filter with the following parameters: 
– maximum transmission for λ = 5930 Å, 
– transmission window ∆λ = 60 Å. 

The position of the spectral window allowed to avoid the
line radiation of plasma and impurities. Therefore, it could
be assumed that the camera recorded only continuous radi-
ation (recombination and bremsstrahlung). The results of
previous investigations allowed us to assume also that the
tested plasma during the final phases of a discharge fulfilled
the LTE condition for the electron density, which in the
anlaysed case is expressed by the formula [6]: 

(1) ne ≥ 2.52 × 1017 Te
1/2

where: ne – electron density in cm–3, Te – electron tempera-
ture in eV. 

Due to the narrow band of the applied spectral window, the
equations describing the recombination (εfb) and
bremsstrahlung (εff) emission coefficients [4] are practically
independent on the wavelength and become more conven-
ient for analysis. 

Next, it was proved, that the ratio

(2) 

in the considered range of plasma parameters. Although
this ratio depends only on the electron temperature of plas-
ma, it is a very complex fuction. Therefore it was counted by
means of a numerical procedure. The Gaunt factors were
taken from [7]. The results of computation are shown in
Fig. 1. The diagram indicates that for Te > 20 eV the
recombination radiation can be neglected. The results of
earlier investigations and computer modelling of the plas-

ma-focus phenomenon show that the electron temperature
of the compressed plasma inside both the plasma sheath
and the plasma column fulfills this condition. Therefore,
only the bremsstrahlung radiation is taken into account in
subsequent considerations. The final form of the emission
coefficient of the bremsstrahlung radiation is expressed by
the formula: 

(3) 

where: ne in cm–3, and Te in eV. 

The relative values of this coefficient as a function of ne
(diagram a) and Te (diagram b) are presented in Fig. 2. One
may see that εff strongly depends on ne, but its dependence
on Te is of little consequence. Therefore, the influence of Te
on εff can be neglected and εff is treated as a function of ne
only. If a photocathode of the camera works in the linear
range, then the recorded plasma radiation intensity I is pro-
portional to εff, so I is proportional to ne

2. 

Determination of the spatial electron density distribution 

The determination of the spatial electron density dis-
tribution must take into account the axial symmetry of the
tested plasma. Thus, images from the camera (Fig. 3a) are
transformed by the known Abel equation. The actual dis-
tribution of the plasma radiation intesity I(r,z) is shown in
Fig. 3b. Because I ~ ne

2, therefore the electron density distribu-
tion can be obtained by extracting the root of the numerical
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Fig. 2. Dependence of the bremsstrahlung radiation on electron den-
sity (a), and electron temperature (b). 

Fig. 1. Ratio of the recombination (εfb) and bremsstrahlung (εff) emis-
sion coefficients as a function of electron temperature. 

a

b



distribution of I. It must be pointed out that the ne dis-
tribution (Fig. 3c) has a relative character, but for many
analyses this kind of the ne distribution is sufficient.

Because the electron temperature is not considered in this
computation, so the influence of Te is treated as an error of
ne values. It is estimated that this error is less than 30%.
Since the plasma radiation intensity depends mainly on ne,
therefore, determination of the plasma boundary, where ne
may be very low, is sometimes impossible. Information
about the plasma boundary is important from two reasons: 
– allows to determine actual sizes and  shape of plasma, 
– determines integration limits in the Abel transformation. 

To determine the plasma boundary, the laser shadowgraphy
is very useful. The two following phenomena constitute the
basis of the shadowgraphy measurement on plasma-focus
devices: 
– deflection of laser rays due to gradients of the electron

density, 
– occurrence of the maximum gradient at the plasma

boundary due to magnetic field pressure.

The propagation of a laser ray through the axially symmet-
rical non-homogeneous plasma is demonstrated in Fig. 4.
Due to the component of the ne gradient perpendicular to
the direction of a ray propagation, the ray undergoes deflec-
tion by an angle described by the following formula:

(4) 

where: 

(5) ne = 1.12 ×1013 λ–2

λ – the wavelength of laser radiation in cm. 

To register the plasma boundary, a very simple optical sys-
tem is used. This system consists of two elements: a lens and
a diaphragm (Fig. 5). If the diaphragm has a relatively large
diameter, only the most deflected rays are stopped, but
when its diameter is decreased little by little, then less
deflected rays are gradually stopped. Therefore, the diame-
ter of the diaphragm influences the width of the registered
plasma contour. To illustrate this influence, it was assumed
that the profile of ne(ρ), where  ρ=x/R, is described by the
following parabolic form:

(6) ne(ρ) = nemax(1–ρ2), 

with a maximum electron density of 1019 cm–3 (see Fig. 6).
This profile results in the distribution of the deflection
angle, α(ρ), expressed by the formula: 

(7) [rad] 
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Fig. 4. Illustration of the light ray propagation through in homoge-
neous plasma. 

Fig. 5. Scheme of the shadowgram registration of axial symmetrical
plasma; dashed lines behind the diaphragm denote rays stopped by
diaphragm. 

Fig. 3. Treatment of the electron density distribution determination: 
a – the plasma picture, b – the plasma radiation intensity distribution
after the Abel transformation, c – the electron density distribution. 



DB and DS in Fig. 6 are the widths of the plasma contour for
the large and small diaphragms, respectively. It is obvious
that more precise reconstruction of the plasma boundary
occurs in the case of the small diaphragm. 

The shadowgraphy is an auxiliary method in the course of
determination of the ne distribution. This method is
employed when plasma images from the optical camera and
shadowgraphy differ considerably. The images in Fig. 7a
correspond to the maximum plasma compression state
(t=0). Up to this moment, the images from both diagnostics
are compatible. Essential differences appear for the later
time. The image from the camera in Fig. 7b suggests that
the radius of the plasma column decreased during last 50 ns,
while in fact an expansion of the plasma column occurs
(compare shadowgrams in Figs. 7a and 7b). So, only analy-
sis of both plasma images gives a proper information about
the processes occurring in the plasma-focus phenomenon. 

Conclusions 

A special method for the determination of the electron
density distribution was prepared,  particularly for the PF-
1000 experiment. Due to the great scale of the PF-1000
device, no traditional method could be used. In spite of the
limitations of this method, such as: a comparatively great
error of the electron density determination and the relative
scale of the electron density distribution, thanks to it many
information about plasma produced in the great plasma-
focus device were obtained [4]. On this account, an increas-
ing role of the high-speed frame optical cameras for inves-
tigations of the plasma-focus phenomena is of interest. The

cameras, which have been aimed at a plasma configuration
visualization, become a more universal research tool.  
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Fig. 6. Influence of the parabolic plasma distribution on laser beam
diffraction. 

Fig. 7. Images of plasma from shadowgraphy (a) and the optical cam-
era (b) for two different moments of the plasma-focus phenomenon. 


